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Abstract 

Pharmacy is one of the most important subdisciplines of the vast fields of health 

sciences. It is usually conceived as both a science and profession for developing, producing, 

formulating and dispensing safe and effective drugs. The dissertation analyses pharmacy from 

the perspectives of philosophy and social sciences. The epistemic foundation of pharmacy as a 

science specializing in making products dedicated to the better-being of society is critically 

evaluated. Knowledge in pharmacy is paradigm dependent, pragmatic and communal. It is 

never absolute, and therefore pharmaceutical products undergo strict regulations and risk 

control strategies to mitigate disasters and minimize direct and broader side-effects. The main 

objective of control in pharmacy is to counterbalance the inherent uncertainty in decision-

making intended to deliver safe and effective products. Yet recent global events brought 

attention to the social acceptability of such approved products; acceptance of pharmaceutical 

products has recently been challenged and the reasons are beyond safety and effectiveness. 

Social factors as well as cultural, psychological and environmental differences ought to be 

accommodated so as not to reduce patients into their ailments rather treat them as active 

participants in the therapeutic journey. This study aims to stimulate a broad, interdisciplinary 

debate on the implications of pharmacy and bridge any existing gap between pharmacy and 

social sciences. 
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Zusammenfassung 

Die Pharmazie ist eine der wichtigsten Teildisziplinen im weiten Feld der 

Gesundheitswissenschaften. Die Dissertation analysiert die Pharmazie aus den Perspektiven 

der Philosophie und der Sozialwissenschaften. Das epistemische Fundament der Pharmazie als 

Wissenschaft, die sich auf die Herstellung von Produkten zur Verbesserung des 

gesellschaftlichen Wohlergehens spezialisiert, wird kritisch bewertet. Wissen in der Pharmazie 

ist paradigmatisch, pragmatisch und gemeinschaftlich geprägt. Es ist niemals absolut, daher 

unterliegen pharmazeutische Produkte strengen Vorschriften und Risikokontrollstrategien, um 

Katastrophen zu verhindern und Nebenwirkungen zu minimieren. Das Hauptziel der Kontrolle 

in der Pharmazie ist es, die inhärente Unsicherheit bei Entscheidungen, die sichere und 

wirksame Produkte liefern sollen, auszugleichen. Jüngste globale Ereignisse haben jedoch die 

soziale Akzeptanz solcher zugelassener Produkte in den Fokus gerückt; die Akzeptanz 

pharmazeutischer Produkte wird zunehmend infrage gestellt, wobei die Gründe über Sicherheit 

und Wirksamkeit hinausgehen. Soziale Faktoren sowie kulturelle, psychologische und 

umweltbedingte Unterschiede müssen berücksichtigt werden, um Patienten nicht auf ihre 

Krankheiten zu reduzieren, sondern sie als aktive Teilnehmer im therapeutischen Prozess zu 

behandeln. Diese Studie zielt darauf ab, eine breite, interdisziplinäre Debatte über die 

Implikationen der Pharmazie anzuregen und mögliche Lücken zwischen Pharmazie und 

Sozialwissenschaften zu überbrücken. 
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Résumé 

La pharmacie est l'une des sous-disciplines les plus importantes des vastes domaines 

des sciences de la santé. Cette thèse analyse la pharmacie sous les perspectives de la 

philosophie et des sciences sociales. Les bases épistémiques de la pharmacie en tant que science 

spécialisée dans la création de produits pour le bien-être de la société sont évaluées de manière 

critique. Les connaissances en pharmacie sont dépendantes des paradigmes, pragmatiques et 

communautaires. Elles ne sont jamais absolues, c'est pourquoi les produits pharmaceutiques 

sont soumis à des réglementations strictes et à des stratégies de contrôle des risques pour éviter 

les catastrophes et minimiser les effets secondaires directs et plus larges. L'objectif principal 

du contrôle en pharmacie est de contrebalancer l'incertitude inhérente à la prise de décisions 

visant à fournir des produits sûrs et efficaces. Cependant, des événements mondiaux récents 

ont attiré l'attention sur l'acceptabilité sociale de ces produits approuvés; l'acceptation des 

produits pharmaceutiques a récemment été remise en question pour des raisons dépassant la 

sécurité et l'efficacité. Les facteurs sociaux ainsi que les différences culturelles, psychologiques 

et environnementales doivent être pris en compte pour ne pas réduire les patients à leurs 

maladies, mais les traiter en tant que participants actifs au parcours thérapeutique. Cette étude 

vise à stimuler un débat large et interdisciplinaire sur les implications de la pharmacie et à 

combler les éventuelles lacunes entre la pharmacie et les sciences sociales. 
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“When I consider the short duration of my life, swallowed up in the eternity before and after, 

the little space which I fill, and even can see, engulfed in the infinite immensity of spaces of 

which I am ignorant, and which know me not, I am frightened, and am astonished at being here 

rather than there; for there is no reason why here rather than there, why now rather than then. 

Who has put me here? By whose order and direction have this place and time been allotted to 

me? Memoria hospitis unius diei prætereuntis.”  

Blaise Pascal (1623-1662), Pensées 
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1. Introduction: Why Do We Need a Philosophy of Pharmacy? 

Answering such a question in an intelligible manner, demands exploring how, and if, one 

can distinguish pharmacy from the vast and different sciences which constitutes it and why 

cannot pharmacy simply be philosophically scrutinized from already established perspectives. 

Let’s inaugurate this discussion with an appetizing example. Imagine being served a slice from 

a delicious, homemade strawberry cake1. Your taste buds tingle, and curiosity leads you to ask 

for the recipe. Upon being done with shopping, you get to the kitchen and lay out the flour, 

sugar, eggs, oil, cream, and strawberries on your counter. You quickly realize, however, that 

this is not the cake which delighted you. The creamy gateau was simply more than just a 

collection of these ingredients. The heat from the oven, the vigorous blending, and the 

knowledge, care and passion invested into making it, together with the quality and quantity of 

the ingredients gave that cake its mouth-watering look, firm texture and enjoyable flavour. The 

cake manifests emergent properties which its individual ingredients are indeed lacking. 

 

Similarly, pharmacy is an applied science consisting of a mix of different scientific 

disciplines such as chemistry, biology, biochemistry, toxicology, physiology and many other 

sciences, Figure 1. When such parts combine to form pharmacy, however, they produce a 

discipline which is much more than just the sum of these parts. The pharmacological effect of 

a drug is rooted in biology, chemistry and their specialized sub-disciplines, but the journey of 

such a drug from bench to bedside, its regulation and role in public health, economy, politics 

 
1 The cake may be vegetarian, vegan, halal, kosher, without strawberries or not even a cake at all. The readers are 

encouraged to further stimulate their imagination by substituting the strawberry cake with what is to their liking. 

Figure 1. Examples of the different scientific fields which form pharmacy. 
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and the environment introduces emergent properties which neither constituting scientific 

discipline can fully encapsulate. Against this backdrop, philosophical issues arising within the 

realm of pharmacy cannot also be fully captured from accounts pertaining to its constituting 

scientific fields. Discussions within the philosophy of chemistry, philosophy of biology, even 

the philosophy of medicine and bioethics may indeed inform and guide the discourse within a 

philosophy of pharmacy. Yet, this is almost akin to discussing the importance of flour or eggs 

to the cake without considering the role of the baker, the oven, or the occasion for which it is 

baked. Therefore, to fully account for the “pharmaceutical phenomena” and their implications, 

a specialized philosophy is a must, i.e. philosophy of pharmacy. 

Unfortunately, this phenomenological aspect of pharmacy is rather undermined and 

overshadowed in the literature. Apart from a few valuable contributions, the current discourse 

in pharmacy seems too specialized and focused within subdisciplines [1,2]. Despite the great 

progress and success, pharmacy has been disconnecting from its broader implications in 

economy, politics, society, and environment. While there is ample discourse on the ethical and 

moral dimensions of medical practices in the philosophy of medicine and bioethics, profound 

interrogations into epistemological, metaphysical, or ethical substrates unique to pharmacy and 

pharmaceutical phenomena appear scant. This gap demands an interdisciplinary and 

philosophical approaches so to characterize the depth and breadth of pharmacy. It is, therefore, 

crucial to re-anchor pharmacy by revisiting its theoretical foundations and philosophical 

heritage so to develop and secure a holistic, interdisciplinary approach equipped to address the 

complex challenges of today. 

Constructing a coherent philosophy of pharmacy, however, is beyond an easy task. Any 

attempt will probably be heavily challenged by both philosophers as well as scientists2. As a 

cornerstone for initiating this project, however, one must begin by identifying what makes 

pharmacy, whether as a science or a profession, so unique. Essentially, pharmacy is about 

substances, drugs, medications, remedies or pharmaceutical products. Such substances are the 

stuff3 of pharmacy. Pharmacy is the art, science and profession of medications. Generally, it 

involves the research and development of substances into regulated, safe and effectives 

pharmaceutical products intended to respond to societal needs. Subsequently, one ought to 

 
2 Stimulating such discussions represents one of the main objectives of this dissertation. 
3 “Stuff” represent an ontological category of entities which cannot be subsumed under the category of individual 

such as individual particles in physics interacting with each other [3]. 
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thoroughly comprehend a range of foundational issues and elements around pharmaceutical 

substances and products which grant structure and depth into pharmacy. In this context, three 

main aspects are rendered conspicuous when approaching pharmacy: the pursuit of truth 

through research and development in scientific practice, the careful control exerted by 

governing bodies and stringent regulations on various practice and drug related issues, and the 

widespread application of such products in terms of dispensing, recommendation and societal 

response. These three aspects pertaining to the journey of pharmaceutical products are 

demonstrated in Figure 2. 

To address these three aspects, one may look to establish an epistemological foundation, 

which would contemplate the nature of knowledge, questioning how it is acquired, validated, 

and conveyed within pharmacy. It is crucial to concede on the dynamic and evolving nature of 

knowledge in pharmacy which is also inherent with uncertainties and inevitable limitations. 

Simultaneously, this requires spelling out the relevant criteria for scientific practice in terms of 

evidence, inference, causality and justification. Furthermore, tracing the origins of key 

concepts, practices, and breakthroughs in pharmacy might also provide important insights 

which may guide research, regulation or application of drugs. This includes recognizing focal 

episodes or paradigm shifts which have transformed current understanding or practice. 

Alongside these epistemic concerns are the metaphysical considerations. This could involve 

accounting for the inherent nature of drugs, their regulation and application.  

On the ethical front, not only the practice of pharmacy but also research are both steeped 

in a set of values and duties. Being an applied science, a philosophy of pharmacy should 

Figure 2. The lifecycle of a pharmaceutical product from bench to bedside. The journey begins with the discovery of new 

chemical or biological entities through basic research which often involves initial synthesis and in-vitro testing. Promising 

candidates progress to translational research, encompassing both preclinical and clinical studies so to establish safety and 

effectiveness. Subsequently, a new drug application is submitted to regulatory authorities for evaluation and potential licensing. 

Notably, such regulatory mechanisms are not only limited to assessing new submissions; they also dictate standards for 

manufacturing and quality assurance so to maintain consistency, safety, and effectiveness of pharmaceutical products. Upon 

approval, the drug enters the market, yet it is continually monitored for adverse reactions. Simultaneously, societal response 

plays a role, determining acceptance levels or hesitations regarding the application of the drug. The relevant philosophical 

issues to each phase are also illustrated. 
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inherently emphasize the tangible, yet careful, application of pharmaceutical knowledge. It is 

essential to delineate the primary responsibilities of practitioners inside the community or 

clinical pharmacies, as well as, researchers in academia or industry. This could include 

addressing concerns of regulation, access, equity, and fairness, which in pharmacy translates 

to issues related to drug availability, pricing structures, the inviolable rights of patients and 

animals and indeed the impact on the environment. Furthermore, guidance on potential moral 

conflicts which arise in practice is indispensable. The dynamics between practitioners and a 

plethora of stakeholders, ranging from patients to regulatory bodies and industries, ought to be 

meticulously understood. The societal and cultural context in which pharmacy operates cannot 

be overlooked. The field must be evaluated in light of its role within the broader social fabric, 

taking into account the influence of diverse cultural beliefs and practices. Equally significant 

is understanding the multifaceted relationships between pharmacy and other disciplines, 

emphasizing its interdisciplinary nature. A continual dialogue with overarching philosophical 

debates and traditions within this context will ensure a vibrant and dynamic evolution of 

pharmacy.  

Therefore, the discourse of this dissertation has elected to pose two main questions at each 

step represented in Figure 2. Firstly, what philosophical issues unique to pharmacy can be 

identified? And secondly, how can the account developed be wielded to yield practical benefits 

to pharmacy? The general nature of these two questions may indeed provide a wealth of issues 

to tackle. But again, the aim here is to lay a foundation which could guide or enrich future 

debates. Therefore, at each step in this pharmaceutical journey, fundamental issues have been 

discerned as follows. 

At the ‘Research and Development’ step which corresponds to ‘Pursuit of Truth’, issues 

related to scientific practice in pharmacy are concerned. Does the distinction between discovery 

and justification, renowned in the philosophy and history of science, hold in the scientific 

practice in pharmacy? Or are scientists on a constant pursuit? How is knowledge embedded 

within this intricate relationship? Does the definition of knowledge as justified, true belief hold 

here? What truly defines the relationship between ‘truth’ and ‘knowledge’ in pharmacy? 

Pharmaceutical research frequently oscillates between explanatory models. Is reducing 

complex systems to boxes and arrows the most comprehensive approach? Or does a more 

encompassing, holistic approach render a deeper understanding? Are mechanistic explanations 

necessarily reductionist? Or are there different types of mechanisms which could account for 
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the complexity inherent in pharmaceutical phenomena? Additionally, where does the idea of 

function and purpose, with its teleological dimension, fit within these narratives? In terms of 

the relationship between a cause and an effect, how does one deal with drawing inference in 

pharmacy? What philosophical and conceptual tools one may utilize to resolve such issue? 

What about the distribution and exchange of knowledge? Do current practices in the advent of 

open access factor in the anthropocentric aspects of peer-review in the context of 

dissemination? 

At the regulation step which is best captured through the concept of ‘Control’, intriguing 

epistemological and ethical dilemmas emerge: How to understand the concept of control in 

pharmacy? And subsequently, how do governing bodies navigate the delicate balance between 

ensuring that pharmaceutical products are both effective and safe? What principles underpin 

the complicated regulatory landscape of today? Where does risk and its management fit in this 

picture? What role can philosophy play in informing and refining these regulatory decisions? 

Is there room for the environment and the ecology in pharmaceutical regulations? Does the 

existing regulatory framework possess the agility to adapt to swiftly changing scientific and 

societal needs? And if not, could philosophical tools provide the lens needed to critically 

examine and adapt these structures? How can philosophy guide the balance between advancing 

scientific and technological breakthroughs, maximizing the benefit in responding to societal 

needs, and minimizing potential detriments? 

As pharmaceutical products enter the market, their ‘Application’ is subject to societal 

response, leading to the emergence of a series of compelling inquiries. What is the current 

understanding of the concept of application in pharmacy? How is the acceptance, hesitancy 

towards or refusal of pharmaceutical products navigated within the intricate interplay between 

orders or recommendations from healthcare experts and individual or societal responses? Why, 

in an era rich with cutting-edge approaches such as personalized medicine and 

pharmacogenomics, might patients still be positioned as secondary players, overshadowed by 

a pathology-focused understanding of disease? Does this current approach, which is heavily 

anchored in handling and treating disease, sufficiently regard the patient’s unique socio-

cultural and psychological particularities? If the goal is a more holistic, patient-centric 

application, could philosophy refine the conception of drugs and disease to subsequently 

transition from merely combating disease to truly promoting health? How can philosophy and 

interdisciplinary research assist in ensuring the patient remains central, not just receiving 
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treatment but actively participating in therapeutic decisions? Setting a comprehensive and 

exhaustive account of a philosophy of pharmacy, however, remains outside the scope of this 

dissertation. The main objective here is to lay a debate-stimulating foundation through critically 

identifying and evaluating issues within the threefold aspect of pharmacy. Essentially, the 

discourse of this dissertation may be interpreted as an attempt to reduce the gap between 

philosophy and pharmacy and highlight the great benefits yielded by adopting such an 

approach. 

Hence, the subsequent chapters progress as follows: Chapter Two, “Pharmaceutical 

Research and Development: The Pursuit of Scientific Truth”, is dedicated to evaluating the 

philosophical foundations of scientific inquiry in pharmacy. The chapter scrutinizes the nature 

of truth, knowledge, and different modes of inference and reasoning. Three examples are 

presented: an exploration of mechanisms in pharmacy and pharmacology via the lens of new 

mechanist philosophy of science, a philosophical reflection on methodological distinctions in 

biochemical research, and a refined mechanistic approach assessing causal hypotheses in 

pharmacovigilance. Chapter Three, “Science Communication in the 21st Century”, underscores 

yet another aspect of scientific inquiry in pharmacy related to the dissemination and sharing of 

knowledge. Issues related to transparency, peer-review and the context of dissemination are 

explored. The discourse emphasizes the anthropocentric nature of scientific practice by 

adopting a constructivist approach representing science as a human endeavor and focuses on 

the importance of this construction in peer-review and the exchange of knowledge in alignment 

with social and environmental goals. 

Chapter Four, “Controlling the Pharmaceutical Product: Decisions, Regulations and 

Consequences,” unpacks the aspect of control in pharmacy. Here, topics range from impurities 

in drug products to the environmental repercussions of pharmaceutical waste. Additionally, the 

chapter provides a critical analysis into the approval procedure of drug products and the 

challenges of risk assessment and decision-making during global emergencies. Chapter Five, 

“Application of Pharmaceutical Products: Beyond Pathology and Medicating,” elucidates the 

concept of application within pharmacy. A historical account of the concept of application in 

pharmacy sets the stage, followed by an interdisciplinary approach to understanding the 

particularities for accepting, hesitating or refusing pharmaceutical products. Chapter Six is a 

general discussion and Chapter Seven is dedicated to the tentative conclusions. Within this 
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dissertation, analyses and discussions derive their authority from 13 scholarly manuscripts, all 

published and recognized in international, peer-reviewed journals between 2019 and 2023.   
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2. Pharmaceutical Research and Development: The Pursuit of Scientific Truth 

Scientists immerse themselves in pursuing truth through researching and developing 

safe and effective pharmaceutical products. This pursuit is directed towards the needs of society 

through a path heavily controlled and standardized by regulatory bodies, Figure 3. The focus 

of this chapter is to detail and exemplify the philosophical implications of pharmaceutical 

research and development from an epistemological perspective with the aid of recent 

discussions in the philosophy of science. Subsequently, the theoretical frameworks developed 

are applied into tangible action4. 

The main theme of this chapter is the pursuit of truth and its philosophical implications 

within research and development in pharmacy. The aim is to characterize and lay down a 

philosophical foundation which grounds scientific practice in pharmacy and subsequently 

explore how developing such an account may aid scientists and help them in their pursuit. In 

this context, issues related to research methodologies for acquiring and synthesizing knowledge 

in pharmacy is addressed; the main topic of research here is research or scientific practice itself. 

The tune of the chapter is set by briefly recounting the relevant philosophical underpinnings 

and concepts. A distinction between truth and knowledge in scientific practice is presented. 

Here, the focus will be on recent discussion of the context of pursuit, the new mechanist 

philosophy of science and approaches to reasoning and inference in scientific practice. 

Subsequently, three cases related to scientific practice in pharmacy are identified and discussed 

in more detail: 1). the topic of mechanisms in pharmacy and biochemistry is examined from 

 
4 The discussion in this chapter is supported and based on three manuscripts published in international peer-

reviewed journals: Abdin, A.Y.; Auker-Howlett, D., Landes J.; Mulla, G.; Jacob, C.; and Osimani, B., Reviewing 

the Mechanistic Evidence Assessors E-Synthesis and EBM+: A Case Study of Amoxicillin and Drug Reaction 

with Eosinophilia and Systemic Symptoms (DRESS), Curr. Pharm. Des. 2019; 25(16). 

https://dx.doi.org/10.2174/1381612825666190628160603, Abdin, A.Y.; Jacob, C.; Kästner, L. Disambiguating 

“Mechanisms” in Pharmacy: Lessons from Mechanist Philosophy of Science. Int. J. Environ. Res. Public Health 

2020, 17, 1833. https://doi.org/10.3390/ijerph17061833 and Abdin, A.Y.; Jacob, C.; Kästner, L. The Enigmatic 

Metallothioneins: A Case of Upward-Looking Research. Int. J. Mol. Sci. 2021, 22, 5984. 

https://doi.org/10.3390/ijms22115984. 

Figure 3. The first step in this endeavor is research and development in pharmacy which accounts to the pursuit of truth. The 

relevant topic in this chapter is illustrated in red. 

https://dx.doi.org/10.2174/1381612825666190628160603
https://doi.org/10.3390/ijerph17061833
https://doi.org/10.3390/ijms22115984
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the perspective of the new mechanistic philosophy of science, 2). building on the philosophical 

account developed for mechanisms, several methodological distinctions are highlighted and 

applied in the contexts of discovery and pursuit in biochemistry, and 3). the mechanistic 

account together with several philosophical notions are developed further in assessing causal 

hypotheses in pharmacovigilance. 
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2.1. Scientific Inquiry in Pharmacy: A Philosophical Account 

Scientific inquiry is a multifaceted activity, surpassing empirical and logical 

considerations to include methodological, epistemological, and socio-epistemic aspects [4,5]. 

A rich philosophical tradition has engaged with these facets of science, aiming to expose the 

process of knowledge generation and the pursuit of truth. This tradition is particularly relevant 

in applied fields such as pharmacy, where science directly influences human health and 

wellbeing. 

Early 20th-century philosophers of science, such as Hans Reichenbach (1891-1953), 

distinguished by their allegiance to logical empiricism5, often formulated their account of the 

scientific activity within a two-way distinction: the “context of discovery” and the “context of 

justification” (also known as the DJ distinction6) [7]. Logical positivists championed the 

Verification Principle, arguing that statements are meaningful only if they are logically true or 

empirically verifiable. The context of discovery is concerned with the origin of scientific 

ideas—the spark of insight, the creative process of formulating hypotheses, in pharmacy, this 

could involve the discovery of a new molecular pathway or a pharmacological target implicated 

in a disease or the identification of a potential therapeutic compound. The context of 

justification is concerned with the rational or logical reconstruction of discoveries. It has 

generally been viewed as the realm of empirical testing and logical verification. Hypotheses 

undergo rigorous scrutiny through systematic experiments and data analysis. In pharmaceutical 

research, this might involve a series of in-vitro preclinical and clinical trials to establish the 

safety and efficacy of a novel therapeutic compound. 

Discovery and justification in pharmacy, however, seem to go hand in hand. The discovery 

stage is not simply an ‘Aha’ or a ‘Eureka’ moment; it is indeed a rigorous process [8]. Consider 

the discovery of new drugs in pharmacy—extensive exploratory research and compound 

screening are performed before a potential drug candidate is designated. Apart from computer 

 
5 Logical positivism, later called logical empiricism, is a philosophical movement adopted by elite philosophers 

and scientists who grouped within the Vienna Circle. This approached is attributed with a heavy emphasis on 

epistemology whose central thesis is the verification principle. This stance faced criticisms, notably its potential 

self-defeating nature and its strict criteria which seemingly excluded meaningful statements in ethics, aesthetics, 

and metaphysics. Furthermore, their emphasis on direct observability appeared to conflict with the prevalent use 

of unobservable entities in science and overlooked the influence of theoretical commitments on observation [6]. 
6 The distinction between “discovery” and “justification” dominated and shaped the discussions about discovery 

in 20th-century philosophy of science. The context distinction marks the distinction between the generation of a 

new idea or hypothesis and the defense (test, verification) of it. Advocated of this distinction such as the logical 

positivists hold that discovery in an activity which cannot be analyzed philosophically rather the focus should be 

on justification which can be scrutinized based on its logical structure. 
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modeling and in-silico experiments, high-throughput screening, for instance, represents an 

important step in drug discovery. It allows robots to rapidly screen millions of compounds in 

search of potential leads. 

While this dichotomy might seem clear and convincing, many philosophers such as Karl 

Popper (1902—1994) and Thomas Kuhn (1922—1996) among many others challenged its 

adequacy and argued for a more polarized understanding of scientific practice7 [9,10]. They 

noted that discovery and justification cannot be easily distinguished as they are often 

intertwined, with each phase informing the other in a continuous cycle of scientific inquiry. 

Consider for instance the process of drug development, initial findings about the therapeutic 

potential of a compound might trigger new questions about its mechanism of action or its 

efficacy in various patient populations. 

Building upon this evolving debate, Larry Laudan (1941—2022) proposed an additional 

context to broaden the scope of philosophy of science: the “context of pursuit8“ [11,12]. For 

Laudan, the notion of “research traditions” highlights the interconnected set of beliefs and 

practices in science, each of which is tied to specific problems and their solutions. Here, the 

essence of scientific advancement lies not just in theory or rational reconstructions of discovery 

but in the theory’s adequacy to resolve more problems than it generates. He believed that a 

truly progressive scientific traditions not only outperforms its rivals in problem-solving but 

also introduces fewer difficulties than it settles. Hence, Laudan sets scientists on a constant 

pursuit to find the better solution to the problems of their fields with the employment of 

different research traditions9. 

The context of pursuit has been conceptually understood to serve as an intermediary phase 

between discovery and justification. Here, researchers decide whether a particular hypothesis 

or idea is worth further investigation and also how to do so. A variety of criteria may influence 

the decision to pursue a scientific theory or tradition. The presence of a significant explanation 

of the phenomenon in question, the inferential density which relates to the internal coherence 

 
7 Such philosophers also argued against the adequacy of the verification principle emphasized by logical positivists 

as a demarcation criterion of science and introduced their own ideas as will be discussed in the ensuing section. 
8 There are other conceptual distinctions in the scientific activity. The context of acceptance, for instance, is 

represented when a hypothesis, theory or research tradition which has matured and became widely accepted within 

a scientific community. Here, the epistemic commitment is at its maximum while the pragmatic commitment is 

minimum which is in contrast to a hypothesis, theory or research tradition at the stage of pursuit. Furthermore, the 

context of dissemination, explored in Chapter Three, is yet another possible distinction. 
9 For an enlightening discussion of models in pharmacy, specifically QSAR (Quantitative Structure–Activity 

Relationship), and their pursuitworthiness see [13]. 
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of a theory composed of several connected hypotheses and the external coherence with 

established and accepted theories, the pragmatic character when dealing with anomalies and 

the theoretical and pragmatic growth, represent four important criteria to consider when 

evaluating the pursuit-worthiness of a theory or a research tradition [14]. Other factors might 

include the potential implication of the research question, applicability of the proposed study, 

resources available such as funding and accessibility to equipment, and alignment of the 

approach with prevailing research traditions. The concept of pursuit is especially salient in 

pharmacy, where decisions to pursue a particular therapeutic strategy involve careful 

consideration of the potential impact on patient health, resource implications, and alignment 

with the current understanding of disease mechanisms. 

The context of pursuit proposed by Laudan indeed captures the pragmatism, dynamism 

and complexity of scientific practice and offers a more accurate representation of the pursuit 

of truth and the generation of knowledge in science and pharmacy in particular [15,16]. In 

recognizing these contexts, one acknowledges that scientific knowledge is not simply the result 

of logical processes applied to empirical data. Instead, it is a complex, cyclic and iterative 

process which is heavily intertwined with practical, methodological, and socio-epistemic 

factors. This is exemplified in the development of the Exeter Method which is a flexible and 

constantly evolving four-step “iteration method” that is based on philosophy, as well as, 

biochemistry [17]. 

Philosophers like Imre Lakatos (1922—1974) and Paul Feyerabend (1924—1994) further 

emphasized this complexity associated with scientific enquiry, as well as, the role of 

methodological pluralism and the social and cultural influence on scientific practice (more on 

this below). These perspectives serve as a reminder that the path to truth in science, and 

particularly in an applied field like pharmacy, is not a linear progression but a dynamic process, 

shaped by a multitude of scientific and non-scientific influencing factors. Recognizing the 

complexities of scientific practice, particularly in a field as consequential as pharmacy, offers 

a deeper understanding of how knowledge is generated, and truth is pursued. It underscores 

that scientific pursuit in pharmacy is constant and shaped by a variety of empirical, logical, 

practical, and socio-epistemic factors. 
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2.2. The Pursuit of Knowledge vs. Truth  

Another central topic of debate in philosophy of science is the interplay between truth and 

knowledge. The epistemological contours surrounding these concepts have witnessed several 

shifts, leading to both harmonious and contentious relationships. Traditional view posits 

knowledge as justified true belief, thus clearly linking truth to knowledge. This classical 

Platonic view emphasizes that, for any proposition to be considered as knowledge, it should 

not only be believed and justified, but crucially, it also needs to be true. Truth is, hence, 

established as a condition for knowledge, and conversely, all knowledge is necessarily true. 

This simple correspondence theory of truth has, however, faced challenges. The twentieth 

century witnessed the emergence of influential philosophical movements such as logical 

positivism and later, post-positivism, which placed the emphasis on logical verification and 

then on falsifiability as demarcation criteria for the “scientificity” of a proposition, thereby 

subtly altering the relationship between truth and knowledge. In this context, a proposition 

could be considered scientifically valid, that is, part of scientific knowledge, even if its truth 

status remained provisional and open to falsification. 

Popper, who introduced the falsification criterion, hinted at an estrangement of truth from 

knowledge in science. He found the verification principle to be self-defeating and, therefore, 

inadequate to be applied to assess scientific knowledge. Popper maintained that scientific 

theories could never be proven true definitively but only corroborated to varying degrees until 

they are eventually falsified or proven wrong. In this sense, knowledge accrues through a 

process of conjectures and refutations, while the pursuit of truth remains a tantalizing, ever-

receding horizon. 

Willard Van Orman Quine (1908—2000) put forward a holistic perspective which 

emphasizes the deep interconnectivity of beliefs. This in turn cast doubt on the clear-cut 

distinction between analytic and synthetic statements10 [18]. He proposes that the collective 

“web of belief,” encompassing both scientific theories and the linguistic tools framing them, 

undergoes empirical scrutiny [19]. Instead of seeking foundational statements as the bedrock 

of knowledge, Quine suggests that the entire belief system in science faces adjustment when 

 
10 Analytic statements are true based on their linguistic or logical properties alone, such as "All bachelors are 

unmarried," which is a tautology and ere the truth is inherent in the terms used. Synthetic statements, conversely, 

derive their truth from facts about the world, exemplified by "The cat is on the mat," requiring empirical 

verification. This distinction, which is essential in philosophical discourse, demarcates truths arising from 

language alone from those necessitating worldly empirical validation. 
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any segment is tested, a stance diverging from Logical Positivist views on observation-based 

foundations. 

Kuhn’s seminal work “The Structure of Scientific Revolutions” advanced the idea of 

paradigm shifts, suggesting that what is considered ‘knowledge’ and ‘truth’ in one paradigm 

might not hold in another, a concept known as “incommensurability” [20]. Rather than a linear 

and cumulative growth, Kuhn posited that science progresses in nonlinear manner, influenced 

by social, political and economic factors of the era. Each paradigm entails a distinct worldview, 

but over time, anomalies, i.e. contradictions or observations unexplainable within the theories, 

methods, tools and approaches adopted, may prompt a revolutionary change to a new paradigm. 

For Kuhn, knowledge is paradigm-relative. Thus, he emphasizes a historicist and relativistic 

epistemology, questioning the notion of a universally “objective” scientific stance, i.e. truth. 

This suggested a degree of relativity into the relationship between truth and knowledge, 

implying that they are not absolute but contingent on the prevailing scientific paradigm. 

Furthermore, several other philosophers from the late 20th and 21st centuries developed a 

similar account for the relationship between knowledge and truth. In this context, Paul 

Feyerabend contested the existence of a singular scientific method, suggesting instead that 

science thrives in methodological “anarchy.” He critiqued dominant scientific philosophies 

such as Popper's falsifiability, emphasizing that in the vast history of science, exceptions to any 

prescribed rules thrive and flourish, leading to his claim that in science, “anything goes” [21]. 

Imre Lakatos sought a compromise between Popper and Kuhn, introducing the concept of 

“research programs,” sequences of theories in a specific scientific realm with a shared core but 

varying auxiliary hypotheses. Contrary to Popper's direct falsification approach, Lakatos 

believed that faced with opposing evidence, scientists often tweak auxiliary hypotheses while 

maintaining the core [22]. 

Feminist philosophers of science, represented by figures such as Sandra Harding (1935—

) and Helen Longino (1944—), accentuate the influence of societal and gender values in 

crafting scientific knowledge, positing that a holistic understanding of science demands 

recognizing its social underpinnings [23,24]. This perspective highlights the often-

overshadowed social contextuality in traditional philosophical accounts such as those of 

Reichenbach, Popper and Kuhn. In a similar vein, social constructivists, including Bruno 

Latour (1947—2022) and Steve Woolgar (1950—), advocate for the idea that scientific facts 

emerge from intricate social processes. Instead of picturing science as a mere mirror to nature, 
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they emphasize the importance of sociopolitical negotiations, instrumentation, and institutional 

dynamics in molding scientific comprehension.  

The pragmatist perspectives, echoing the thoughts of Charles Peirce (1839—1914), 

Willham James (1842—1910), John Duwy (1859—1952), Isaiah Berlin (1909—1997) and 

Richard Rorty (1931—2007), prioritize the practicality of beliefs over their alignment with 

external truths, suggesting that the value of a scientific theory hinges on its practicality or 

utility, not truth in the conventional sense [25–28]. To the pragmatists, metaphysical debates 

about truth, reality or knowledge are games without rules. These thinkers focus on the utility 

of knowledge. This is very similar to the problem-solving theory of knowledge proposed by 

Laudan which views knowledge as ever changing and that scientists are on a constant pursuit, 

as discussed above. 

The relationship between truth and knowledge in philosophy of science can be seen as 

both cooperative and contentious. It reflects the enduring tension between the static, definitive 

nature of ‘truth’ and the dynamic, evolving character of ‘knowledge’ in the sciences. Truth can 

be considered the end goal of scientific practice, while knowledge is a provisional construct, 

shaped by various factors including technological advancements and socio-cultural contexts to 

solve problems.  

This distinction between knowledge and truth is indeed evident in the special sciences 

such as pharmacy. Knowledge in pharmacy mirrors the ongoing progress in scientific 

understanding. It is a science concerned with complex, sometimes unpredictable, phenomena 

irreducible to a set of physical laws. As research advances, technology evolves, and societal 

needs shift, the body of knowledge in pharmacy continuously grows and refines. This dynamic 

aspect contrasts sharply with the unchanging, definitive nature of truth, which is the ultimate 

objective of scientific practice. 
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2.3. Reasoning in Pharmacy: A Dive into Modes of Inference and Explanation 

Modes of reasoning render a crucial set of tools in the dynamic and evolving knowledge-

generation process in pharmacy, guiding scientists in producing hypotheses, validating models, 

and subsequently reaching informed, evidence-based conclusion and decisions. The ultimate 

objective is to unveil truth about mechanisms of drug actions, interactions, and clinical 

outcomes in the pursuit of effective, safe, and patient-centered healthcare solutions. 

Therefore, modes of reasoning represent the core principles of how scientists interpret 

and infer from data. These principles, including deduction, induction, abduction, inference to 

the best explanation, and Bayesian inference, serve as the foundation of cognitive processes, 

enabling the scientist to make meaningful discoveries and decisions and generate new 

knowledge in their pursuit of truth. Each mode of reasoning carries its distinct character and 

holds significant relevance in various fields of study, including pharmacy, where they help in 

assimilating and interpreting complex drug-related phenomena. 

Deductive reasoning, one of the most well-known and fundamental reasoning processes, 

operates under a logical structure where conclusions are drawn based on certain given 

premises; the conclusion is entailed in the premises. Such mode of reasoning moves from the 

general to the particular, e.g., Aristotle is a man and all men are mortal, therefore, Aristotle is 

mortal. In its purest form, deductive reasoning assures certainty, assuming that the initial or 

given premises are true, i.e. if the premises are true then the conclusion is true [29–31]. Such 

reasoning might be applied, for example, in the calculation of drug dosages. Given the premises 

that a specific drug dosage has been established safe and effective for adults at 10 mg/kg, and 

that an adult patient weighs 70 kg, a pharmacist can deduce that a 700 mg dosage would be 

suitable for this individual. Here, the process of deduction plays a vital role in ensuring the 

safety and efficacy of administered drugs. 

Inductive reasoning, on the other hand, begins from the specific and moves to the general. 

It involves taking individual, often empirical, ideally repeated, observations and forming a 

generalized conclusion. This kind of reasoning, although generates its conclusions that seem 

likely, does not provide certainty [32,33]. If a medication is observed to improve symptoms in 

a number of patients, for example, one might utilize inductive reasoning to claim that the 

medication will have the same effect on all similar patients. It is possible, however, that there 

are unobserved instances where the medication does not improve symptoms, which makes the 

conclusion less than certain. 
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Abductive reasoning, abductive inference or retroduction, is yet another important mode 

of reasoning. It is employed when picking the most plausible explanations from a set of 

possibilities. The main objective of employing this mode of inference is to generate plausible 

explanations for further testing [34,35]. Within the context of pharmacy, abductive reasoning 

might be applied in diagnosis or to infer causal relationships between medication and side-

effects. If a patient develops a certain set of symptoms after initiating a new treatment, for 

instance, and this medication is known to potentially cause such side effects, one might 

abductively infer that the medication is indeed the cause of the symptoms. 

Inference to the Best Explanation (IBE) shares many similarities with abductive 

reasoning. It involves inferring a hypothesis which appears to best explain a set of data or 

observations. IBE is often used in the interpretation of experimental data. The main difference 

with abductive reasoning is that IBE aims to single out an explanation rather than providing a 

range of testable hypotheses [34,36]. If a clinical trial reveals that a new antihypertensive drug 

reduces blood pressure more effectively than existing medications, for instance, one might 

infer, via IBE, that the new drug is superior in treating hypertension. 

Bayesian inference, a probabilistic method of reasoning, differs from the previous modes 

in that it works on principles of probability to update the likelihood of a hypothesis as more 

evidence becomes available. This mode of reasoning has gained significant traction in health 

sciences, including pharmacy. The Bayes’ theorem, named after Reverend Thomas Bayes 

(1701—1761), is central in this mode of reasoning [37–39]. This theorem calculates the 

probability of an event occurring based on prior knowledge of conditions which might be 

related to the event. Bayesian inference helps to revise beliefs while considering new evidence, 

rendering this mode a dynamic approach to understanding uncertainty. It allows for a level of 

flexibility in amalgamating medical evidence, especially in cases where a clear relationship 

between cause and effect is missing. In the setting of clinical trials, for instance, Bayesian 

inference can be employed to update the probability of a new drug’s efficacy as more patient 

data accumulates over time. 

Each of these modes of reasoning carries distinct strengths and limitations. Deduction 

offers certainty but it is limited by the truth of its premises and indeed their general 

applicability. Conclusions reached by inductive reasoning provide generalizability but lack 

definitive certainty. Abduction and IBE are potent tools for formulating hypotheses but depend 
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on the range and quality of considered explanations. Bayesian inference, meanwhile, relies 

heavily on the quality and quantity of data available. 

It should be noted that this list is neither complete nor exhaustive. Other modes of 

reasoning also exist. Analogical reasoning, for example, involves utilizing the knowledge of 

one domain (the source) to make inferences about another domain (the target). In drug 

development, for instance, scientists often apply analogical reasoning to draw conclusions 

about a new drug based on its similarity to known chemical structure or biological activity of 

another. This is indeed the case in bioisoteric replacement where scientists seek strategic 

changes to molecules by swapping specific atoms or groups, ensuring they function similarly 

in a biological context. Through this process, one may subtly alter a molecule's effects, its 

interaction with the body, or even its potential side effects. Furthermore, counterfactual 

reasoning involves thinking about what could have happened in a situation, had the 

circumstances been different. A pharmacist may use counterfactual reasoning, for instance, to 

consider the possible outcomes if a patient had taken a different medication.  

These modes of reasoning are not mutually exclusive, and in fact, most complex tasks 

involve a mix of different types of reasoning. In pharmacy, a balanced and thoughtful utilization 

of these reasoning modes can aid in reaching robust and comprehensive interpretations, further 

advancing current understanding of pharmaceutical research. Each mode provides a unique 

perspective and aids in answering different types of questions, ultimately contributing to a 

richer and more nuanced understanding of the scientific world within pharmacy. 
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2.4. The New Mechanist Philosophy of Science 

The twentieth-century philosophy of science has been predominantly influenced by 

logical empiricism and the pursuit of truth as rational or logical reconstructions of scientific 

practice. It emphasized abstract, epistemic aspects of science, particularly in physics. In the 

twenty-first century, however, philosophy of science is experiencing a shift towards the “new 

mechanical philosophy” which represents a more suitable to account to scientific practice in 

the special sciences. Unlike logical empiricism, this framework focuses on actual scientific 

practice and is dedicated to the application in biological sciences through spelling out and 

searching for mechanisms. Advocates of this tradition aim to succeed the logical empiricist’s 

approach to numerous scientific philosophical issues such as causation, laws of nature, 

reductionism and scientific discovery and pursuit. 

The new mechanical philosophy diverges from the tradition of examining scientific 

inferences with logical tools and instead leans towards scrutinizing historical scientific 

episodes. Scholars noticed that the search for mechanisms predominantly drove contemporary 

scientific practice, and this approach underpinned numerous historical scientific 

breakthroughs. 

This new philosophy takes root in the late 1960s, with theorists like Wesley Salmon 

(1925—2001), Jerry Fodor (1935—2017), Robert Cummins (1939—), William Wimsatt 

(1941—), and Nancy Cartwright (1944—) presenting their contribution which critiques logical 

empiricism and highlights the need for understanding mechanisms in scientific explanations 

[40–44]. Salmon, for instance, focused on causality and the structure of explanation, 

emphasizing the necessity of causal processes and interactions. Fodor, in his discourse, 

championed the modularity of the mind, suggesting that mental processes operate in integrated, 

specialized systems. Cummins introduced the analytical approach of “functional analysis”, 

highlighting the importance of understanding a system's components in the context of their 

contribution to the overall function. Wimsatt addressed the heuristic nature of scientific 

practice, noting that errors, approximations, and redundancy are often integral to scientific 

progress. Cartwright, on her part, underscored the patchwork nature of scientific laws, 

suggesting they often hold true only under specific conditions. Collectively, these philosophers 

of science shed light on the multifaceted nature of scientific explanations, advocating for a 

deeper understanding of mechanisms rather than relying solely on empirical findings. 
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By the 1990s, these theories began to merge into a comprehensive perspective, aptly 

demonstrated in Bechtel and Richardson’s work “Discovering Complexity” [45]. This period 

also saw Glennan propose mechanisms as the secret connections between cause and effect, and 

Thagard placed emphasis on the search for causes and mechanisms in medical sciences [46,47]. 

Peter Machamer (1942—2023), Lindley Darden (1945—), and Carl Craver’s work, “Thinking 

about Mechanisms,” further bound these concepts together, suggesting that the philosophy of 

biology, and potentially the entire philosophy of science, should be organized around the 

pursuit of mechanisms [48]. According to the new mechanistic approach, scientists—especially 

in the life sciences—explain phenomena by discovering and pursuing the mechanisms 

responsible for them. A range of different accounts of mechanisms has been offered, but a 

consensus may be expressed as follows11 [48,50–52]:  

“A mechanism for a phenomenon consists of entities (or parts) whose activities and 

interactions are organized such that they are responsible for the phenomenon to be explained”. 

This unifying characterization neatly conveys the central tenets of the new mechanist 

philosophy12. It does, however, leave important issues underspecified. There is, for instance, 

considerable discussion about what exactly “phenomena” are [16,17,18]. In the context of this 

dissertation, phenomena are to be understood as the explananda of mechanistic explanations, 

i.e., phenomena are what a mechanistic explanation or a mechanism seeks to explain. It is 

assumed that mechanistic explanations can explain phenomena from various scientific domains 

which transcends reducing them to a set of physical laws. Accordingly, the explananda of 

mechanistic explanations may range from electrons and chemical reactions mechanisms to 

higher emergent cognitive capacities. Here, the notion of a mechanism being “responsible for” 

a phenomenon requires further inspection [56–59]. One ought to delve deeper into the different 

types of mechanisms put forward by the new mechanist philosophy. 

 

 
11 The view of mechanisms presented here is comparable to the popular view of systems as an interconnected set 

of elements which is coherently organized in way so to achieves a goal or objective. The elements represent the 

mechanistic components, the interconnectedness is echoed in their interaction and the goal or objective is the 

phenomenon which they together underly. Similar to systems, such mechanisms experience feedback loops, i.e. 

stabilizing or reinforcing, resilience, are self-organizing and part of a hierarchy. This systemic outlook of 

pharmacological mechanisms is indeed worthwhile exploring [49]. 
12 It should be noted that the metaphysical commitment here whether these mechanisms are part of reality or 

simply a beneficial representation which guides problem solving in the sciences is dependent on the user. In this 

dissertation mechanisms are treated as the best possible representation and approach to scientific inquiry in 

pharmacy. 



32 

 

2.4.1. Three Types of Mechanisms 

Generally, there are three types of mechanisms [60]: mechanisms which produce, 

underlie, and maintain their phenomena, Figure 4. The difference between the three can be 

understood in a metaphysical sense. Yet, it is more beneficial to view it as a triad of three kinds 

of mechanistic explanations. Thus, being “responsible for” can take at least three different 

forms of explanations. Firstly, it can refer to a causal relation where the phenomenon is the 

effect of a preceding mechanism’s operation, i.e. a producing mechanism. Secondly, “being 

responsible for” can designate a constitutive relation where the phenomenon is the overall 

behavior of the mechanism (its organized parts, their activities and interactions), i.e. an 

underlying mechanism.  

Thirdly, “being responsible for” can describe some set of regulatory relations which 

keep a certain state stable or continuous process going, i.e. a maintaining mechanism. Hence, 

the mechanisms which produce, underlie, or maintain their phenomena are suited to explain 

different kinds of phenomena; To explain how a product, an effect or an end-result is generated 

or reached, scientists will search for the producing mechanism; to explicate a process, they will 

focus on the mechanism underlying it; and to explain how a system’s stable state or continuous 

behavior is maintained, they search for the mechanism maintaining it [61]. The idea that 

different kinds or types of explanations serve to answer different research questions is not new. 

In fact, many philosophers of science have assumed this [62–64]. Besides, this assumption is 

also inherent in the mechanistic view: mechanistic explanations are always mechanistic 

explanations for a specific phenomenon.  

 

Figure 4. Three kinds of mechanisms; green circles depict the phenomenon to be explained (adapted from [65], p. 66). 

The difference between producing and underlying mechanisms mirrors the familiar 

distinctions between etiological and constitutive explanations [64]. In this context, etiological 
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explanations are focused on the causal chain of events leading to the phenomenon to be 

explained, such as attributing a disease to a virus. In diagrams or illustrations such relationships 

are represented by an arrow or a series of arrows. Constitutive explanations describe the 

underlying mechanism constituting the phenomenon to be explained, such as attributing the act 

of reaching one’s arm to interactions among brain regions, muscles, and joints. Such 

relationships are conveyed in Figure 4 in underlying mechanisms as dotted lines stemming 

from bottom-up towards the phenomena to be explained. Still, there is more to this distinction 

than assuming a different phenomenon–mechanism relation: explanations describing 

producing and underlying mechanisms, respectively, have different explananda, i.e., end-

products or overall processes. There are two straightforward rationalizations/descriptions as to 

how underlying and producing mechanisms relate. 

Firstly, a producing mechanism may be located within an underlying mechanism Figure 

5. In examining the productive aspects within an underlying mechanism, scientists temporarily 

switch the explanandum: they focus on how a certain state or activity of a given component 

within the mechanism is produced. 

 

Figure 5. Production within an underlying mechanism. Note that any component of the underlying mechanism shown in white 

may itself also be an explananda of another, even deeper underlying mechanism. 

Secondly, each step in the causal sequence of a producing mechanism may be spelled 

out further by identifying the underlying mechanisms at each stage, the top circles shaded in 

green in Figure 6. As in the first case, scientists here change the explanandum. To investigate 

the underlying mechanisms at each stage, i.e., “phenomenon to be explained”, they must ask 

how each of the processes occurring within a productive chain is implemented rather than what 

is produced at the end of the sequence. 

 

Figure 6. Mechanisms underlying components of a productive mechanism. 
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The major difference between these scenarios is how the information is placed together 

in a coherent picture to reach an explanation. The first scenario provides an analysis of some 

causally productive mechanism responsible for relations within another mechanism recognized 

to underlie a phenomenon, Figure 5. By contrast, the second scenario spells out how the 

contributing productive mechanisms are themselves being mechanistically responsible for, i.e., 

which mechanisms underlie them, Figure 6. This complexity of multilevel mechanisms is 

demonstrated in Figure 7. 

 

Figure 7. Schematic representation of a multi-level mechanism. 

Consolidating different available mechanistic insights about production and underlying 

mechanisms equips scientists with the capacity to develop multilevel mechanistic 

understanding, Figure 7. The interplays amid mechanistic components can be construed as the 

emergence of production mechanisms within an inherent underlying mechanism. Concurrently, 

each component of an underlying mechanism is susceptible to further mechanistic scrutiny, 

signifying its own inherent constitutive mechanism comprised of components open to 

additional mechanistic exploration; the process continues in a similar manner. Ultimately, the 

mechanism culminates in reaching its intended structure, at which point it no longer constitutes 

a ‘black box’ and the research question is answered [60]. 

In subsequent sections, a demonstration of how in pharmacology and related disciplines, 

underlying and producing mechanisms are often superimposed on a single “box and arrow” 

representation of a mechanism of action (MoA). An analysis in terms of different kinds of 

mechanisms may usefully guide the interpretation of such traditionally “flat”, i.e., non-

hierarchical, diagrams to assist in transforming them into more powerful multilevel 

Baumkuchen models. It is proposed that Baumkuchen models provide an amenable, 

alternative, practical, and more powerful tool to represent “mechanisms of action” in 

pharmacology as they render different kinds of “being responsible for” relations more explicit.  
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2.5. Disentangling Mechanisms in Pharmacy: Insights from the Mechanist Philosophy of 

Science 

The philosophical underpinnings of research and development in pharmacy emphasizes 

the prevalent notion of “mechanisms” is taken into consideration. Embedded deeply in the 

practices of biochemistry and pharmacy, this concept represents a pivotal axis around which a 

large portion of pharmaceutical research revolves. A fundamental attribute of natural sciences, 

particularly biochemistry and pharmacy, lies in their prowess to dissect complex interactions 

among entities, encompassing small-molecule compounds, biopolymers, organelles, cells, and 

organisms. The scales, levels or layers of these complex interactions span from the atomic and 

molecular to the biological, psychological, and even sociological levels. In pharmacy, complex 

molecular interactions, such as those between natural products or chemically synthesized drugs 

and biomolecules, are elucidated to comprehend physiological or psychological changes. Such 

relevant “lower-level” processes lead to “higher-level” phenomena or effects, commonly 

described in terms of “mechanisms”. These are typically represented graphically through 

diagrams or schemes, where entities are depicted as structures and boxes, and activities or 

interactions are portrayed as arrows. While these mechanisms are appealing due to their 

explanatory potential, understanding what precisely they convey, however, remains 

challenging13.  

Figure 8. Schematic representation of the “mechanisms” regulating the blood pressure in the human body. BP: blood pressure, 

CO: cardiac output, PVR: peripheral vascular resistance, SV: stroke volume, HR: heart rate, BV: blood volume, FP: filling 

pressure (kidney), BV: blood volume, SNS: sympathetic nervous system, RAA System: renin-angiotensin-aldosterone system. 

This scheme has been adapted from a pharmacology textbook namely, Brenner and Stevens’ Pharmacology 5th edition p. 105) 

[66,67]. 

 
13 It should be noted that in the ensuing discussion the notion of level and layer will be used interchangeably to 

highlight or relate to the degree of complexity involved in the discussion. 
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A primary challenge in interpreting these mechanistic diagrams is deciphering the 

implications of these representations accurately. In Figure 8, interconnected control and 

feedback loops regulating blood pressure are demonstrated with arrows bridging different 

aspects of blood pressure regulation. Each arrow in these diagrams, however, stands for diverse 

relations, with some indicating causation and others being less explicit. This ambiguity 

provides a potent platform for the application of insights from the new mechanist philosophy, 

an insightful perspective from philosophy of science, to scrutinize and disambiguate such 

diagrams. 

In this discourse, the mechanist philosophy of science is leveraged to provide a refined 

perspective on such “mechanisms” in pharmacology. The hypothesis that these complex 

diagrams superimpose different types of mechanisms onto one another is, therefore, examined. 

Sections 2.4. and 2.1.4. have already provided a brief introduction to the concept of 

mechanisms from the perspective of contemporary philosophy of science. The focus is shifted 

in Section 2.5.1. to investigate in which sense and to which extent the so-called “mechanisms 

of action” in pharmacy resemble the mechanisms as discussed in philosophy of science. It is 

shown that at least two kinds of “mechanisms of action” (MoA) - pharmacokinetic and 

pharmacodynamic ones - must be differentiated. This dichotomy interestingly mirrors a 

distinction recognized in the philosophical debate: the differentiation between productive 

causal and underlying constitutive mechanisms, respectively. The implications of this 

observation are further probed. 

Section 2.5.2. provides a detailed examination of ‘arrows’ in pharmacological diagrams. 

Given that these representations superimpose different kinds of mechanisms, the metaphysical 

relations that each arrow represents are of interest. Among several other examples, the 

biosynthesis of thyroid gland hormones and their actions in the human body are considered as 

a case study. It is highlighted that some arrows denote causal connections, others represent 

temporal, transitional or operational orders, and some function as shorthand for entire 

constitutive mechanisms. Section 2.5.3. introduces the Baumkuchen model and Section 2.5.4. 

concludes. 

2.5.1. Mechanisms of Action in pharmacology 

Pharmacology is a pillar for pharmacy and an intricate scientific discipline. It centers 

on unraveling the complex interactions between substances—predominantly drugs—and living 

systems [68]. Given its breadth and depth, pharmacology encompasses two closely intertwined 
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subfields: pharmacokinetics and pharmacodynamics, each with its unique focus and 

methodological approach. 

Pharmacokinetics is defined according to the IUPAC as: “the process of the uptake of 

drugs by the body, the biotransformation they undergo, the distribution of the drugs and their 

metabolites in the tissues, and the elimination of the drugs and their metabolites from the body 

over a period of time” [69]. It focuses on the interactions occurring between the body and a 

drug, meticulously tracing the journey of a drug within the biological system, starting from 

absorption, following through distribution and metabolism, and finally to elimination. This 

sequence of events is often represented with traditional mechanistic diagrams, featuring a series 

of boxes and arrows, effectively summarizing the process in a supposedly causal chain. Such 

chains can even be symbolized by mathematical formulae, reflecting the quantitative nature of 

these interactions. 

In pharmacokinetics, the drug itself is the primary subject of interest, and the 

mechanisms of action (MoAs) describe the transformation of the drug as it navigates the 

biological system. A notable example is spironolactone, a potassium-sparing diuretic 

administrated in the management of hypertension and chronic heart failure. The drug’s journey 

is traced from its oral absorption, where it reaches its peak plasma concentration in 2.6–4.3 

hours, to distribution, where about 90% of it binds to plasma proteins. It then undergoes 

extensive metabolism in the liver, transforming in the process to mostly inactive metabolites, 

and is eventually excreted in urine and bile [70,71]. 

Pharmacodynamics, on the other hand, studies the interactions between the drug and 

the body. This subfield focuses on how drugs function within the human body, investigating 

their physiological activities and unraveling the underlying MoAs from binding to membrane 

receptors to conducing changes on the organ level. While pharmacokinetics concerns “body–

drug” interactions, pharmacodynamics is preoccupied with “drug–body” interactions. 

Nonetheless, both subfields resort to the concept of MoAs to explicate their observations yet 

from different perspectives. 

It should be noted that the term MoA is not confined to pharmacology; it is applied in 

various scientific disciplines, each interpreting it within its context. In systems biology, for 

instance, a mechanism typically encapsulates the interactions between different parts and 

processes within a larger overall system. In contrast, in chemistry, reaction mechanisms might 



38 

 

pertain to abstract models or hypothetical constructs proposed to explain or predict certain 

processes or products.  

Pharmacodynamics primarily employs MoAs as underlying mechanisms to investigate 

the resultant pharmacological effects at higher levels of phenomena, such as blood pressure. 

The International Union of Pure and Applied Chemistry (IUPAC) defines pharmacodynamics 

as the “study of pharmacological actions on living systems, including the reactions with and 

binding to cell constituents, and the biochemical and physiological consequences of these 

actions” [72]. This definition underscores the multi-level nature of pharmacodynamics, 

illustrating its broad scope spanning from microscopic cellular interactions to macroscopic 

physiological effects. 

Exploiting Spironolactone as an illustrative example again, the drug’s 

pharmacodynamic MoA can be dissected. Excess levels of mineral corticosteroids lead to the 

retention of sodium and water, culminating in edema. Spironolactone acts mechanistically by 

competitively blocking aldosterone from binding to its receptors in the nephron’s late distal 

tubule and collecting duct, thus reducing sodium reuptake by obstructing the DNA expression 

of genes for sodium channels and pumps. This seemingly simple mechanism traverses at least 

three different levels of complexity, illuminating the multilayered nature of pharmacodynamics 

[67,70,71]. 

Pharmacokinetic MoAs are primarily productive chains often formulated 

mathematically, providing quantitative insights about various drug parameters such as half-life. 

In contrast, pharmacodynamic MoAs delve into the processes underlying higher-level 

physiological effects of the drug in question. These effects hinge on “reactions with and binding 

to cell constituents,” i.e., lower-level processes responsible for the MoA’s operation. As will be 

elaborated in later sections, these mechanisms are best understood as combinations of 

producing and underlying mechanisms to fully comprehend these intricate interdependencies. 

This brief exposition introduces the main theme that will be developed in the following 

sections. It acknowledges the multilevel nature of mechanisms investigated by biochemical 

scientists, and while the commonplace representation for MoAs is non-hierarchical, there lies 

a well-hidden multilevel picture beneath. As will be elaborated in the subsequent section, the 

key to transforming such flat pharmacological schemes to multilevel representations lies in 

recognizing that the arrows contained in traditional “box and arrow” diagrams denote different 

kinds of “being responsible for” relations. Upon disentangling these arrows, a 
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multilevel/multilayered representation of pharmacological MoAs, consisting of a variety of 

interconnected producing and underlying mechanisms, will naturally emerge. 

2.5.2. Unraveling Arrows: Interpreting Pharmacological Diagrams 

Standard diagrams utilized in pharmacology seek to encapsulate the vast complexity of 

various processes into easily digestible two-dimensional depictions, often consisting of 

numerous boxes and arrows. These boxes sometimes symbolize the mechanistic components 

involved, while the arrows suggest the presence of causal activities or interactions. This 

simplification can, however, mislead or obscure the true intricacies of the processes 

represented. 

As an exemplification, consider the case of biosynthesis and the subsequent activity of 

the thyroid hormones triiodothyronine (T3) and thyroxine (T4) within the healthy human 

thyroid gland. This process is typically represented through a diagram, Figure 9, a common 

sight in current biochemistry or pharmacology textbooks. In these diagrams, several arrow 

types can be distinguished, each representing a different aspect of the process, such as 

producing, underlying and maintaining mechanisms, time flow, substance transfer, 

modificatory influences, and so forth. 

 

Figure 9. The biosynthesis of thyroid hormones and their impact on healthy muscle growth [67,73,74,74]. This scheme is 

adapted from two standard pharmacology textbooks, namely, Brenner and Stevens’ Pharmacology 5th edition p. 368 and Basic 

& Clinical Pharmacology 14th edition p. 688, and purely for illustration purposes, has been expanded to include some 

additional formulae and conversions. 

For the time being, the spotlight will be on identifying and differentiating the arrows 

that symbolize producing and underlying relations in Mechanisms of Action (MoAs). These 

two categories of arrows are essential for understanding the distinct mechanistic processes and 
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how they come together to produce or underlie the overall effect of a particular 

pharmacological interaction. 

In the context of the new mechanist philosophy of science, the distinction between 

producing and underlying relations becomes particularly relevant. As previously mentioned, 

this perspective views mechanisms as inherently multileveled, each contributing different but 

interconnected functionalities to the system as a whole. Thus, flat diagrams with their boxes 

and arrows can be thought of as simplifications of this complex, hierarchical view of 

mechanisms. 

The ‘box and arrow’ diagrams widely used in pharmacology are effective at providing 

an at-a-glance understanding of complex processes. To truly appreciate the complexity and 

interconnectedness of pharmacological mechanisms, however, one must delve deeper. This 

involves understanding that the arrows in these diagrams represent not just simple causality, 

but a whole array of relations, including producing and underlying mechanisms, time and 

transfer, amongst others. 

Moving forward, the focus will be on unraveling this complexity, beginning with 

distinguishing between arrows indicating producing and underlying relations in MoAs. 

Understanding these relations is a crucial step toward a deeper insight into pharmacological 

mechanisms and their multileveled nature. 

2.5.2.1. The Straight Arrow 

In pharmacological depictions, the straight arrow or the forward arrow is among the 

most ubiquitous. Exhibiting an array of variations such as unidirectional or bidirectional, a 

solid line (a standard in chemistry) or a block arrow (a norm in biochemistry and physiology), 

these arrows generally point towards a causal relationship. Moreover, they frequently 

encapsulate supplemental information in or around them. The diagram in Figure 9 demonstrates 

this exhaustive utilization of various types of arrows. In this example, block arrows signify 

some form of linkage between biochemical and physiological systems, like the connection 

between the thyroid gland and the muscular system. Here, the nature of causality is complex 

and rather unclear, as the thyroid gland is certainly not directly “causing” the muscles; instead, 

certain processes within the thyroid gland are influencing processes within the muscular system 

(arrow tagged with 1 in Figure 9). 
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To elaborate, this type of arrow subtly communicates that the products created within 

the thyroid gland circulate and reach the muscles, where they modulate or govern muscle mass 

through intracellular modification. T3 and T4 hormones, being the intermediaries between 

these two organs, should be correctly positioned inside or adjacent to the arrow. 

In the field of chemistry, the straight black arrow carries a different significance, 

connecting reactants of a chemical reaction with the corresponding products. This arrow 

delineates a causal relationship between chemical compounds, either unidirectional or in 

equilibrium, and links chemical symbols that usually—though not invariably—denote 

elements, ions, molecules, and the like. In Figure 9, such arrows link the representations of the 

reactants, tyrosine and iodine, with the ones for T3 and T4, and also encompass some 

information about the reaction conditions and products positioned next to them. These arrows 

represent a fundamental component of the chemical language [75]. Consequently, their usage 

adheres to a specific syntax and they represent chemical substances and observable events. 

Beyond simple straight arrows, there also exist arrows that point towards products that 

are theoretically expected. Due to various reasons, however, these anticipated products may or 

may not be obtainable in a laboratory setting. A “crossed out” straight arrow emphasizes that 

the expected substance is not formed under the given reaction conditions, that is within the 

biological system. An example of this special case of a “crossed out” straight, producing arrow 

is tagged with 3 in Figure 9, where a theoretical or expected product is not achieved in the 

laboratory. Chemists tend to direct such a producing arrow towards a non-product, possibly to 

emphasize an element of surprise or the possibility that future endeavours may yield a different 

outcome. 

2.5.2.2. The Hidden and Transitional Arrows 

Within Figure 9, certain straight arrows can be noted which appear to direct attention 

towards the “intrinsic chemical reaction mechanism”. These straight arrows, at first glance, 

seem strikingly similar to those which link reactants or reagents and products. Within the 

confines of the reaction mechanism, however, they serve a distinct function by pointing 

towards a differing level of complexity. They might also indicate various chemical aspects such 

as intermediates, excited states or transition states. Such entities may correspond to tangible 

substances, or they may not, as suggested in the lower-left segment of Figure 9. 

Indeed, when arrows connect depictions of compounds with transition states - states 

which fail to provide any identifiable components within mechanisms - they pose a challenge. 
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Transition states frequently remain purely hypothetical and resist further mechanistic 

decomposition given available technologies and the research traditions of chemistry. It is also 

impossible to tie them to any specific chemical compound or mechanistic component. A classic 

example of this is present in Figure 9, where the transition state follows tyrosine to generate 

monoiodothyrosine (MIT) (denoted by arrow number 2). This highlights the process of a 

chemical reaction, progressing from reactants through specific intermediate transition states, 

finally resulting in the products. In this instance, the direct arrow connecting tyrosine and 

iodine to T3 and T4 should be interpreted as a producing, causal relationship. By contrast, the 

arrow that travels through the intermediate and transition state encapsulates the intrinsic 

chemical mechanism. 

Such representations are crucial within these schemes as they elucidate specific 

reactions and the pathways they follow. They also help in predicting the trajectory and 

progression of a chemical reaction, attempting to explain why certain products are formed 

while others are not. Interestingly, arrows which target transition states often penetrate the 

underlying mechanics of the reaction, thus moving into a separate layer within the multi-tiered 

scheme. 

Interestingly, within the chemical reaction sequence depicted in Figure 9, one may 

identify several types of seemingly similar arrows. Early in their studies, students of 

biochemistry and related fields are educated to differentiate between straight black arrows and 

the rather unusual double-pointed arrows, which signify mesomerism. These arrows do not 

indicate causal, generative, or underlying relationships. The double-pointed straight arrows 

demonstrated in Figure 10, for example, show that perchlorate has four contributing structures, 

each resulting from a symmetrically delocalized electron pair [76]. 

 

Figure 10. Resonance structures of perchlorate (ClO4-) connected by arrows indicating mesomerism. The hooked arrows point 

towards “delocalized” electron pairs which are “moving” in the representation to generate four distinct structures. In contrast, 

this “movement” cannot be observed experimentally, as there is only one perchlorate molecule. The hooked arrows serve solely 

the purpose of explanation and to connect the four resonance structures required to describe perchlorate, its properties, acidity 

of perchloric acid, spectroscopy and reactivity more completely. 

One can also uncover yet another arrow type within Figures 9 and 10, concealed within 

or adjacent to the chemical structures: the hooked arrow. This indicates the “movement” of an 

electron (single-headed hooked arrow) or an electron pair (double-headed hooked arrow), 
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either within a given molecule or between molecules. This type of arrow is frequently found in 

mesomeric structures and in reaction mechanisms. 

The hooked arrow provides insight into the electronic movement or resonance involved 

in the chemical reaction mechanism, crafting a nested situation that parallels the one depicted 

in Figure 8. The arrows connecting mesomeric structures and transition states might be viewed 

as components within an intrinsic chemical reaction mechanism which progresses from 

reactants to products, indicating that they occupy the same layer. In contrast, the electron 

movement signified by the hooked arrow appears to underly these mechanisms, meaning they 

exist on the next lower level. 

In the following section, we will elucidate that the mechanism underlying the intrinsic 

mechanism of the chemical reaction is believed to reside at the lowest level in the current case 

of T3 and T4. It is imperative to note, however, that this represents a practical choice within 

the realm of scientific practice in pharmacy rather than an ontological commitment. This 

approach is widely utilized within many practical illustrations (for instance, Figure 9). 

Nevertheless, the scheme can, in theory, be expanded further as we delve deeper into the 

mechanistic hierarchy, potentially reaching as far as protons, neutrons, electrons, and even 

quarks. 

2.5.3. The Baumkuchen Model 

Thus far, the discourse has illuminated that such conventional pharmacological 

diagrams, colloquially referred to as “box and arrow” diagrams, are inherently constituted by 

an assortment of diverse mechanisms. These mechanisms are represented within a “flat” or 

non-hierarchical scheme, characterizing a multitude of biochemical processes which traverse 

different investigative levels. To elucidate the potential ambiguities ensuing from such 

compression of a multi-level hierarchy into flat diagrams, a triad of tasks is necessitated [77]: 

A. Differentiation must be made among various levels or layers of analysis, from the 

“Resonance Level” of electron movements in molecules to the “Health Level” of 

medical conditions. 

B. Diverse types of mechanisms, especially those producing and underlying, must be 

distinguished. 

C. Clarification must be achieved regarding the various kinds of arrows and the relations 

of “responsible for” they portray. 
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:  

Figure 11. The Baumkuchen model of the initially “flat” biochemical scheme depicted in Figure 9. Here, the different layers 

are clearly separated. Producing mechanisms within layers are shown in straight arrows, and underlying mechanisms depicted 

with cones, similar to the model in Figure 8. As discussed before, the straight arrows within the same level represent causal 

relationships, while the inter-level constitutive relationships are represented with dotted lines. Hence, the Baumkuchen model 

avoids arrows between layers. If shown, these rather lines may serve as heuristic tools rather than indicators of interlevel 

causation. 

Attentive adherence to these tasks allows the construction of a multi-layered Baumkuchen 

model from non-hierarchical pharmacological diagrams. This model serves as a practical and 

efficacious tool to delineate mechanisms of action (MoAs) in pharmacology. Figure 11 
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provides a Baumkuchen model of the biosynthesis of thyroid hormone and its operation in the 

human body [67,73,74,78–82]. As an enhanced and more precise iteration of Figure 9, the 

Baumkuchen model clearly segregates different layers, each coinciding with a unique scientific 

discipline. Within each layer, producing mechanisms are operational, and connections between 

different layers are facilitated by underlying mechanisms. 

An instance of this is the arrow connecting monoiodothyrosine (MIT) and thyroid 

hormones T3 and T4 at the “Chemistry Level”, distinctly indicating a causal mechanism. 

Conversely, the apex of the cone stemming from T3 and T4 supports the formation of their 

biochemical complex with Thyroxine-binding globulin (TBG) in the bloodstream. 

Importantly, effective clarification of various relations, symbolized by most of the straight 

black arrows in Figure 9, is achieved in the Baumkuchen model. Arrows representing 

producing relations are situated within each given layer, while those indicating constitutive 

relations, characteristic of underlying mechanisms, are superseded by cones. Upon closer 

examination of the Baumkuchen model, a stratified structure is revealed. The basal level 

comprises resonance or electron pair movements. These structures encompass moving 

electrons and hooked arrows, constituting the fundamental electronic mechanisms of the 

chemical reaction as it transits stepwise from reactants to products. 

Ascending the Baumkuchen model in Figure 11, the second level houses the underlying 

reaction mechanism, explaining the chemical reaction itself and including the intermediate 

MIT. Advancing further, the third level, designated as the “Chemistry Level”, encapsulates the 

chemical reaction progressing from tyrosine and iodine to T3 and T4. At the next level, the 

“Cell Level”, illustrates how these hormones complexed with TBG (Thyroxine-binding 

globulin) interact with the cellular membrane and eventually enter the cell to bind to their 

cytoplasmic and nucleic targets and initiate a cellular response. The Physiological Level 

demonstrates how alterations on the Cellular Level instigate the muscle growth effect of T3 

and T4. This tiered structure of the Baumkuchen model, spanning from electron movement to 

health level, affords a more detailed understanding of the interconnectedness of biological 

mechanisms, biochemical interactions, and physiological changes, culminating in health or 

disease states. 

The Baumkuchen model, in comparison to traditional non-hierarchical models, boasts 

several advantages. It renders a richer and more accurate depiction of different dependency 

relations and permits researchers to delve into individual layers and concentrate on specific 
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aspects of the overall scenario. Despite its merits, the Baumkuchen model presents certain 

limitations. A few arrows and relations remain unidentified, clear allocation of all entities and 

activities at specific levels is not always possible, and determining the optimal level in each 

case is a challenge. Additionally, the integration of maintaining mechanisms into the 

Baumkuchen model remains unexplored. The Baumkuchen model transcends being a mere 

representation of mechanisms. It embodies a conceptual framework with profound 

philosophical implications, serving as an efficacious instrument for representing and 

comprehending the multilayered nature of biological phenomena and the various levels of 

mechanisms at work. 

2.5.4. Concluding Remarks 

The analysis undertaken in this section has illuminated the potential benefits of a 

meticulous dissection of the traditional “flat” pharmacological diagrams. The introduction of 

the Baumkuchen model, a derivative of concepts from the burgeoning mechanist philosophy 

of science, is presented as a robust alternative to conventional diagrams. The utility of this 

model lies in its ability to distinguish between muti-and interlevel-relations and clarify various 

associations inherent in the traditional “box and arrow” schemes. 

The practicality of the Baumkuchen model is evident in its compatibility with familiar 

tools and resources, and its capacity for further development into interactive, electronic 

versions. Such a transformation of mechanistic representation, while building upon its “flat” 

predecessor, opens the potential for a more comprehensive communication of complex 

phenomena. Thus, it can be postulated that the adoption of multi-level Baumkuchen models 

may aid scientists in achieving a more profound understanding of how various MoAs interlink 

and provide direction for future research. 

A note of caution must be, however, inserted here. The objective of this section is not to 

draw definitive metaphysical or ontological conclusions about the nature of the entities 

involved in the Baumkuchen model. A commitment to a form of realism is acknowledged, yet 

it is understood that empirical evidence may not definitively endorse one Baumkuchen model 

over another. The importance lies in the fact that even hypothetical or imprecise multi-level 

models can advance pharmaceutical research. Such multilevel depictions may begin by 

identifying a phenomenon and breaking it down into its constituting components and their 

interactions or find a component and link it to a function or purpose. These aspects of research 

strategies are explored further in the next section. 
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2.6. The Quest for Purpose: Research Strategies for Scientific Pursuit in Pharmacy 

Historically, the discourse of scientific explanations has been punctuated by various 

paradigms, but two methodologies have often come to the fore: mechanistic explanations 

rooted in mechanical philosophy, and teleological explanations with a rich philosophical 

lineage [83]. Teleological explanations hark back to ancient times, with philosophers such as 

Aristotle positing which things in nature act towards a “purpose”, “telos” or “goal” [84]. Over 

the centuries, this concept has evolved and expanded, finding relevance in diverse fields from 

biology to psychology, albeit with varying degrees of endorsement and acceptance. It is this 

teleological perspective, intertwined with the mechanistic viewpoint, which will form the crux 

of the following exploration. 

Often, research in biochemistry, and its offshoots such as pharmacology and toxicology, 

commences with a defined function. Scientists might, for instance, observe the conversion of 

light into energy by certain plants, the regulation of blood pressure, or the control of muscle 

growth in an organism, and strive to understand the mechanisms behind these phenomena. In 

all these scenarios, the scientific process flows from an explanandum—a phenomenon to be 

explained—towards its elucidation. Such inquiry typically involves dissecting the system 

under consideration, identifying the precise roles of its various components, and deciphering 

how they synergistically contribute to the phenomenon observed. The contours of this analysis 

may assume diverse forms and necessitate numerous iterations. The quintessential logic 

underpinning any version of this ‘downward-looking’ approach, however, can perhaps be 

encapsulated by the battle cry, “Divide and Conquer!” Researchers dissect the system into 

distinct units, each unit associated with a specific function [77,85]. As the following sections 

will emphasize, such methodological approach to research does not tell a full story and there 

are other relevant approaches scientists may apply in their pursuit of truth and knowledge 

generation. To demonstrate such a relationship, the enigmatic function of the metalloproteins, 

metallothionines (MTs), is explored.  

In the following section, a brief introduction to the discovery and significance of MTs is 

presented. Section 2.6.2. delves into the features of initial MTs research and how it contrasts 

with prevailing research strategies in biochemistry and related disciplines, such as 

pharmacology, from a philosophy of science viewpoint. The aim is to systematically evaluate 

the research methodologies applied thus far and propose novel strategies based on the status 

quo. Section 2.6.3. discusses more recent research on vertebrate MTs and reviews specific 
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hypotheses about their potential biological functions. Section 2.6.4. proposes to change 

direction and explore alternative research strategies to comprehend MTs’ biological and 

evolutionary roles, as supported by recent hypotheses in mollusk MT research. The aim is to 

open up new avenues for understanding the function(s) of MTs in vertebrates and beyond. 

Section 2.6.5. is a conclusion. 

2.6.1. The Enigmatic Metallothionines 

In the aftermath of the Second World War, an intense scientific interest was directed 

towards the metabolic pathways of various metals, prominently iron, zinc, and copper, in 

biological systems. Among the leading figures in this exploration was Dr. Bert Lester Vallee 

(1919—2010), who divided his time between Harvard Medical School and the Massachusetts 

Institute of Technology (MIT). Having obtained his medical degree from New York University 

in 1943, Vallee recognized the potential of spectroscopy for the detection of metals in biological 

systems [86]. 

Vallee, known for his intellect and rigorous questioning of assumptions, had already 

made significant contributions in the study of alcohol dehydrogenase (ADH), a zinc 

metalloenzyme [87]. In the 1950s, he encountered translated papers published in Doklady 

Akademii Nauk SSSR, the official journal of the USSR Academy of Science from 1941 and 

1943, reporting the presence of cadmium in various biological systems, including Aspen trees, 

algae, marine species, amphibians, reptiles, and mammals [88]. Initial skepticism surrounded 

these findings, not least from Vallee himself. The issue lay with the fact that cadmium had yet 

to be demonstrated as an inherent component of a natural product [89]. Furthermore, the author, 

A.O. Vinar, lacked citations and relied on self-developed techniques to quantify cadmium in 

biological systems, a factor which cast doubt on the methodological rigor of the results and 

conclusions. 

Despite these doubts and the inability to reproduce some of Vinar’s findings (e.g., 

inducing hypoglycemia in mammals following cadmium chloride (CdCl2) injections), Vallee’s 

curiosity was ignited [88]. He had been investigating the role of zinc in biological entities for 

several years, and given the chemical similarities between zinc and cadmium, he decided to 

embark on a similar exploration for potential cadmium proteins and enzymes and their 

metabolic roles [90]. 

Together with Marvin Margoshes (1926—2018), Vallee embarked on a study of kidney 

tissues from humans, horses, cows, hogs, and sheep. In 1957, they published findings 
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demonstrating the presence of cadmium in these species [89]. Further exploration of equine 

kidney cortex, which appeared to contain higher cadmium concentrations, led to the 

identification of a “[…] low molecular weight protein containing a small number of cadmium 

atoms” (1957, p. 4813) [89]. Despite the obscurity of its biological function and significance, 

this marked the advent of the discovery of metallothioneins (MTs). 

The term “metallothionein” was first introduced in 1960, a descriptive label indicating 

the bond between a metal ion and thionine, a cysteine-rich apoprotein [91]. Unlike the 

functionally descriptive names, such as ADH discovered earlier, the term MT does not hint at 

the protein’s function rather points towards its chemical constitution [92]. While the function 

of MT remained elusive, this protein, nevertheless, became a focal point of an intensive and 

often contentious body of research since the 1960s [93–98]. 

Biochemically, MTs possess unique characteristics and are ubiquitous across taxonomic 

groups. Genetic data has identified 15 families of MTs in both mammalian and non-mammalian 

animal species, and four additional families in plant species [99,100]. These biochemical traits 

and their wide prevalence hint at their crucial roles in biology. Yet, even after more than six 

decades of discovery and extensive research into their structure, biochemical properties, and 

tissue distribution, MTs’ biological functions remain elusive [101,102]. 

2.6.2. Philosophical Lens on Metallothionein Research 

In the forthcoming discourse, the underpinning methodologies within biochemistry are 

subjected to a critical evaluation, employing Vallee’s seminal research on metallothioneins 

(MTs) as the cornerstone. The methodological investigation orchestrates around three pivotal 

dichotomies: the distinction between an upward-looking research trajectory versus the reverse 

progression of downward-looking, intervention characterized by deliberate manipulations 

versus those involving mere interaction, and exploratory research as opposed to hypothesis-

testing. Apparently, though typical biochemical research tends to prioritize hypothesis-testing, 

intervention-based and downward-looking strategies, the initial exploration into MTs, largely 

characterized by an upward-looking, exploratory, and interaction-based approach, offers an 

intriguing counter-narrative. 

2.6.2.1. Upward-looking vs. Downward-looking 

In many instances, scientific exploration proceeds via a ‘downward-looking’ approach. 

It must be noted, however, that such an approach is not the exclusive method of scientific 
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inquiry. Recent developments in the field of philosophy of discovery and pursuit have 

underlined that identifying the mechanism behind a particular phenomenon often requires the 

integration of ‘upward-looking’ research methodologies alongside the traditional ‘downward-

looking’ ones [45,60,103], Figure 12. Simply put, the comprehensive understanding of a system 

does not solely arise from disassembling it and studying its individual parts in isolation. The 

contributions of individual components within the larger systemic context are also often 

examined. 

 

Figure 12. Illustrating the differences between upward looking and downward looking approaches to research. Tier A 

represents the downward looking approach, e.g., decomposition. Tier B represents the upward looking approach, e.g., 

composition or “re-composition”. Again, please note that the arrows represent causal relationships while interlevel constitutive 

relationships are conveyed with dotted lines. 

Take hippocampal long-term potentiation (LTP) as an example. It is of interest not only 

to know that N-methyl-D-aspartate (NMDA) receptors play a role in LTP but also to discern 

how NMDA receptors contribute to LTP, their operational mechanisms, their triggers, and the 

impact on LTP in the absence of NMDA receptors. Consequently, even when starting with an 

explanandum, such as LTP, there may come a point where an upward-looking research focus 

on the component (NMDA receptor, in this case) becomes necessary. 

To further illustrate, one may consider the case of penicillinase, which stemmed from a 

downward-looking research approach. About a decade after Alexander Fleming’s discovery of 

penicillin, the focus shifted towards deciphering antibiotic resistance observed in certain 

bacteria [104]. Researchers observed that penicillin would show a lower antimicrobial effect 

than usual when it was incubated with purified extracts from crushed penicillin-resistant 

Escherichia coli and then introduced to penicillin-sensitive bacterial cultures [105]. No such 

effect was observed when a similar extract was prepared and incubated with penicillin-sensitive 

Staphylococcus aureus. Subsequently in 1940, this led to the identification of an enzyme, 

penicillinase, deemed responsible for inactivating penicillin [106]. Further investigations were 

carried out to confirm different penicillin sensitivities due to the presence or absence of 
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penicillinase [107]. In essence, researchers initiated a downward-looking approach to identify 

the cause of penicillin resistance in bacteria, examining bacterial extracts and their molecular 

composition. Once they recognized penicillinase as a potential culprit, they evaluated the 

relevance of this specific enzyme employing an upward-looking experiment. 

So, how does this relate to the case of MTs? The early research on MTs by Vallee, along 

with recent MT research to be discussed below, can be classified as upward-looking, since it 

begins with a molecule rather than a function to be elucidated14. This fact is of interest not 

because upward-looking research is seldom observed in biochemistry and related fields, but 

due to its predominance in MTs research. Interestingly, not all MTs identified to date have been 

discovered through an upward-looking research strategy. MT3 has been discovered following 

the observation that extracts from the brain cells of Alzheimer’s disease patients supported the 

survival of rat neuronal cell cultures and has been initially dubbed as a growth inhibitory factor 

(GIF). Before delving into the nature and prospects of upward-looking research, it is useful to 

explore the two other distinctions which can offer insights into what differentiates Vallee’s 

discovery of MTs from much biochemical research. 

2.6.2.2. Interventions vs. Mere Interactions 

Biochemical research carried out in the experimental realm is frequently defined by the 

concept of interventions. While this term is broadly employed in empirical sciences to denote 

any form of experimental manipulation, philosophers of science distinguish between various 

types of tactics. Specifically, the term ‘intervention’ is used to describe manipulations which 

systematically alter a certain factor x to induce changes in another y [108,109]. Such 

interventions could involve inhibiting or triggering the activity of a part of a system X, to 

observe how these changes impact the overall system behavior Y, or the reverse, a concept 

known as mutual manipulability [110]. Examples include investigating the impact of 

penicillinase on penicillin resistance, or the interference of damaged NMDA receptors with 

LTP. Such intervention-based experimentation manipulates certain variables to study the 

presence or absence of subsequent effects. 

 
14 At first sight, it might seem that Vallee was adopting a downward-looking approach since he purposively tested 

for the presence of cadmium in the biology of different organisms. This might indeed be true. But then the question 

arises about which phenomenon was Vallee trying to dissect with this pursuit? He could have been looking for a 

protein which functions as a storage for cadmium such as ferritin for iron or ceruloplasmin for copper. Reading 

the initial literature published by Vallee on the topic it seems that he was conducting upward-looking, exploratory 

research and came across MTs with no initial expectations. Additionally, this initial publication does not refer to 

the idea of a storage protein. 
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Contrastingly, intervention-based research can be compared to experimental work 

involving mere interactions [59], Figure 13. Mere interactions represent an alternative form of 

experimental manipulation aimed at revealing structures and organization and disclosing 

features of a system without altering such features. Typical examples include the employment 

of staining techniques, fluid centrifugation, optogenetics, or spectroscopy. While these methods 

do indeed affect the system and change some aspects (e.g., through staining or centrifuging), 

their application radically differs from interventions. Unlike interventions aimed at exploring 

the effects of specific manipulations on the system or its parts, mere interactions are utilized 

precisely due to their well-known effects, like attaching marker molecules to certain particles. 

Mere interactions do not aim to disrupt what a system or any of its parts is doing, but rather 

serve as advanced observation tools, aiding scientists uncover otherwise inaccessible features 

of a system or organism. 

 

Figure 13. illustration of the differences between intervention and mere interaction approaches to research. Tier A represents 

the interventionist approach, e.g., eliminating or knocking out a component and observing the changes in the system. Tier B, 

represents the mere interaction approach, e.g., tagging the component of interest with a fluorescent dye. 

Applying this distinction, it can be discerned that Vallee’s initial research on the kidneys 

of various species represented a case of mere interactions. There was no intention to alter the 

cadmium content of the tissues under study to understand what would occur if the cadmium 

content was increased or decreased. Instead, it was measured with the technology available. 

Furthermore, there was no alteration to the type of protein to which cadmium was bound. Its 

biochemical properties were analyzed through mere interactive experimentation. While 

Vallee’s initial mere interactions could be seen as a type of decomposition, they are not 

considered ‘downward-looking’ as there was no search for a component relevant to a specific 

function which demanded explanation. 

2.2.3.3. Hypothesis-testing vs. Exploratory Research 
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Interventions, as previously outlined, are frequently employed to validate specific 

research hypotheses. If it is hypothesized that penicillinase holds a significant role in penicillin 

resistance, however, this hypothesis can be examined through an intervention. That is, by 

altering the presence of penicillinase and monitoring the resultant impact on penicillin 

resistance. Such an approach can be contrasted with exploratory research, that is, research not 

bound by testing hypotheses or theories. This form of exploration is commonly utilized to map 

a system’s functional architecture without a preconceived theory, or to demarcate phenomena 

from their surrounding context [111–115]. Often, before a scientific theory or research tradition 

is established and specific hypotheses can be proposed, exploratory experimentation is the 

method chosen. Exploratory research could be considered prototypical in emerging research 

traditions. 

While it may be tempting to associate exploratory research with mere interactions and 

juxtapose it with hypothesis-testing interventions, such a dichotomy would be too simplistic. 

Indeed, exploratory research can also incorporate interventions. Consider Hubel and Wiesel’s 

systematic research on cat V1, for instance, or Charles Dufay’s15 discovery of the “two 

electricities” (positive and negative) [116,117]. In parallel, hypothesis-testing research can 

employ mere interactions, for example, when hypothesizing about the presence of a chemical 

substance or a biomolecule in a sample, such as intracellular diagnostics which is a cell-based 

analytical technique utilizing simple systems for prescreening with dyes and/or antibodies 

[118,119]. 

To recap the terminology introduced: experiments can be either exploratory or devised 

to test particular hypotheses, they can employ interventions (to study the impacts of a 

manipulation) or mere interactions (manipulations to reveal certain structural features), and 

they can be downward-looking, i.e., starting from a phenomenon and seeking what constitutes 

or produce it, or upward-looking, i.e., examining the contribution of a component to a 

phenomenon or to the overall behavior of a system. It is essential to clarify that categorizations 

pertaining to these three aspects are independent. It is also noteworthy that exploratory research 

and experiments based on mere interactions are typically more prevalent at the initial stage of 

a research tradition, while intervention-based, hypothesis-testing research becomes more 

common as the research tradition matures and more results are available [118]. Thus, it is not 

 
15 Charles François de Cisternay du Fay (1698-1739) is documented to be the first to identify the presence of two 

distinct electrical forms, termed as “vitreous” and “resinous” which were later recognized as positive and negative 

charges. He also differentiated between materials that could transfer electric charge upon touch and those that 

couldn't, labeling them 'electrics' and 'non-electrics' respectively. 
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surprising that the prevailing perception of biochemical research is that it concentrates on a 

downward-looking approach, employing interventions and hypothesis testing, since most of 

the scientific toil is rendered conspicuous and findings are shared and published once the 

research tradition has indeed matured. 

In light of this, what do these insights reveal about MT research? Firstly, it has been 

noted that MT research is primarily an upward-looking investigation into the function of a 

biochemical component. While this approach may not align with the standard methods 

employed by scientists to determine the functions of molecules, it has proven to be a fruitful 

research strategy. Secondly, it can now be understood that Vallee’s research was of an 

exploratory nature - he did not operate with any pre-established theories nor was he attempting 

to test any hypotheses. His methodology relied on mere interactions, such as spectroscopy. 

While these characteristics might seem peculiar in comparison to the wealth of published 

research in biochemistry, it is not surprising to find exploratory and mere interaction-based 

research at the commencement of a molecule’s discovery, marking the start of a research 

tradition - in this case, the pursuit for the elusive function of MTs. The fact that Vallee later 

injected CdCl2 into animals to examine its effects does not contradict this assertion; his initial 

research on MTs was undoubtedly exploratory and reliant on mere interactions. As will be 

discussed in the following section, MT research has evolved into a more hypothesis-testing and 

intervention-based research tradition since the 1960s. It has remained, however, to be heavily 

focused on upward-looking research. 

2.6.3. A Function for Vertebrate MTs? 

Even though MTs have been detected in a wide variety of organisms - encompassing 

numerous prokaryotes and nearly every eukaryote possessing genetic codes which encode MTs 

- it is mammalian MTs that have garnered the most scrutiny. The probable reason is that MTs 

were initially identified in mammalian tissues. Since the initial discovery of MTs, biochemistry 

has advanced significantly in terms of characterizing and categorizing vertebrate MTs. At 

present, we acknowledge MTs as metalloproteins with an unusually high sulfur content, 

specifically concentrated in 20 cysteine residues, thus enabling them to bind up to seven Zn2+ 

or Cd2+ ions, or 12 Cu+ ions. The high negative charge of the distinctive metal-sulfur clusters, 

like the Zn4Cys11-α-clusters and Zn3Cys9-β-clusters in MT-1 and MT-2, is offset by seven lysine 

residues. This results in the unique dumbbell shape of MT proteins, differentiating them from 

a myriad of other biomolecules found in nature [120,121]. Documented are other primary 
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structures of MTs with varying Cys content and coordination, resulting in differences in metal 

load and affinities [122–124]. 

Within human cells, three distinct subfamilies have been identified, namely MT1/2, 

which are expressed and induced in nearly all cells, MT3 in the nervous system, and MT4 in 

squamous epithelia [125,126]. Further categorization through phylogenic analysis identifies 

subgroups, for instance, m1P1 and m2P2 as subgroups of MT1 and MT2 respectively, in 

humans. These subgroups specify several human isoforms, such as MT1A and MT1B. On a 

genetic level, human MT1 and MT2 are less distinct than MT3 and MT4. Indeed, MT2 is a 

branch member of MT1, as depicted in Figure 14 [127]. Without delving too deep into 

particularities, it is notable that similar details about the biochemical properties and 

phylogenetic relations of MTs in other organisms have been firmly established (e.g., [124]). 

Despite such comprehensive information, the phylogenetic tree of the MT family remains 

unrooted and our understanding of the function of MTs is still scant to date [100,126,128]. 

 

Figure 14. Phylogenetic tree of protein sequences of MT proteins found in humans. (Adapted from [127] p. 304). 

Nevertheless, the broad prevalence of MTs across organisms and their unique 

biochemical characteristics imply that MTs fulfill, or have fulfilled, a crucial biological role(s). 

Recent studies indicate a divergence in the function(s) of MTs based on the type of cysteine 

motifs in invertebrates and vertebrates [122,129]. The newly identified γ domain in 

Patellogastropoda, for instance, exhibits preference for cadmium over zinc and demonstrates 

greater resilience against demetallation. Thus, the γ domain might hint at a specialized metal 

detoxification function in this natural group. It should also be recognized that a role for 

noncoordinating amino acids is emerging, as in the case of Nerita peloronta MT1 and MT2 

(NpeMT1 and NpeMT2) [122,130]. While the evolutionary forces and progressions may be 

better understood in evolutionarily older and less complex organisms, the verdict is still 

pending concerning the precise function(s) of MTs and their evolutionary history (e.g., 

[123,131]). This will be revisited in the following section. For now, we shall concentrate on the 
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function of MTs in mammals as this has been the primary focus of MT research since their 

unveiling in 1957. 

Towards the end of the 20th century, research emphasized the reactivity and sensitivity 

of the cysteine ligands towards metalation, oxidation, and reduction, along with the associated 

physiological pathology in mammals [132–137]. Over the past six decades, three primary 

functions have been proposed for vertebrate MTs: (i) detoxification or metabolism of heavy 

metals, (ii) homeostasis or metabolism of essential metals, and (iii) oxidants scavengers or 

antioxidant protectants. The following sections shall briefly review these hypotheses and the 

principal research associated with them. 

2.6.3.1. Detoxification or Metabolism of Heavy Metals 

Historically, the earliest MTs have been extracted from horses which had been subjected 

to Cd2+ toxicity, subsequently laying the grounds for the hypothesis that MTs serve as 

detoxification agents for heavy metals. Mice lacking MTs have been reported to exhibit 

heightened sensitivity to tissue damage following cadmium administration, complementing 

other in vivo studies which have observed an upregulation of MTs in response to such exposure 

[138–140]. When a free Cd2+ ion intrudes into the cell, it dislodges zinc from the MTs, thereby 

elevating the intracellular concentration of free Zn2+. This released Zn2+ ion is then intercepted 

by a zinc-sensitive protein, specifically, the Metal Response Transcription Factor 1 (MTF-1), 

which subsequently translocates to the cell’s nucleus. 

Following this, the synthesis of thionine is initiated by a transcription promoter known 

as the Metal Response Element (MRE). The affinity exhibited by MTs towards various metal 

ions adheres to the binding constant of thiolates, which follows the order of Hg2+ > Cu+ > Cd2+ 

> Zn2+. In the scenario outlined, the surplus zinc that was liberated from the MT is then 

sequestered by the additionally induced thionine. Nevertheless, within the cell, MTs are 

predominantly coordinated with either zinc or copper, which are both essential and beneficial 

metals. As such, it is inferred that the association of MTs with cadmium and other heavy metals 

is likely a consequence of exposure to environmental factors16 [141]. 

Building on these foundations, it is important to consider how these interactions might 

impact various biological processes. The displacement of zinc by cadmium and the subsequent 

 
16 It can be noted here that environmental could be considered as an indirect intervention. Interventions usually 

require an agent which intervenes. Human practices pollute the environment and, therefore, indirectly poison 

themselves with heavy metals.  
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rise in free intracellular zinc, for instance, may have broader implications for cellular 

homeostasis and signal transduction, given zinc’s role as a signaling molecule. Moreover, the 

ability of MTs to sequester heavy metals such as cadmium, which are often toxic, can be seen 

as a form of cellular defense mechanism against environmental toxins. This is especially 

relevant in organisms that live in environments high in these heavy metals, and thus the role of 

MTs in these contexts would be a critical area for future research. 

2.6.3.2. Homeostasis or Metabolism of Essential Metals 

Predominantly, MTs examined in mammalian cells are found to be associated with zinc 

and copper ions. Both metals are pivotal for metabolic functions and despite their total 

intracellular concentration being in the micromolar range, their free ion intracellular 

concentrations are maintained in the picomolar range. Zinc plays multifaceted roles in biology, 

serving as a catalytic agent, a structural component, and a regulatory element. Notably, it acts 

as a cofactor for approximately 3000 human proteins [142,143]. 

Contrary to prior conceptions, which suggested that the metalation mechanism of MTs 

operated in a cooperative manner – the notion that the binding of a single zinc ion would 

subsequently facilitate the binding of another, and so forth, resulting in a dearth or instability 

of partially metalated MTs within the cell – accumulating evidence points towards a non-

cooperative binding of metal ions by MTs [144]. This developing understanding of MTs and 

their uncooperative binding significantly shifts our perspective on the role of MTs in the 

metabolism of essential trace metals. 

MTs are no longer seen merely as zinc reservoirs or thermodynamic sinks. Instead, they 

are increasingly viewed as active players in the regulation and cellular signaling pathways of 

zinc, thereby meticulously controlling its transient concentration as a protein buffer. 

Expanding on this point, the role of MTs in homeostasis goes beyond buffering the 

transient concentration of zinc. In managing essential trace metals, MTs contribute to overall 

cell function and health. The copper ions associated with MTs, for instance, play significant 

roles in processes such as mitochondrial respiration and neurotransmitter synthesis, implying 

that MTs indirectly participate in these critical cellular processes. Furthermore, by ensuring the 

steady availability of these essential metals, MTs may aid in countering potential metal 

deficiencies or overload, thereby preventing metabolic disruptions which could otherwise lead 

to cell damage or death. As such, the role of MTs in essential metal metabolism underscores 

their significance in maintaining cellular balance and function. 
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2.6.3.3. Oxidants Scavengers or Antioxidant Protectants 

The proposed antioxidant function of MTs emerges from their exceptional cysteine 

composition (30%), along with observations that oxidative stress (OS) also induces the 

upregulation of these proteins [127]. Studies conducted both in-vitro and in-vivo have 

evidenced that when subjected to hydrogen peroxide (H2O2) treatment, zinc associated MTs 

(ZnMTs) act as scavengers of free radicals, instigating the release of Zn2+ ions. These ions 

subsequently trigger the induction of highly reactive thionines and MTs via the Metal Response 

Element-binding Transcription Factor 1 (MTF-1) and Metal Response Element (MRE) 

respectively. 

MTs are easily oxidized by reactive oxygen species (ROS), leading to their upregulation 

within the cell, an activity regulated by an antioxidant response element (ARE) and facilitated 

by an ARE-binding transcription factor [145]. The heightened expression of these proteins 

serves to alleviate reperfusion injury in myocardial tissues, highlighting their potential role in 

tissue recovery following stress or damage [146]. It has also been noted that MTs can inhibit 

the production of the copper induced hydroxyl radical (HO●), via the so-called Fenton-like 

reaction. 

Extrapolating on this, the antioxidant function of MTs is of notable importance to 

cellular health and integrity. The rich cysteine content of MTs confers upon them the ability to 

neutralize harmful free radicals and mitigate oxidative stress, thereby protecting cells from 

potential damage and maintaining their functional state. Furthermore, the upregulation of MTs 

in response to oxidative stress underlines their essential role in the cellular defense system. 

By inhibiting the production of HO●, MTs prevent these highly reactive entities from 

causing molecular damage which could disrupt cellular functions. This mechanism also points 

to the potential role of MTs in modulating the biological effects of copper, given that HO● is a 

byproduct of copper metabolism. The antioxidant properties of MTs, therefore, extend beyond 

mere scavenging activities directed towards free radicals or oxidants to include a role in metal 

metabolism and the modulation of metal-induced oxidative stress, further underscoring their 

multifaceted biological roles. 

2.6.3.4. The Enigma Persists: Quo Vadis? 

Despite the wealth of knowledge garnered from thousands of studies exploring the 

structural, biochemical features and tissue distributions of MTs, and even various hypotheses 



59 

 

around their potential functions in vertebrate and other organisms, the definitive role of the MT 

family remains a subject of intrigue and elusiveness [101,102]. 

Such a riddle naturally invites a query. Is there a systemic issue hindering progress in 

MT research? Several scholars have underlined the non-trivial experimental challenges that 

besiege MT research [93,144]. The application of X-ray diffraction, which has offered 

substantial insights into the dumbbell-shaped crystalline structure of MTs, for instance, is 

reported to encounter considerable obstacles. Hence, a substantial amount of structural data is 

gathered via Nuclear Magnetic Resonance (NMR) analyses, which shed light on the 

coordination of metal-thiolate ligands in the two functional domains, albeit without clarifying 

their interconnection and interaction [147–149]. 

Further complexity arises from the inherent characteristic of d10 metals, which are 

chromophorically silent in spectroscopic assays. This necessitates the substitution of zinc with 

cobalt as a spectroscopic probe when examining metal ion transfer [150]. Moreover, the in vitro 

analyses of MTs fail to consider the in-vivo heterogeneity of these proteins, especially their 

varying content and amount of metal ions. Furthermore, the structural models derived are 

typically based on a single isoform, namely, Zn4Cys11-α-clusters and Zn3Cys9-β-clusters. It 

should be noted that MTs do not appear in an unbound, free form within the cell. They are 

either bond to a metal ion as discussed previously or to a cofactor to another molecule or 

molecules.  

This landscape of experimental constraints might render it tempting to attribute the 

difficulty in “definitively” identifying the function of MTs to these limitations. It is important, 

however, to recognize that such constraints are hardly exclusive to MT research. Many 

empirical sciences grapples with the limitations of their experimental methodologies and tools 

yet continue to make substantial progress. Neuroscientists, for instance, routinely study the 

brain using a range of tools that have their own epistemic limitations, yet they still have a 

reasonably comprehensive understanding of the functions of various brain structures and 

molecules. 

It could, therefore, be argued that while methodological limitations may impose certain 

challenges, they are unlikely to be the sole reason for our inability to definitively establish the 

functions of MTs. If the problem does not solely lie in the experimental methods, one might 

consider whether the issue is rooted in the nature of the experiments undertaken to identify MT 

functions. It seems that a focus on exploratory research and interactions is neither unusual nor 
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problematic for a phase of scientific inquiry that sets the stage for a new research tradition. And 

as depicted by recent MT research—as has been just outlined—progress has been made well 

beyond this initial phase, with the development of theories, proposal and testing of hypotheses, 

and implementation of interventions. 

A critical examination of the trajectory of MT research may suggest a possible systemic 

issue arising from its predominant ‘bottom-up’ approach, that is, starting with a molecule and 

searching for its function rather than beginning with a function and identifying the relevant 

molecule(s) responsible for or underlying it. As we shall elaborate in the next section, however, 

this potential systemic problem is not as straightforward as it may initially appear. 

2.6.4. Transcending One-to-one Mappings 

Viewing this riddle through the lens of philosophy of science, the pursuit for a singular, 

definitive function of a biochemical molecule can seem overly simplified or idealized. The 

success of the upward-looking research strategy in associating particular molecules with 

specific functions does not necessarily guarantee similar results for the MT family. Each 

potential function proposed for MTs has seemed, at various times, a promising avenue of 

exploration [151]. 

Considering the lack of substantial progress, however, stemming from the assumption 

that MTs fulfill some form of uniform, evolved biological function, it appears that a change in 

research direction might be necessary. In the ensuing discourse, two alternative perspectives 

are proposed, both of which may facilitate fresh research agendas. It should be noted that 

although these proposals are predominantly drawn from research focusing on a 

phylogenetically recent branch of the MT family, specifically vertebrate MTs, and of course 

backed with philosophical considerations, recent investigations into invertebrate MTs seem to 

provide corroborative evidence for these proposed changes in perspective.  

2.6.4.1. A Plethora of Functions? 

As a starting position one may argue that MTs have no function at all or simply no 

specific function given the current evolutionary timepoint especially in vertebra MTs. There 

might be organisms which can code for MTs but to serve no specific function rather MTs are 

evolutionary residues or vestiges from a common ancestor. Though this might not be 

necessarily true for all organisms, the evolutionary discussion below delves deeper into this 

matter. Subsequently, one might assume that MTs could be part of a mechanism which 
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constitutes a shared or a similar function. This would mean that the same or very similar 

function can be achieved with or without MTs. A third scenario might assume that MTs could 

serve a variety or multiple functions and, hence, be implicated in different mechanisms. Having 

no function or one singular function lacks scientific and philosophical consensus. In certain 

instances, MTs could indeed perform an essential biological function, but this function may not 

be unique to them. The same biological phenomenon could potentially be enacted by other 

biochemical entities. See Figure 15 for a summary of the different scenarios.  

As a case in point, consider the complexity of hemophilia. This debilitating condition 

is characterized by an abnormal blood clotting mechanism, leading to potentially fatal extended 

Figure 15. Different scenarios regarding the function of MTs in terms of their implications in mechanisms underlying cell survival. Tier A 

represents the scenario of multiple realization of a phenomenon. The same or similar phenomenon, e.g. antioxidant protection, underlined 

by a mechanism entailing MTs as a part, may be realized through multiple mechanisms such as the one entailing GSH. Tier B represents 

the scenario of compensation or compensatory mechanisms. Here, the same phenomenon, e.g. antioxidant protection, underlined by a 

mechanism entailing MTs may be compensated for by a different mechanism entailing GSH as a part. Tier C represents the scenario of 

moonlighting. MTs may moonlight different functions, e.g. antioxidant protection, heavy metals metabolism and essential metals 

metabolism, through different mechanisms or, in other word, be responsible for several phenomena constituting cell survival. Notice that 

each constituting mechanisms in which MTs are a part is indeed different as discussed in Section 2.6.3. In the antioxidant protection a part 

which is causally interacting with MTs is a radical, while a heavy or an essential metal in the others. The arrows and the dotted lines are 

intended to distinguish such causal and constitutive relationships. 
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bleeding. Notably, three distinct types of hemophilia have been identified, namely Hemophilia 

A, B, and C, each attributed to deficiencies in different clotting factors due to genetics, 

pregnancy, autoimmune diseases, or cancer. For a considerable period of time, the 

differentiation between these three types remained unrecognized [152]. In 1952, what is now 

known as Hemophilia B or Christmas disease, has been proposed [153]. The intriguing aspect 

of hemophilia is that not one, but three distinct biochemical factors may be a culprit, i.e., 

responsible for inducing the delayed clotting resulting in extended bleeding which is 

characteristic to Hemophilia. This situation exemplifies a mapping from one phenomenon (a 

biological function) to multiple molecules which manifest that function, i.e. accounting to a 

case of multiple realization. In multiple realization very similar phenomena may be realized 

through different mechanisms, Figure 15, Tier A. If this concept is extended to MTs, it can be 

hypothesized that MTs might also be one of several realizers for one or more functions. This 

understanding could elucidate why the upward-looking research paradigm may have reached 

its limits in determining the role of MTs in biological organisms. It may, for instance, be 

possible that high(er) intracellular concentrations of Glutathione (GSH) override the impact of 

any other antioxidant activity within the cell, thereby rendering MTs irrelevant as an 

antioxidant protectant. Identification of different biochemical components associated with a 

single phenomenon necessitates understanding of the phenomenon in question, thereby 

requiring a shift towards a downward-looking research approach. It can be argued that while 

upward-looking research on MTs will continue to yield valuable insights, it may not lead to 

conclusive understanding of its function(s). 

Another facet to consider is the possibility of compensatory mechanisms. If MTs are 

absent, their functions could be readily compensated for by other biochemical molecules or 

mechanisms. Here, compensation by a different mechanism would be responsible for the 

phenomenon in question, Figure 15, Tier B. Alternatively, MTs might themselves serve as a 

compensatory mechanism should other crucial structures or processes malfunction. Consider 

again the antioxidant function of MTs, GSH may compensate for the downregulation of MTs 

and through a different mechanism constitute the same phenomenon. The presence of such 

compensatory mechanisms is indeed plausible, considering the importance of redundancy and 

plasticity for the robustness of phenotypic traits which enable organism survival [154].  

Moreover, a third possibility is that MTs, while appearing to be a unified family of 

proteins sharing a lot of biochemical traits, may moonlight various functions in different 

biological organisms, Figure 15, Tier C. As an analogy, Glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) serves not only an enzymatic role in glycolysis but is also implicated 

in various non-metabolic functions [155,155–157]. The multifunctionality of MTs could indeed 

be a result of protein moonlighting, a phenomenon where biochemical entities acquire diverse 

functions through evolutionary processes [158,159]. Protein multifunctionality can depend on 

various factors, including intracellular or extracellular localization, cell type, substrate 

availability, quaternary structure, or interactions with other proteins to form more complex 

structures and multiplicity of binding sites [160]. If this holds true for MTs, then seeking a 

singular function is simply not a constructive research strategy. Instead, exploring the origins 

and evolutionary development of the MT family could be a more fruitful pursuit. 

2.6.4.2. Rewinding the Evolutionary Track? 

The second suite of suggestions to be presented draws its premise from this inquiry: 

Could the ubiquity of MTs be traced back not to their current biological function but rather to 

their evolutionary history? This brings into focus some evolutionary contemplations, Figure 

16. 

Figure 16. The different evolutionary scenarios given the function(s) of MTs with regard to cell survival. Tier A demonstrates the vestiges 

scenario. It assumes a common evolutionary root for the widespread of MTs and a function which is no longer required or needed for the 

survival of the organism. Tier B demonstrates the scenario of convergence evolution. MTs evolved individually in different organisms, with 

no common phylogenetic root, to serve different functions, e.g. heavy metals metabolism or detoxification. Tier C demonstrates the scenario 

of exaptation. MTs might have evolved to serve a specific function in an organism, e.g. heavy metals metabolism, which is no longer required. 

Therefore, species of the MT family managed to develop other role(s) in a mechanism(s) which constitute other function(s).  
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Initially, one might ponder if MTs could be residues or vestiges from the evolutionary 

past, no longer serving any discernible biological function. Given their widespread distribution 

across both animal and plant kingdoms, this would require an ancient common root in the 

phylogenetic tree of MTs, which currently remains vague, Figure 16, Tier A. An example of 

such vestigial molecular structures in humans can be seen in the cyritestin genes CYRN1 and 

CYRN2. These genes play a crucial role in fertility in other mammals, such as mice, but seem 

to be non-functional in humans [161–163]. Other more apparent vestigial structures in humans 

include the appendix and the tailbone, or coccyx. Alternatively, another theory which could be 

contemplated is that of convergent evolution for the MT family. This proposes that the same 

category of biochemical molecule could have evolved individually across diverse species to 

execute distinct yet possibly related functions. These functions might have a common feature 

related to metal metabolism, thus making these sulfur-rich metalloproteins suitable candidates 

for the tasks at hand. This scenario assumes no common phylogenetic root resulting in the wide 

spread of MTs but at least one past or current function, Figure 16, Tier B. Current studies on 

invertebrate MTs appear to corroborate this convergent evolutionary considerations 

[122,124,128]. 

Genetic and biochemical data derived from mollusks indicate that MTs may have had 

a pivotal role in metal detoxification during early evolutionary stages. In later stages, as 

organisms adapted to increasingly variable environments, MTs might have evolved to play a 

role in maintaining homeostasis of essential metals [164–167]. The capacity of MTs to alter in 

response to environmental factors and the resultant various forms could have been instrumental 

for organisms adapting to fluctuating levels of metal bioavailability. 

These insights, however, are still insufficient to understand the evolution of MTs 

completely. The relevance and applicability of such findings about invertebrate MTs to 

vertebrate research is unclear. The evidence gathered thus far does not conclusively favor either 

of the hypotheses of vertebrate MTs being vestiges of an invertebrate evolutionary past or a 

product of convergent evolution prompted by adaptation needs. The construction of a 

comprehensive phylogenetic tree for the MT family might aid in disentangling these scenarios, 

but again, it is not currently available [101,129,168]. 

Exaptation is a concept which suggests that a function of a molecule may change during 

evolution. Consequently, a biochemically united family of MTs could now be performing 

varied functions across different species or organisms through different mechanisms, Figure 
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16, Tier C. This notion is echoed in rigorous research conducted on mollusk MTs as being 

initially utilized for detoxification before becoming vital for essential metals homeostasis 

[122]. This proposition is arguably the most encouraging among the evolutionary approaches 

discussed here. It does not necessarily require a common phylogenetic root and aligns well 

with the multiple functionalities attributed to MTs and the concept of moonlighting. This 

scenario also offers an evolutionary explanation for the common biochemistry amid the diverse 

functionality within the MT family without assuming a common evolutionary root. 

It should be noted that these proposed scenarios may not be mutually exclusive. It is 

plausible that MTs first emerged independently, underwent convergent evolution to serve a 

common or similar function, and subsequently exapted to different functions across species or 

organisms under varying evolutionary pressures. This theoretical scenario is supported by the 

most recent data on mollusk MTs, indicating that exploring lineage-specific and evolutionarily 

old functions of MTs could shed light on their ancient roles, as well as, their current prevalence 

and function across animal phyla, including evolutionarily younger and more complex 

organisms such as vertebrates. Hence, shifting the focus of MTs research towards investigating 

their evolutionary history promises a potentially fruitful perspective. 

2.6.5. Concluding Remarks  

The pervasiveness of MTs across numerous species instigated research into their 

biological role. Yet, prevalence need not solely signify current function; evolutionary origins 

might elucidate ubiquity. Shifting focus to MTs’ evolutionary trajectory may yield significant 

insights and embody a promising research strategy (e.g., [14,169]). While the hypotheses 

articulated previously lack comprehensive theories of vertebrate MT function, they offer fertile 

ground for investigation. Vallee’s initial upward-looking approach is neither inherently 

ineffective nor flawed. Progress in MT research, however, is less than anticipated, warranting 

reorientation. In line with recent mollusk MT studies, the hypotheses proposed reinforce the 

value of systematic philosophical analysis of empirical research and of evolutionary MT 

research. Such an approach may elucidate MTs’ prevalence, functions, and origins across phyla. 

Furthermore, the tripartite research strategy distinctions introduced here, i.e., between 

upward-looking versus downward-looking research, intervention versus mere interaction, and 

exploratory research versus hypothesis-testing, enriches the comprehension of scientific 

practice and pursuit. This framework delineates the research focus either towards functions or 

mechanisms, the approach to empirical engagement whether manipulative or observational, 
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and the mode of inquiry if open-ended or confirmatory. These distinctions are complementary, 

rather than mutually exclusive, diversifying the biochemical research process according to the 

specific question and context. By promoting flexibility and adaptability in scientific inquiry, 

these distinctions can navigate the multifaceted landscape of scientific pursuit, creating 

opportunities for innovative theoretical and empirical advancements. The subsequent section 

represents yet another avenue in which combining philosophical considerations with actual 

scientific practice in pharmacy may yield tremendous benefit and aid in solving persistent 

problems related to causal inference. 
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2.7. Bridging Philosophy and Pharmacovigilance: Deciphering Rare Drug Reactions 

Unraveling the causal fabric of the world is crucial in addressing various complex 

questions, prominently within the realm of healthcare. Decision-making processes tied to 

therapeutic strategies hinge significantly on understanding the associated with risks and 

benefits of specific treatments. While statistical approaches are proficient in data amalgamation 

and integration, their efficiency wanes when faced with basic scientific results or mechanistic 

evidence which does not conform to neatly constructed datasets detailing patient health 

outcomes. 

This section delves into a deep investigation of so-called “E-Synthesis”, an emerging 

methodology with its foundations in Bayesian principles [170,171]. E-Synthesis is a 

computational tool, implementing a Bayesian framework, to efficiently consolidates various 

forms of evidence (including epidemiological research, molecular biology insights, and 

individual case studies). This tool is employed in the critical evaluation of medical causal 

hypotheses, with particular emphasis on the integration of mechanistic evidence [172]. This 

aggregated evidence then reaches the essential threshold necessary to determine whether a 

specific drug should be introduced or removed from the market. E-Synthesis has been 

specifically devised to assess hypotheses pertaining to drug-induced harm. 

The discourse exploits a recent issue in drug licensing as an illustrative example. The 

focal point is the hypothesis that the widely prescribed antibiotic amoxicillin (AMX) may 

trigger a potentially severe condition known as Drug Reaction with Eosinophilia and Systemic 

Symptoms (DRESS). The goal is to underscore the methodological advancements and 

associated challenges in incorporating mechanistic evidence to guide decisions in real-world 

situations, thus contributing to the ongoing conversation among scientists and methodologists. 

Accepted standards for drug benefit evaluation are largely based on statistical analyses of 

population-level clinical studies, particularly randomized controlled trials (RCTs). The 

protocols for post-marketing evaluation of drug-induced harm, also known as 

pharmacovigilance, are, however, less well-defined [173–176]. Additionally, certain Adverse 

Drug Reactions (ADRs) might escape detection via statistical analysis of RCTs due to their 

belated manifestation, extreme rarity, and grave consequences [177,178]. Therefore, the 

significance of considering non-interventional studies in drug safety assessments, despite their 

susceptibility to biases and confounding factors, and the integration of mechanistic evidence, 



68 

 

notwithstanding potential translational obstacles from the laboratory to real-world human 

applications, cannot be overstated [179]. 

Thus, this section seeks to highlight the potential role of philosophical tools in offering a 

unique and valuable lens through which to view pharmacovigilance and post-market 

surveillance of ADRs, especially those rare and inaccessible to randomized evidence. The 

overarching objective is to offer insights into how philosophical perspectives can assist in 

navigating the complex domain of drug safety assessment in real-world contexts. 

2.7.1. E-Synthesis: A Methodology for Causal Inference 

The lifecycle of a drug, starting from its discovery, through its clinical development 

phase, and well into its post-marketing stage, necessitates constant reassessment and 

recalibration of the risk-benefit profile. Any potential harm, in the form of adverse drug 

reactions, or an increase in the monetary cost associated with the drug, must be weighed against 

the expected benefits which it offers. If the balance leans towards the benefits, then continued 

research, market circulation, and development are indeed warranted. Conversely, if the harm 

and costs surpass the benefits, it may signal the need to reduce research efforts or consider 

(partial) market withdrawal. This approach is indeed very utilitarian as it focuses on 

maximizing the benefit and ceasing further action harms increase. 

As drugs proceed through their lifecycle, the causal relationship between the drugs and 

potential harm becomes increasingly solidified through gathering and examining diverse post-

market entry evidence. Detecting and anticipating such harmful causal relationships early on 

may help mitigate risk to exposed individuals, thereby underscoring the importance of basing 

decisions concerning drugs - including approval, suspension, and withdrawal - on the entirety 

of evidence available at any given time. Occasionally, decisions must be made based on what 

may currently be perceived as weak evidence, such as basic science studies or mechanistic 

evidence. 

At present, the European Medicines Agency (EMA) relies primarily on narrative 

reviews for their assessments, which unfortunately do not formally incorporate basic science 

studies. Fundamental scientific investigations, often characterized as basic science studies or 

preclinical research, serve the function of illuminating the inherent principles of the natural 

world. Within a medical framework, such studies often employ laboratory experimentation, 

cellular or molecular level research, and animal testing in an effort to explicate biological and 

physiological operations. These primary scientific studies, while pivotal in spearheading 
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medical knowledge, exhibit innate limitations when it comes to clinical applicability, 

attributable to their specific design and focus. Firstly, they circumvent the direct involvement 

of human subjects, consequently circumscribing the generalizability of their findings to human 

health and pathology. The disparities in genetic, biological, and environmental factors result in 

the physiological responses and pathological processes in model organisms not being an exact 

representation of those in humans. 

Furthermore, existing formal statistical tools also struggle to incorporate heterogeneous 

data from various sources, qualities, and differing degrees of external validity. While effective 

tools for systematic reviews and meta-analyses have been developed to assess the intended 

effects of interventions, their adaptation for evaluating the safety of health technologies, e.g. 

drugs, often runs into problems due to the scarcity, heterogeneity, and fragility of data 

concerning unintended effects or side effects of medical treatments. 

E-Synthesis has been conceived out of the need for an effective tool to synthesize or 

aggregate diverse sources of evidence for the assessment of causal associations between drugs 

and harm at any given time. Its theoretical framework provides the basis for probabilistic 

confirmation of causal hypotheses, based on all available evidence. Using a Bayesian epistemic 

network17 which incorporates the Bradford Hill guidelines as indicators of causality, E-

Synthesis quantifies the degree of support provided by the evidence available to the causal 

hypothesis in question [180,181]. While it is predominantly used during the post-marketing 

phase, it is versatile enough to provide constant monitoring and updating of a drug’s benefit-

harm profile. 

Bradford Hill guidelines, also known as the Bradford Hill criteria or Hill’s criteria for 

causation, are a group of minimal conditions or indicators necessary to establish a causal 

relationship between two items. They have been first outlined by the English epidemiologist 

Sir Austin Bradford Hill (1897—1991) in 1965. The guidelines include nine criteria: strength 

of association, consistency, specificity, temporality, biological gradient, plausibility, coherence, 

experiment and analogy. Despite criticisms, the Bradford Hill guidelines remain a rich source 

of inspiration for causal assessments of harm. E-Synthesis incorporates these guidelines 

because they allow to track the increased plausibility of causation as different types of evidence 

 
17 Bayesian networks provide a convenient tool to graphically display and reason with probability functions which 

allow to specify and read-off conditional independencies from a graph. Formally, a Bayesian network is built up 

on several pairwise different propositional variables which form the nodes of a graph. 
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accumulate. Not all criteria are treated equally within E-Synthesis; for example, Bradford Hill’s 

criterion experiment is accorded the most inferential weight [182–186]. 

The Bayesian epistemological foundation of E-Synthesis is based on a philosophical 

approach to rational beliefs in hypotheses which represent uncertainties in the form of 

probability functions [39,187,188]. Bayes’ Theorem is applied to determine the conditional 

posterior probability of the hypothesis being true - in our case, this hypothesis is that AMX 

causes DRESS. The theorem exploits prior probabilities and likelihoods to calculate the 

posterior probability of the hypothesis given the evidence as follows: 

𝑃(©|ɛ) =
𝑃(©) ∗ 𝑃(ɛ|©)

𝑃(©) ∗ 𝑃(ɛ|©) + ∑ 𝑃(𝐻𝑖)
𝑁
𝑖=2 ∗ 𝑃(ɛ|𝐻𝑖)

 

Where © represents the hypothesis of interest, ɛ is all the available evidence supporting 

the hypothesis and Hi any hypothesis other than © or simply not ©. 𝑃(©|ɛ) represents the 

probability of © holding given the available evidence ɛ and 𝑃(ɛ|𝐻𝑖) being the probability of 

the available evidence holding given any other hypothesis which also denotes the likelihood18 

of ©. 

This holistic approach offers an effective solution for managing the complexities and 

uncertainties which arise in the evaluation of causal associations between drugs and harm, 

providing a necessary tool for continuous assessment and management of a drug’s risk-benefit 

profile. Here, it should be noted that the conception of mechanisms discussed earlier is indeed 

essential in the ensuing discussion. Scientific practice in pharmacy is nested within a 

mechanistic paradigm. Yet, the causality discussed above strictly relates to single level 

causation, i.e. producing mechanisms. The interlevel relationships as has been discussed in the 

Baumkuchen Model are strictly interlevel constitution, i.e. underlying mechanisms. In the case 

of E-Synthesis, the causal inference between a drug and an adverse drug reaction is 

probabilistic and can be quantified based on augmenting and synthesizing different types of 

scientific evidence, one of which is mechanistic evidence. Here, if © is corroborated with 

enough evidence, then it would be assigned the highest probability and subsequently represent 

the candidate with the highest problem-solving adequacy. The likelihood of © holding can also 

be calculated and this would allow the researcher to discern whether © is beneficial or not.  

 
18 Probability is used to make predictions about future events, whereas likelihood is used to estimate unknown 

parameters based on seen evidence. 
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2.7.2. Amoxicillin and DRESS: The Case Study 

The association between Amoxicillin (AMX) and the Drug Reaction with Eosinophilia 

and Systemic Symptoms Syndrome (DRESS) is not straightforward. AMX, being recognized 

as a vital and indispensable medication by the World Health Organization, plays a crucial role 

in combating a multitude of infections [189]. Conversely, DRESS represents a severe, 

potentially fatal, adverse drug reaction (ADR). The intricacy lies in evaluating the conjectural 

causal connection linking the administration of AMX and the emergence of DRESS. This 

analysis, inherently complicated, demands careful and rigorous examination. 

2.7.2.1. AMX 

Amoxicillin (AMX) is a semi-synthetic, broad-spectrum ß-lactam antibiotic, classified 

under the Penicillin antibiotic group [190]. Characterized by its small molecular size (< 900 

Daltons), it demonstrates high bioavailability upon oral administration. Its side chain, the ß-

lactam ring, is known for its susceptibility to nucleophilic opening, thus heightening its 

tendency for serum protein binding and drug-protein conjugate (hapten) formation [191,192]. 

Human Serum Albumin (HSA) is its primary documented binding protein in the bloodstream 

[193]. 

Discovered in 1958, AMX’s advantageous properties were first widely recognized 

following its initial distribution by Beecham in the UK in 1972, and its replacement of the 

increasingly resistance-prone ampicillin in the early 1980s [194]. By 2014, data showed that 

approximately 13.0 million prescriptions were written for AMX in England, with the United 

States recording a significantly higher figure of 54.8 million prescriptions the following year 

[195,196]. 

Valued for its safety, efficacy, and cost-effectiveness, AMX has consistently been listed 

among the World Health Organization’s essential medicines since 1990. It is viewed as a vital 

resource, integral to public health and community wellbeing. The American Academy of 

Pediatrics recommends AMX as the first line of treatment for acute bacterial sinusitis in 

children aged 1-18 years, with the American Academy of Family Physicians also endorsing its 

use for Otitis Media [197]. AMX is also indicated for a variety of conditions such as 

streptococcal pharyngitis, pneumonia, bronchitis, endocarditis, listerial meningitis, urinary 

tract infections and gonorrhoea [198]. 
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2.7.2.2. DRESS 

Drug Reaction with Eosinophilia and Systematic Symptoms (DRESS), also known as 

Drug-induced Hypersensitivity Syndrome (DiHS) or Hypersensitivity Syndrome (HHS), is a 

Type IVb Severe Cutaneous Adverse Reaction (SCAR) that can potentially be life-threatening, 

with a mortality rate of approximately 10% [199]. DRESS is differentiated from other SCARs 

due to the unique immunological components involved and the resulting signs and symptoms. 

DRESS is a nonimmediate (2-6 weeks), T-cell mediated allergic reaction that provokes 

a Th2 (IL-4 and IL-5) response, resulting in eosinophilic inflammation [200]. This mechanism 

helps explain the severe symptoms associated with DRESS, including a general maculopapular 

rash, lymphadenopathy, fever, blood abnormalities such as atypical lymphocytosis and 

eosinophilia, and the pathological involvement of internal organs, for instance, the liver, 

kidney, or lungs, which are usually inflamed [201,202]. 

Two diagnostic guidelines for DRESS exist, both emphasizing the administration of a 

potentially offending drug and the delayed hypersensitivity reaction which follows. The list of 

drugs implicated in DRESS is continually revised due to the complex nature of the cause/effect 

relationship. A study, RegiSCAR, carried out over six years (2003-2009) across a network of 

hospitals in eight countries (Austria, England, France, Germany, Israel, Italy, Taiwan, and the 

Netherlands), involving over 120 million people, was successful in definitively diagnosing 

only 59 DRESS cases, with another 59 deemed probable [202]. 

DRESS is, therefore, a serious, yet relatively infrequent condition, with most of the 

current knowledge base assembled from retrospective analysis of case studies. A closer look at 

its pathology in terms of mechanistic evidence, however, might disclose a link between DRESS 

and AMX. 

2.7.2.3. Laying out the Mechanistic Hypotheses 

The current body of knowledge does not conclusively support or refute the 

hypothesized causal link between AMX and DRESS. The RegiSCAR study, for instance, 

identified only a single case where AMX was deemed a “probable cause” of DRESS [202]. 

Thus, only a minuscule fraction, if any, of the population exhibit DRESS post-AMX 

administration. This makes sufficiently powered randomized controlled trials indeed 

unfeasible. Some studies have proposed that AMX could act as a significant exacerbating factor 
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of DRESS, rather than being a direct cause. This calls for a deeper examination of mechanistic 

evidence to affirm or dismiss this supposed cause-effect relationship. 

There exist three primary hypotheses concerning the mechanism linking AMX to 

DRESS. The first hypothesis posits that aberrant pharmacokinetics, specifically at the 

metabolism stage, could lead to elevated blood levels of the drugs or their metabolites and/or 

a prolonged half-life due to altered activity of liver metabolizing enzymes [203]. This 

unexpected spike in concentration and/or persistence in the body could facilitate interaction 

with immunological components, ultimately leading to DRESS. This hypothesis overlooks the 

role of immunological predispositions, viewing DRESS as a direct consequence of inefficient 

drug absorption, distribution, metabolism, or excretion (ADME). Given the delayed onset and 

rarity of DRESS, both genetic predisposition and the T-cell mediated pathway should be 

integral to any hypothesis. Thus, this abnormal pharmacokinetics hypothesis is somewhat 

limited and speculative and will not evaluate it further. 

The second and third hypotheses tackle DRESS development by considering the 

inherent characteristics of drug/metabolite molecules, whilst also emphasizing the role of 

hereditary immunological predispositions. The hapten hypothesis suggests that small 

drug/metabolite molecules are not recognizable by the immune system independently. Thus, to 

induce stimulation, they must form irreversible conjugates with larger proteins. This hapten 

(drug + protein) is then processed by an accessory cell (such as a dendritic cell or 

macrophages), which presents the resulting antigen to an appropriate T-cell receptor [204]. 

Alternatively, the Pharmacological Interaction Hypothesis (p-i hypothesis) proposes that 

drug/metabolite molecules can directly bind to a Human Leukocyte Antigen (HLA) and/or a T-

cell receptor, triggering an immune response. Unlike the hapten hypothesis, here, it is 

hypothesized that a drug/metabolite can bind to a pharmacological receptor, regardless of the 

presence of a carrier [191,204,205]. As both these hypotheses consider the genetic and 

immunological factors essential for causation of DRESS, they have been selected for further 

evaluation in the following section. 

Before going into the specifics of each hypothesis, it is vital to acknowledge that both 

are derived and reached through analogical reasoning from known mechanisms for SCARs 

(Severe Cutaneous Adverse Reactions) induced by other drugs. This reasoning can be outlined 

as follows: Drug X is established to cause SCAR via causative mechanism(s) or pathway(s), 

Pi. DRESS is a type of SCAR. AMX is established to induce DRESS-like symptoms and shares 
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certain chemical characteristics with Drug X. Therefore, AMX induces DRESS via one or more 

pathways. Analogy is utilized at several stages in this inferential process, particularly in the 

chemical similarity between AMX and Drug X and in AMX inducing DRESS via certain 

pathways. This highlight similarity of symptom and structural/functional resemblances 

between AMX and other SCAR-inducing drugs. Moreover, grouping DRESS with SCARs is a 

form of analogical reasoning since the overarching class of SCARs may not exhibit identical 

biological features to DRESS. 

An instance of such reasoning is the association of flucloxacillin, a β-lactam penicillin like 

AMX, with hypersensitivity reactions. Research into the pathological pathways underlying 

delayed allergic reactions induced by flucloxacillin revealed intriguing results: in genetically 

predisposed individuals, flucloxacillin caused drug hypersensitivity-induced liver injury 

(hepatitis). To determine whether this hypersensitivity arises in alignment with the hapten 

hypothesis or the P-i concept, researchers acquired flucloxacillin-sensitized T-cells and HLA-

B57:01 molecules from healthy donors. They observed a dual T-cell activation, consistent with 

both the hapten hypothesis (irreversible binding of flucloxacillin to human leukocyte antigen 

molecules) and the p-i hypothesis (direct binding to HLA-B57:01) [206,207]. 

Interestingly, the same human leukocyte antigen (HLA) haplotype has been linked to the 

development of another drug hypersensitivity reaction associated with the antiviral drug 

abacavir, which is listed as a DRESS-inducing drug [35, 36]. Also, the molecular characteristics 

of other ß-lactams have been associated with other SCARs, such as the association of the same 

HLA with flucloxacillin and abacavir-induced DRESS. These examples demonstrate that drugs 

can provoke hypersensitivity reactions via either pathway. The hypothesis that AMX causes 

DRESS could be strengthened if either of the pathways is established, and even more so if both 

Figure 17. The two mechanisms proposed in which AMX may be responsible for instigating DRESS. Tier A demonstrates the 

Hapten hypothesis, while Tier B the Pi-hypothesis. AMX is amoxicillin, HSA is human serum albumin, APC is antigen 

presenting cell and DRESS is drug reaction with eosinophilia and systemic symptoms. (Please note that this is a simplified 

representation of the mechanism in which AMX would be responsible for eliciting DRESS). 
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are confirmed (they represent alternative non-exclusive mechanisms by which AMX could 

induce DRESS). 

Hence, the salient features of the two proposed mechanisms which relate them to the 

available evidence can be detailed as follows: Firstly, the Hapten Hypothesis. AMX/metabolite 

forms an irreversible bond with a bloodstream carrier protein (primarily HSA), forming a 

“hapten conjugate” [208–210]. An Antigen Presenting Cell (APC) internalizes the hapten 

conjugate, which is then processed by a specific HLA haplotype [211]. The hapten conjugate’s 

processing by the specific HLA results in the creation of a respective “antigen” [211,212]. A T-

cell recognizes the antigen presented on the APC’s cell membrane and binds to its receptor, 

stimulating an immune response eventually manifesting as DRESS, Figure 17, Tier A. 

Secondly, the P-i Hypothesis. AMX/metabolite binds directly and reversibly to a T-cell 

receptor. The activated T-cell stimulates an immune response (DRESS) Figure 17, Tier B. 

2.7.3. AMX Causing DRESS? 

To determine the ‘likelihood’ of AMX inducing DRESS the Bayes’ theorem is applied. To 

make this task manageable, the application of abstract indicators of causality based on Bradford 

Hill’s criteria is proposed. A philosophical dissection of the prevalent theories of causation, in 

conjunction with the Bradford Hill Guidelines, results in the isolation of six relevant causal 

indicators: strength of association, consistency, biological gradient, coherence, temporality, and 

plausibility [180]. In essence, these indicators function as testable (probabilistic) outcomes of 

the hypothesis under consideration. Consequently, they can be evaluated through experiments 

and observations which in turn validate or discredit these indicators, thereby further validating 

or discrediting the hypothesis at scrutiny. These indicators are indicative of causation in the 

sense that their probability of being true is higher if our hypothesis is accurate than if it is not. 

Each piece of evidence gathered, be it from an experimental study, observational study, 

case series, case report, or basic science finding, is then linked to or classified within a group 

of the causal indicators selected. This procedure facilitates the extrapolation from medical data 

to theoretical constructs (causation) via abstract intermediary phenomena (causal indicators), a 

process which is analogous to Bogen & Woodward’s differentiation between data and 

phenomena [213]. 

The degree to which evidence confirms or disconfirms indicators of causation varies. 

To partially explicate this degree of (dis-)confirmation, evidential modulators are introduced. 

These modulators determine how much information a piece of evidence may offer. Population-
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level studies are modulated, for example, by the quality of the study’s control over random and 

systematic errors or biases. Generally, approaches to controlling bias in experiments and data 

analysis may include blinding, randomization and adjustment and stratification. This approach 

ensures a more precise and methodical evaluation of the evidence supporting or refuting the 

AMX-DRESS causal hypothesis. 

2.7.4. Mechanistic Evidence Synthesis 

At the core of the current investigation lies a binary propositional variable, termed as “M”. 

The M variable signifies the presence of a physiological pathway through which an adverse 

drug reaction might occur. When a scenario where a drug induces a negative reaction is 

considered, such a pathway or a mechanism must certainly exist, which implies that the 

probability of M under the premise of © holding is equal to one. Establishing a pathway through 

which an ADR may occur, however, does not necessarily mean that this ADR may manifest. 

Various factors, including potential inhibitors, compensatory mechanisms, feedback loops, and 

more, could obstruct the manifestation of the effect. In addition, the effect could potentially be 

so subtle that it escapes detection. Consequently, the probability of M occurring, assuming © 

not holding, ranges between 0 and 1. Subsequently, this does not make M an ideal indicator of 

causation because the existence of a mechanism does not ensure causation. It is suggested to 

adopt an indifference value of 0.5 for the probability of M, given that © not holding, i.e. the 

probability of a mechanism, whether the hapten or P-i hypothesis, existing yet not causing 

DRESS is 0.5. 

The first step in this intricate process involves gathering all available evidence, ɛ, and 

identifying potential physiological pathways through which the AMX might trigger DRESS 

and assigning each a unique binary variable, i.e., M1: hapten hypothesis and M2: P-i hypothesis. 

Next is to create a binary variable for every link in M1 or M2 which is not assumed to be definite, 

meaning, its existence probability is not taken as equal to 1. Subsequently, variables are 

assigned to the steps in the hapten hypothesis and the P-i hypothesis: HH3: the processing of 

HLA of to create AMX antigens, HH4: APC presented the resulting antigen which is recognized 

by a T-cell, HH5: T-cell recognizing the antigen and instigating DRESS and P-i1: AMX or 

metabolites binding directly to a T-cell and P-i2: activated T-cell induces DRESS. 

A “report” variable for every piece of evidence which provides direct information about at 

least one link in the pathways is formulated. As new evidence is received, the beliefs are 
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subsequently updated. In this case, the variable “Hautekeete19“ is created (representative of the 

findings in [211]), and information about HH3 is provided. No direct evidence for the P-i 

variables implies that in the current discourse they do not contribute to (dis)confirming the 

hypothesis of interest and are thus removed from the model to simplify it without losing any 

(dis-)confirmatory power. 

With the variables created, the network topology is established by inserting directed edges 

or arrows between the variables. M is a parent of M1 and M2. The variables symbolizing the 

links of M1 form a clique (M1 is a parent of every HH variable), with HH3 being a parent of 

HH4 and HH5 and HH4 being a parent of HH5. 

Next, the process of analogical inference is incorporated. Most of the basic science findings 

in this case provide indirect evidence. They are not evidence for AMX but for other drugs 

which induce SCAR via pathway M1 and/or M2. This analogical reasoning leads to the 

formulation of the two hypothesized physiological pathways. Since certain drugs are known to 

cause DRESS through M1 and M2, it seems plausible that AMX might cause DRESS through 

the same pathways. These drugs include abacavir (ABC, antiviral drug (HIV), M1), Allopurinol 

(Allo, anti-gout, M1), flucloxacillin (Flux, antibiotic, M1 and M2), and carbamazepine (CZB, 

anti-convulsant, M2). 

Interestingly, abacavir and flucloxacillin have been documented in literature to cause a T-

cell mediated delayed drug hypersensitivity, as well as interacting with the same HLA 

haplotype (HLA-B:57:01). These two medications, however, manifest SCAR differently. 

Flucloxacillin leads to drug-induced hepatitis, while abacavir leads to DRESS. This distinction 

is important to note, as flucloxacillin is prone to interaction with biological components due to 

the ß-lactam ring it shares with penicillins, such as AMX. For allopurinol and carbamazepine, 

a causal association with DRESS has already been established. 

Subsequently, a variable to signify the analogy hypothesis is put forward, ANA. When the 

analogy holds true, it is highly probable that similar drugs would cause the same adverse drug 

reaction along the same pathway (M1 and/or M2). If the analogy fails, it becomes less likely 

that any drug of this type would cause DRESS. Hence, variables ANA1 and ANA2 are created. 

 
19 Dr. Marc Leopold Hautekeete provides a seminal manuscript in the current discussion. His research offers 

compelling evidence suggesting that AMX elicits DRESS-like symptoms, aligning with the hapten hypothesis and 

provides support to the variable HH3. Regrettably, Dr. Hautekeete passed in 2019, and in homage to his invaluable 

contributions, I have designated the variable in his name. Despite attempts, further biographical insights on Dr. 

Hautekeete remain limited in public records. 
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Additionally, a variable for each of these other drugs is introduced. For Flucloxacillin, two such 

variables account for it causing SCAR through the two different pathways are needed, Flux1 

and Flux2. 

To set up the network topology, the following arrows are added from ANA1 to ABC, Allo, 

and Flux1, from ANA2 to Flux2 and CBZ, one from ANA1 to M1, and one from ANA2 to M2. To 

ensure that the probabilities of M and consequently © increase when analogical information is 

received, an arrow from M to ANA1 and from M to ANA2 are added. The inclusion of these two 

arrows is necessary because the probability of M increases if an analogy holds true. The overall 

architecture of the model is presented in Figure 18. 

Figure 18. Architecture of the Bayesian network. The causal hypothesis variable at the top is the only variable without parent 

variable(s). The mechanistic indicator variable, M, may be confirmed by the hapten and/or P-i hypotheses as well as by 

analogies. The analogy variables are confirmed by evidence supporting hypotheses about other drugs causing DRESS 

according to the hapten and/or P-i Hypotheses. The study by Hautekeete et al. supports HH3. It should also be noted that while 

this model is indeed based on mechanisms and mechanistic components it is not a mechanistic model per se. It is a 

mathematical model representing the structure of the Bayesian network employed to calculate the probability of AMX causing 

DRESS. 

In the next step the conditional probabilities of variables given their parents can be 

established. It is assumed that analogical hypotheses are quite probable if M holds, and rather 

improbable otherwise. The first pathway, M1, is considered more likely because AMX is a small 

drug molecule with high bioavailability, meaning most of the drug molecules in the 

bloodstream are bound to a carrier protein (HSA). On the other hand, the second pathway, M2, 
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requires the drug to be unbound. Based on these premises, the probability of ANA1 given M 

would be 0.9 and the probability of ANA1 given 𝑀̅ is 0.1. Similarly, the probability of ANA2 

given M is set to 0.7, and the probability of ANA2 given 𝑀̅ is 0.3. 

If there is no mechanism along which AMX could cause DRESS, 𝑀̅, then AMX cannot 

cause DRESS along either M1 or M2, resulting in zero conditional probability for M1and2 given 

𝑀̅. If M holds true, however, then, once again, the hapten hypothesis is deemed more likely as 

the P-i hypothesis requires the drug molecule to be small and freely existent in the blood-

suitable T-cell receptor, ultimately initiating an immune response. Given the high 

bioavailability of AMX, most of the drug molecules conjugate with HSA (hapten formation), 

which reduces the likelihood of the P-i hypothesis, M2, being the primary mechanism of action. 

Accordingly, the probability of M1 given 𝑀 and 𝐴𝑁𝐴1 both hold is 0.95, and the probability 

of M1 given 𝑀 and 𝐴𝑁𝐴̅̅ ̅̅ ̅̅ 1 would be 0.05. Furthermore, the probability of M1 given 𝑀̅ and ANA1 

or 𝐴𝑁𝐴̅̅ ̅̅ ̅̅ 1 is 0. The probability of M2 given M and ANA2 is 0.6, and the probability of M2 given 

M and 𝐴𝑁𝐴̅̅ ̅̅ ̅̅ 2 is 0.4. The probability of M2 given 𝑀̅ and 𝐴𝑁𝐴̅̅ ̅̅ ̅̅ 2 or 𝐴𝑁𝐴̅̅ ̅̅ ̅̅ 1 is 0. 

To simplify the model, the same conditional probabilities “X” is assigned to all instances 

of the analogy, Flux1, Flux2, ABC, Allo and CBZ. Thus, the probability of X given ANA hold 

would be 0.9, and the probability of X given 𝐴𝑁𝐴̅̅ ̅̅ ̅̅  is 0.1.  

The study referred to as “Hautekeete,” provides direct evidence about HH3. Here, the 

probability of M1 is dependent on HH3 because if the HLA fails to process the hapten no antigen 

will be available to be recognized by the T-cell which initiates the immune response. Hence: 

P(Hautekeete|HH3) = 0.995 and P(Hautekeete|𝐻𝐻3̅̅ ̅̅ ̅̅ ) = 0.005 

Accordingly, the posterior probabilities increase if the mechanistic evidence reported in 

Hautekeete holds: 

P(©) = 0.001 while P(©|Hautekeete) = 0.0011 

P(M) = 0.5 while P(M|Hautekeete) = 0.548 

P(M1) = 0.45 while P(M1|Hautekeete) = 0.5 

With all these inputs in place, the model is now able to compute the updated probabilities of 

all variables, given the evidence, ɛ. This complex interplay of variables, hypotheses, and the 

evidence leads to the following posterior probabilities: 
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P(©|ɛ) = 0.0019 

P(M|ɛ) = 0.96 

P(M1|ɛ) = 0.92 

P(M2|ɛ) = 0.57 

The values reflect the high uncertainty about the AMX causing DRESS, but they also 

indicate that if such a mechanism, M, exists, it is very likely to be M1 (the hapten hypothesis) 

rather than M2 [214]. 

2.7.5. Concluding remarks 

In exploring the relationship between amoxicillin and drug reaction with eosinophilia 

and systemic symptoms, E-Synthesis provides a potent illustration of how philosophy of 

science complements scientific methodologies in establishing causality. This approach 

unravels a plausible, popablistic, causal link between AMX and DRESS, albeit without 

determining AMX as a universal causative agent for DRESS across a large patient population. 

The rarity of severe side effects such as DRESS and the proven therapeutic benefits of 

AMX suggest that the philosophical approach aligns well with the real-world clinical decision 

to continue prescribing AMX for bacterial infections. This congruity of philosophical inference 

and practical decision-making testifies to the power of non-empirical methodologies in 

contributing to meaningful healthcare outcomes. The need for individualized patient care and 

monitoring underlines the fact that while population-level risk is minimal, individual 

susceptibilities to DRESS and similar Severe Cutaneous Adverse Reactions (SCARs) persist. 

This implies that the E-Synthesis approach, grounded in the philosophy of science, can help 

navigate situations where the scientific method may falter due to individual complexities. 

This is also in line with the proceeding discussion about the nature of knowledge and 

truth with scientific practice in pharmacy. The example discussed here highlights the relativity 

or probability of knowledge representing truth. Despite its limitations, this mathematical 

approach nested in philosophical thought is pragmatic and adaptable and has indeed been able 

to establish a probabilistic causal link between a drug and an adverse side effect. 
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2.8. Chapter Conclusions 

Concluding this chapter, a synthesis of the different sections is constructed, connecting 

the pursuit of truth in pharmaceutical research and development to the utilization of the 

philosophy of science. As discussed earlier, knowledge in pharmacy is communal, pragmatic 

and contingent and, therefore, fallible, relative and constantly changing, while truth is 

idealized, static and perhaps never attainable. Scientists active in pharmaceutical research 

constantly and rigorously pursue truth through the generation of knowledge which is 

dependable on the technologies and prevailing theoretical frameworks available. This has 

profound implication especially because the general approach to knowledge generation is 

rather reductionist. Scientists seem to reduce pharmaceutical phenomena to mechanisms and 

mechanistic components and interactions. The reductionist approach is indeed effective and 

has been very successful in providing a wealth of medication to maintain the health and 

wellbeing of society. Furthermore, this reductionist approach allows scientists to disentangle 

complex biochemical and/or biomedical phenomena rendering its control and prediction 

possible through a defined number of components and interactions. Yet given that knowledge 

is relative and truth is non-attainable such approach might risk oversimplification, potentially 

sidelining crucial insights. This skepticism also has serious implications in establishing cause-

and-effect relationships in pharmacy as well as in compromising the certainty expected from 

medications in answering to societal health and wellbeing.  

The three examples discussed, however, demonstrate how turning into philosophy 

might provide a complementary holistic account to augment the reductionist approach common 

in pharmaceutical scientific practice. The Baumkuchen model, which emerged from the 

mechanist philosophy of science may find promising applications. As discussions of 

mechanisms in pharmaceutical research are ubiquitous, this model distinguishes between 

different types of mechanisms as well as multilevel and interlevel relations and elucidates 

complex phenomena traditionally reduced to ‘box and arrow’ diagrams. The Baumkuchen 

model also has conceptual benefits in discerning to the scientist the different levels of 

complexity involved in explaining, controlling or predicting the phenomenon in question. This 

is indeed evident when the pursuit of one-molecule-one-function account has been critically 

criticized.  

The systematic philosophical analysis of the enigmatic function(s) of Metallothionein 

represents yet another application of the Baumkuchen model. It highlighted that, generally, 
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scientists start with a phenomenon and subsequently break it down to its parts and their 

interactions, i.e. downward looking research. Interestingly, the case of MTs is rather unique 

because it is upward looking, i.e. scientists start from MTs which are considered parts of a 

mechanism(s) and aim upwards to try and link it to a function. This might be hinting toward 

MTs necessarily having a purpose, a goal or a telos. Such teleological explanations focusing 

on the function of proteins within the broader physiological setting might initially appear 

outdated. They are, however, increasingly perceived as useful tools for straightforward 

scientific explanations and guiding research directions. Indeed, most studies on MT proteins 

operate under the belief that each protein has a distinct, though sometimes unclear, purpose. 

Examining the link between Amoxicillin (AMX) and the Drug Reaction with 

Eosinophilia and Systemic Symptoms (DRESS) highlighted the benefits of the E-Synthesis 

approach, a blend of philosophy of science and scientific methods, in positing a credible causal 

connection. The task of identifying a clear cause-effect relationship between AMX and DRESS 

is daunting due to DRESS's infrequency, delayed onset, and potentially life-threatening 

outcomes. This type of causality starkly contrasts with the straightforward cause-effect one 

expects when billiard balls collide or a knife slice through bread. E-Synthesis, grounded in the 

Bayes theorem and expressed via mathematical models and probabilities, embodies the relative 

and problem-solving nature of knowledge in pharmacy. This underlines the critical role of the 

philosophy of science in guiding individualized patient care, especially when conventional 

scientific methodologies might fall short. 

Collectively, these investigations corroborate the indispensability of the philosophy of 

science in not only advancing the understanding of complex phenomena in pharmaceutical 

research and development but also enhancing the pragmatic, problem-solving effectiveness of 

healthcare outcomes. The convergence of philosophy and science, as demonstrated in this 

chapter, provides a compelling platform for further explorations, opening up innovative 

avenues for future research. Here, may wish to visit and dwell on the perspective of systems 

and systems science as this theoretical framework has been gaining increasing traction in recent 

years. 
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3. Science Communication in the 21st Century  

Building on the discussion of the previous chapter, it is vital to recognize the inherent 

limitations in scientific practice. Like any other human endeavour, science is shaped by the 

perceptual, cognitive, and experiential constraints of its practitioners. Drawing parallels to 

activities such as cooking or painting, science is, at its core, an anthropocentric pursuit. 

Despite such limitations, science remains an effective tool for generating knowledge 

and problem-solving. Yet, the pursuit of truth becomes a complex endeavour. The very 

methods and approaches employed to capture truth are themselves limited and susceptible to 

biases and errors. These constraints are not limited to the process of discovery or justification, 

but they also pervade the act of dissemination or publishing, especially through mechanisms 

such as peer review. While discussions of science communication and dissemination are rife 

within different scientific disciplines and philosophical doctrines, a fully-fledged “context of 

dissemination” as yet another distinction in the scientific activity has not been proposed 

before20. Such a conceptual distinction would serve as an umbrella under which discussions 

about how knowledge is conveyed in science, similar to scrutinizing how discoveries are 

reached, justified and pursuit. Dissemination is indeed a pillar in the scientific activity. 

Within the context of dissemination and directly related to the generation of knowledge 

and pursuit of truth is peer review. Despite its indispensable role in science, peer review is not 

immune to these anthropocentric limitations. In fact, it amplifies this human aspect of scientific 

pursuit, bringing forth a host of subjective factors into the judgment of scientific work. When 

attempting to predict the significance or impact of a study, peer reviewers are faced with the 

difficult task of making future-oriented assessments based on their subjective judgment, 

individual experiences, and personal expertise. Such predictions about impact and significance 

are inherently fraught with uncertainty and the potential for error, further underscoring the 

imperfect and human-centric nature of scientific practice. 

 
20 The discussion in this chapter is supported and based on four manuscripts published in international peer 

reviewed journals: Jacob, C.; Rittman, M.; Vazquez, F.; Abdin, A.Y. Evolution of Sci's Community-Driven Post-

Publication Peer-Review. Sci 2019, 1, 16. https://doi.org/10.3390/sci1010016.v1, Abdin, A.Y.; Nasim, M.J.; Ney, 

Y.; Jacob, C. The Pioneering Role of Sci in Post Publication Public Peer Review (P4R). Publications 2021, 9, 13. 

https://doi.org/10.3390/publications9010013, Abdin, A.Y.; Jacob, C. Sci: An Inclusive, Multidisciplinary 

Scientific Journal. Sci 2022, 4, 10. https://doi.org/10.3390/sci4010010, and Abdin, A.Y.; Jacob, C. Make a 

Stand(ard) for Science. Sci 2023, 5, 7. https://doi.org/10.3390/sci5010007.  

https://doi.org/10.3390/sci1010016.v1
https://doi.org/10.3390/publications9010013
https://doi.org/10.3390/sci4010010
https://doi.org/10.3390/sci5010007
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This inherent subjectivity and potential for bias within the peer review process is not a 

weakness but a characteristic which indeed warrants careful attention. To circumvent 

subjective opinion and protect the objectivity of scientific exchange, and hence knowledge, 

respectful journals may blind different aspects of the peer-review process or solicit the expert 

opinion of a large number of reviewers. Yet, the quality of the outcome would be 

intersubjective at best, i.e. a majority of reviewers share a subjective agreement on the quality 

a manuscript. Closer inspection further details the intricacies of the peer review process, its 

strengths, limitations, and how, despite these challenges, it continues to play a crucial role in 

the advancement of science. 

This discussion also serves as a critical reminder that no individual, institution, or 

process is infallible. Recognizing this fact underscores the importance of transparency, 

openness, and critical, collective reflection within all stages of scientific practice, including the 

peer review process. This acknowledgement is crucial in our ongoing endeavour to align 

scientific practices with the noble goal of advancing knowledge and serving society and the 

environment. 
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3.1. The Context of Dissemination: The Role of Peer Review in the Scientific Activity 

The pursuit of truth within the realm of pharmaceutical research might be rendered 

futile if the findings or output are not appropriately disseminated and shared within the 

scientific community. This might seem evident if not intuitive at first. An observation, a 

discovery, a pursuit, or a justification might be profound in their implications, yet, if they 

remain unpublished, they go unnoticed –much like Berkeley’s tree21 falling in the forest and 

no one around to hear it– and subsequently bear no significant impact on science. Such 

realization underlines the importance of science communication and set the ground for 

suggesting and subsequently developing and adding yet another distinction to the philosophical 

discussion of the scientific activity, the context of dissemination.  

Such context would indeed be warranted as it allows to capture not only an essential 

part of scientific practice but also to account for the influence of practicing science as an 

activity grounded in communal exchanges. Scientists are members of scientific communities 

and disciplines and hence, to a large extent, they are expected to follow certain guidelines and 

standards and perhaps sometimes yield to the prevailing research traditions of their era. The 

context of dissemination may also reflect the existential pressure within the current academic 

atmosphere which emphasizes growth and expansion through heightened bibliometrics to 

secure essential grants and funding. This drive is perhaps one of the consequences of the phrase 

“publish or perish” and directly contributes to the devastating “replication crisis” in the various 

sciences [216,217]. Such pressure often pushes scientists towards focusing on the quantity of 

their publications, detrimentally impacting the overall quality of scientific output. 

In considering this predicament, however, it is necessary to acknowledge that the fault 

may not solely reside with the scientists themselves. They often fall prey to a flawed publishing 

and reward systems, comprising desperate institutions, profit-oriented publishers, disinterested 

editors and reviewers, and rigid scientific communities. This systemic inadequacy naturally 

extends to the way we approach safeguarding high-quality, reproducible science. 

Interestingly, there seem to be an important mismatch between the work done at the 

bench and what scientist eventually publish [218,219]. On one side, some philosophers of 

 
21 George Berkeley (1685–1753) suggested a philosophical thought experiment in his book, A Treatise Concerning 

the Principles of Human Knowledge, from 1734 where he wrote passages which could be summarized in the 

following question: If a tree falls in the forest and no one is around to hear it, does it make a sound? His goal has 

been to emphasize the importance of observation and perception of phenomena in relation to their existence. He 

writes: “The objects of sense exist only when they are perceived; the trees therefore are in the garden[...] no longer 

than while there is somebody by to perceive them” [215]. 
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science accept this mismatch on the basis that discovery and justifications are distinct and 

temporally independent, and that validity can only be examined in the presentation of a 

discovery, e.g. scientific publication or manuscript, not in the discovery-forging process22 

[220]. Such philosophers proceed to claim that the mismatch is a consequence of scientists 

holding the logical, mostly inductivist, nature of scientific practice. These philosophers 

prioritize their logical models over the scientist’s presentation and the actual practice at the 

bench. On the other side, some philosophers affirm the mismatch but reject such strict 

distinction between discovery and justification and adapt a more lenient perspectivist account 

of the distinction [221]. In their view, discovery and justification are concurrent processes. 

They suggest that the focus should be on the activities scientists engage in at the bench, rather 

than the logical reconstruction of their findings in the published form. They propose identifying 

the guiding principles or heuristics behind paradigm-shifting discoveries at the bench level and 

updating logical models based on these.  

The philosophers from the two camps argue under the assumption that the logical 

models they build and demolish are of immense importance to the scientist, i.e. the pro 

distinction camp assumes that the scientist deliberately present their findings following a 

logical structure which is then judged for validity by the philosopher, whilst the anti-distinction 

camp of philosophers wants to analyze what leads to a discovery and establish new models. 

Attempts by other philosophers of science to analyze arguments presented in publications 

against several logical models e.g. Hypothetico-deductive and Bisayan inductive model, 

however, failed to account for more than a debatable 30%, hinting that scientists are lenient 

towards following logical structures in their publications on the micro level, i.e. individual 

arguments, and macro level, i.e. the entire scientific piece [222–224]. This is indeed 

reminiscent of the Exeter Method which serves the biochemical community to systematically 

locate logical inconsistencies arising from more theoretical aspects of the scientific activity 

[17]. 

Empirically, laboratory anthropologists have found a different explanation for the 

mismatch between what goes on at the bench and what is presented in the publication. They 

highlighted the scientific process at the bench as messy, back and forth, utilizing whatever 

resources around as opposed to the clear, inductive, and to the point presentation in a 

publication [225]. Such practices are so deeply rooted in the current publishing landscape that 

 
22 Such views are closely related to the movement of logical positivism. 
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they have become the norm of most, if not all journal templates. The author is guided to provide 

a background on the subject matter, briefly record their experimental materials and methods, 

describe their results, discuss them and spend half a page to conclude. Yet to the surprise of 

philosophers, laboratory anthropologists found that scientists reconstruct their findings in such 

a manner, not with attention to logical models, but to satisfy and persuade their peers. The main 

concern of the scientists is that their publication withstands peer-review [5,226]. 

Contrary to the common perception of scientific activity on being a stepwise process, 

the borders between discovery, justification, and publishing are indeed blurry in actual practice. 

The potency of a discovery often hinges on its justification and subsequent publication, with 

each step shaping the other’s evolution and integrity. This intricate interplay forms a backdrop 

for the central premise of this chapter: the role of peer review within the scientific process. 

Referred to as the ‘gold standard’ of scientific dissemination, the peer review process 

bears substantial influence on what is eventually published. The feedback received in the form 

of a peer review report and the eventual incorporation of this input directly shape the discovery 

presented in the work published. Peer review not only helps to ensure the quality of scientific 

articles but also actively contributes to the advancement of the respective scientific field. The 

reality, however, is not devoid of its drawbacks. Overly restrictive or biased approaches can 

suppress and potentially damage good science, depriving it of the necessary nourishment to 

flourish [227–234]. Yet in the era of open science, the practice of peer review also calls for 

revisiting. This chapter will discuss these premises, exploring the role of peer review in the 

broader context of scientific practice, and examining the potential alternatives and innovations 

that may help in shaping its future. This exploration is guided by the understanding that the 

dissemination of scientific knowledge is not a mere auxiliary to scientific practice but an 

integral part of it. 

In this chapter, the insights as authors, editors, and reviewers with post-publication 

public peer review (P4R) as applied in the international, open-access journal Sci is reported 

[235,236]. Section 3.2. provides a brief recollection of the history of modern scientific practices 

with a special focus on open science and peer review. Section 3.3. compares various publishing 

models on their openness and transparency. Section 3.4 introduces the self-publishing (SP) 

model and recounts the journey from SP to PurplePublishing.org and eventually Sci. Section 

3.5. presents the P4R workflow, outlining its strengths and shortcomings and also introduces 

the P4R Hybrid, the cornerstone of Sci’s dissemination strategy since November 2020. Section 

3.6 concludes the chapter.  
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3.2. History of Modern Science Communication 

While it might appear that peer review is a recent development, introduced by scientific 

communities as a quality control procedure, it actually dates to the emergence of modern 

scientific publishing in the mid-17th century [237]. Scientific communication has an even more 

protracted history, influenced considerably by technological advances since ancient times 

[238]. 

The introduction of the printing press by Johannes Gutenberg (1400–1468) in the 15th 

century has indeed marked a significant shift, simplifying the tedious process of manually 

copying manuscripts. Initially, the focus during the 15th and 16th centuries has been invested in 

collecting, reprinting and circulating already available literature. Subsequently, this led to a 

period of letter correspondence and personal visits between “scientists”. It was only with the 

advent of the first scientific societies in the 17th century that journal-based scientific 

communication took hold. 

Accordingly, the first scientific society has been founded in Paris (France) as the Académie 

Française. In 1652 and 1660 the Deutsche Akademie der Naturforscher Leopoldina has been 

established in Germany and the Royal Society of London in England, respectively [239]. Some 

of these societies began printing the contributions of their members in the form of journals. 

Among the first such journals were the Journal de Sçavans (the Journal of the Wise) and 

Philosophical Transactions, both established in 1665 [240,241]. The guardianship of these 

societies ensured the quality of their respective journals through an elementary form of peer 

review, implemented voluntarily by Henry Oldenburg (1619–1677), the inaugural editor-in-

chief of Philosophical Transactions [237]. 

In the 18th and 19th centuries, the publishing landscape diversified and expanded, 

witnessing an influx in periodicity and establishment of more specialized journals, including 

the esteemed journals, Nature and Science [242,243]. Large publishing houses of today also 

have their roots in the 19th century. The history of Springer, now known as Springer Nature, 

dates to 1842 where it was established in Berlin, Germany [244]. Elsevier has been established 

in 1880 in Amsterdam, Netherlands as a bookseller and publisher. It took until 1945 for 

Elsevier to expand its activities into scientific publishing and in 1947 the company released its 

first English journal, Biochimica et Biophysica Acta [245]. Furthermore, the concept of 

“University Press” received tremendous attention during this period. Though the roots of 
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Oxford University Press and Cambridge Cambridge University Press can be found in 1480 and 

1534, respectively, their effort began to crystalize in the 19th century [246,247]. This institution 

based self-publishing model is nested in the premise that having a non-for-profit publishing 

house, represents an integral component of any respectable academic research university. 

Subsequently, several other universities followed suit such as the establishment of Cornell 

University Press in 1869, The Johns Hopkins University Press in 1878, The University of 

Pennsylvania Press in 1890, University of Chicago Press in 1891 and many others [248]. The 

second half of the 20th century welcomed technological developments which catalyzed a 

revolution in scientific communication, setting the stage for the debut of online journals such 

as Psycoloquy and the Journal of Medical Internet Research (JMIR) in the 1990s, Figure 19 

[249,250]. 

The early 2000s inaugurated the advent of open access publishing and marked significant 

milestones such as the Budapest Open Access Initiative in February 2002, the Bethesda 

Statement on Open Access Publishing in June 2003, and the Berlin Declaration on Open Access 

to Knowledge in the Sciences and Humanities in October 2003 [251–253]. 

Despite these invitations for a good, “open” practice, today, many parties –for a variety of 

reasons and purposes– constantly abuse the interpretation of this concept. Open science should 

not be blind and only limited to demolishing paywalls or allowing for easy availability, 

accessibility and reusability of the diverse types of scientific output and findings. Open science 

ought to further encompass full transparency, freedom and democracy, especially in the realm 

of scientific publishing. With this transition, the number of scientific publications surged, 

reaching an estimated total of 3 million peer-reviewed articles in science, technology, and 

mathematics (STM) in 2018 alone [254]. 

Concurrently, as a result of the speed and turnover facilitated by online and digital tools, 

the demands and strains placed on the peer review system are constantly escalating, with an 

estimated annual investment of 70 million hours by researchers in peer reviewing tasks alone 

[220]. Despite their developments, the traditional peer review system has persisted, largely 

unchanged, even as publishing has shifted from subscriber-paid printed journals to author-

financed open access online platforms. 
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Figure 19. The main events which took place between the 17th and 20th century in terms of the development of science 

communication. 

Maintaining the continuity of scientific discourse demands a critical reassessment and 

potential transformation of existing publishing and peer review systems. A system rooted in 

historical tradition now requires adaptation to meet the evolving challenges and needs of 21st-

century science. 
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3.3. Mainstream Publishing Practices 

Indeed, the practice of evaluating manuscripts pre-publication has not dramatically 

transformed since Henry Oldenburg’s time, notwithstanding its expanded international reach 

and increased speed. Blind forms of peer-review usually practiced behind closed doors by a 

limited number of reviewers are indeed questionable. These traditional systems, while steeped 

in history, have shown cracks under the weight of modern publishing speed and volume, 

signaling an impending system failure [230–234]. 

Table 1 illustrates the dichotomies between open access scientific publishing models in 

terms of their degree of transparency and scientific community involvement, revealing 

numerous problems inherent in today’s peer review process [255]. Notably, the enormous 

demand for swift, quality assessments by unpaid expert scientists is unsustainable, leading to 

rushed reviews often performed by less engaged or inexperienced colleagues. Recent surveys 

reveal a diminishing motivation among senior scientists to partake in traditional peer review, 

resulting in a shift of this responsibility onto their subordinates. An unethical yet pervasive 

issue of ghostwriting peer reviews has also emerged, highlighting a significant flaw in the 

system today [256]. 

Table 1: Distinctive schemes of open access academic publishing in relation to their transparency and openness are outlined 

[32]. In the sphere of online publishing, the term ‘open’ carries multiple meanings, encompassing open access for readers, 

public availability of reviews, open disclosure of reviewers’ identities, and within P4R, the potential for public open 

commentary on a specific manuscript. It is worth noting that various combinations of these open aspects are not only plausible 

but also desirable. 

 

Traditional 

Single 

Blind 

Traditional 

Double 

Blind 

Hybrid Single 

Blind 

Hybrid Double 

Blind 
P4R 

P4R 

Hybrid 

Open accepted version of 

publication 
Yes Yes Yes Yes Yes Yes 

Open identities of authors Yes No Yes No Yes Yes 

Open identities of reviewers No No No No Yes Optional (1) 

Interaction with unreviewed 

publication 
No No Depends (2) Depends (2) Yes (3) Yes (3) 

Open interaction with 

accepted publication 
No No No No Yes Yes 

Open review reports No No Optional (4) Optional (4) Yes Optional (4) 

Post-publication peer review No No Optional (5) Optional (5) Yes (6) Yes (7) 

(1) Reviewers can choose whether to sign their review reports. (2) Depends on whether the authors choose to submit to preprint 

platform or not. (3) Interested parties from the scientific community can interact with the submission in the form of commenting, 

endorsing, and re-using. (4) Authors can choose to render the review reports and their responses public and accessible alongside 

their publication. (5) Authors are offered the possibility to share their submission on a preprint platform. (6) Submission is 

immediately available on the journal platform prior to peer review. (7) Submission is immediately available on a preprint 

platform.  

Unfortunately, this traditional practice often excludes genuinely interested parties, 

including early-career researchers and colleagues from less affluent countries. Here, the “best 
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practice” assumed to objectively evaluate the science and quality of a given manuscript is to 

solicit the expert opinions of reviewers who possess a high Hirsch Index or H-index. Indeed, 

the more the better. But it cannot be too many because this will enormously prolong the 

manuscript processing time and, therefore, in many cases the acceptable number of reviewers 

is between two and six reviewers per manuscript. Nevertheless, the reviewing process exhibits 

discrimination, privileged access to a select few while maintaining a closed-door policy. Such 

secretive and restricted reviews conflict with the ideals of a global society pursuing openness 

and transparency in their scientific practice. In scrutinizing a manuscript’s impact, the secretive 

nature of traditional review amplifies the subjectivity of the process [257,258]. 

In essence, the traditional single- and double-blind peer review systems, although widely 

lauded, are increasingly recognized as a hindrance to open and fair scientific discourse. Its 

restrictive and subjective nature contradicts modern societal values. Even open peer review 

models, while seemingly more transparent, maintain the a priori assessment by a select few 

reviewers, potentially leading to the acceptance of mediocre work and rejection of superior 

manuscripts. It is important to note that a manuscript’s true impact cannot be predetermined 

but is only discernible a posteriori, perhaps years its after publication [259,260]. Evaluating a 

manuscript’s impact a priori intrudes into a domain outside the reviewers’ purview. This 

critique is equally applicable to triple and quadruple blind review practices23. 

Furthermore, peer reviewers often impose major alterations on manuscripts, potentially 

infringing on the authors’ originality [262]. Authors frequently perceive these demanded 

changes as unwarranted interventions into their work. The issue of preserving the author’s 

voice, seldom addressed, is of importance as a manuscript is not only a scientific contribution 

but also a reflection of personal expression. Just as literary or artistic works by William 

Shakespeare or Beethoven were not subject to external revisions before public presentation, 

scientific work should be accorded similar respect. Thus, the traditional review process has 

come under criticism for being ineffective, discriminatory, cumbersome, biased, and 

undemocratic. Efforts are needed to reassess and reform these practices, incorporating more 

democratic, transparent, and inclusive mechanisms to maintain the integrity of scientific 

discourse while respecting the originality and voice of the authors [263].  

 
23 Triple-blind: author identities are hidden from reviewers, reviewers from authors, and the editor from the 

authors. Quadruple-blind: further extends anonymity, masking author and reviewer identities from each other and 

the editor, with reviewer selection based on keyword relevance. [261]. 
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3.4. Alternative Publishing practices 

Understandably, the challenges and limitations of the traditional publishing paradigm have 

incited authors to explore alternative means for disseminating their scientific findings 

[255,264–269]. One such option includes self-publishing (SP), wherein authors directly post 

their work on personal, institutional or university websites. This practice, although seemingly 

unconventional, is reminiscent of the publishing method prevalent for centuries, as indicated 

by institutes such as Oxford University Press (OUP) discussed before. With the current state 

of technology, self-publishing is technically straightforward as long as archiving and proper 

indexing are possible and has been adopted by platforms such as ArXiv, BioRxiv, ChemRxiv, 

and F1000 [270,271]. 

Despite its appeal, self-publishing is not without its drawbacks. Protection of copyrights 

and against plagiarism necessitates cumbersome registration and archiving processes involving 

platforms such Crossref to generate digital object identifiers (DOIs). Moreover, self-published 

work lacks independent validation, which affects its perceived credibility and reach. An 

attempt to adopt the SP model on the website of the Institute for Bioorganic Chemistry, 

www.academiacs.eu in 2017, illuminated these shortcomings, emphasizing that this approach 

does not equate to casually disseminating scientific findings like social media posts. 

To balance scientific rigor and independence, a more particular and considerate approach 

ought to incorporate self-publishing with components of external endorsement. This could be 

technically achieved by including public commenting and rating options, much like consumer 

feedback on online marketplaces such as Amazon or eBay. Therefore, the ‘Purple Publishing’24 

project was established in 2018 to overcome the initial challenges encountered in the first 

attempt with applying SP via Academiacs.eu. Purple Publishing sought to combine self-

publishing with an open forum for public commentary. Rather than resisting the inherent 

communal and societal aspects of the scientific activity and knowledge generation within the 

context of dissemination, this purple initiative offered tools to harness and amplify these 

exchanges with utmost transparency and openness. 

 
24 Purple has been chosen arbitrarily to mimic the common terminology in open access publishing such as green, 

gold, diamond and black. The idea was that “purple” would convey that the publishing model implemented is post 

publication public peer review, though usually the other colors mentioned pertain to the accessibility to the 

scientific piece itself. 

http://www.academiacs.eu/
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PurplePublishing.org served as a platform offering social-media and online market style 

features ranging from easy submission of manuscript, post-publication open commentary and 

also rating and messaging functions. Similar attempts to foster post-publication public peer 

reviews, such PubMed Commons, have been launched in the past, though with limited 

engagement leading to their discontinuation [272,273]. Nevertheless, platforms like Pubpeer 

continue to offer opportunities for public and anonymous commenting on manuscripts after 

their publications, albeit not without controversy [274–276]. This purple model of post-

publication public endorsement amalgamates the contemporary aspects of scientific 

communication and the interactive nature of online marketplaces. The practice is transparent, 

open, democratic, and allows global exchange and rating of scientific manuscripts. However, 

‘purple style’ self-publishing also faces issues of registering and archiving manuscripts, 

coupled with dilemmas about how revisions should be managed. 

Another significant challenge is the lack of standing and popularity within the scientific 

community. Such platforms often do not register with major search engines like SciFinder or 

Medline and do not possess an impact factor. In the case of PurplePublishing.org, visitor 

numbers were scant, leading to the project’s suspension in 2021. Despite these hurdles, the 

exploration of alternative models is crucial today in redefining and enriching scientific 

publishing practices. 
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3.5. Sci: An Inclusive Multidisciplinary Journal 

Recognizing the potential pitfalls associated with self-publishing, an innovative and more 

effective approach can be conceptualized: blending the virtues of a professional publishing 

house with the benefits of post-publication public peer review [277]. Under such an 

arrangement, manuscripts would be processed by the editorial staff of a recognized publishing 

house and subsequently disseminated in a well-established online journal. 

Post-publication, the manuscript is rendered accessible for scrutiny by the entire academic 

community. This open dialogue between authors and reviewers is not only publicly 

documented but also useful for potential revisions of the manuscript. It helps uphold the 

author’s originality while ensuring the review process remains transparent and engaging for 

genuinely interested reviewers. The acknowledgement of the reviewers’ contributions is an 

additional advantage of this model, as their efforts no longer remain inconspicuous. 

In the context of this alternative approach to publishing, the journal "Sci" (ISSN 2413-

4155) is introduced [278]. Sci is an international, open-access journal launched by MDPI in 

March 2018. It spans numerous areas of scientific research. Striving to demystify the so-called 

black box of peer review associated with single- and double-blind models, Sci adopted the post-

publication public peer review model (P4R) in March 2019, embodying the inclusive and 

democratic ethos of scientific publishing [279].  

3.5.1. P4R 

Stripped from technical terms and advanced technological and editorial support, the 

P4R scheme is similar to a simple self-publishing model [277]. The original submission from 

the author is rendered available online for interested members of the scientific community to 

volunteer and openly provide expert review reports and comments which subsequently the 

author can incorporate with rectifying and enhancing their manuscript. 

Upon submission, manuscripts undergo a brief and limited editorial check to ensure a 

level of scientific professionalism and avoid posting plagiarized or inappropriate material in 

the online journal. The manuscript submitted receives a Digital Object Identifier (DOI) and 

becomes publicly available awaiting interested experts to voluntarily review or comment on it. 

Subsequently, the author amends their manuscript accordingly, resubmit and the final decision 
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whether to accept or reject the manuscript is left to the editor. Here, each version of the 

manuscript receives an individual DOI and an appropriate label is assigned to clearly 

distinguish whether it is peer-reviewed or still undergoing the process. Interactions between 

the authors and reviewers are openly available alongside each manuscript together with their 

identities and affiliations. As a future step in this project, the implementation of a star-like 

rating, similar to popular online markets, has been envisaged, Figure 20 [236]. 

The P4R scheme protects the originality of the author’s initial submission and maintains 

transparency in the interactions between authors and reviewers. This approach to peer-review 

specifies no fixed number of reviewers and allows for the evaluation of scientific quality to 

transpire after the manuscript has already been online. Hence, it neutralizes depending on the 

a priori and subjective opinions of a few reviewers. It seeks to foster a more transparent and 

democratic crowd reviewing a posteriori. 

It should be noted that during the period of implementing the P4R scheme in 2019 and 

2020, the journal Sci required no article processing fees (APCs), has been promoted at 

international conferences and several special issues have been organized. Yet despite the 

considerate and auspicious approach to open science offered by the P4R scheme, submissions 

have been sparse. Furthermore, several technical issues have limited continuing with the P4R 

as it stood. Firstly, waiting for “interested” reviewers proved somewhat unrealistic and led to 

a lengthy and time-consuming peer-review process. The editorial office has been forced in 

some cases to invite relevant reviewers. Secondly, allowing the manuscript to appear directly 

on the journal’s website left some authors under the wrong impression that their manuscripts 

were, de facto, fully accepted in line with traditional publishing models. So, when the editorial 

office informed such authors that review reports of their manuscripts were ready, unpleasant 

replies were sent; they simply resisted conducting any corrections. This indeed prolonged the 

manuscript processing time (MPT) even more. 

Thirdly, despite being informed about the process, some authors were against 

publishing the review reports of their manuscripts and some reviewers opposed sharing their 

identities. Some review reports were simply inadequate and, in a few cases, even nasty, and 

therefore authors were perhaps too ashamed to attach them to their manuscripts and reviewers 

were probably worried about future retaliation. Whilst these experiences have hugely 

complicated publishing using the P4R model, they also say a lot about the current state of 

science and what may otherwise go on beyond “closed doors”, i.e. blind publishing models. 
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Figure 20. The conventional approach to peer review typically depends on a few, often selected reviewers who provide 

professional critique of a submitted manuscript within a limited timeframe (Panel 1). Based on these selected reviewers’ 

reports, the manuscript is either declined, amended, or published. Conversely, the public post-publication review (P4R) model 

implements a pre-evaluation to screen for unsatisfactory form and content (Panel 2). Upon passing, the manuscript is rapidly 

published as an original contribution to scientific knowledge and art and is open to public comments. Given the complications 

associated with implementing revisions leading to multiple DOIs, a hybrid model involving two online platforms and journals 

has been suggested. In this model, both volunteer and professional reviewers collaboratively engage after the manuscript is 

published on Preprints, and before it is revised and published in Sci (Panel 3). The decision to publish is based on a collective 

appraisal, and once the manuscript is published in Sci, additional public commentary for extended periods is encouraged, the 

feedback arrow, although no further refereeing or revisions are possible. 

Fourthly, manuscripts of lower scientific quality -and which received negative review 

reports- leading the editor to eventually decide to reject them had, at that point, already been 

published on the journal’s website. Rejecting manuscripts has not been an obvious option and 



99 

 

posed a serious flaw in the P4R. This issue also blocked authors from attempting to try and 

submit their work to other journals.  

Fifthly, many open access journals use several indexing services, yet generally the 

system is designed to accommodate the final, peer-reviewed version having a unique DOI. In 

the case of the P4R scheme several versions of the same manuscript each having their own 

unique DOI got indexed in several databases and started circulating the internet, sending 

notifications left and right on Google Scholar, ResearchGate and other platforms. (The 

situation in practice was even much messier than how the previous sentence reads). This further 

affected the possibility of benefiting from services providing article-level metrics such as 

Altmetrics. 

3.5.2. P4R Hybrid 

Against this backdrop, a modified form of the P4R has been adopted in Sci since 

November 2020 [280]. The P4R Hybrid aims to resolve most of the hurdles mentioned above. 

Firstly, interested reviewers can still volunteer to provide their expert opinion yet not for 

individual manuscripts, rather for the journal as a whole and the assignment of the task is left 

to the editorial office and is based upon relevance and demand. Hence, the manuscript 

processing time has been significantly reduced. Secondly, manuscripts remain to be readily 

available publicly upon submission in their original form after the brief editorial check. To this 

end an intermediate platform specialized in hosting such type of non-peer-reviewed scientific 

literature, Preprints.org, is utilized [281]. This approach resolves the issues related to the 

author’s confusion about the peer-review process as well as the issues with rejecting low-

quality submissions. Having this intermediate repository allows also for the journal to acquire 

article-level metrics and eventually an impact factor. Thirdly, sharing of the review reports and 

reviewers’ identities became optional. Authors who are interested in attaching the review 

reports alongside their manuscripts still have the possibility and reviewers willing to reveal 

their identities can do so as they wish. Notably, the decision to opt out of revealing their 

identities has indeed been unfortunate and regressive, but eventually it seems this is what the 

majority of scientists wants. 

Since the P4R Hybrid scheme has been implemented, submissions have increased and 

the journal is gaining more attention from the scientific community. Apart from the pioneering 

approach to open science and peer-review, the fact that the journal is multidisciplinary renders 
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it an inclusive hotspot for scientists from different disciplines to exchange ideas and to 

cooperate. This aspect has been exploited early on through organizing annual multidisciplinary 

and interdisciplinary special issues aimed at addressing the most pressing challenges humanity 

and the environment are facing. Additionally, Sci is promoting further inclusion by 

incorporating a summary in simple language away from technical jargon to truly bypass 

scientific boundaries. This initiative would even allow the general public to be able to read, 

digest and comprehend research, usually funded by public means, directly from the author. 

Hence, the journal would become even more inclusive and promote some aspects of citizen 

science in the near future. 

3.6. The Future of Sci 

The advent of open access publishing, inaugurated at the dawn of this century, has 

indisputably precipitated a rapid expansion in scientific communication. Nonetheless, this 

progress has simultaneously pushed the boundaries of the conventional peer review system. 

This tension has catalyzed exploring alternative solutions such as P4R, although these, too, 

wrestle with their own array of challenges [235]. 

Notably, the scientific journal Sci has emerged as an innovator in committing to P4R. 

Having distilled invaluable lessons from its experiments in 2019 and 2020, it has subsequently 

established the P4R hybrid, which forfeits the transparency and openness of science 

communication and invites greater public engagement as much as the scientist can handle and 

the community is ready to provide. Highlighting Sci’s growing influence and reputation, it is 

noteworthy that as of early 2023, the journal has been indexed in Scopus and has recently been 

awarded a commendable CiteScore of 3.1. This recognition underscores the journal’s position 

as a possible player in reshaping the landscape of scientific publishing. 

It is essential, however, to acknowledge that the transition towards a more democratized 

scientific discourse necessitates a proactive involvement of the scientific community itself. 

This means more scientists volunteering their expertise for the review of manuscripts that are 

professionally intriguing, mirroring the active engagement observed in thriving marketplaces. 

Furthermore, the spirit of open access extends beyond the mere provision of unrestricted access 

to scientific literature. It embraces a holistic transparency – from revealing the identities of 

reviewers, to welcoming the wider scientific community’s participation and input. For those 

discontented with the traditional review processes, it is time to embrace this viable alternative. 
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The coming years will undoubtedly shed light on the continued progression of online, 

open access publishing, and illustrate how both Sci and P4R can enhance their operations to 

maintain their pioneering status in contemporary scientific publishing. The fulfillment of this 

revolution, however, largely rests in the hands of the community that has demanded such 

modernity. Their proactive involvement will determine the successful realization of this 

transformation. 

3.7.Chapter Conclusions 

Drawing from the insights of this chapter, the critical role of sharing and communicating 

scientific findings is appreciated. The context of dissemination sits alongside discovery, pursuit 

and justification as a fundamental aspect in scientific practice and thus should also be examined 

with the same rigor by philosophy. Peer review, with its ability to shape, limit, or nurture 

scientific work, is a key part of this process. The lines between these steps are often blurred in 

actual scientific work, further highlighting the need to understand each aspect’s unique role 

and challenges. Here, a wide range of other issues call for closer attention such as the 

proliferation of chemical syntactic pathways, patents restricting access to essential medication 

and the use of artificial intelligence in manuscript evaluation and possibly peer review. 

Open science has yet a long way to go. Imperative questions remain on how to motivate 

the different stakeholders operating and interacting in the scientific publishing landscape to 

deepen their practice of serious open science. Science is the most effective and accurate method 

for constructing, explaining and understanding the world around us, yet it remains also 

vulnerable and amenable to the senses. It is, therefore, crucial to cooperate and exchange as 

freely as possible in a transparent and democratic manner. One program of action is to promote 

and initiate replication studies and grants. Perhaps, even popularize a “Replication Label” as a 

stamp and standard of higher scientific quality. 

Inevitably, we circle back to the theme introduced at the beginning: the inherent fallibility 

of every person, institution, and process. Accepting this reality highlights the need for 

transparency, openness, and critical reflection throughout all steps and aspects of scientific 

work, including peer review. As we strive to align scientific practice with the broader goals of 

knowledge advancement and serving society and the environment, the discussions within this 

chapter underline the intricate dynamics which underpin the world of scientific publishing. 
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To summarize lastly, 

in a way which rhymes nicely. 

Publishers, scientific communities, academic and funding institutions, 

should work together and find solutions.  

Cooperate and act. 

Decisive action to be the pact. 

Relieve the “publish or perish” pressure off the scientist’s neck. 

It may seem simple, but it is turned into a wreck. 

Put the pressure away, 

so the transparency can stay. 

Open science practiced democratically, 

will counteract the replication crisis drastically. 

A crisis managed so duly, 

will turn into a revolution surely. 

The word must spread, 

a “Replication Revolution” looms ahead. 
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4. Controlling the Pharmaceutical Product: Decisions, Regulations and Consequences 

As mentioned already on several occasions, pharmacy is a science, an art and a craft. It 

is also an industry with immediate relevance to the wellbeing and health of humans, animals 

and the environment. In this context, a pharmaceutical substance is not “just” a subject of 

research, it is also of substantial importance in society and elsewhere. The concept of control, 

therefore, plays an essential role in governing the internal relations within pharmacy and its 

external relation with politics, economy, society and the environment. This critical juncture 

exerts influence, in both directions through the employment of policies, regulations, standards, 

and guidelines, while simultaneously being shaped by the possibilities inherent in scientific 

evidence and technology available and the evolving necessities and expectations of society and 

the environment, Figure 21. 

Figure 21. A schematic illustrating the phases of developing a new chemical or biological entity into a 

pharmaceutical drug product. The “Regulation” step is at the center imposing standards for assuring the quality 

of research and development, evaluating new drug application for approval and conducting post-market 

surveillance in terms of pharmacovigilance and environmental impact of pharmaceuticals. Relevant aspects to 

regulations and control are depicted in red. 

This regulatory dynamic extends beyond just a directive framework; it spans a broad 

spectrum of actions ranging from “Good Laboratory Practice” in basic and preclinical research 

and “Good Clinical Practice” in the clinical phase to “Good Manufacturing Practice” in 

production. The regulatory apparatus is also responsible for evaluating new drug applications 

related to approval and market entry of pharmaceutical products as well as their aftermarket 

surveillance of potential adverse drug reactions and environmental impact. Its aim is to ensure 

that the products of pharmaceutical research, primarily drugs and medications, foster health 

and wellbeing of society while being administered safely and effectively. Importantly, control 

also serves to mitigate potential detrimental impacts; because of the intimate relationship 

between pharmaceutical products, human health, societal well-being, and environmental 

health, the potential risks can be considerable. Decisions directing control towards safely 

attending to societal needs are usually informed and based on scientific evidence. 



105 

 

Maintaining the safety and effectiveness of pharmaceutical products, therefore, 

embodies a dual purpose: it aims to ensure therapeutic benefits while minimizing potential 

harm. As will be discussed, this goal is reached through implementing risk management 

approaches and quality assurance standards. In both cases, decision and action is usually 

predicated on knowledge or evidence generated through scientific practice in pharmacy and 

dependent on the approaches and technologies available. These aspects form the bedrock of 

regulatory oversight, policy formulation, and informed or evidence-based decision-making in 

pharmacy. 

The subsequent section further explains the concept of control in pharmacy25. Section 

4.2. is dedicated to the recent regulatory deliberations of the COVID-19 vaccines. This section 

addresses risk and risk attitudes in decision-making and methodological constraints imposed 

by global health emergencies and suggests possible solutions. Section 4.3. is dedicated to the 

issue of pharmaceutical impurities. This section exemplifies the strict regulation on 

pharmaceutical impurities and reflects upon them from a chemical, biological and 

environmental perspective. Section 4.4. is dedicated to reviewing the environmental and 

ecological impact of unused and expired medication from the perspectives of guidelines and 

regulations. Section 4.5. is the chapter’s conclusion. 

  

 
25 The discussion in this chapter is supported and based on three manuscripts published in international, peer 

reviewed journal: Abdin, A.Y.; Yeboah, P.; Jacob, C. Chemical Impurities: An Epistemological Riddle with 

Serious Side Effects. Int. J. Environ. Res. Public Health 2020, 17, 1030. https://doi.org/10.3390/ijerph17031030, 

Alnahas, F.; Yeboah, P.; Fliedel, L.; Abdin, A.Y.; Alhareth, K. Expired Medication: Societal, Regulatory and 

Ethical Aspects of a Wasted Opportunity. Int. J. Environ. Res. Public Health 2020, 17, 787. 

https://doi.org/10.3390/ijerph17030787 and Abdin, A.Y.; De Pretis, F.; Landes, J. Fast Methods for Drug 

Approval: Research Perspectives for Pandemic Preparedness. Int. J. Environ. Res. Public Health 2023, 20, 2404. 

https://doi.org/10.3390/ijerph20032404. 

https://doi.org/10.3390/ijerph17031030
https://doi.org/10.3390/ijerph17030787
https://doi.org/10.3390/ijerph20032404
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4.1. The Concept of Control in Pharmacy 

The term “control” traces its origins back to the early 14th-century Old French 

“contrarotulus”, a register or roll used to cross-check other registers, or “rolles”. The root of 

this term can be broken down into two Latin parts: “contra” meaning “against” and “rotulus” 

meaning “roll, a small wheel”. Over time, the term evolved and came to be associated with the 

idea of exercising restraint or maintaining authority over something so to achieve a goal. 

When juxtaposed with similar terms such as “standard”, “regulation”, and “guideline”, 

“control” carries unique nuances. A standard often refers to an established norm or requirement 

which has been widely accepted. It functions as a benchmark “roll” against which performance 

or quality can be measured and evaluated. Conversely, a regulation is a rule or directive 

enforced by an authority, while a guideline provides general advice or recommendations about 

how something should be done. The concept of control, while overlapping with these terms in 

some areas, primarily focuses on the authority or power to influence, direct or dictate the course 

of events. 

In the context of scientific practice, particularly pharmaceutical sciences, control refers 

to implementing measures which ensure that experimental conditions are strictly maintained 

or that a particular variable is held constant. In clinical trials, for example, a control group may 

receive a placebo treatment, allowing researchers to compare the effects of a drug against a 

baseline. This type of control provides a means of verifying the reliability and validity of 

experimental results. From an industry perspective, control involves processes to manage 

operations, ensure quality, and optimize productivity. For pharmaceutical manufacturers, 

control mechanisms may include quality assurance procedures, process optimization, and 

regulatory compliance. 

From a social perspective, control might refer to social norms, regulations, laws or 

traditions which shape behaviors and attitudes and subsequent action. In a pharmaceutical 

context, this could be observed in public campaigns promoting vaccination, banning the use of 

contraceptives or discouraging misuse of analgesics or painkillers. From an environmental 

standpoint, control represents the measures taken to mitigate adverse environmental impacts. 

Within pharmacy, this includes developing and implementing strategies for managing millions 

of tons of unused or expired medication and minimizing their disastrous impact on biodiversity. 
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In policy-making -perhaps most relevant to the ensuing discussion- control denotes the 

measures taken by governing bodies to regulate activities, often with the goal of protecting 

public interests. An example in pharmacy is the control exerted by agencies such as the 

European Medicine Agency (EMA) in the European Union and the Food and Drug 

Administration (FDA) in the United States and the Medicines and Healthcare products 

Regulatory Agency (MHRA) in the United Kingdom, which sets strict regulations on the 

development, testing, market entry, distribution and post market monitoring of drugs to ensure 

their safety and effectiveness. 

Within pharmacy, the role of control indeed stands out as pivotal, serving to align the 

diverse interests of its many stakeholders. Such interests may range from individual consumers 

and vast industries to vigilant regulatory bodies and environmental concerns. Central to all 

these interests is the pharmaceutical product, the culmination of rigorous research, 

development, and regulation. Each stakeholder brings a specific lens to the notion of control. 

An individual might focus on therapeutic outcomes, industries on profit and market 

performance, regulators on public safety, and environmentalists on responsible disposal. 

Despite these varied viewpoints, the hope is for a common thread: ensuring the product’s safety 

and efficacy while meeting the broader needs of society. 
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4.2. Regulating under Pressure: Lesson for Future Pandemic Preparedness 

Emergencies in public health, such as novel infectious disease outbreaks, present a difficult 

challenge for scientific communities, practitioners, and drug regulatory bodies. The pandemic 

of COVID-19 represents a case in point, which has thrown the spotlight onto the concept of 

pandemic preparedness and stimulated an impressive volume of academic literature [282–286]. 

Pandemic-related discourse has become so ubiquitous that it has permeated even traditionally 

less related fields such as philosophy [287–292]. Though the topic of pandemics attracted grand 

attention, little has been devoted to the process of decision-making regarding the approval and 

implementation of medical countermeasures, such as vaccines, in the event of future 

pandemics. 

The approval and authorization of such pharmaceutical products serve as crucial regulatory 

mechanisms to guarantee their safety and efficacy. Under usual circumstances, the trajectory 

of drug development and approval is protracted and costly, with low success rates and sluggish 

clinical implementation [293,294]. In contrast, an effective response to pandemics necessitates 

swift decision making [295]. Meanwhile, the urgency of such situations inherently introduces 

uncertainty, as time pressures preclude comprehensive randomized clinical trials (RCTs) 

[296,297]. 

In the absence of randomized evidence, decisions must rely, at least in part, on non-

randomized or Real-World Evidence (RWE). Characterized by observational data obtained 

outside of RCTs, RWE provides clinically pertinent evidence for decision-making. 

A conceptual examination of decision-making in the context of pandemic-driven drug 

approval reveals three intertwined issues [298]. Firstly, which risk attitudes should be adopted? 

This relates to the management of risk in drug approval decisions amid substantial 

uncertainties. Secondly, which methodology should be employed for evidence production? 

When feasible RCTs are not an option, the emphasis shifts to study designs which can generate 

the best supporting evidence for drug safety and effectiveness. Thirdly, how should already 

available evidence be consolidated? This addresses methods for bias reduction and evidence 

aggregation to support decisions. 

Advancements in the understanding of these complex questions concerning the 

methodology for drug approval during pandemics could enhance pandemic preparedness and, 

ultimately, yield better public health outcomes. It is worth noting that pandemic preparedness 

often refers exclusively to human and physical resources. In the context of this thesis, however, 
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a broader definition, encompassing methodologies for making uncertain inferences in public 

health decision making is adopted [299]. 

Hence, the ensuing discussion will explore these three aspects and possible means to 

address them. Providing definitive answers to these questions remains beyond the scope of this 

section, the aim is to conceptually (i) outline relevant questions, (ii) highlight challenges to 

answering such questions, and (iii) suggest potential methods for overcoming these challenges, 

with the end goal of enhancing pandemic preparedness. The conceptual analysis draws upon 

recent advancements in the philosophy of science, philosophy of medicine, and risk assessment 

theory. 

The subsequent section initiates the discussion by addressing risk attitudes and concepts. 

It also suggests strategies for handling risk in public health emergencies and lists some lessons 

learnt from the COVID-19 pandemic. Section 4.2.2. contemplates the optimal study design 

amidst pandemic constraints. Section 4.2.3. highlights strategies and constraints of 

amalgamating and synthesizing the evidence available to render informed decision-making. 

Section 4.2.4. is a brief conclusion. 

4.2.1. Risky decisions 

Risk, with all its complexities, occupies a central position in decision-making, particularly 

during public health emergencies. Risk is conceptualized as the probability and severity of 

adverse health outcomes arising from pandemics, compounded by uncertainties in medical 

decision-making and response strategies. It encompasses both the direct health implications 

and the nuanced challenges presented by societal, ethical, and methodological considerations. 

The attitudes of decision-makers towards risk are shaped by the inherent uncertainty of 

potential choices or courses of action so to achieve specific outcomes. This significantly 

influences the approach to managing crises such as the COVID-19 pandemic. 

Three primary risk attitudes highlighted by traditional decision theory play a vital role in 

crisis management. Risk-neutral individuals focus on maximizing expected benefit, 

irrespective of uncertainties. Those with a risk-averse stance prioritize being on the safe side, 

opting for less uncertainty even at the cost of potential benefits. Conversely, risk-seekers 

willingly trade some expected utility for the chance of larger benefit, emphasizing better-than-

expected outcomes. 
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Underlying these risk attitudes is the concept of “uncertainty”, a condition marked by the 

absence of complete, definitive evidence, knowledge or data. Beyond scientific unknowns due 

to methodological or technological limitations, uncertainty permeates various aspects of a 

crisis, including societal responses, policy effectiveness, healthcare system capacity, and the 

broader impacts on socio-economic structures and even individual or group psychological 

factors. 

In the context of a global health emergency, uncertainty is not inherently negative. Instead, 

it is a reality requiring recognition, quantification where possible, and effective management. 

The intertwining of uncertainty and risk attitudes underscores the complexity of decision-

making during crises. Risk attitudes fluctuate with changing disease dynamics, cultural norms, 

and emerging scientific evidence, hence capturing and managing them together is paramount 

in navigating the terrain of uncertainty effectively, making it an essential component of crisis 

management. Therefore, an understanding of risk attitudes, their relationship with uncertainty, 

and their impact on decision-making processes is crucial in mitigating the challenges posed by 

public health emergencies. 

4.2.1.1. A Set of Risk Attitudes and Concepts 

Decision-making in the domain of public health emergencies holds intricate dynamics 

between risk and the consequent attitudes towards it. These dimensions have an extensive 

impact on the collective response to crises, evident in the global navigation of the COVID-19 

pandemic. An exploration into these multifaceted risk attitudes and the broader paradigms of 

concepts for handling such risk in healthcare decision-making offers significant insight into 

how to comprehend, confront, and handle uncertainty. 

When confronting novel diseases, how can regulatory bodies or public health practitioners 

navigate vast uncertainties surrounding the potential benefits or effectiveness of a medical 

intervention? The debate on prescribing hydroxychloroquine for treating COVID-19 

exemplifies this challenge, with profound uncertainty surrounding its effectiveness and safety 

leading to hesitation in its endorsement [300,301]. Typically, benefit assessments employ a 

comprehensive array of statistical tools which quantify anticipated benefits. Such methods also 

allow for the statistical representation of uncertainties in terms of expected average benefits 

and variance. Such deliberations are fundamental in drug approval dialogues. During pandemic 

situations, however, the data available might not provide a steadfast quantification of expected 
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variance or average benefit. Hence, the question remains: how should we address and act upon 

these embedded uncertainties? 

In terms of safety, how should regulators address the profound uncertainties concerning the 

magnitude of adverse reactions, both in severity and frequency, when evaluating a medical 

intervention for a novel disease? For instance, concerns about the Oxford–Astra Zeneca 

vaccine’s association with blood clotting led regulatory bodies to tread cautiously in its 

implementation [302]. Safety assessments differ from their benefit counterparts in that they 

emphasize tracking rare adverse events, potentially leading to severe outcomes. Given the 

infrequent nature of these events and the limited scope of many randomized clinical trials, 

safety evaluations often incorporate evidence from non-randomized studies [179,303–305]. 

Such assessments routinely feature narrative reviews which integrate Real-World Evidence 

(RWE). Though methodologies to assess safety based on non-randomized evidence exist, a 

pronounced lack of randomized data can amplify uncertainty about expected adverse reaction 

magnitudes, variances, and populations at increased risk. Navigating these uncertainties, 

already challenging in standard conditions, becomes even more critical during medical 

emergencies [306]. 

Similarly, how should one effectively balance the benefits of a medical intervention against 

potential risks (harm)? In other words, how can we trade the effectiveness of a medical 

intervention for its safety or vice versa? The case of the Oxford–Astra Zeneca vaccine’s 

suspension due to blood clot concerns offers insight, revealing that reactions varied across 

countries, possibly influenced by differing risk attitudes or decision-making speeds [297,302]. 

One should also not forget that the general public play a role as in most cases they have a right 

to accept or refuse not only vaccines but any medical intervention, more on this in Chapter 

Five. From a decision theory perspective, many experts assert that the normative approach 

should seek to maximize expected utility, i.e. effectiveness, by mitigating risks, i.e. adverse 

reactions [307–309]. This principle, which equates benefits and losses at a 1:1 rate, conflicts 

with the normative medical doctrine of “primum non nocere” – “first, do no harm”. In drug 

approval contexts, how should authorities, well-acquainted with such evaluations under regular 

circumstances, weigh expected benefits against anticipated adverse reactions, especially given 

the substantial uncertainties in adopting interventions directed to curb the spread of a novel 

infectious disease? 
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Regulatory bodies hold substantial responsibility in managing risks and benefits of medical 

interventions. Entities such as the EMA and the FDA oversee the market entry and distribution 

of medicines, ensuring that only those deemed effective and safe are accessible to the public 

[310]. These regulatory measures are, however, sometimes contested by patient groups and 

drug manufacturers, who argue for greater patient autonomy in medication choices, especially 

when the individuals are the ones directly affected by the drug outcomes [311–314]. Amidst 

time constraints and a scarcity of robust scientific evidence, the pivotal question arises: should 

regulators grant patients enhanced discretion in their medical choices? 

Furthermore, mandating vaccination in specific subpopulations, such as health workers or 

the elderly, has been observed in numerous countries [315]. Given the exceptional potential of 

pandemics to adversely affect entire societies, the question arises: in light of the collective 

responsibility to combat widespread diseases, should health interventions be made mandatory, 

particularly for symptomatic patients who pose a greater risk contagion? Or, given the broad 

societal impact, should individuals have a greater voluntary role to undertake and participate 

in such interventions? 

The issue of regulating during a public health crisis is further complicated once resource 

allocation is scrutinized. Distributing scarce medical resources during a pandemic brings about 

critical ethical considerations. While drugs vetted by the EMA and the FDA are usually 

abundant in non-pandemic scenarios, a pandemic’s urgency demands swift resource allocation. 

The prioritization of vital workers and vulnerable, usually older or immune compromised 

individuals for COVID-19 vaccines has been a notable global strategy [316]. It should be noted 

that this has not been the case globally. China, for instance, prioritized its young population to 

receive the COVID-19 vaccine as they represented individuals who are most likely to 

contribute to society and help to minimize the impact of the pandemic [317]. Yet, scarcity, as 

exemplified by ventilator shortages [318], and the nascent understanding of drug risk-benefit 

profiles complicate this approach. Critical questions emerge: Should allocation favor those 

with higher life expectancy or quality of life, potentially prioritizing younger individuals over 

the elderly? How do the varying risk profiles and recovery prospects by age, as well as 

considerations of booster shots versus global aid to less fortunate countries with low vaccine 

coverage, play into these decisions [319–321]? 

In the race to counter pandemic threats, prioritizing research funds is also rendered pivotal. 

Both public and private sectors have channeled resources towards researching therapies and 
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preventive strategies, especially vaccines [179]. Organizations such as the WHO have funded 

initiatives like the “Solidarity Trials” to evaluate the effectiveness of existing drugs against 

COVID-19 [301]. Given the inherent advantages of existing drugs, including lower costs, 

better-understood risk profiles, and immediate availability, they have garnered significant 

attention. This direction of funding aligns with the predominance of treatment-focused trials 

on platforms such as ClinicalTrials.gov, underscoring the broader strategic approach to 

resource allocation in research [179]. 

Yet availability of research funding is only part of the story. In the urgency of a pandemic, 

determining the most ethical means of generating reliable evidence about drug safety and 

effectiveness also presents significant challenges. During the COVID-19 pandemic, the 

prevalence of animal experimentation has been notable [322], while human challenge trials, 

which involve the intentional exposure of healthy volunteers to pathogens, have been sparse 

and eventually controversial [323]. Animal models offer means of conducting trials at the 

potential expense of their welfare [324]. Human challenge trials, however, promise even 

quicker and more reliable evidence yet poses substantial health risks to participants [325,326]. 

This raises an ethical dilemma: Should we prioritize human welfare by increasing potential 

harm to animals, or put humans at risk for faster and more reliable data collection? Advocates 

of animal rights and several ethicists champion the principles of “replacement, reduction, 

refinement” [327], emphasizing alternatives like in vitro and in silico research. The pivotal 

question remains: How should ethical bodies navigate the intricacies of human challenge trials 

and animal experimentation amidst a health crisis? 

While each pandemic or health emergency presents unique challenges to regulatory 

authorities, health practitioners and the general public, an improved understanding of these risk 

attitudes and concepts may significantly enhance preparedness for future pandemics. 

Analyzing risk attitudes, as showcased during the COVID-19 pandemic, and the broader 

paradigms of risk management offers essential insights into how the global society can navigate 

such crises in the future. 

4.2.1.2. Balancing Risky Decisions: Experience Meets Theoretical Frameworks 

Drawing on past and previous events and experience offers a valuable approach in 

discerning rational risk attitudes for navigating future pandemics. Presently, pervasive diseases 

such as malaria, HIV/AIDS, and hepatitis in regions such as Ghana compel health professionals 

to handle difficult decisions [328,329]. An analysis of these decisions and courses of action 
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employed, whether through direct elicitation or observation, may offer critical perspectives to 

guide responses in upcoming crises. It has been observed, for instance, that during previous 

outbreaks, notably Ebola, quarantine measures often posed challenges, sometimes leading to 

adverse outcomes such as community or social resistance [330]. 

In complementing past experiences, theoretical frameworks may play an indispensable 

role. Ethical theories, despite their normative nature, guide actions towards morally sound 

decisions. Pertinent discussions in this realm revolve around the level of oversight by drug 

regulatory bodies, the delicate balance between risks and benefits, responses to unforeseen 

risks, concerns surrounding animal welfare, and the ethics of human challenge trials 

[324,325,331–333]. Consequentialist theories, such as utilitarianism, tend to advocate actions 

which would maximize societal wellbeing, such as the rapid approval of medications or 

vaccines. Conversely, deontological approaches might support adhering to the established 

regulatory guidelines irrespective of external pressures. Virtue ethics pose the question of how 

a virtuous and moral actor would handle such a situation. This could translate into finding a 

balance between the urgency of a situation and the safety of medical intervention. Care ethics 

might necessitate the distribution of medications or vaccines to individuals who are in critical 

conditions while still in the period of conducting safety and effectivity assessments. 

Contractarianism holds that moral actions are those resulting from unbiased, collective 

consensus. In this context, moral principles are derived from the idea of a social contract or 

general agreement among individuals towards mutual advantage. Similarly, relativism involves 

factoring cultural or societal norms. Notably, in real-world situations, these ethical frameworks 

might not necessarily be in conflict when considering the ethical or moral course of action and 

regulatory bodies tend to draw on insights from different ethical theories. 

Drawing from the experiences of battling the COVID-19 pandemic, it becomes evident 

that effective risk communication plays a pivotal role in managing such crises [334,335]. This 

sentiment is reinforced by the EMA’s assertions. Insightful exploration of the interplay between 

evidence and decision-making processes has been highlighted [336]. It is stressed that during 

emergencies, rapid evaluation models present innovative methodologies for the production of 

evidence. Intriguingly, in the throes of an emerging infectious disease crisis, evidence 

gathering, its synthesis, pivotal decisions, and public health responses unfold concurrently. It 

has been advocated for a fluid and reflective strategy which necessitates continuous dialogue 

between policymakers and the population impacted. 
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4.2.2. Generating Evidence during Emergencies: Frameworks for Reliable Study 

Designs 

Certain attributes of study design are essential for drawing reliable conclusions. In 

situations where such designs are inaccessible such as the urgency of a pandemic, the reliance 

shifts to expert opinions, mechanistic evidence, and observational findings, i.e. RWE.  

In light of the urgency for expedited decision-making and evidence gathering during a 

pandemic, conducting thoroughly powered randomized studies represents a serious challenge. 

At the initial stages of a pandemic, owing to the nascent understanding of the pathogen’s 

biological and epidemiological properties, participants in vaccine trials may not encounter 

consistent exposure, thus hindering a robust assessment of therapeutic strategies [337]. 

Likewise, clinical trials may face hurdles in achieving the desired patient recruitment 

thresholds [338]. Faced with such complexities, the overarching aim remains to harness the 

most robust evidence possible. Thus, the pertinent question arises: How might we formulate 

study designs which offer the most robust and actionable evidence? 

Establishing an optimal study design a priori, without considering the specific context, 

proves impractical. Directing the discourse, however, towards addressing aspects of study 

design associated with reaching reliable conclusions is indeed insightful. Duration of 

observational studies, for instance, is a modifiable element in study designs and plays a pivotal 

role. Specifically, the duration of observation is rendered indispensable when discerning 

potential drug-related side effects or adverse reactions [177,339,340]. While an extended 

observation period aids in recognizing a drug’s harm, the urgency of pandemics or the outbreak 

of novel infectious diseases the overriding urgency intrinsic to pandemics significantly reduces 

the time available. 

The challenge is compounded when considering patient enrollment count in trials, 

another manageable parameter. It is assumed that the larger the sample the more reliable the 

conclusion. Constraints, such as limited number of volunteers, drug supply shortages, time 

constraints for clinical trial preparations, and reduced chances of patient-pathogen interactions, 

represent considerable obstacles [337,338]. A comprehensive sample endows researchers with 

confidence against statistical anomalies i.e. promotes precision. Yet, it offers no assurances of 

the true representation of effect size: precision does not necessarily equate to accuracy [341]. 

Effect size is a quantitative measure which captures the magnitude of a difference or 

relationship between variables in a study. In COVID-19 vaccine trials, for instance, an effect 

size might represent the degree of difference in infection rates between vaccinated and 
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unvaccinated groups, highlighting the vaccine’s practical efficacy beyond just statistical 

significance. 

Conflicts of interest, an often-overlooked factor, may distort study designs and their 

subsequent interpretations [342,343]. Some public health experts even advocate for the 

nationalization of drug research and development, evaluation, and monitoring [331]. Given the 

financial interest at play in such decisions, one way to reduce inherent biases could be by 

excluding pharmaceutical developers from drug monitoring. Moreover, employing covariate 

adjustments26 during both design and analytical phases may serve to reduce biases. It is worth 

noting that current practices in the academic community already advocate such techniques in 

randomized trials and observational studies, provided certain conditions are met [344]. 

Upholding these standards, even in the midst of pandemics, emerges as a reasonable step 

forward. 

Surrogate models, including animals, in vivo, in vitro, and in silico studies, have 

consistently offered cost-effective, large-scale research avenues. To translate findings from 

such models to humans, external validity27 is paramount [345]. In contrast, acquiring direct 

evidence necessitates its source to be from the target patient population, such as human 

challenge trials discussed earlier. Rendering inferences and subsequent medical intervention 

based on evidence or findings from the broader population to handle the needs of a specific 

patient introduces myriad challenges. The selection of an appropriate reference population 

presents a complex task: opting for a broad reference class may yield a diverse group of 

patients, not all of whom might mirror or account for the need of the patient in focus. 

Conversely, a narrower reference class might yield limited observations, making dependable 

frequency estimation problematic [346]. This delineates an intricate balance between the 

richness of data and its precision i.e. favoring quantity of evidence over its quality or vice versa. 

Furthermore, hounding external validity frequently leans on analogical reasoning, where 

the parallels between the model and human subjects are construed based on specific 

resemblances [347–349]. Yet, these determinants of resemblance or similarities inherently 

validate the relevance of the analogy, leading to a futile circular argument known as the 

 
26 Covariate adjustment refers to the statistical process of controlling for potential confounding variables in an 

analysis. It aims to isolate the effect of a primary predictor on an outcome by accounting for other influencing 

factors. 
27 External validity pertains to the extent to which study results can be generalized to settings, people, times, and 

measures beyond those used in the experimental setup. It addresses the applicability of findings across varied 

conditions and populations. 
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extrapolation circle [350]. This recursive cycle poses significant challenges to the validity of 

evidence derived from surrogate model experiments. Notwithstanding, the quest to 

successfully adopt analogical reasoning persists in science, as seen in recent explorations 

[351,352]. 

4.2.2.1. Decisions from Imperfect Evidence 

Several fields deal consistently with suboptimal data. Take astrophysics as an example, 

where direct interactions with black holes remain elusive. Instead, researchers rely on table-

top experiments (dumb holes) which mimic certain properties of black holes [353]. Nutrition 

science, aim to delineate the effects of diet on health. Due to the subtle and protracted nature 

of such effects, however, randomized controlled trials are indeed, generally, impractical and 

inapplicable [354]. Regardless, a consensus on what delineates a healthy diet has been largely 

achieved [355]. Delving into their causal inference techniques could offer insights into better 

addressing pandemics. Such insights, however, should be handled and applied with caution. 

These disciplines discussed here do not and perhaps cannot intervene on the subject of their 

study, such as the blackhole, in a similar manner say in a controlled experimental setting 

employing a specific microorganism or a cell-line. These sciences are descriptive in nature and 

their causality is counterfactual discerned through theorizing retrospectively. Turning to the 

medical sphere, orphan drugs, by their very nature, target infrequent medical conditions [356]. 

The effectiveness and potential side effects of such drugs remain relatively obscured during 

their initial approval stages. This mirrors the urgency and ambiguity seen during drug approvals 

amidst public health crises. Therefore, methodologies employed in the evaluation of orphan 

drugs might offer valuable lessons when navigating drug evaluations during pandemics. 

The incorporation of a control group is an integral component of RCT methodology. It 

enables assessing the effectiveness of medical interventions in RCTs by comparing their 

outcomes against the control group, which may exhibit the placebo effect. In contrast, the 

“nocebo effect” represents the perception of adverse effects after the administration of a 

medication. The nocebo effect is a psychological phenomenon arising when negative 

expectations of a treatment lead to detrimental outcomes or side effects in a patient. It is the 

counterpart to the placebo effect, where the belief in a treatment's efficacy can produce positive 

outcomes, even without therapeutic intervention. The magnitude and frequency of nocebo 

manifestations are influenced by risk communication and have been analyzed in the context of 

COVID-19 [357,358]. Such observed nocebo reactions offer a model to anticipate the intensity 
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and prevalence of nocebo responses in subsequent pandemics. Furthermore, one may increase 

the sample size by simply devising more inclusive criteria, actively engage in patient 

recruitment and avoid pre-setting a designated count. 

From a broader perspective, one may also focus on including the social and contextual 

dimensions in evidence-based reasoning within data science. Adopting a “holistic, reflexive, 

socially conscious, and participatory research approach promises more resilient, trustworthy, 

and ethical results, albeit demanding greater investment in time and resources” [359]. 

Additionally, there is a growing call for heightened transparency in evidence evaluations, 

pertaining to data selection, measurement methodologies, model choices, and so on, and to 

conduct these discussions in public forums [360]. 

4.2.3. Crafting Evidence during Emergencies 

The attention is now shifted to the task of consolidating or amalgamating existing 

evidence so to craft informed decisions and regulations. In pressing public health crises, 

regulatory entities such as the EMA and the FDA have formulated protocols to speed the drug 

approval procedure. These methods encompass rapid review and assessment of marketing 

submissions, along with sanctioning the emergency deployment of medical interventions 

[361,362]. The nature of these methodologies is overarching and somewhat general, for 

instance, stipulating a favorable benefit-risk ratio and an individualized examination. Several 

successful COVID-19 vaccines, however, received approval via these channels [363]. The 

point of departure is a pressing need to refine such evidence synthesis strategies to aptly tackle 

ensuing pandemics. 

Building on the prior discussion, the framework of an informed decision would draw upon 

all evidence available which encompass RWE (real world evidence) manifested as population-

centric observational research, animal trials, basic science findings or mechanistic evidence, 

and in silico clinical experiments. The conundrum then is to leverage this vast pool of 

knowledge optimally. What approach should be adopted to efficiently put together this plethora 

of evidence? 

In an ideal scenario, one would possess a strategy to eliminate or rectify biases within 

available evidence to extract reliable insights to inform the best course of action. Regrettably, 

such an optimistic approach remains elusive. The aspiration to purge data of bias remains a 

distant mirage at this juncture. The most sophisticated concepts and structured techniques for 

evidence amalgamation revolve around meta-analyses rooted in statistical approaches. Yet, 
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meta-analyses grapple with assimilating data from diversely designed studies, such as 

randomized, case-controlled, longitudinal, and cross-sectional. To incorporate findings from 

tests on surrogate models, a broader albeit less regimented evidence amalgamation approach is 

adopted. Regulatory bodies responsible for drug approvals have already started employing such 

less structured amalgamation methodologies. They are indispensable, especially when 

considering individual case studies pivotal in pharmacovigilance [364,365]. 

Considering the urgency for evidence amalgamation methodologies in 

pharmacovigilance, which is equipped to handle a diverse array of potentially biased evidence, 

it is understandable that a plethora of techniques have emerged targeting either the quality/bias 

assessment or the overarching synthesis of data. The challenge is not rooted in a lack of 

techniques or methodologies [366]. Conversely, the conundrum lies in the overabundance of 

techniques available, with a blurred vision regarding which one to employ and in which 

scenarios. 

4.2.3.1. Navigating Uncertainties in Evidence Synthesis 

Philosophical interest deeply probes into the facets of evidence synthesis, yet the actual 

management of profound uncertainties remains unresolved [367,368]. As discussed above, 

mere statistical methodologies fall short when synthesizing evidence, particularly in pandemic-

induced drug evaluations. Below are additional considerations to overcome uncertainty which 

might reinforce causal inference, supporting drug approval decisions during pandemics. 

The dominant approach addressing scientific and medical uncertainties leans on 

Bayesian epistemology [369–371]. Similar to Bayesian statistics, the uncertainties in Bayesian 

epistemology are anchored in (i) prior probabilities which encapsulate the evidence available 

and (ii) update mechanisms to express evidence accumulation and posterior probabilities [372]. 

The main difference from Bayesian statistics is that this epistemology defines probabilities 

across all relevant variables. Its foundational premise is that evidence accumulation supersedes 

any initial beliefs, with developing posterior convictions gradually aligning with the actuality 

(the real world) [373]. This facilitates comprehensive evidence amalgamation, enabling the 

computation of probabilities concerning drug effectiveness and safety [170,171,214,374]. Yet, 

there is a stumbling block with Bayesian synthesis. It relies on a large number of probabilities 

which objectivity is sometimes questionable as this approach in many cases requires subjective, 

expert opinions [375]. The debates concerning this subjectivity are notable [376–379], and one 
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may argue that decisions impacting millions if not billions of people should transcend the 

subjective allocation of prior probabilities and instead seek objective means. 

Another approach to navigate uncertainties is to deploy the imprecise probabilities 

framework. Here, instead of a definite percentage, a range is given to represent uncertainty. 

During the early phase of COVID-19, for instance, experts applied the imprecise probabilities 

framework, suggesting a 15% to 25% hospitalization rate for a specific demographic. This 

approach aptly captures the large uncertainties faced in decision-making given evidence 

available [380–382]. Another challenge, however, emerges: there are multiple ways to interpret 

and exploit these ranges of probability to derive decisions in terms of medical interventions 

[383]. While some interpretations may suggest inaction due to lack of clarity or evidential 

support, decisions and action often remain imperative. Currently, there is no universally 

accepted guideline on how to choose among these interpretations. Hence, such a broad range 

poses challenges for the planning and allocation of healthcare resources. 

Several other methodologies warrant mention. Qualitative decision theory represents an 

aspiring approach [384]. Qualitative decision theory focuses on decision-making without 

relying on numerical quantification. Instead of using numbers, it emphasizes the nature or 

quality of choices available. In medical contexts, however, quantifying the magnitude or effect 

size of a treatment or medication is crucial, which poses challenges for solely relying on 

qualitative approaches. Ranking functions represent another qualitative approach. they provide 

a hierarchy of outcomes based on their importance, systematically ordering them without 

assigning explicit numerical values. Ranking functions encapsulate uncertainties by assigning 

distinct ranks to outcomes within the sequence {0,1,2,3,…,∞} [385]. Yet, reaching decisions 

while exploiting ranking functions remains obscure, and no strategy exists to translate medical 

evidence into such functions. Severe testing primarily focuses on appraising statistical 

hypotheses through rigorous evaluations [386]. This statistical approach mandates stringent 

statistical evaluations, ensuring that only hypotheses withstanding robust empirical scrutiny are 

endorsed. Machine learning and the broader scope of artificial intelligence are rapidly gaining 

traction in evidence synthesis [387–394]. Philosophical explorations on the potential of 

computer simulations in evidence management span foundational perspectives, theoretical 

constraints, and their inherent values [395–398]. 

Notably, advances in synthesizing and amalgamating real-world evidence stemming from 

the COVID-19 Literature have been scarce. A recent discourse on expected challenges has been 
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presented by the EMA. Some experts contend that the unique challenges posed by COVID-19 

compel the scientific community not merely to hasten established evidence-based 

methodologies but to embrace a reformed perspective [336]. Such a perspective would not only 

address prevailing uncertainties but also adapt proactively to the dynamically evolving scenario 

of a public health emergency. Such progress, it is argued, demands a renewed receptiveness to 

varieties of evidence and specialized knowledge, which may often be overlooked in 

conventional evidence-based practices. 

4.2.4. Concluding Remarks 

The approval of medical or pharmaceutical interventions remains pivotal in addressing 

the intricate repercussions of pandemics and public health emergencies. This section delved 

into the facets of regulating and drug approval in the midst of a public health emergency, 

namely the COVID-19 pandemic. The overarching objective lies in formulating a robust 

methodology which seamlessly assimilates, refines, and applies evidence for health-related 

decision-making. This is possible by focusing on risk attitudes and management strategies, 

study designs to generate evidence and statistical techniques to synthesize and amalgamate all 

evidence available to reach an informed decision. Ethical considerations based on the 

frameworks discussed above remain imperative in navigating such tragic circumstances. 

Preemptively combating a pandemic, ensuring it does not escalate into a worldwide health 

catastrophe, remains the optimal strategy to mitigate potential tragedies. In this pursuit, 

interdisciplinary collaborations and pioneering research methodologies stand together as 

indispensable allies. 

4.3. Pharmaceutical impurities: the “Dark Matter” of Pharmacy 

Pharmacy and the pharmaceutical industry have witnessed an astonishing, swift evolution. 

This discipline has gone from small compounding dispensaries to global corporations and a 

science worth billions of Euros. While the research and development of new drugs, often 

referred to as R&D, continue to reach significant milestones in terms of effectiveness, the 

spotlight has increasingly moved towards ensuring safety and mitigating adverse reactions. The 

past few decades have seen several pharmaceutical crises emerge, ranging from unsafe 

ingredients and mislabeled dosage forms to deliberate falsification of medications and 

accidental contamination. Contemporary healthcare strategies predominantly aim at 

guaranteeing patient safety and comfort, which necessitates impeccable manufacturing 

regulations and high-quality medication and treatment protocols. 
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Regulatory bodies have indeed made visible strides in this regard. The transformation of 

the acronym GMP from Good Manufacturing Practices to cGMP, the “c” standing for 

“current”, underscores an unwavering commitment to uphold GMP [399]. In a parallel stride, 

the FDA proposed a shift from Quality by Testing (QbT) to Quality by Design (QbD) in 2004 

[400]. This approach was effectively integrated by the International Council for Harmonisation 

(ICH), leading to the creation of numerous quality guidelines [401]. The primary goal of QbD 

is to formulate large-scale manufacturing procedures based on the principle of producing high-

quality, consistent products. 

Actual practice and application of these principles, however, proves more complex, 

particularly when we consider the unpredictability of chemistry and the subsequent biological 

activity. Side products and impurities must be factored into the equation. Such contaminants 

are typically perceived as risky28 and present a significant challenge to the pharmaceutical 

industry and drug regulatory bodies today. Several historical and recent examples demonstrate 

the catastrophic consequences of such manufacturing variations. The infamous thalidomide 

scandal, for example, continues to serve as a reference point for scientific, philosophical, 

societal, and legal inquiry [402–404]. This event in the 1960s dramatically heightened 

awareness about the differing biological activities of racemic compounds and forever altered 

the ethical considerations surrounding chemical synthesis. The incident also influenced 

subsequent drug development processes and regulation. Another distressing incident from the 

same era is the case of “Agent Orange” [405,406]. Although not directly linked to pharmacy 

and pharmaceutical manufacture, the case involved a synthetic chemical which caused severe 

harm to millions of people and the environment due to a dioxin impurity. 

In the years since, there has been a significant increase in the availability and sophistication 

of analytical tools applied to detect, identify, and eventually reduce or eliminate such 

impurities. Yet, instances of pharmaceutical scandals persist. The hypertension medication 

valsartan, for instance, made headlines worldwide in July 2018. The EMA and the FDA issued 

recalls for several batches of the drug due to a potential cross-contamination with the 

carcinogenic compound N-Nitrosodimethylamine (NDMA). Subsequently, the Chinese 

manufacturer Zhejiang Huahai Pharmaceutical Co. announced additional contamination with 

another carcinogenic impurity, N-Nitrosodiethylamine (NDEA) [407,408]. More recently, in 

 
28 Here too, risk and risk attitudes are essential in decision-making as pharmaceutical impurities are rife with 

ontological, epistemological and ethical issues. For an elaborate discussion on risk related issues, please refer to 

Section 4.2.1. 
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2019, tests indicated the presence of NDMA also in certain batches of the widely used H2-

inhibitor ranitidine, Figure 22 [409,410] 

At this point, one may ask: What lies at the heart of this issue? Is it a lack of adequate 

analytical methods or is there a deeper underlying reason why such impurities arise and evade 

detection? This query paves the way for a deeper exploration of impurities, what they really 

are and how regulations can account for them all. Most compounds contain a certain degree of 

impurities which are typically established and quantified. In practice, this information about 

impurities is often indicated on the packaging of such chemicals. Such obvious or known 

impurities are expected and characterized. There exist, however, “hidden” impurities: 

substances which may only become evident and known due to a discrepancy in the mass 

balance or as unidentified signals in certain spectral analyses. These “substances” can be 

divided into two broad categories. On one hand, there are well-established and characterized 

chemicals such as NDMA and NDEA, which are sometimes not anticipated and thus not tested 

for. On the other hand, any synthetic process might yield entirely novel molecules which have 

not been chemically isolated or characterized before, such as the impurity in Agent Orange. As 

these “novel” impurities are structurally unidentified, that is, escape the scope of known 

chemical information and paradigm, their detection and identification are not straightforward, 

given their undetermined analytical properties at that point. Consequently, the presence of such 

novel, unintended substances in pharmaceutical products could lead to serious side effects. 

Figure 22. The left side shows Agent Orange which is an equal mixture of 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5-

trichlorophenoxyacetic acid (2,4,5-T) and the notorious dioxin impurity 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The 

right side shows ranitidine which was contaminated with N-Nitrosodiethylamine and valsartan which was also tainted with N-

Nitrosodimethylamine. 
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This section applies the term ‘Xpurity’ to differentiate these unidentified impurities from 

those associated with an established analytics and chemistry. An Xpurity is an entity which 

exists yet not in an epistemological sense as information is absent about its chemical 

composition and structure; chemicals outside of chemistry. It is comparable to “dark matter” 

which is almost certain to exist, yet there is no information about it. Interestingly, it still does 

not fall outside the pharmaceutical product itself. Note that Xpurities are a subset of impurities, 

although the term “impurity” is broad and includes identified and unidentified entities as per 

the guidelines. The deliberate regulation of unidentified entities in drug products is a significant 

aspect, and thus the coinage of a new term like ‘Xpurity’ emphasizes this importance. 

The next section addresses impurities in chemistry and pharmacy and reviews the different 

grades of purity and means of detection. Section 4.2.2. is dedicated to recounting the regulatory 

guidelines of impurities in pharmacy. Section 4.2.3. provides a detailed and updated 

classification of the types of impurities encountered in different contexts based on information 

available about their presence in a sample, chemical identity and biological activity. Section 

4.2.4. consists of concluding remarks. 

4.3.1. Impurities Everywhere! 

In chemistry, the term “impurity” designates a chemical substance which is found within 

a specified chemical phase yet deviates from the phase’s chemical composition [411]. To label 

a chemical substance as “pure”, it must meet three key criteria [412]. The first of these criteria 

involves the presence of the chemical in at least one thermodynamic phase, as evidenced by a 

one-component-phase diagram. The second criterion is practical; the pure chemical must 

demonstrate homogeneity, meaning it exhibits consistent properties even after extensive 

consecutive analytical chemical procedures. Ideally, the pure chemical should resist all further 

separation and purification attempts. The third criterion refers to the classic chemical definition 

of purity, where the substance should contain no traces of any other chemical species. In actual 

scientific practice, however, absolutely pure chemical compounds hardly exist due to inevitable 

minor contaminations. Furthermore, as the detection capabilities of analytical chemistry 

improve, the number of identified impurities tends to grow [413]. 

While impurities are generally regarded as a drawback in chemical synthesis, they are 

typically of minor concern if their identity is known and their quantities are manageable. 

Chemists may accept substances with purity levels as low as 85% or even less, provided the 

reagents serve their intended purpose. The situation becomes significantly more complex, 
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however, from a pharmaceutical perspective. In this context, the result of the chemical 

synthesis is not merely a chemical substance, but a product specifically designed to address a 

particular medical condition in a safe manner. Consequently, impurities play a critical role, as 

they could inadvertently be administered to patients alongside the intended medication. 

Given these considerations, it is understandable why the subject of impurities receives a 

special interest in pharmacy. According to the United States Pharmacopeia, impurities are “any 

component of a drug substance which is not the chemical entity defined as the drug substance; 

for a drug product, any component that is not a formulation ingredient” [414]. Similar 

definitions have been adopted by the International Council for Harmonization (ICH) and 

related agencies, which will be discussed in the following section [415]. 

Impurities are unavoidable and may emerge at any stage of drug product formulation, 

including from raw materials such as active pharmaceutical ingredients (APIs) and excipients. 

In most instances, the emergence of impurities during the manufacture of APIs can be 

anticipated and subsequently addressed, thanks to what is described as “conservative” 

regulatory guidelines and significant efforts by the pharmaceutical industry to abide by these 

regulations [416]. Due to the highly reactive reagents involved in the production of APIs, 

however, the likelihood of hazardous residues increases [417]. This imposes a substantial 

responsibility on regulators and the pharmaceutical industry to produce and supply safe and 

effective drug products [418]. 

Chemical and pharmaceutical manufacturing employs a classification system known as 

“grades of purity” to denote the level of impurities present within a substance. Each grade 

signifies specific standards which a substance must adhere to, to be recognized within that 

category. The variability in these standards caters to the unique needs of different sectors within 

the chemical and pharmaceutical industries. 

At the lower end of the spectrum, the “Technical Grade” chemicals boast relatively low 

purity, rendering them ideal for industrial processes where impurity levels are not critical. This 

grade is often characterized by a high percentage of impurities, typically between 10% and 

15%. Conversely, “Reagent Grade” chemicals are a step above in terms of purity, qualifying 

for application in most laboratory practices, usually ≥ 95% pure. They are similar to the purity 

levels of the “Analytical Grade” chemicals standing strictly above 95%, and which are utilized 

in analytical procedures where any amount or number of impurities could potentially influence 

the outcome. 
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“Laboratory Grade” chemicals are identified by a broad classification, implying a 

minimum level of purity which is apt for teaching and educational purposes but unfit for 

quantitative chemical analysis or synthesis. On the other hand, ‘Pharmaceutical Grade’ 

chemicals represent the zenith of purity standards, rendering them appropriate for human 

administration. The purity of this grade of substances complies with strict testing criteria 

outlined by pharmacopeias such as the United States Pharmacopeia (USP), British 

Pharmacopoeia (BP), and European Pharmacopoeia (EP) to verify their identity, strength, 

quality, and purity. 

Pharmaceutical grades are further divided into multiple categories, such as the ‘USP/NF 

Grade,’ ‘BP Grade,’ ‘EP Grade,’ and ‘JP Grade,’ adhering to the standards set by the respective 

pharmacopeias. ‘Food Grade’ and ‘Cosmetic Grade’ chemicals are designed for utilization 

within the food and drink manufacturing and cosmetics and personal care products sectors, 

respectively, mandating absence of harmful contaminants and impurities. The ‘ACS Grade’ 

signifies chemicals which meet or exceed the American Chemical Society (ACS) standards, 

essentially aligning with the analytical grade and suitable for high-precision laboratory tasks. 

It is paramount to understand, however, that a purity grade does not determine its safety. 

Even substances of the highest purity can pose hazards contingent on their nature and 

application. This is the case, for instance, when the impurity despite present in small amounts 

has a disastrous biological activity manifested as witnessed in the dioxin impurity 

contaminating Agent Orange. Adherence to safety data sheets and necessary precautions during 

chemical handling is, therefore, a non-negotiable requirement. 

The evolution of these different standards for chemical purity reflects the growth and 

advancements within scientific understanding and industrial needs over time., The ACS, 

established in 1876, for instance, has been relentlessly working on developing and 

standardizing purity grades. Similarly, the USP, founded in the US in 1820, provides standards 

for medicines, food ingredients, and dietary supplement products. These regulatory authorities 

adopt meticulous scientific testing and research to establish the purity levels required for each 

grade. This procedure entails the analysis of the chemical for impurities and other properties to 

ascertain its compliance with the standards of its designated grade. 

The rationale behind different grades of purity lies in the impact which varying purity 

levels can have on the outcome of a specific application. Pharmaceutical manufacturing, for 

instance, necessitates extremely high purity levels, as impurities may induce undesirable side 
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effects or compromise a drug’s effectiveness. Conversely, many industrial applications may 

accept a lower level of purity, as certain impurities might not significantly affect the process or 

the product. This variation in grades permits manufacturers to select a chemical grade which 

aligns with their specific needs, striking a balance between cost and intended outcome. 

The identification and characterization of a specific impurity may be achieved through a 

range of methods. The method chosen largely depends on the quantity of the impurity and its 

sensitivity to the analytical technique selected [419]. Typically, multiple analyses are conducted 

to sufficiently characterize a sample and identify any signs of impurities, such as a spot on the 

thin layer chromatography (TLC) or a peak in the mass spectrum. Modern and automated 

characterization methods are often utilized due to their capacity to simultaneously separate and 

quantify impurities such as capillary electrophoresis, accelerated solvent extraction, 

supercritical fluid extraction, high-performance thin-layer column, flash chromatography and 

spectroscopic methods such as Raman spectroscopy, mass spectrometry and nuclear magnetic 

resonance spectroscopy. Traditional methods such as titration and colorimetry, however, 

continue to be of immense value [420]. 

4.3.2. Impurities in Regulatory Guidelines 

Maintaining strict control of impurities in pharmaceuticals is a priority driven by ethical, 

financial, competitive, safety, and effectiveness considerations. This has catalyzed a global 

initiative to deepen the understanding of impurities in drug products [421]. This dedicated 

attention to such minute quantities of chemical contaminants underscores their significance. 

The process of monitoring impurities in the pharmaceutical sector and research 

laboratories is influenced by numerous regulatory compliance stipulations. Primary guidance 

often comes from pharmacopeias or reference books which provide methods for impurity 

regulation and monitoring [422]. Historical mishaps within the pharmaceutical industry, 

however, necessitate a broader, potentially global, collaborative effort to establish governing 

principles within the field. 

The first step toward this harmonization has been taken in the 1980s by the European 

Community, now the European Union (EU), which established the foundation for harmonizing 

pharmaceutical regulatory requirements. In 1989, the WHO’s Conference of Drug Regulatory 

Authorities in Paris laid out plans for international harmonization. Soon after, in 1990, the 

International Conference on Harmonization of Technical Requirements for Registration of 

Pharmaceuticals for Human Use (ICH) was launched in a Brussels meeting hosted by the 
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European Federation of Pharmaceutical Industries and Associations [401]. Presently known as 

the International Council for Harmonization, this institution signifies a joint endeavor of 

regulatory bodies and representatives from the EU, Japan, and the United States. The ICH has 

spent decades formulating guidelines for new chemical entities to be considered for use in drug 

compounds and products for human consumption. These guidelines aim to ensure uniformity 

in requirements for new drug applications and have been ratified by both the EMA and the 

FDA [423,424]. 

Impurities have remained at the forefront of the ICH’s attention, generating a wealth of 

information and facilitating tighter impurity limits and more stringent control of drug 

substances and manufacture [425]. Alongside, the ICH has sought to unify industrial 

nomenclature and impurity categorization, with pivotal information provided in Figure 23 

[415]. 

 

Figure 23. The classification of impurities by the ICH 

ICH’s impurity classification covers a wide array of potential impurities which could 

contaminate specific drug products. These impurities should be detectable by an appropriate 

chemical analytical method, especially when the impurity profile of a chemical substance is 

questionable [413]. This substance includes impurities which remain undetected or 

undetectable using available methods, yet make their presence known through mass balance, 

spots on plates, signals in spectra, or in severe cases, through instigating toxic biological 

activity. These are designated as “unidentified impurities”. 

These unidentified impurities present a unique philosophical quandary, as they differ from 

identified and structurally characterized impurities. As per the ICH glossary, these impurities 

lack chemical characterization and are defined solely by qualitative analytical properties [415]. 
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Epistemologically speaking, these substances are outside the realm of current chemical 

knowledge and, strictly speaking, are non-identifiable per se. 

The particularities of identified and unidentified impurities can be appreciated using a 

simple analogy involving common table salt. In this context, the naturally occurring potassium 

chloride, or sylvite, can be identified and quantified, albeit not removed. This sets it apart from 

trace impurities such as rubidium and cesium chloride, which, although present in small 

quantities, have not been analyzed and determined due to practical reasons. Xpurities, however, 

represent substances with entirely undefined chemical identity and biological activity. For 

instance, contaminants in sea salt derived from complex secondary metabolites of algae, or 

even recent findings of microplastics, may fit into this category [426]. 

The presence of unidentified impurities or Xpurities presents not just analytical, 

pharmaceutical, and epistemological challenges, but also ethical implications, as they 

potentially pose dormant threats. The presence of chemical substances in drug products with 

no available information about their chemistry or biology, necessitates revisiting the current 

classification of impurities. 

4.3.3. A Philosophical Analysis of Impurities 

Impurities in pharmacy bear an inherent ethical dimension, given their deviating 

biological activities in medicinal products intended for human use. Far from contributing to 

therapeutic effectiveness, these impurities typically introduce undesirable biological effects 

such as toxicity, carcinogenicity, and teratogenicity. Consequently, these minute substances 

attract interest not only from a pharmaceutical standpoint but also from an epistemological 

perspective. The key question here is how to discern the biological properties of an impurity, 

given that its chemical nature might be unknown, despite its confirmed presence within the 

drug product [427]. 

To unravel this complex situation, consider a delicious bowl of sausage soup tainted with 

a caterpillar or a hair. The fundamental query is whether the caterpillar truly exists in the soup, 

a question steeped in metaphysics, not epistemology. Then follows the epistemological 

question of our cognitive and experiential abilities of the caterpillar’s existence in the soup. 

The subsequent stage involves the identification of the caterpillar, perhaps as a local German 

delicacy. Furthermore, in terms of biological effect, we need to decide if the caterpillar is a 

delicacy or a toxicant. 
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In this context, a complex network of epistemological associations among the categories 

which characterize and classify these impurities is recognized. These epistemic variables, i.e. 

presence, chemical identity, and biological activity, are best represented by a Cartesian 

coordinate system conceived by Réné Descartes (1596–1650), as illustrated in Figure 24. 

 

Figure 24. The Space of Information highlighting the different types of impurities in a drug product provides a 

temporal snapshot. The X-axis represents the presence of the impurity, while the Y-axis represents information 

about its chemical structure and the Z-axis represents information about its biological activity. The location of an 

impurity within this matrix helps determine necessary actions, whether it is a deeper examination of its presence, 

chemical properties, or biological effects, or perhaps no intervention. This framework also charts the evolving 

discourse of impurities as data accumulates. It is noteworthy that this matrix can be augmented to align with more 

rigorous regulatory standards and may include other aspects. 

To preclude any unnecessary discussion about existence itself, it is held that all chemicals, 

no matter how pure, always contain some proportion of an impurity. Consequently, the 

metaphysical and ontological presence of an impurity is affirmed, even though details or 

information about such presence in terms of chemical characterization and biological 

implication could be unavailable due to the limitations of the analytical methods employed. 

In this Cartesian Space, three different types of information along three different axes 

need to be distinguished. Firstly, to what extent are we informed about the presence of an 

impurity? Analytical chemistry can shed some light on this, through indications from mass 

balances and unusual signals in various spectra, such as MS and NMR. Information about an 

impurity’s presence along the X-axis increases with more “odd” or noise signals with further 

confirmation with other methods such as Atomic Absorption Spectroscopy (AAS) or TLC, thus 

suggesting the presence of impurities, or “The Ghosts” as they could be nicknamed due to their 
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elusive nature. Over time, the point representing the impurity thus moves higher along the X-

axis. 

Secondly, do we possess information about the impurity’s chemical structure or identity? 

Here, we might have a mass peak, a spectrum, an elemental composition, an electronic 

structure, or even data about optical isomers. This information tends to increase as chemical 

analysis becomes more sophisticated and may examine additional aspects, such as crystal 

structure. As this information grows, the impurity in question, or “Xpurities” i.e. detected 

uncharacterized impurities, smoothly moves along the Y-axis. 

The Z-axis, is critical for pharmacy as it corresponds to the information available 

concerning the biological activity of the impurity. Does the impurity inflict any harm or adverse 

effects on humans? Could it damage the environment when disposed, metabolized and/or 

excreted? The Registration, Evaluation, Authorization, and Restriction of Chemicals 

(REACH29) regulations have demonstrated that information along this dimension is often 

limited. However, information about an impurity may accumulate over time, allowing the 

pinpoint of the impurity to move along the Z-axis [428]. Impurities which are undetected with 

uncharacterized chemical identity yet manifest a biological activity (X0, Y0, Zn), can be called 

“The Silent Scourge”. 

In an ideal scenario, an impurity, such as the sylvite impurity in the cooking salt or the 

hair floating on the sausage soup, would reside in the corner of maximum or sufficient 

information in all three directions, i.e., about its presence, its chemical identity, and its 

biological activity (Xn, Yn, Zn). Impurities belonging to this category may be referred to as the 

“Usual Suspects” due to their well-characterized nature. The position could certainly expand 

as analytics and regulatory requirements progress. In fact, for cooking salt, considered in Figure 

24 to be contaminated with the usual suspect, sylvite, its impurity profile might change given 

the growing concerns around contamination with microplastics. 

Any impurity not located in this corner of maximum Xmax, Ymax, and Zmax, however, 

presents a problem, each for individual reasons. This can be visualized in Table 2, which 

demonstrates the eight epistemologically and logically possible scenarios of an impurity in a 

drug sample or product. 

 
29 REACH is a European Union agency which came into force in 2007. It is dedicated to devise regulation designed 

to ensure better protection of human health and the environment from potential risks of chemicals. It places 

responsibility on industries to manage and provide information on the chemicals they produce and import. 



132 

 

Table 2: A truth table highlighting possible scenarios of an impurity in a drug sample or drug product with 

insufficient information about either existence, chemistry, or biology.  

 

Impurities which reveal their presence in purity profiles and are responsible for 

devastating side effects despite their unknown chemistry, for instance, these “Enigmas”, are 

represented by (Xn, Y0, Zn), exemplified by the notorious impurity Peak X in L-tryptophan 

[429–431]. Meanwhile, impurities with confirmed chemistry and biological profiles, such as 

RbCl and CsCl in the cooking salt, the hidden hair, and the NDMA and NDEA in valsartan and 

ranitidine, represent a case of “Hidden Villains”, designated as (X0, Yn, Zn). Added poison, such 

as arsenic, would also be found here. 

The other scenarios highlighted in Table 2, ranging from the “Missing Culprits” to the 

“Uncharted Territories”, may be less common, yet practical examples probably exist for each 

of them. Moreover, the diagram depicted in Figure 24 not only differentiates between various 

impurity scenarios but also allows us to appropriately place the suspects of modern 

pharmaceutical scandals and determine the necessary actions which may indeed differ 

according to this classification. Notably, the epistemological approach represented in Figure 

24 is not confined to a 3-dimensional Cartesian space. The model, starting with the Cartesian 

coordinates (Xn, Yn, Zn), can evolve to accommodate additional pharmaceutical criteria such 

as the economic aspects of handling impurities. This adaptability could lead to a 

“Multidimensional Space of Information” model. 

4.3.4. Concluding Remarks 

Pharmaceutical impurities represent a complex phenomenon, spanning chemistry, 

analytics, biology, drug safety, epistemology, and ethics. Such impurities pose several types of 

Impurity Presence 
Chemical 

identity 

Biological 

activity 

The Ghosts: unidentified impurities X0 Y0 Z0 

Xpurities: detected yet uncharacterized 

chemically or biologically 
Xn Y0 Z0 

The Missing Culprits: chemically identified yet 

undetectable and biologically elusive 
X0 Yn Z0 

The Silent Scourge: biologically impactful yet 

undetectable and chemically elusive 
X0 Y0 Zn 

The Uncharted Territories: biologically 

uncharacterized yet identified impurities 
Xn Yn Z0 

The Hidden Villains: undetected yet well-

characterized 
X0 Yn Zn 

The Enigmas: structurally uncharacterized yet 

detected and biologically impactful 
Xn Y0 Zn 

The Usual Suspects: fully characterized Xn Yn Zn 
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philosophical challenges, ontological related to the limitation of the analytical method, 

epistemological related to the knowledge of their chemical structure and biological activity and 

indeed ethical related to their possible dire consequences. Notably, the current regulations 

should accommodate and elaborate on the taxonomy of “unidentified impurities”. These 

entities exist beyond the current chemical language [75] and therefore, arguably reside outside 

the realm of chemistry, just like “dark matter” in astronomy and physics. Such substances 

necessitate in-depth chemical and epistemological scrutiny. Here, the Space of Information has 

been employed, representing a versatile conceptual tool designed to highlight the epistemic 

status of these impurities. Hence, a novel perspective on impurities, classifying them into eight 

distinct categories based on presence, chemical identity, and biological activity has been 

proposed. This fresh taxonomy presents an opportunity to improve conception, understanding 

and management of impurities, beyond the confines of chemical and biological analyses, and 

extends into the philosophical and epistemological realms. 

This discourse elucidates the challenges of regulating and controlling practices within 

pharmaceutical manufacture. Here, risk management approaches are embedded in Quality 

Control and Assurance strategies and in the case of impurities represented in current Good 

Manufacturing Practices. Such regulations or standards are designed to handle the risk or 

uncertainty of substances down in the microgram levels. It is in the context of impurities that 

the significance of such regulation and control becomes apparent, reflecting the balance 

between drug safety and patient wellbeing. Herein lies the crux of the challenge: achieving 

control while simultaneously acknowledging the limitations of current knowledge and 

analytical techniques. Ultimately, there is a persistent necessity for improved regulatory 

measures, more potent analytical techniques, and continuous epistemological contemplation in 

ensuring drug safety and effectiveness. 
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4.4. Pharmacy in the Environment: Pharmaceutical Waste Management 

The last century has witnessed significant medical advancements, leading to enhanced life 

expectancy and improved quality of life. Such developments have been paralleled, however, 

by a surge in pharmaceutical waste due to increased patient numbers, prescription rates, 

medication consumption, and overproduction. The repercussions of this growth manifest as 

ecological, economic, and ethical challenges which require comprehensive examination [432]. 

Data from the Consumer Healthcare Products Association indicates that over-the-counter 

medication (OTC) sales in the US surged from USD 16.8 bn in 2008 to USD 35.2 bn in 2018 

[433]. Furthermore, Variant Market Research projects the global OTC market to expand from 

USD 125 bn in 2016 to USD 273 bn by 2024 [434]. The German Federal Ministry for the 

Environment highlighted that annually, pharmaceutical manufacturers across the globe are 

synthesizing approximately 100,000 tons of diverse synthetic chemicals [435]. Notably, only a 

small fraction of this output is actually utilized, with the remainder contributing to the 

pharmaceutical waste dilemma. Here, the matter is further complicated if one were to also take 

the metabolites excreted after administration and ingestion in bodily discharges such as urine 

and feces.  

Economically, the implications of pharmaceutical waste are profound. Unused 

medications from the US senior population currently amount to over USD 1 bn annually [436]. 

Analogous findings have been reported in other developed nations, with Australia registering 

an average of USD 1280 wasted per patient each year [437]. 

Beyond economic implications, environmental concerns loom large. Improper disposal of 

unused drugs, replete with biologically active and potentially harmful compounds, jeopardizes 

ecosystems and poses as a detrimental threat to biodiversity. The U.S Geological Survey, for 

instance, identified estrogen-induced intersex fish in the Potomac River [438]. Canadian 

researchers also found traces of 25 antibiotics in drinking water, and numerous studies have 

underscored the ubiquity of pharmaceutical residues in terrestrial and aquatic environments 

[439]. Disturbingly, these residues can re-enter the food chain and circulate back to humans 

[440]. 

The paradoxical situation of pharmaceutical waste in developed nations juxtaposed against 

medication shortages in developing countries raises ethical questions. The World Health 

Organization (WHO) in 1977 curated a list of essential medicines, promoting their 

categorization as vital national resources [441]. While redistributing unused medication to 
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underserved regions seems a viable solution, WHO guidelines from 1999 discourage such 

practices [442]. Globally, the approach to managing expired or unused medication remains 

suboptimal. In many jurisdictions, discarding pharmaceuticals via general waste or sewage 

systems is prevalent, emphasizing the lack of proper disposal mechanisms [443]. Moreover, 

clear strategies for pharmaceutical waste management from regulatory and healthcare bodies 

are conspicuously absent. 

This section aspires to elucidate the multifaceted challenges surrounding expired 

medications, encompassing societal, regulatory, and ethical dimensions. The exploration will 

encompass societal behaviors toward medication disposal, pertinent regulations, and waste 

management strategies. By tracing the lifecycle of expired medications, the aim is to foster a 

more comprehensive and realistic dialogue and to propose viable “disposal” solutions. 

4.4.1. Disposing Medications: A worldwide perspective 

Discarding unused medications via ecologically harmful methods, may include garbage 

disposal or flushing them into sewers. This has contributed to the accumulation of active 

pharmaceutical ingredients in ecosystems, posing substantial risks to both, human health and 

the broader environment [444,445]. 

Surveys addressing the practices related to handling such active pharmaceutical waste 

reported polarized outcomes. Western and Northern European nations indicate varying degrees 

of responsible drug disposal practices. In Germany, Sweden, and the Netherlands, 29%, 43%, 

58% respectively, typically return unused medications to pharmacies [446–448]. Comparable 

practices have been observed in Australia, New Zealand, and England, 23%, 24% and 25% 

respectively [449–453]. 

A unique initiative in Türkiye by Turkcell Global Bilgi aimed to foster awareness about 

proper medicine disposal among its workforce. Following a symposium, distant learning 

sessions, and the dissemination of informative resources, a survey demonstrated a significant 

shift in employee practices. Notably, 66.1% of respondents either returned unused medicines 

to pharmacies or utilized the company’s designated drug-box [454]. 

Numerous studies have, however, reported a concerning trend where the disposal of 

expired medications in household trash remains the most common practice. Throwing unused 

medication in household trash is reported to be the most common practice in England, 

Lithuania, Serbia, Malta, Ireland, Romania, and spanning continents to include places like 
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Malaysia, Thailand, and the United States, among others [453,455–467]. Notably, disposing 

medication as part of municipal solid waste is not necessarily the wrong practice if such waste 

is subsequently gathered properly and incinerated. In Germany throwing unused medication in 

the household trash is actually encouraged. Yet, the environmental impact of incineration in 

terms of energy consumption and emissions is highly discouraged and other possibilities ought 

to be explored.   

Perhaps more worrisome, flushing medications down toilets or sinks, particularly the 

medications in liquid forms, represents yet another widespread practice. Such behavior has 

been reported in countries like the United States, England, and Bangladesh, to name a few 

[451–453,464,465,467–469]. Yet, in places such as Sweden and Oman, sewer disposal seems 

less prevalent. Distinct practices emerge in regions such as Ethiopia and Sudan, where burning 

unused pharmaceuticals is the predominant method [447,470–472].  

4.4.2. Pharmaceutical Waste in Regulations 

The swift expansion of pharmaceutical industries accentuates the necessity for stringent 

regulations overseeing the disposal of unused drugs. Yet, a unified, global approach is still in 

its infancy. While global agencies offer overarching guidelines, the nuances of enforcement 

and adherence vary by country. This subsection delves into some of these pivotal regulations 

and their worldwide application. 

The post-World War II era experienced a heightened global sensitivity to environmental 

issues, culminating in the 1972 United Nations conference. This historic event, attended by 113 

nations, not only marked a pivotal focus on global environmental challenges but also saw the 

inception of the inaugural environmental law aimed at safeguarding the environment from both 

direct and indirect human-induced harm [473]. Fast-forward to 1999, the World Health 

Organization (WHO) set forth guidelines for the judicious disposal of unused drugs, advocating 

for their return to donors or manufacturers, high-temperature incineration, waste encapsulation, 

or chemical decomposition, contingent on available expertise and resources [442]. 

European Union (EU) regulations, in present times, mandate member countries to employ 

sound pharmaceutical disposal practices. Clarity, however, remains elusive in terms of their 

execution. Belgium, Italy, Greece, and Norway legally enforce the return of unused drugs to 

pharmacies. Yet, other countries such as Austria, Croatia, and France provide a choice between 

pharmacies and recycling facilities for medication disposal. 
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Local municipalities have also taken the initiative. Specialized collection points are 

established in cities such as Gręboszyce in Poland, and Luopioinen in Finland. Meanwhile, 

Germany categorizes unused medications as “municipal waste” and belong in the “black bin”, 

directing them through incineration, biological treatment, and subsequent landfilling, 

harmonizing their disposal with regular household waste. Noteworthy contributions also 

emerge from the private sector, with entities like “WasteServ Malta Ltd” in Malta championing 

the collection and recycling of pharmaceutical waste [474]. France stands out with its 

innovative approach. Collaborative efforts from organizations like LEEM, Adelphe, and 

Cyclamed have led to the introduction of instructive logos on drug packaging, fostering public 

awareness about responsible drug disposal [475]. 

In 2017, the FDA unveiled guidelines, emphasizing methods such as mixing medications 

with unpalatable substances and using sealed containers for disposal [476]. Similarly, the 

Therapeutic Goods Administration in Australia, in 2019, underscored the environmental 

repercussions of careless disposal, urging the public to utilize community pharmacies for safe 

disposal [477]. 

Globally, waste management strategies exhibit stark contrasts. Developed regions, like 

the EU and the US, embrace tightly regulated waste disposal methods, from landfills to 

incineration [478–484]. On the other side, many regions in Asia, Africa, and South America 

grapple with rudimentary landfill systems and open dumping, exacerbating environmental 

concerns. The pharmaceutical residues eventual leaching into water systems from these 

disposal methods can have severe ecological implications, as indicated by a study in Denmark 

[485]. 

The open burning of pharmaceuticals, common in numerous countries, also comes with 

its own set of hazardous impacts. Inadequate incineration may release toxic compounds into 

the atmosphere, especially given the halogen content in many drugs [486]. Even dietary 

supplements, laden with heavy metals, resist easy incineration. Hence, without meticulous 

oversight, residues from these incineration sites continue to jeopardize the ecosystem [487]. 

4.4.3. Tackling Pharmaceutical Waste: Practices and Recommendations 

In addressing the escalating issue of pharmaceutical waste pollution, one finds a complex 

web of ecological concerns. Pharmaceuticals, once commercialized, infiltrate the environment 

through diverse channels, including but not limited to waste from medication production, 

metabolized excretions from humans and animals, and mismanagement of unused or expired 
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medication [80]. Mounting evidence reveals substantial quantities of these active substances in 

various ecosystems, notably topsoil and surface water [488]. Notwithstanding, assessing the 

direct health implications remains indeed challenging. Yet, common sense suggests that the 

introduction of any chemical into the ecosystem can exacerbate environmental deterioration 

and contribute to climate change. 

There seems, however, to be a clear pattern: many individuals globally are simply 

uninformed about proper disposal practices of medication. Common practices, such as flushing 

medicines or discarding them as regular trash, are globally prevalent but environmentally 

disastrous. The environmental implications differ based on waste management systems, which 

may involve incineration, landfilling, or even open dumping. Here, one promising initiative, 

the drug take-back program (DTP), allows for secure disposal of medications. Its application, 

however, is inconsistent across nations. Experts affirm the urgent need for heightened public 

awareness about the impact of pharmaceutical waste on the environment and health [489].  

Globally, current waste management strategies for pharmaceuticals are, without a doubt, 

not up to the standard. This calls for robust legislative measures to regulate the disposal of 

unused and expired medication. To put things into perspective, the WHO and the FDA have 

provided definitions of an “expiry date” for medications [490,491]. The utility and efficacy of 

many drugs, however, stretch beyond these dates [492]. Stability tests determine these expiry 

dates, but post-expiry, the drug’s stability, which hinges on handling and storage conditions, 

remains an open-ended. To visualize this, consider “Blue Medication” as one which is pre-

expiry, “Red Medication” as one which is degraded post-expiry, and “Purple Medication” for 

those with uncertain stability post-expiry [493]. If testing demonstrates that such a medication 

remains intact after expiry, it simply moves back to be considered green and if not, then it 

constitutes a red medication which deserves disposal. Several studies have indicated that many 

medications, like Bayer Aspirin, maintain their efficacy well beyond their marked expiration 

[492]. Another example comes from a study published by the which found 90% of more than 

100 drugs, both prescription and over-the-counter, have been perfectly suitable for 

administration even 15 years after the expiration date. 

Moreover, the ethical implications of wasted pharmaceuticals are profound. In stark 

contrast to the tons of unused medicines discarded in developed nations, a significant portion 

of the African population succumbs to preventable diseases due to scarcity related to lack of 

availability and/or accessibility to medication [494]. Past attempts at drug donations have been 
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flawed, often resulting in irrelevant or unusable shipments [495]. Programs such the Shelf-Life 

Extension Program (SLEP) in the U.S., however, have found success in extending medication 

shelf-lives for military stockpiles [496]. 

Drug take-back programs, while environmentally conscious, often eventually incinerate 

the drugs collected, subsequently leading to environmental harm [497]. Innovative solutions 

such as mathematical modeling could provide more sustainable waste management strategies 

[498]. Additionally, recycling specific high-cost medications, via extracting their active 

ingredients, and repurposing them could offer both economic and environmental advantages 

[499]. 

4.4.4. Concluding Remarks 

The escalating production and consumption of pharmaceuticals has yielded an alarming 

quantity of unused medications, posing profound environmental threats. Such medications 

symbolize a multifaceted dilemma, influenced by manufacturers, prescribers, and consumers 

alike. A primary contributing factor is the lack of robust regulation controlling and enforcing 

the proper disposal of unused medications. Here, the question is not simply about identifying 

whether garbage disposal and incineration represent a suitable approach or not. The issue is 

with the lack of a strategic approach to tackle this disastrous dilemma from every angle, i.e. 

industry, prescribers, patients, society and the environment. 

The pharmaceutical industry plays a key role. There is an exigency for one of the richest 

industries to recalibrate the production-consumption balance. Prolonging expiration dates 

through advanced stability tests, for instance, could drastically reduce waste. Additionally, 

companies should be motivated to use eco-friendlier packaging, reducing plastic use in favor 

of biodegradable alternatives. Such packaging could also incorporate chemical or physical 

indicators revealing storage conditions. A patch which changes color under adverse storage 

conditions informs about the state of the medication. Furthermore, packaging should guide 

consumers on environmentally sound disposal based on country law, such as directing them to 

local drug take-back programs, thereby enhancing public awareness. In a similar breath, 

healthcare providers who are ascribed the task of prescribing can also contribute. As for 

quantities of medication, tailoring a prescription according to patient needs can prevent 

excesses which typically expire, degrade and end up polluting the environment. This would 

mitigate the waste from happening and would exert restraint on manufacturers.  



140 

 

A novel idea worth exploring is a “pharmaceutical thrift shop” for unused medications, 

primarily catering to stable dry dosage forms such as tablets and capsules. Firm regulations 

enforcing a drug take-back program and a storage condition patch on packaging, coupled with 

societal acceptance and individuals’ sense of responsibility towards the environment would 

create the context in which a pharmaceutical thrift shop is possible. The tasks of such a facility 

would probably include sorting, testing and labeling the different types of medications. Such 

upcycled, safe and effective medications would then either be sold or donated. Yet, it seems 

that the main obstacle here might not be the regulations, rather societal acceptance of “used 

medications”. It could also be that such a strategy might not be financially feasible or rather 

profitable, and therefore, the environment, again, pays the difference. 

The path to addressing pharmaceutical waste requires the collective efforts of regulators, 

manufacturers, health practitioners and consumers. A synergistic approach which considers 

innovative solutions, from thrift shops to packaging modifications, may pave the way for a 

more sustainable pharmaceutical future. 
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4.5. Chapter Conclusions 

The concept of control in pharmacy is multifaceted. It dynamically evolves in response to 

scientific advancements and also pre-emptively steers pharmacy towards ensuring safety, 

effectiveness, and even ethical robustness. The implications of policies and regulation explored 

in the context of public health emergencies, impurities and the environmental impact of 

pharmaceuticals indeed emphasizes this. Philosophical issues at this essential juncture linking 

research and development on one side and practice and societal needs on the other, are indeed 

vast. They call for careful epistemological and ethical analysis especially where scientific rigor 

meets its limits.  

Philosophical analysis of the process of approving medical interventions in the context of 

public health emergencies may aid in increasing pandemic preparedness. Such challenges may 

be related to risk, its attitudes and management as well as to the adequate production of 

evidence and its amalgamation. While indeed this list is not exhaustive, examining and 

investigating these challenges may contribute to saving the lives of many in the future. Risk 

management and uncertainty translates in the context of pharmaceutical manufacture into 

standards and guidelines for quality assurance and good manufacturing practices. Scrutinizing 

pharmaceutical impurities based on their chemical structure, biological activity and presence 

in a drug sample provided a novel perspective. The Space of Information presented an 

innovative taxonomy classifying impurities into eight categories. This approach is seen to delve 

into the epistemological domain, emphasizing the need for a deeper understanding of 

‘unidentified impurities’. It is suggested that while current regulatory measures, grounded in 

quality assurance and good manufacturing practices, aim to ensure drug safety, there remains 

an imperative for ongoing epistemological reflection and improved analytical methodologies. 

Furthermore, proper and comprehensive strategies and regulations ought to be devised for the 

disposal of pharmaceutical products. These active ingredients represent a serious hazard to the 

ecology, negatively affecting its biodiversity and stability. All stakeholders must act 

collectively to protect the environment. 
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5. Application of Pharmaceutical Products: Beyond Pathology and Medicating 

In this chapter30, the aspects of practice and application pertaining to pharmacy will be 

discussed. As pharmaceutical products transition from research and development via the 

regulatory apparatus to enter the market, they encounter an important step: the response of the 

patient to the application of such products, Figure 25 This can manifest as acceptance, 

hesitancy, or outright refusal. While it may seem that healthcare professionals, such as 

pharmacists and physicians, heavily influence such outcomes, the actual scenario is 

multifaceted. Evidence of this complexity is apparent in the observed non-adherence to 

therapeutic protocols for chronic ailments such as hypertension, or varying stances on vaccines, 

including the ones against COVID-19. 

Historically, the concept of ‘application’ in relation to remedies and treatments has been 

intrinsic to the wellbeing and survival of human societies. Recent advances, particularly the 

strides in personalized medicine and pharmacogenomics, highlight an existing paradigm 

predominantly centered around pathology and pathogenesis, often relegating patients 

themselves to a secondary role. 

This chapter advocates for two foundational perceptual shifts or “gestalt-switch31”. 

Firstly, the necessity to transition from a purely disease-driven paradigm to one which 

 
30 The discussion in this chapter is supported and based on three manuscripts published in international, peer 

review journals: Yeboah, P.; Forkuo, A.D.; Amponsah, O.K.O.; Adomako, N.O.; Abdin, A.Y.; Nasim, M.J.; 

Werner, P.; Panyin, A.B.; Emrich, E.; Jacob, C. Antimalarial Drugs in Ghana: A Case Study on Personal 

Preferences. Sci 2020, 2, 49. https://doi.org/10.3390/sci2030049, Yeboah, P.; Daliri, D.B.; Abdin, A.Y.; Appiah-

Brempong, E.; Pitsch, W.; Panyin, A.B.; Adusei, E.B.A.; Razouk, A.; Nasim, M.J.; Jacob, C. Knowledge into the 

Practice against COVID-19: A Cross-Sectional Study from Ghana. Int. J. Environ. Res. Public Health 2021, 18, 

12902. https://doi.org/10.3390/ijerph182412902 and Razouk, A.; Abdin, A.Y.; Yeboah, P.; Pitsch, W.; Nasim, 

M.J.; Maarouf, M.; Jacob, C. Corona in the Time of War: A cross-sectional study from Syria. UNESCO Books 

2023, (accepted; forthcoming). 
31 The term “gestalt switch” signifies a sudden change in perception or understanding. It originates from Gestalt 

psychology, a German movement in the early 20th century which emphasize perception of something as a whole 

rather than individual parts. This is exemplified by illusions such as the “Necker cube”. In addition, this concept 

mirrors Thomas Kuhn's “paradigm shifts” in “The Structure of Scientific Revolutions” (see Section 2.1. and 2.2). 

Figure 25. Several issues will be discussed within the context of application and practice in pharmacy. Meanwhile, the main 

focus is societal response to new pharmaceutical products. Relevant issues to this chapter are depicted in red.  

https://doi.org/10.3390/sci2030049
https://doi.org/10.3390/ijerph182412902
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emphasizes the patient as the central entity is stressed. This reorientation underscores that the 

application of pharmaceutical products should be more than just a biomedical procedure, i.e. 

diagnosing a biomedical condition and handling it by prescribing the appropriate medication. 

It advocates for a comprehensive approach, factoring in the sociocultural and psychological 

dimensions of patients and, therefore, fosters their active participation in therapeutic decisions. 

Secondly, there is a proposed broader transition from a paradigm which predominantly 

counteracts disease to one which promotes overall health and wellbeing. This perspective 

underscores the importance of health promotion and probes into the foundational aspects of 

health. By exploring these themes, this chapter seeks to contribute to the discourse on reshaping 

the modern application of pharmaceutical products to be more holistic, patient-centric, and 

geared towards overall wellbeing and health promotion. 

The subsequent section aims to disambiguate the concept of application in pharmacy. 

Section 5.2. is a historical dive into the history of pharmaceutical application. Section 5.3. 

departs from the traditional conception of application in pharmacy and brings in an 

interdisciplinary approach. Section 5.4. and 5.5. represent case in point examples on how 

addressing issues beyond the biomedical aspect of application may aid in counteracting public 

health challenges. Section 5.6. is a tentative conclusion. 
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5.1. The Concept of Application in Pharmacy: Gestalt-switch 

The term “application” traces its origins to the Latin word ‘applicare’, which means ‘to 

attach or to apply’. By dissecting its root, ‘ap-’ suggests ‘toward’, while ‘plicare’ implies ‘to 

fold’. In essence, the term historically encompasses the act of bringing two things into close 

proximity, much like folding layers together. 

In the realm of pharmacy, the term contrasts yet complements terms such as 

‘administration’, ‘dispensation’, and ‘utilization’. While ‘administration’ typically refers to the 

act of giving a drug to a patient, and ‘dispensation’ is associated with the delivery and 

distribution of a prescribed drug product from the pharmacist to the patient, ‘utilization’ 

broadly captures the use of drugs within a population. ‘Application’, in this context, becomes 

particularly nuanced. Cannabis, for instance, is legalized for medical use in a lot of countries 

such as Germany and the United States. At the hospital, a medical professional may 

administrate cannabis orally with food, while the pharmacist may dispense it in different 

dosage forms and, subsequently, patients utilize it to relieve their ailments. 

In pharmaceutical research, the concept of drug application mostly pertains to 

pharmacokinetics and pharmacodynamics. Researchers aim to decipher how drugs interact at 

molecular levels with the physiological processes of the body. The application, in this context, 

extends to understanding the drug’s absorption, distribution, metabolism, and excretion 

(ADME). Healthcare professionals, particularly physicians, view ‘application’ as the act of 

prescribing or administrating the drug. This involves an inquiry into the patient’s medical 

history, potential drug-drug interactions, and the specific pharmacological properties of the 

drug itself. For the pharmacist, the application of a pharmaceutical product is not merely about 

its dispensation. It concerns the process in which the drug is chosen based on its formulation, 

dosage, and intended therapeutic effect. The application of a topical cream containing an 

antibiotic, for instance, requires understanding not only of its medicinal properties but also of 

its excipients, which ensure the drug’s stability and enhance its absorption through the skin. 

From a regulatory perspective, the application of a drug extends beyond its therapeutic use. 

Regulatory bodies are concerned with how a drug is produced, stored, distributed, and even 

disposed of. In this setting, the application encompasses the entire life cycle of the 

pharmaceutical product. 
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For patients, the application involves not only the act of taking the drug but also 

possibly understanding its mechanism, potential side effects, and the expected therapeutic 

outcomes. The decision to apply a transdermal patch, for instance, could be influenced by 

factors such as convenience of washing the arm first, frequency of administration and a steady 

release of the drug, which might lead to enhanced therapeutic efficacy. 

Historically, ‘application’ in the context of pharmacy has been viewed through a 

primarily biomedical lens, emphasizing the presence of a medical condition as well as the 

physiological impact and outcome of a treatment. This is especially true in the period known 

as the “therapeutic revolution” in the mid-20th century from which most of the prescribed and 

over-the-counter medications of today originate. This period witnessed tremendous 

technological breakthroughs allowing researchers to pinpoint pathogenesis and develop a firm 

understanding of pathology. This approach proved successful in manipulating the outcome of 

disease at the molecular level with the aid of empirically tested substances so to restore health. 

Yet, as the understanding of health keeps evolving it seems to increasingly incorporate a 

holistic viewpoint and so has been addressing what drives the application of these products. It 

has been recognized that a patient’s decision to apply a pharmaceutical product is not purely 

dictated by biomedical knowledge or expert recommendations or even orders. Indeed, in some 

English-speaking countries, “doctor’s orders” is a phrase which has become an idiom meaning 

that one must do something because their doctor has told them to do so. It highlights the sort 

of authority healthcare professionals are or have been ascribed to possess. Instead, a plethora 

of social, psychological, and traditional factors interplay in this decision-making process. 

On one side, social factors often play an intrinsic role in the application of 

pharmaceutical products. Peer influence, traditional beliefs, societal norms, and even socio-

economic conditions may sway a patient’s decision. In certain societies, for instance, a person 

might be inclined to use a particular medicine, not solely because of its proven effectiveness, 

but due to its prevalence and acceptance within their social circle. Similarly, socio-economic 

conditions can dictate accessibility and, subsequently, the application of certain pharmaceutical 

products and not others. Psychologically, on the other side, individual or collective beliefs, 

trust, fears, past experiences, and perceptions about a drug’s benefits or harms are equally 

relevant. A patient who has witnessed severe side effects in a family member might be hesitant, 

even resistant, to apply the same pharmaceutical product, irrespective of new formulations or 

evidence suggesting safety. In contrast, a strong belief in the therapeutic benefits of a drug, 
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stemming from anecdotal experiences or personal testimonials, might augment its application. 

Moreover, traditional beliefs and cultural practices shape health behaviors in profound ways. 

In many cultures, the use of herbal medicines, passed down through generations, takes 

precedence over contemporary pharmaceutical products. The inclination to apply a certain 

remedy could be deeply rooted in ancestral practices and beliefs, often prioritized over modern 

medical advice. Notably, such sociological and psychological aspects of application could also 

lead to the endangerment of wild animals such as rhinoceros which is hunted in some cultures 

to collect and consume it horn as it is believed to be nature’s best Aphrodisiac. 

As patients transition from being passive recipients to active participants as part of their 

therapeutic journey, it becomes paramount for healthcare professionals to recognize and factor 

in these intricate aspects. Knowledge about the drug’s mechanism, its potential side effects and 

therapeutic outcomes are vital, but so is an understanding of the individual’s psychological 

profile, social context, and cultural background. An integrative approach, which fuses 

biomedical knowledge with a deep appreciation of these factors, paves the way for genuine 

therapeutic engagement away from plain, dogmatic and insensible medicating. In light of this 

gestalt-switch, the ‘application’ of a pharmaceutical product moves from merely a biomedical 

act to a multifaceted decision, intricately woven with the individual’s social milieu, 

psychological particularities, and traditional ethos and pathos. Recognizing and addressing 

these dimensions ensures a more comprehensive, patient-centric approach to therapeutic care. 

More on this in the following sections. 
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5.2. The Application of Therapeutics: A Brief Historical Account 

Counteracting pathology and understanding pathogenesis have been one of the main 

objectives of the application of therapeutics. It is widely accepted that clarifying the origin of 

disease, its prognosis, causes and manifestation represent the right way to health. From the 

dawn of civilization, humanity’s pursuit of health has been inextricably tied to the way 

treatments, remedies and medications are understood and subsequently applied. Over 

millennia, the spotlight has been slowly shifting from the therapeutic mixtures themselves to 

the sensitivity and selectivity of their application, evolving in harmony with technological and 

scientific breakthroughs which constitutes the role of pharmacy and pharmacists. 

The Sumerians, flourishing around 3000 BC in present-day Southern Iraq, were 

meticulous record-keepers. On their clay tablets, one find both descriptions of symptoms for 

various ailments and also a list of remedies [500]. There is, for instance, a notable reference to 

the application of the “bara” plant (similar to contemporary licorice) to alleviate digestive 

issues. The application here was not a mere consumption of the plant, but a methodical 

preparation involving boiling and then drinking it as a medicinal liquor. 

Meanwhile, by the banks of the Nile, around 1500 BC, the Egyptians took a slightly 

different yet equally fascinating approach. The revered Ebers Papyrus, one of the most 

informative and extensive of its kind, comprises over 700 remedies for various conditions 

[501]. Honey, for instance, today recognized for its antiseptic properties, was frequently 

applied to open wounds and cuts to prevent infections. There are also mentions of applying 

moldy bread, perhaps an early nod to penicillin, placed on injuries to stave off bacterial 

contaminations. 

Yet it was not simply the therapeutic mixtures which intrigued these ancients but also 

the vessels containing them. The Egyptians are credited for inventing containers made of 

alabaster, glass, and other materials specifically designed to preserve their medicinal mixtures, 

emphasizing the significance of proper storage in application. Imhotep, an Egyptian 

mathematician who lived around 2650–2600 BC, is often also credited as one of the earliest 

physicians in recorded history [502]. He championed many therapeutic approaches, moving 

away from purely spiritual treatments to more tangible, trial and error-based applications. One 

example includes applying the extract from the willow plant, a precursor to modern-day aspirin, 

to alleviate pain and fevers. The application of treatments in this era was sometimes rooted in 
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trial and error, but primarily it was based on observations. Healers often relied on observing 

the texture, color, and smell of substances to deduce their medicinal properties. A vibrant 

yellow plant, for instance, might be prescribed for jaundice because of its color resemblance to 

the ailment’s symptoms. Such practices highlighted the overarching belief in “signatures32” by 

which the visual traits of a substance indicated therapeutic uses [503]. 

At the heyday of ancient Greece, around the 5th century BC, the pursuit of treatments 

took a more analytical turn. At the forefront was Hippocrates (c. 460 BC – c. 370 BC), often 

hailed as the “Father of Medicine” [504]. Born on the island of Kos, he began revolutionizing 

medicine by veering away from supernatural explanations and grounding it in observation and 

reasoning. Under the shadow of the Asclepieion temples, early precursors to hospitals, 

Hippocrates and his followers embraced a new philosophy. They posited that the path to 

wellbeing was not simply about identifying the right medicinal mixtures, but it was equally, if 

not more, about understanding their applications. He emphasized diet, the environment, and 

living habits, i.e. life-style, as essential elements in achieving and maintaining health [505]. 

For Hippocrates, the modality of application was paramount. A poultice33 might be best 

for a wound, a warm herbal drink for a cold, or inhalation of vapors for certain respiratory 

issues [506]. He was among the pioneers to document such practices, penning several works, 

with “Airs, Waters, and Places” being a notable one. Here, he explored how different 

environments such as swampy areas versus dry highlands, affected health, and how remedies 

should be altered accordingly. His beliefs became the bedrock for the famous Greek theory of 

humourism [507]. Rooted in the idea that four main humours, i.e. bodily fluids, namely, blood, 

yellow bile, black bile, and phlegm, determine a person’s temperament and health, this theory 

held sway over European and Middle Eastern medicine for centuries. An imbalance among 

these humours, according to this philosophy, was the root cause of illnesses. An excess of 

phlegm in the body, for instance, was thought to result in cold and damp ailments such as a 

cold, leading to practices like steam inhalation. 

 
32 The Doctrine of Signatures posits that plants exhibit specific traits, such as color or shape, which hint at the 

ailments they can heal. Historically, humans have turned to plants, minerals, and animals to remedy conditions 

when they notice visual resemblances between the source of treatment and the manifestation of disease. 
33 A poultice, also called a cataplasm, is a soft moist mass, often heated and medicated, that is spread on cloth and 

placed over the skin to treat an aching, inflamed, or painful part of the body. It can also be used on wounds, such 

as cuts. 
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To address these imbalances, various procedures, including bloodletting, were endorsed 

[508]. Although today seen as archaic and often harmful, bloodletting became a standard 

practice, later championed by physicians like Galen (c. 129 AD–c. 216 AD) in Roman times 

[509]. Tools like the scarificator were invented for this very purpose, showcasing the lengths 

to which ancient physicians went to rebalance the humours [510]. The convergence of the 

application-centered approach of Hippocrates and the humoral theory provided a foundation 

upon which many medical practices of the time were grounded. Even as new milestones were 

achieved, with contributions from other notable figures such as Avicenna (980-1037 AD) in 

the Islamic Golden Age, the essence of their teachings echoed through the following ages. The 

imprint of this era remains evident even today, as modern pharmacy values both the 

formulation and its application in the therapeutic process. 

Between 762 AD and 1258 AD, an intellectual and cultural renaissance was flourishing 

in the Islamic world, now commonly referred to as the Islamic Golden Age [511]. The cities 

of Baghdad, Damascus, and Cordoba became vibrant hubs of knowledge, where scholars 

translated ancient Greek, Persian, and Sanskrit texts, furthering the foundations of medicine 

and pharmacy. In this era, scholars such as Al-Razi (Rhazes, 865 AD–925 AD) rose to 

prominence [512]. Hailing from Persia, Al-Razi was an accomplished physician and a 

pioneering alchemist. He penned the “Kitab al-Hawi” (The Comprehensive Book), which was 

among the earliest to make distinctions between the manifestations of measles and smallpox 

[513]. More notably, Al-Razi introduced the use of alcohol (ethanol) in medicine as an 

antiseptic, showcasing a deep understanding of the importance of application. Apart from 

constantly drinking it, Al-Razi, recognized the potential of ethanol to cleanse and to prevent 

infections. He also detailed methods on how it should be applied to wounds or used in surgical 

procedures. 

Another towering figure of this period was Ibn Sina (Avicenna, c. 980 AD–1037 AD). 

Originally from Bukhara (today’s Uzbekistan), his monumental work, “The Canon of 

Medicine” (Al-Qanun fi’t-Tibb), became a reference in both East and West for several 

centuries [514,515]. In this comprehensive tome, Avicenna catalogued diseases and their 

treatments, as well as, meticulously how each remedy should be applied. He discussed, for 

instance, how the extraction method of certain plants could impact on their potency and 

effectiveness. Additionally, he developed guidelines on the timing of drug administration, such 

as recommending some remedies to be taken on an empty stomach, while others after meals, 
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understanding that the body’s absorption and reaction could vary based on these factors. 

Another notable scholar was Al-Zahrawi (Abulcasis, 936 AD – 1013 AD), often considered 

the father of surgery [516,517]. Based in Al-Andalus (modern-day Spain), Al-Zahrawi’s 

encyclopaedic work “Kitab al-Tasrif” (The Method of Medicine) introduced various surgical 

instruments and their specific applications, emphasizing the importance of precise tools for 

particular procedures. 

The Renaissance34 in Europe, spanning roughly from the 14th to the 17th century, was 

an active era of rediscovery and innovation. European cities emerged as crucibles of learning, 

and among them, German cities such as Trier, Münster and Augsburg which played an 

influential role in the field of pharmacy [518]. Trier was a pioneer. Renowned as one of 

Germany’s oldest cities with great Roman heritage, it witnessed the establishment of the first 

public pharmacy in 1241 [519]. This institution has represented a cornerstone for the city’s 

inhabitants, serving as both a provider of remedies and a source of medicinal knowledge. If 

one suffered from digestive ailments, for instance, the pharmacist might prescribe a blend of 

herbs, such as mint and fennel, while advising on how it should be steeped and consumed. Not 

so far behind, pharmacies opened their doors in Münster in 1267 and in Augsburg in 1285. 

The establishment of the University of Heidelberg in 1386 also expanded the study and 

teaching of pharmacy in Germany [520]. As one of Europe’s oldest universities, it set the 

foundation for advanced studies in both medicine and pharmacy. Students were trained not 

only to identify and prepare medicines but also in understanding their therapeutic properties 

and potential interactions. With this knowledge they gathered, these early pharmacists could 

advise patients on the particularities of medicinal applications, such as when to take a drug, 

food interactions to be wary of, or side effects to watch out for. As the Renaissance progressed, 

the pharmacist’s role expanded from merely dispensing medicines to being an integral part of 

a patient’s healthcare journey, ensuring that the application of medicines was optimized for 

each individual’s well-being. 

A crucial figure during this era was Paracelsus (1493-1541). Born in Switzerland, he 

traveled around various European cities. Paracelsus challenged the prevailing medical practices 

derived from ancient Greek traditions, emphasizing the application of chemicals and minerals 

 
34 Renaissance is originally a French word meaning “rebirth”, from re- ‘back, again’ + naissance ‘birth’ (from 

Latin nascentia, from nasci ‘be born’). 
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in medicine [521]. He is often remembered for his belief that “All things are poison, and 

nothing is without poison; the dosage alone makes it, so a thing is not a poison” [522]. This 

statement emphasizes the role of the pharmacist in ensuring that medicines were provided in 

the correct dose, highlighting the delicate balance between remedy and poison. 

The late 19th and early 20th centuries were golden ages of scientific and medical 

advancements. As the boundaries of knowledge expanded, there was a rising emphasis on 

precision in the application of pharmaceuticals. One of the significant figures from this epoch 

was Charles Gerhardt (1816-1856), a diligent French chemist working in Strasbourg. In 1853, 

he successfully synthesized acetylsalicylic acid for the first time, which became later widely 

known as aspirin [523]. Interestingly, aspirin was left almost forgotten for around 50 years and 

its mechanism of action was not established until 1971 by the British pharmacologist and Nobel 

Prize winner John Vane (1927-2004). Yet perhaps another important figure in popularizing and 

establishing the application of aspirin has been Felix Hoffmann (1868-1946), the discoverer of 

the infamous diacetylmorphin or heroin, who was working for the company Bayer at the time. 

Hoffmann’s work, together with Bayer’s rigorous approach, underscored the importance of 

standardized dosages, ensuring that each pill contained an exact and consistent amount of the 

active ingredient. This consistency has been a major step forward in ensuring patient safety and 

therapeutic effectiveness. 

Antibiotics among other drugs are also a product of this era. In the early 1900s Germany 

had a sort of monopoly in terms of the development of antibiotics. Right before the beginning 

of World War one, specifically in 1910, Paul Ehrlich (1854-1915) a Nobel prize winner, 

discovered the first antimicrobial, arsphenamine or salvarsan for the treatment of syphilis. 

Meanwhile in 192835, Sir Alexander Fleming, stumbled upon the revolutionary antibiotic 

properties of penicillin [524]. It was not until the 1940s, however, together with collaborative 

efforts of scientists such as Howard Florey (1898-1968) and Ernst Boris Chain (1906-1979), 

that penicillin has been mass-produced [525]. The challenge with penicillin has not just been 

related to its production, but also understanding the right doses, frequency, and duration of 

treatment to combat bacterial infections without causing harm. Establishing these parameters 

marked another leap in the meticulous application of pharmaceutical products. In Romania, in 

1887, chemist Lazăr Edeleanu (1861 -1941) synthesized amphetamine [526,527]. Initially 

 
35 Notably, research into antibiotics received a lot of traction around this period as in 1935 sulfanilamide had been 

discovered by another German, Nobel Prize winner, Gerhard Domagk (1895-1964). 
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overlooked, its therapeutic potential became evident in the 1920s when it was used to treat 

nasal congestion and later, disorders like narcolepsy, hyperactivity, and depression. Similar to 

aspirin and penicillin, amphetamine’s optimal application required a clear understanding of 

dosages and potential side effects [526]. Overuse could lead to amphetamine addiction, 

highlighting the importance of strict dosage guidelines. This era also witnessed the 

development of insulin for the handling of diabetes. In the 1920s, Canadian scientists Frederick 

Banting (1891-1941) and Charles Best (1899-1978) isolated insulin, paving the way for its use 

in treating diabetes [528]. It was, however, the careful calibration of doses, based on patient 

needs, that ensured the success of the hormone in managing blood sugar levels without causing 

hypoglycaemia. 

The 21st century is witness to an extraordinary shift in the realm of pharmaceutical 

products. As technology and biology coalesce, the pharmaceutical landscape is no longer about 

general medicine but about catering to individual “biological” needs. At the heart of this shift 

lies the fusion of Artificial Intelligence (AI), rapid analytics, systems biology, systems 

pharmacology and the principle of personalized medicine. If one were to pose the question: are 

any two people completely identical36? The answer would be a resounding “no!” This very 

rationale prompts asking, why then should their medication be any different? Previously, a 

“one-size-fits-all” method, necessarily with a few exceptions such as children and pregnant 

women, dominated the medicinal landscape [529]. Today, however, the emergence of 

personalized medicine emphasizes tailoring healthcare to accommodate the unique genetic 

makeup, lifestyle, present physiological state and environment of each individual [530]. By 

doing so, the effectiveness of the pharmaceutical product is maximized. Furthermore, standing 

as a testament to the potential of personalized medicine, pharmacogenomics blends 

pharmacology and genomics [531]. This union aims to design medications specifically suited 

to the genetic structure of individuals. By acknowledging the subtle genetic variations in every 

individual, targeted treatments become safer and more effective. Imatinib (or gleevec), for 

instance, is a revolutionary drug, approved by the FDA in 2001 [532]. It specifically targets 

cancer cells with distinct genetic mutations. Its introduction has significantly improved the 

prognosis for many chronic myeloid leukemia patients. Today, gleevec showcases that 

 
36 Here, the matter is further complicated if one were to factor in the fact that, on the molecular level, even the 

same person is not the same during the same day. In this context, the rapidly developing field of 

“chronopharmacology” focuses on examining the dependencies between the timing of drug administration and its 

effect. 
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understanding the genetic intricacies of a disease could lead to profoundly more targeted 

treatments. 

The Human Genome Project in 2003, under the guidance of Francis Collins37 (1950-), 

mapped all genes within human DNA [533,534]. With such a profound database, the horizons 

for personalized medicine were exponentially broadened. In the same year (2003), the FDA 

had approved its first gene therapy, Gendicine, designed for patients suffering from squamous 

cell carcinoma linked to mutations in the TP53 gene [535]. Moreover, establishments such as 

the Broad Institute in Massachusetts, founded by visionaries including Eric Lander (1957-) in 

2004, are at the forefront of genomics [536]. This institution played a pivotal role in the advent 

of the CRISPR gene-editing technology, adding another potent tool to the personalized 

medicine arsenal [537]. 

Where does AI fit into this grand scheme? AI, with its machine-learning prowess, 

analyses vast genetic datasets, pinpointing patterns that might otherwise remain elusive to 

human researchers. In pharmacogenomics, AI’s role is invaluable, offering predictions about 

how varied individuals might react to certain drugs [538]. Couple this with the principles of 

sensitivity and selectivity—where the former refers to the aptitude of correctly identifying 

those with a disease and the latter pertains to a drug’s specific response, and AI’s contribution 

becomes even more evident. By optimizing drug designs and predicting potential secondary 

effects, AI ensures the introduction of medications that are both potent and safe. 

Rooted in ancient civilizations, our ancestors have been guided by a deep connection 

to nature and an unwavering belief in its curative powers. They employed everything from 

herbal pastes to therapeutic teas, and sometimes even urine, not merely relying on the healing 

properties of these remedies but also mastering their optimal application, setting the precedent 

for the meticulous science of pharmacy. The dawn of the 21st century ushered in a 

transformative era for pharmaceutical products. Yet, for all its technical brilliance, this period 

also highlighted an oversight. By fixating on the pathology, the diseases themselves and their 

genetic underpinnings rather than the patients and their particularities, there has been a drift 

 
37 Craig Venter (1946-), founder of biotech firm Celera Genomics, was another key figure in the Human Genome 

Project. Unlike Francis Collins, Venter was privately funded and employed a rapid ‘shotgun sequencing’ 

technique, in contrast to Collins’s more methodical clone-by-clone strategy. This race created a notable rivalry, 

pressuring both teams. Ultimately, their findings were published almost simultaneously, Collins in Nature and 

Venter in Science. This presents an interesting case of scientific pursuit in the biomedical sciences, one ought to 

investigate deeper, see Chapter Two. 
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from the holistic view of patients. Traditional beliefs, environmental factors, and sociocultural 

particularities still play essential roles in a patient’s therapeutic journey. Nonetheless, these 

relevant aspects are being overshadowed. In essence, as pharmacy practice has honed its focus 

on disease-centric precision, the broader canvas of human experience and diversity has been 

risked of being sidelined. 
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5.3. Beyond the Pill: Societal and Psychological Aspects of Treatment Choices 

The journey of understanding patients’ behavior towards medication and its application 

is intricate and layered. It is assumed that healthcare experts, whether a physician prescribing 

an antibiotic, a pharmacist recommending an OTC cold medication or a government authority 

endorsing a country-wide vaccine, base their decisions on technological and scientific 

evidence. They believe that what is best for patients are the products of scientific rigor. Yet, 

the patients on the other side might not completely agree. This is indeed evident in issues 

related to patients’ adherence to therapeutic regimens and even acceptance in general. 

Intriguingly, hesitating to accept or completely refusing a medical product or approach seems 

to transcend possessing a proper understanding of the disease and potential therapeutic 

outcomes. It is, therefore, important to delve into this complex landscape by identifying the 

underpinning factors which influence acceptance and examine the theories which shed light on 

these dynamics.  

Grounded in diverse academic disciplines of social and psychological sciences, these 

theories enrich the current understanding in healthcare practices by addressing varying factors 

and dimensions which shape the treatment choices of patients. Acceptance of medication or a 

pharmaceutical product can be defined as a patient’s willingness to receive and/or adhere to a 

prescribed therapeutic regimen, informed not only by the effectiveness and safety of the 

product being scientifically established but also accounting to a multitude of psychological, 

sociological, and cultural factors. Such acceptance encompasses an individual’s understanding 

of the disease, personal beliefs about the treatment, societal influences, past experiences with 

medications, and the trust placed in the healthcare provider. It is a decision which emerges at 

the intersection of empirical science and strong personal, subjective and societal 

considerations. The ensuing discussion rapidly moves from the safe haven of natural sciences 

and enters the many and vast aspects of social, cultural, historical and environmental 

disciplines. 

In psychology, for instance, the Health Belief Model (HMB) postulates that patients’ 

decisions to accept a medication are influenced by their subjective perceptions. This 

encompasses their perceived susceptibility to and severity of the disease, together with their 

evaluation of the benefits and potential barriers to treatment [539]. HBM is a tool which aids 

in grasping why people make certain health decisions [540]. It proposes that people weigh up 

their risks and the benefits before taking health actions. Someone might decide, for example, 
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to take the new malaria vaccine if they believe they are at real risk of getting infected (perceived 

susceptibility), think this parasite would be serious (perceived severity), and trust that the 

vaccine could prevent it (perceived benefits). If they are, however, worried about potential side 

effects or other downsides (perceived barriers), they might simply skip it. In a nutshell, HBM 

suggests that health choices are a balance of how patients view the risks, the severity, the 

benefits, and the barriers. It is a way for health professionals to understand and address patients’ 

concerns and motivations [541].  

Closely related is the Theory of Planned Behavior (TPB), which expands on this idea 

by suggesting that behavioral intentions, stemming from attitudes, subjective norms, and 

perceived behavioral control, e.g. self-efficacy, are pivotal in the acceptance of medications 

[542]. TPB provides a simple yet insightful lens to understand why people might, or might not, 

accept or adhere to their medications. TPB suggests that intentions to act, such as accepting a 

pill or a vaccine, hinge on three things [543]. Firstly, personal views or beliefs about the action. 

If someone believes, for instance, a medication will truly help them, they are more likely to 

accept it. Yet other personal beliefs such as religious beliefs might make them decide 

otherwise. Jehovah's Witnesses, for instance, accept most medications but for biblical reasons 

they refuse allogeneic blood transfusion [544]. Secondly, what action is expected by other 

people within their social circle. So, if a patient feels their family or doctor strongly believes 

in the importance of a medicine, they might be more inclined to accept it and subsequently 

adhere. Thirdly, to what level is the patient confident in being able to perform this action. This 

concept is known as self-efficacy or in other words, it is the perceived ability to carry out an 

action in a specific situation. If a patient is confident, they are able to manage a medicine’s 

schedule or handle its side effects, they are more likely to keep taking it. A patient’s personal 

attitude towards a medication, combined with their perception of societal views of those around 

them and their belief in their ability to undertake the treatment, come into play. 

Furthermore, there are several similar psychological models. On one side, The Social 

Cognitive Theory (SCT), posits that individuals acquire and maintain particular behavioral 

patterns through the interplay of personal, behavioral, and environmental factors, especially 

via observational learning [545,546]. SCT emphasizes that individuals learn by watching 

others. Think of it as picking up habits from friends or being influenced by characters on TV, 

YouTube or Twitch.  
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The Transtheoretical Model (TM), often known as Stages of Change (SC), on the other 

side, elucidates the process of intentional behavior change. It suggests that individuals go 

through stages when making changes in a specific behavior, from merely thinking about the 

change to maintaining the new behavior over time [547,548]. Consider a patient opting to 

switch from branded medicine to a generic one: they might start by weighing the pros and cons, 

then try the generic, and eventually make it their regular choice if satisfied. 

Additionally, the Self-Determination Theory (SDT) explores the nature of human 

motivation, emphasizing the importance of autonomy, competence, and relatedness [549]. This 

means that people tend to be more motivated when they feel they are making choices based on 

their own free will, feel competent in their actions, and feel connected to others. This theory 

proposes that individuals are happiest and most driven when their choices come from within, 

rather than from external pressures or rewards [550]. It is about finding personal meaning and 

satisfaction in what individuals do. Take a pharmacist who advises a patient on medication: the 

patient is more likely to adhere if they understand the medication, feel confident in managing 

their regimen, and trust their pharmacist’s expertise. Together, these theories are supposed to 

offer insights into how and why people make decisions about their health and other aspects of 

life. 

Shifting gears to the public health perspective, the Socio-Ecological Model (SEM) 

introduces other layers of complexity. It emphasizes that acceptance of medications is not just 

an individual’s isolated choice [551]. Instead, it is a decision situated within a broader 

relational, community, and within societal contexts. Here, patients’ immediate social circle, the 

beliefs and knowledge of their community, and overarching societal structures and policies 

intertwine to influence choices [552]. This indeed seems in line with the psychological 

approach yet more focused on the social dynamics of rendering a decision say, for instance, 

whether to accept a vaccine or not. 

In a similar breath, the sociological perspective posits that the acceptance of medication 

does not operate in a vacuum. It is deeply embedded within a socio-cultural fabric. Factors 

such as education, socio-economic status, gender, marital status, employment and even 

geographical contexts i.e. urban vs. rural settings may have profound impacts [553]. An urban 

patient, for instance, with higher educational attainment and perhaps also a higher income, 

might be more receptive to newer treatments, influenced by easy access to information and 

healthcare facilities, while someone from a rural background might prioritize traditional 
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remedies, influenced by community traditional wisdom and possibly limited access to modern 

healthcare. Figure 26 summarizes all the approaches discussed. 

It should be noted that discussions about different types of treatments which relate to 

the nature of the disease or condition at hand significantly impact a patient’s approach to 

medication. Chronic conditions, such as diabetes or hypertension, require sustained adherence 

to treatment. The challenge here often lies in maintaining consistency over long(er) periods. 

On the other hand, acute conditions, like malaria, present a slightly different conundrum. Here, 

acceptance may revolve around preferences, such as opting for synthetic over traditional herbal 

treatments. Then there is the realm of preventive treatments, epitomized by vaccines, such as 

the one for COVID-19. Acceptance in this arena can be controversial, fueled by sociocultural 

beliefs, misinformation, or simply fear of the unknown.  

The complexities of why individuals might opt against a scientifically developed 

treatment, despite its rigorous foundation in research, stringent regulatory oversight, and 

proven efficacy, is a multifaceted dilemma. From psychology addressing personal beliefs and 

motivations, to sociology emphasizing cultural fabrics, the factors are vast and varied. Theories 

such as HBM or the SEM, offer valuable lenses through which one may understand these 

choices. Yet, even as they shed light on some facets, others remain unclear and perhaps 

inaccessible. Notably, personal and societal factors intertwine, where personal convections of 

Figure 26. Summary of the theories and approaches discussed within the context of the application of pharmaceutical products.  
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a patient merge with community beliefs, and broader societal structures. The acceptance of 

medication is, after all, a dance between the individual, their immediate world, and the larger 

societal framework. Chronic or acute conditions, be it diabetes or malaria, and even preventive 

treatments such as the COVID-19 vaccine, each have unique considerations. The complex 

interplay between these myriads of factors emphasizes the tremendous effort dedicated to 

unraveling why some might refuse a scientifically backed treatment. And yet, despite these 

dedicated attempts, the enigma persists. As researchers and practitioners continue to seek 

understanding, the overarching question looms: Why, in the face of empirical evidence 

establishing the safety and effectiveness of pharmaceutical products, do individuals, 

sometimes, opt for a divergent path? The ensuing two sections provide an account of pursuing 

the answer. Their results and discussions are supported by three studies conducted in 2018, 

2020 and 2021. 
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5.4. Curbing the COVID-19 Outbreak: A Tale of Two-Nations- Syria and Ghana 

The global emergence of COVID-19 introduced unforeseen challenges to healthcare 

systems and exposed the inherent disparities in public health responses across different nations 

[554–557]. As discussed in the previous section, the varied contours of national histories, 

socio-economic characteristics, and cultural fabrics have indeed influenced the impact of the 

outbreak and the effectiveness of preventive measures. Global efforts have focused on adapting 

a standardized approach to curb the spread of the COVID-19 pandemic [558,559]. One widely 

accepted approach by such health authorities has been the recommendations of the WHO [560]. 

Wearing of facemasks in public places, regular handwashing, maintaining “social” distance 

and receiving the vaccine have been preventive measures millions of people around the globe 

had to deal with for a span of almost three years. Yet the reception, acceptance and adherence 

to such preventive interventions have been polarized [561–564]. While such differences in 

adapting the preventive measures might not come as a surprise, they construct a hot spot for 

researchers aiming to explicate the underlying reasons for eluding accepting or practicing what 

has been deemed as the best course of action by public health experts. Put simply, why do 

people not practice the preventive measures set to protect them and their communities? Is a 

standardized approach to halting a pandemic universalizable? In this context, Syria and Ghana 

present uniquely contrasting landscapes, underlining the need for tailoring public health 

response strategies based on regional idiosyncrasies. 

The destructive intersection of armed conflicts and infectious diseases has historically 

wrought havoc on vulnerable populations [565–567]. Syria, embroiled in a more than a decade-

long war, offers a poignant example. This conflict has systematically eroded the nation’s 

political, economic and social infrastructures, resulting in a fragile healthcare system ill-

equipped to manage pandemic-scale crises [568–570]. The repercussions of these upheavals 

over the past decade have dramatically affected the pharmaceutical industry and the exodus of 

healthcare professionals, reflecting the magnitude of structural and human resource challenges 

facing Syria. Additionally, the re-emergence of diseases such as cholera, hepatitis A, and polio 

highlights the severe healthcare inadequacies. The advent of COVID-19 only exacerbated these 

challenges [571–574]. Given the limited capacity for polymerase chain reaction (PCR) testing 

and the ongoing conflict, it has been deemed challenging to acquire reliable data on the 

pandemic’s progression in Syria. 
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In contrast, Ghana’s experience with COVID-19, while rooted in its own set of 

challenges, was notably different [575,576]. Ghana has no military conflicts, unlike some of 

its neighboring countries such as Sudan and Ethiopia. Yet, unlike Syria it has a long and rich 

history of traditional medicine which is in some cases mixed with superstition and even magic 

[577,578]. Despite historically grappling with diseases such as malaria, H1N1 influenza and 

cholera, and the inherent limitations of healthcare resources, Ghana’s official response to the 

pandemic has been commendably proactive [579,580]. While many African nations faced dire 

predictions regarding the pandemic’s potential impact, Ghana managed to keep its infection 

rates relatively modest. Measures such as lockdowns, contact tracing, and advocating personal 

preventive practices have been introduced in a timely manner. Concurrently, public health 

campaigns emphasizing the population’s knowledge about the disease have been pivotal. 

The rationale behind juxtaposing Syria and Ghana lies in their contrasting socio-

political landscapes and their distinctive responses to the pandemic. Both nations underscore 

the quintessential importance of understanding local contexts when framing health 

interventions. Syria’s ongoing conflict, coupled with international sanctions, has rendered its 

healthcare system vulnerable, making its population particularly susceptible to the ravages of 

a pandemic. Conversely, Ghana’s proactive measures, albeit within resource constraints, offer 

lessons on how timely interventions may curb an outbreak. These two nations, through their 

challenges and responses, emphasize the interplay between the diverse array of factors which 

influence the efficacy of pandemic mitigation efforts. The aim is to showcase the myriad of 

socio-cultural, economic, and political factors which influence population practices in the face 

of global health threats. Understanding these issues is pivotal for crafting interventions which 

resonate with local realities and ensuring that they are both effective, safe and sustainable. 

5.4.1. Insights on Syria’s Response to Covid-19 

Despite the vast challenges Syria has faced over the past decade, its population has 

demonstrated an admirable knowledge and understanding of infectious diseases, including 

Covid-19. This is particularly commendable given the fragility of the nation’s healthcare 

infrastructure [581]. 

Interestingly, while Syrians displayed considerable knowledge about Covid-19, this did 

not necessarily correlate with their understanding of other diseases like polio and leishmania, 

despite the recent resurgence of these diseases and also being at the forefront of awareness 
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campaigns in the country. What this suggests is that knowledge in one area does not guarantee 

comprehension in another, further supported by the observation that a mere 18.9% of an 

individual’s knowledge about Covid-19 can be predicted based on their understanding of polio 

and leishmania. Additionally, there was no evident gender-based differences in being 

knowledgeable about Covid-19. Younger Syrians showed slightly more familiarity with the 

virus. Remarkably, the capital city, Damascus, displayed more knowledge about the virus 

compared to other cities like Aleppo and Dyer Az Zawr, barring Hama. 

One uplifting finding was the direct relationship between Syrians’ comprehension of 

Covid-19 and their adherence to WHO guidelines, i.e. the more a Syrian knew about the disease 

the more likely they would practice the preventive measures. Yet, this relationship had its 

limitations; not every knowledgeable Syrian necessarily practiced preventive measures 

consistently. This discrepancy mirrors global challenges, like the threat acknowledged of 

climate change versus limited actionable steps taken by individuals. 

Another encouraging aspect was the strong sense of self-efficacy among Syrians. This 

idea here pertains to the heath belief model discussed above. In essence, the more capable a 

Syrian felt about following preventive measures, like wearing a mask in the heat or maintaining 

distance in crowded areas, the more likely they were to do so. This confidence, however, did 

not always translate into action; a confident Syrian might still hesitate to get vaccinated. 

Concerning visible preventive measures such as wearing masks, there was an initial 

concern that such measures might conflict with cultural norms, potentially leading to 

stigmatization. Yet these concerns have been falsified as it seems that social stigma had a 

negligible influence on practicing such preventive measures. The data on the actual adherence 

to preventive measures, however, painted a sobering picture. On average, Syrians adhered to 

the preventive measures of the WHO only about 52.80% of the time. Notably, hand washing 

has been the most practiced measure at 84.71%, and a commendable 70% wore masks. 

Predictably, due to limited resources, few Syrians got tested for Covid-19. Demographics also 

played a role. Despite their lower knowledge scores, cities such as Aleppo, Dyer Az Zawr, and 

Hama saw higher compliance to the preventive measure than Damascus. Surprisingly, non-

urban areas lagged slightly behind in terms of these practices. An important discovery has been 

the significant influence of formal sector employment on compliance. Syrians working in a 

formal sector, both private and public, have been more likely to adhere to the guidelines and 

also to get vaccinated than those in the informal sector. 
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Perhaps most worrisome has been the moderate willingness to accept the vaccine 

against COVID-19. Despite the impact of war and poor living conditions, Syrians displayed 

similar knowledge, attitude, and practice scores towards Covid-19 as some of their regional 

counterparts. Yet only around 51% of the population has been reported to demonstrate 

willingness to get vaccinated. When viewed on a global scale, however, the pace of the vaccine 

rollout in Syria has been concerning. While countries such as Germany, the USA, South Korea, 

and China have already vaccinated around half their populations by the time this study has been 

conducted, Syria lagged behind with less than 5% vaccinated in late 2021. The primary 

vaccines available to Syrians included Sputnik V, CoronaVac, and Oxford–AstraZeneca. 

Priority has been given to healthcare professionals and vulnerable demographics. Was this 

issue with low vaccination rate related to availability and accessibility? Or is there a more 

profound reason underlying Syrians’ hesitancy to take available vaccines. A clearer picture will 

transpire in section 5.4.3., after reviewing the insight from Ghana. 

5.4.2. Insights on Ghana’s Response to Covid-19 

Ghana’s widespread campaign to educate its citizens about the SARS-CoV-2 pandemic 

has largely been a success. From bustling cities to distant villages, most Ghanaians were 

informed about COVID-19. Interestingly, similar to the situation in Syria, while knowledge 

has been high, actual practice of protective measures in Ghana, such as wearing masks or social 

distancing, has not been fully followed, posing challenges, especially regarding the willingness 

to receive vaccination [582]. 

In this context, it has been found that most Ghanaians, whether urban or rural, were 

quite knowledgeable about COVID-19, scoring an average of 69.90%. Their understanding 

mirrors the results seen in neighboring African countries. Perhaps past experiences with 

diseases like cholera, which has a significant annual death toll in Ghana, have shaped this 

awareness. Additionally, knowledge about cholera and influenza represented a significant 

predictor of COVID-19 awareness. Yet, the puzzling mismatch transpires once again. Despite 

this knowledge, only about a third of the population followed the recommended safety 

guidelines. While being younger or residing in Accra might increase one’s likelihood to accept, 

practice and adhere, there remained a substantial gap in understanding why most were not 

compliant. Economic factors, social customs, and even Ghana’s tight knit, often crowded 

community structures might have played roles here. 
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Consider face masks, for instance. Only 29% of those surveyed were inclined to wear 

one. This reluctance might stem from their cost, especially given the average daily wage in 

Ghana. While local masks are more affordable, higher-grade N95 masks eat up a significant 

chunk of a day’s earnings. And the tangible discomfort of wearing a mask on a sweltering day, 

combined with costs, could indeed deter many. Cultural norms too might play a part; regular 

hand washing might not be a frequent practice for some. The "Veronica bucket" invention, 

which made handwashing more accessible in public places, was a bright spot in Ghana’s 

response. Yet, it seems that overarching societal norms, such as crowded markets and living 

conditions, hinder widespread adoption of preventive behaviors. 

There is also a psychological angle. Fears, stigma, self-efficacy, and group dynamics 

shape attitudes toward COVID-19 and vaccinations. Similar to other African nations, Ghana’s 

population could also exhibit vaccine hesitancy. Misinformation, especially on social media, 

might have introduced doubt about vaccine benefits. The influence of the social circle and 

learning by mimicking or watching what others do are important aspect emphasized by the 

theories discussed before such as TPB, SCT and SEM. One intriguing finding was the heavy 

reliance on friends’ recommendations, evident from a past study where most Ghanaians 

preferred herbal medicines against malaria based on friends’ endorsements, as will be explored 

in section 5.5. 

The broader concern is the future. At the time of the study, developed nations had been 

advancing in their vaccination coverage, while Ghana, with a mere 3% of its populace 

vaccinated, remained vulnerable. Here, historical mistrust, such as the painful memory of the 

Tuskegee study, could be among the contributing factors. To counter this, it is crucial for global 

and local health agencies to realize that distribution of vaccines represents one part of the 

equation. Building trust is equally vital. Public awareness campaigns, community outreach, 

and involving trusted community figures could bridge this gap. Familiar faces, or "social 

influencers" in today’s parlance, could be instrumental. Watching them getting vaccinated 

might alleviate widespread concerns. 

5.4.3. From Knowledge to Action: Mind the Gap 

Though the discussion here spans broad geographical and cultural spectra of Syria and 

Ghana, several relevant finding can be discerned regarding public perception and practice 

during the Covid-19 pandemic. The population in both nations demonstrated commendable 

knowledge regarding the SARS-CoV-2 pandemic. An intriguing divergence, however, was 
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observed in the translation of this knowledge into practical action, reflecting a gap between 

understanding and actionable measures. As discussed before, accepting a medication or a 

medical intervention transcends knowing about the disease or even the intervention itself. 

Syria, while displaying a robust understanding of the pandemic, particularly in its urban 

sectors, highlighted the importance of broadening this knowledge base. This is especially true 

for non-metropolitan areas and the older populace engaged in the informal sector. Ghana, 

despite its population being well-informed, observed a paradoxical reluctance to adopt 

precautionary measures. This dichotomy of knowledge versus action is not exclusive to these 

nations; echoes of it are evident in global responses, with unrest and demonstrations across 

cities such as Berlin, Amsterdam, and Vienna a common sight these days. To truly combat the 

spread of Covid-19 and/or any other future pandemic, it is paramount to go beyond mere 

dissemination of knowledge and awareness campaigns. A holistic approach, intertwining 

comprehensive, transferable and culturally sensitive public health campaigns with positive 

reinforcement mechanisms appears necessary.  

In addition, another alarming finding was the low willingness to be vaccinated. Bearing 

in mind that these two studies have been conducted right before or at the start of the rollout of 

the vaccines worldwide, only around 51% of the participants in Syria and 35% in Ghana 

demonstrated willingness to receive the COVID-19 vaccine. Initially, one may speculate that 

such low acceptance of the vaccine would be due to practical limitations such as availability 

and accessibility as around the end of 2021 less than 5% of the population in both countries 

had been full vaccinated38. Yet even now, in 2023, after almost two years the vaccination rate 

in both countries remains low with 12.4% of the population in Syria and 32.7% in Ghana, 

especially in comparison with other countries close to have been fully vaccinated. This alludes 

to a much more complex issue with accepting the COVID-19 vaccine.  

Future studies39 in these two countries must address such hesitancy by appropriate 

means. Such an approach would be to evaluate vaccination hesitancy by applying the 5Cs 

 
38 The vaccine against COVID-19 has been first introduced in Syria in April 2021 and in Ghana in March 2021. 

It was available for specific subpopulations such as medical workers and those of higher risk, such as 

immunocompromised and elderly individuals for a few months and then accessible to the general population upon 

registration. 
39 We have indeed conducted such studies in Syria (n = 5320) and Ghana (n = 4181) as well as in Ukraine (n = 

1352). The 5Cs Model has been applied in addition to surveying which possible influence the particularities about 

the vaccines such as brand name, country of origin or its popularity might exert. In addition, we detailed the 

sources of information the participants used to acquire about vaccines and levels of conspiracy mentality. We are 

currently in the last steps of the statistical analysis, and we hope that these manuscripts will be available during 

2024. 
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model which dives into the psychological underpinnings of vaccination hesitancy. It explores 

the confidence in vaccine safety and effectiveness, whether individuals become complacent 

about risks of disease, the practical barriers like access, i.e. convenience, how much research 

one may personally invest in weighing vaccine pros and cons, i.e. calculation, and the sense of 

duty to the broader community, i.e. common responsibility. By addressing each of these five 

aspects, public health professionals may aim to craft more effective strategies to encourage 

widespread vaccination. In addition, one may also explore the perception of the brand name, 

the influence of sources of information and conspiracy mentality on the hesitancy towards 

vaccines. By addressing the unique aspects of acceptance of pharmaceutical products, health 

professionals and decision-makers would indeed be empowered to connect more authentically 

with individuals and to enhance public health outcomes.  

Strategies such as vaccine passports and other mobility restrictions are controversial 

and have indeed sparked unrest in countries such as the USA, France and Germany. Such 

approaches should be adopted with caution as they clearly contradict established theories 

emphasizing the role of agency, i.e. having the power to make a decision and feeling in control 

in one’s choices, as discussed before in the theory of planned behavior and the Self-

Determination Theory. Any strategy to increase vaccination uptake must be rooted in respect 

for individual freedoms and democratic principles. Furthermore, harnessing the power of 

influencers, be it academic stalwarts, religious figures, or social media stars, can be 

instrumental in championing the benefits of vaccination. These voices, resonating with the 

public, can bolster trust and bridge the existing chasm between knowledge and action. 

In light of the events in Europe and the evolving nature of pandemics, it is imperative 

for both Syria and Ghana to anticipate challenges. The goal is to preemptively address them, 

ensuring public health while averting social unrest. Further qualitative and quantitative studies, 

aimed at discerning the roots of hesitancy and/or refusal to practice life-sparing measures can 

guide future policy directions, ensuring that both nations, and indeed the global community, 

are better equipped to face such health crises in the future. 
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5.5. Ghana’s Battle with Malaria: Traditional Remedies or Modern Medication? 

Malaria, a formidable adversary in global health, afflicts nearly 228 million people 

annually, with countries such as Ghana being majorly affected. This lethal illness, brought on 

by the Plasmodium parasite and transmitted via female Anopheles mosquitoes, does not just 

claim over 400,000 lives each year but also strains healthcare systems and impinges on national 

economies [583,584]. 

While the WHO fully endorses artemisinin-based combination therapies for malaria, 

recommending fixed-dose combinations such as artemether–lumefantrine and 

dihydroartemisinin–piperaquine in malaria-prone regions [585–587], many in Ghana have a 

historical inclination towards indigenous herbal remedies. Popular local treatments include 

brands such as Taabea or Time Herbal Mixture, and more traditional concoctions such as the 

one derived from Cryptolepis sanguinolenta40 roots [588,589]. This specific herbal potion is 

prepared by boiling fresh roots of C. sanguinolenta, capturing its active ingredients. Notably, 

from a scientific vantage point, this plant offers natural compounds such as cryptolepine, 

known to exhibit formidable antimicrobial activities against strains of Plasmodium falciparum, 

even those resistant to chloroquine [588,590–592]. 

The Ghana Health Service (GHS) has a pragmatic approach, allowing antimalarials to 

be dispensed post a positive Rapid Diagnostic Test and endorsing the treatment of 

uncomplicated malaria cases outside hospitals, in places such as pharmacies, licensed shops, 

or even herbal outlets [593]. This not only alleviates pressure on the healthcare structure, it also 

amplifies the accessibility of antimalarial agents. Presently, a myriad of these herbal solutions, 

though sometimes inconsistent in their composition, are openly available through various 

media channels and street vendors. Despite lacking robust scientific backing, these remedies 

carry the weight of age-old wisdom and experience, distancing themselves from more esoteric 

treatments offered by spiritual healers [594–597]. 

In light of this intricate landscape, this section delves into the preferences of 

antimalarial treatments in Ghana, probing the inclinations of the local population towards 

herbal or conventional "Western" medications. The aim is to discern the rationale behind these 

 
40 Cryptolepis sanguinolenta is a revered West African shrub traditionally harnessed for its medicinal properties. 

Predominantly found in the tropical rainforests, its roots have been employed for ages in local remedies, 

particularly for treating malaria. 
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choices, exploring the significance of side effects, the sourcing of these medicines, and the 

potential factors influencing the balance between traditional and modern remedies. 

5.5.1. The Ghanaian Antimalarial Dilemma 

Three aspects seem relevant when trying to explicate the personal preferences of 

choosing an antimalarial drug in Ghana. Firstly, one will want to know if Ghanaians generally 

opt for synthetic medication or herbal remedies. Secondly, one might wonder about the 

influence of sources of information, e.g. advertisement, and from where Ghanaians actually 

purchase or get their antimalarial drugs. Thirdly, how concerned are Ghanaians about potential 

side-effects and how does this influence their choices? [598] 

Common beliefs posit that the high cost and limited availability of synthetic 

antimalarial drugs may push locals towards potentially unreliable herbal treatments from 

unconventional distributors. Current insights, however, indeed challenge this view profoundly. 

Findings show that one third of the population relies solely on herbal preparation, a third on 

synthetic drugs and the other third on combining both choices together. A significant portion 

of individuals lean towards herbal remedies, not primarily because of costs or access, but 

largely due to perceived effectiveness and fewer side effects, i.e. perceived safety. This 

suggests that the gravitation towards herbal remedies might be more complicated than mere 

convenience or affordability. At closer inspection, one could observe an intriguing trend: a 

person’s education favorably level influences their inclination towards herbal treatments. 

Furthermore, age also plays a part; as age increases, the preference for herbal treatments 

follows suit. While one might assume that the medical advice of caregivers would hold 

significant sway, data indicates that age is a more prominent factor in determining preference 

to either choice. 

Despite the popularity of certain herbal treatments, many of their proclaimed benefits 

lack rigorous scientific validation. The vast industry backing these remedies leans heavily on 

age-old traditions for endorsement. Furthermore, a substantial number of respondents procured 

these remedies not from trusted healthcare facilities but from advertised agents and 

unauthorized drug peddlers. Surprisingly, traditional healers, commonly associated with such 

treatments, constituted a negligible source. Advertising, spanning from local TV and radio 

spots to street banners, emerged as a dominant influencer in these choices. Recommendations 

from friends also held significant sway. This paints a multifaceted picture of antimalarial drug 
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choices in Ghana, one that extends beyond traditional healthcare channels with regard to 

sources of information. 

Yet there remains a pressing concern here: Although these herbal treatments are 

popular, they can lead to detrimental side effects. A significant fraction of consumers of herbal 

remedies reported adverse reactions ranging from minor inconveniences such as itching to 

more severe symptoms necessitating hospitalization. Most of these reactions were associated 

directly with the duration of treatment. Somewhat surprising, has been that a considerable 

number of respondents persisted with the herbal treatments even after experiencing these 

adverse effects. 

A closer examination also reveals a correlation between the source of these remedies 

and the likelihood of adverse drug reactions (ADRs). Remedies sourced from traditional 

healers and peddlers seem particularly to be associated with increased ADRs. On the contrary, 

those obtained based on friends’ recommendations show a reduced likelihood of such reactions. 

Remedies from licensed pharmacies and shops had no significant correlation with ADRs in 

practice. Alarmingly, drugs that are marketed with claims of "fewer side effects" often resulted 

in increased ADRs, underscoring the need for better oversight and public awareness. 

5.5.2. Bridging Heritage and Health 

Antimalarial drugs in Ghana present a complex issue which contradicts initial 

assumptions. While it might seem likely for urbanized cities such as Accra and Kumasi to rely 

on formal medical channels for prescriptions, the truth deviates from this notion. In fact, the 

picture in more colorful and vivid and it is depicted by traditional herbal remedies playing a 

significant role in the antimalarial drug landscape of Ghana.  

Availability is not the sole driving factor. Data highlights that trust plays a relevant role 

in influencing drug choices. For many, recommendations from friends or reliance on local 

recipes engraved into the traditions of Ghana hold more weight than scientifically proven 

alternatives. This is indeed consistent with psychological and social theories discussed before 

such as TPB and SEM. This trust is further reinforced by advertising which capitalizes on 

locally produced and recognized remedies [594,599]. In stark contrast, imported drugs, which 

have been scientifically vetted, are not promoted in the same manner. There seem to be a 

noticeable skepticism, perhaps even a level of mistrust, towards drugs produced in nations not 
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affected by malaria. This sentiment extends to a broader distrust of synthetic compounds 

compared to natural herbal treatments. This preference for local over foreign, natural over 

synthetic, is not exclusive to Ghana. In Germany, for instance, local products, including 

alternative herbal remedies, are often favored for their familiarity and trustworthiness. The 

same pattern emerges in Ghana, where natural remedies are perceived as superior, regardless 

of their actual efficacy or potential side effects [600–602]. 

Importantly, social considerations have a significant influence on drug choice. It should 

be emphasized that policy measures to tackle health challenges must acknowledge these social 

underpinnings. Merely supplying Ghana, for instance, with modern antimalarial medication 

would not be effective unless these treatments are also socially accepted and trusted. Notably, 

even well-educated individuals demonstrate a preference for herbal treatments, possibly due to 

a perceived naturalness. In terms of subjective perception of adverse drug reactions (ADRs) a 

concerning trend has been identified. Two thirds of the population result to herbal or a mix of 

herbal and synthetic treatments despite experiencing ADRs [603,604]. The source of the herbal 

remedies, however, significantly influence the frequency and severity of ADRs reported, be it 

a licensed establishment or a traditional healer. 

To improve the current situation, a multifaceted approach is necessary. While 

promoting scientifically proven treatments is crucial, so is researching and refining local herbal 

remedies [595,596,605–609]. Given their longstanding application and wide societal 

acceptance, enhancing these remedies might provide both, health and economic, benefits to the 

local population. The link between the source of a remedy and ADRs associated suggests that 

better regulation and sourcing could lead to safer and more effective treatments. Addressing 

the challenges against this backdrop requires a blend of promoting scientifically backed 

treatments and understanding and refining local herbal solutions, for the betterment of patients 

not only in Ghana, but potentially in wider regions of Africa. 
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5.6. Chapter Conclusions 

Drawing on the intricate history and multifaceted dynamics of the application of 

remedies and pharmaceutical products, it seems evident that the current approach to healthcare 

primarily targets the pathology and pathogenesis of diseases. This paradigm, although rooted 

in rigorous scientific evidence, seems to have deviated from a more traditional holistic practice 

which places the patient, with all their unique characteristics, at the forefront. The medical 

world has been entrenched in the pathogenic framework, primarily fixating on diagnosing 

diseases and prescribing treatments. This is akin to a pharmacy purely focused on dispensing 

medications based on the symptoms presented by the patient. But what if, instead of only 

mitigating symptoms, the pharmacy of tomorrow could also advise on holistic solutions which 

not only treat diseases but also enhance overall wellbeing? 

Ancient civilizations valued nature and consistently acknowledged its medicinal 

attributes. They turned to therapeutic teas and herbal mixtures. This approach ensured that the 

patient’s wellbeing and personal characteristics were integrated into the therapeutic process. 

As the 21st century is ushered in, the application of pharmaceutical products undergoes a major 

shift in paradigm, further gravitating towards an almost myopic view emphasizing diseases and 

their genetic underpinnings. While this precision is commendable, it unfortunately sidelines 

the broader spectrum of human experience, traditional beliefs, environmental factors, and 

sociocultural nuances. 

To truly enhance the current healthcare paradigm towards an impactful gestalt-switch, 

one ought to embrace an approach which does not just treat diseases, yet genuinely engages 

with the patient. Such a gestalt-switch would prioritize health promotion and delve into the 

origins of health. Here a concept which truly lies at the heart of modern healthcare, sometimes 

referred to as Salutogenisis, comes to mind. Derived from the Latin "salus" for "health" and 

the Greek "genesis" for "origin", this term, coined by the American medical sociologist Aaron 

Antonovsky (1923-1994), highlights an approach which emphasizes factors promoting health 

and well-being instead of those causing disease [610,611] . 

Imagine a scenario where a patient with diabetes approaches a pharmacy. While the 

traditional pathogenic approach would simply involve providing insulin or other antidiabetic 

medications, a salutogenic strategy would consider a broader view. The pharmacist, in this 

context, might not only supply the medicine but also provide guidance on dietary choices, stress 
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management techniques, and lifestyle habits which could significantly improve the patient’s 

overall health and wellbeing. Such an approach acknowledges that health is not merely the 

absence of disease but a comprehensive state of physical, mental, and social wellbeing. 

Antonovsky’s salutogenesis is anchored in the "Sense of Coherence" (SOC) which 

entails comprehensibility, i.e. understanding life events, manageability, i.e. resources to cope, 

and meaningfulness, i.e. life’s challenges are worthy of engagement. Applying this to pharmacy 

would mean understanding the patient’s life context, ensuring they have the necessary 

resources, medicinal and non-medicinal, to manage their conditions, and making them feel 

involved and valued in their therapeutic journey [612]. 

Consider, for instance, the patients who are skeptical about new vaccines, such as those 

for COVID-19. A salutogenic approach in pharmacies would not just emphasize the scientific 

effectiveness of the vaccine. Instead, it would engage with these patients, trying to understand 

their concerns, providing information in an accessible manner, and collaborating with them, 

ensuring they feel understood and are actively participating in their health decisions. The same 

goes for the treatment of malaria and practice of preventive measure in Ghana and Syria. In the 

evolving landscape of healthcare, salutogenesis offers a promising paradigm, advising to 

holistically understand and promote health. For the world of pharmacy, this means transitioning 

from a mere dispenser of drugs to an active collaborator in a patient’s journey towards 

wellbeing41. 

While the safety and effectiveness of pharmaceutical products are undeniably essential, 

there remains an urgent need to reconsider their application. A shift from a disease-centric view 

to a holistic, patient-centric perspective is the way forward. One may wish for a future for 

modern pharmacy where precise techniques such as personalized medicine are actively 

combined with patients’ idiosyncratic tendencies. Only by understanding and integrating the 

diverse aspects of an individual’s life, from the molecular to the psychological, the social and 

environmental, into the therapeutic process pharmacy will treat patients rather than diseases. 

  

 
41 Notably, data protection regulation might actually stand in the way of pharmacists trying to inquire medical 

information from patients though this of course might vary from country to country. It might be, therefore, 

advisable to check regulation and create a waiver the patient may sign if necessary. 
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6. Discussion: “In my quest, I find no absolute truth”42 

Despite the plethora of topics left to be addressed in future research, the account 

established for pharmacy within the lines of this dissertation is unique and offers a distinctive 

and broad utility. The discourse has been anchored by the guiding questions introduced, 

namely, recognizing critical challenges in pharmacy through a philosophical and 

interdisciplinary lens and subsequently deriving practical solutions. By and large, the prime 

objective has been to bridge the neglected chasm between philosophy and pharmacy and to 

stimulate future debates within the realm of this topic, thereby unleashing a myriad of benefits 

contingent on their integration. 

As illustrated in the various chapters, scientific practice in pharmacy carries a lot of 

weight. On the one side, pharmaceutical products are direct answers to societal needs and on 

the other side such products undergo a demanding regulatory process to ensure their safety and 

effectiveness. In both sides the therapeutic products and their market entry are hinging on 

scientific knowledge represented in evidence and proper means of drawing inference. 

Scrutinizing the epistemology guiding pharmacy produced an account of knowledge 

which possesses the attributes of being communal, dynamic and problem-solving oriented, as 

opposed to the idealized, unchanging, definitive and perhaps non-attainable truth. Such an 

account transcends being simply grounded in a logical structure, rather it is pragmatic, relative, 

never permanent and adaptable to the changing societal needs and the prevailing research 

traditions of the era. This means that scientists active in the field of pharmacy are on a constant 

pursuit to find better solutions to the problems in their field. The communal and societal aspect 

of scientific practice is perhaps most evident in the current publishing practices celebrated with 

a gold standard set up to discern good science from pseudoscience, that is blind forms of peer 

reviews43, as highlighted in Chapter Three. This finding emphasizes the anthropocentric 

 
42 The Author. 
43 In my view, the near future may see peer review transition to an automated process, driven entirely by artificial 

intelligence. I say entirely because I have it on good authority that the initial scanning of manuscripts to evaluate 

its suitability to be published within the scope of a journal is common practice nowadays. Even the most cutting-

edge AI systems currently known, however, cannot innovate or generate fresh insights. These machines are bound 

by pre-existing knowledge, limiting their capacity for novel discoveries. My concern is a potential stagnation in 

scientific advancements, as AI might inadvertently dismiss revolutionary ideas it hasn't been previously exposed 

to. 
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aspects of scientific practice in pharmacy, together with the implications of its inherent 

limitations, nested in social, economic, political and historical milieus. 

One aspect to consider when knowledge is relative is the potential pitfalls of 

reductionism. In scientific practice, oversimplifying or truncating based on relative knowledge 

may inadvertently miss key insights, leading one down the rabbit hole of epistemological 

skepticism; pondering if one truly knows anything at all or will ever do so. Instead of resisting 

this, it is more productive to acknowledge and harness the inherently reductionist tendencies 

within pharmaceutical research. Here, mechanistic explanations serve as a prime example. 

Such explanations analyze the interactions between a drug and an organism in their mechanistic 

components. Scientists, however, do not randomly or arbitrarily select such components and 

interactions, rather they follow a rigorous empirical practice. Furthermore, mechanistic 

explanations facilitate both predictability and control which are indeed two paramount goals in 

scientific practice.  

As demonstrated in Chapter Two, however, there is immense merit in adopting a 

complementary holistic approach. Such perspective, exemplified in the Baumkuchen Model, 

refines the understanding of mechanistic models and also discerns the intricate mechanisms 

operating at the various levels of complexity within an organism. This may steer the 

reductionist explorations towards groundbreaking discoveries or guide the answer to elusive 

questions as illustrated by revisiting the function of metallothionines and constructing the 

tripartite research strategy distinctions, i.e. upward-looking vs. downward-looking, mere 

interactions vs. interventions and hypothesis testing vs. exploratory research. Moreover, 

recognizing the merits of the reductionist approach in pharmacy equips experts to innovate 

systematic inference methodologies, such as the E-Synthesis utilized in the case of AMX and 

DRESS. Balancing reductionist and holistic approaches represent the optimal approach for 

advancing scientific research in pharmacy. 

The implications of reductionism in scientific research within pharmacy extend beyond 

mere methodology and research, as emphasized in Chapter Five, albeit in a different flavor. 

The widespread understanding of the concept of application in pharmacy risks oversimplifying 

individuals, reducing them solely to their molecular dimensions. This pathology-medicating-

driven paradigm seems to render the patients themselves as secondary. Recent public events 

during the COVID-19 pandemic have underscored the potential fallout of this reductionist 

stance. For instance, Europe's major cities have witnessed unprecedented riots against the 
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COVID-19 vaccine, while globally, diminished vaccination rates reflect a broader societal 

apprehension. Once again, the multidisciplinary, holistic approach this time adopted to address 

the application of pharmaceutical products may offer a fix to this reductionist stalemate. Instead 

of a singular focus on disease management, pharmacy ought to rally for a more comprehensive 

patient care model. By weaving in the unique social, psychological, and environmental aspects 

of individuals, a more encompassing and patient-centric form of care is presented. Insights 

from fields such as psychology, sociology, and public health are indeed instrumental in 

reshaping and refining the concept of application in pharmacy. Another important conceptual 

shift in this context is focusing pharmaceutical practice and application on health promotion 

and the origins of health as advocated for in social pharmacy and salutogenesis. 

In addition, the intimate relationship between the control and the pursuit of truth within 

pharmacy has been identified twofold. On one side, regulatory bodies set standards for the 

development and production of drug products and, on the other, market entry decisions are 

based on the results of scientific practice in terms of knowledge or evidence of safety and 

effectiveness. In some cases, it might seem as a circle, i.e., researchers develop the drug and 

the regulators who assess and evaluate its safety and effectiveness bases their decisions on 

knowledge from the same source44. But again, how can safety and effectiveness be guaranteed 

if the knowledge stemming from scientific practice is rather relative? To this end, the inherent 

uncertainty is circumvented by quality assurance and risk management measures. 

Pharmaceutical impurities, for instance, are mitigated by adhering to cGMP and following 

strategies such as quality by design. Nevertheless, impurities related scandals keep persisting. 

At closer inspection, it seems that the current understanding of pharmaceutical impurities in 

regulatory texts leaves room for entities holding different epistemic attributes to be 

misclassified. The philosophical approach adopted has been successful in clarifying at least 

eight different types of impurities in one class based on the knowledge of their chemical 

composition, biological activity and presence in a drug sample. In some cases, however, such 

as the outbreak of a novel disease, uncertainty in decision-making may be inevitable and 

adopting a philosophical, i.e. ontological, epistemological and ethical, lens might not be fruitful 

in providing direct and immediate guidance. Yet, a philosophical reflection on aspects related 

 
44 This is an issue which has already been raised in Chapter Four, where the recommendation to reducing bias in 

drug approval should consider excluding the manufacturer from drug monitoring.  
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to the type of risk attitude and means for evidence production and synthesis may indeed aid 

experts in counteracting future challenges and augmenting pandemic preparedness. 

Forecasting future outbreaks of infectious disease or public health crises might appear 

unduly pessimistic. There is, however, a burning concern rooted in the treatment of the 

environment, especially in terms of pharmaceutical waste. The traditional notion of control 

within pharmacy, primarily centered around patient safety, ought to evolve to encompass a 

broader ecological perspective. One must always remember that human health is essentially 

linked to the health of the environment. Living organisms, from fungi, insects, fish, reptiles to 

primates, are all interconnected through complex ecological networks. Hence, any 

environmental degradation, whether through the contamination of ecosystems by 

pharmaceutical products or the subsequent loss of biodiversity, has potential ripple effects. 

Such disturbances and constant pressure on the ecology would inevitably trigger new disease 

outbreaks. Given this interconnectedness, it is incumbent upon pharmacy to expand its 

purview, embracing a stewardship role which safeguards both human and environmental 

health. Addressing these ecological concerns renders pharmacy an active participant in global 

efforts to ensure a more sustainable and harmonious future. 
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7. Conclusions: Is philosophy and philosophical thinking important in pharmacy? 

The answer is a resounding yes! This is indeed a fact, not only in scientific practice but 

also in regulations as well as the application of pharmaceutical products. The substantive 

insight presented by the reflections, challenges, and solutions addressed as part of this 

dissertation are by no means complete or exhaustive. Apart from the rich philosophical 

approach which could be adopted stretching from logic, philosophy of language and 

phenomenology to Practical philosophy and applied ethics, each step in the lifecycle of 

pharmaceutical products, and pharmacy in general, offers a wealth of unique phenomena 

anticipating investigation, analysis, and discussions. This dissertation has engaged with topics 

at varying levels of complexity. The discourse spans over abstract notions such as truth, 

knowledge, and control, to more tangible concerns such as publishing practices, the 

environmental footprint of pharmaceuticals, and the strategic shifts toward patient-centric 

health promotion.  

Numerous issues, however, still command attention, for instance, the illicit distribution 

and consumption of drugs, such as the recent effort to regulate cannabis in Germany for 

recreational use, counterfeit medication challenges and the role of aesthetics in packaging of 

medication which could influence patient adherence. Other issues could be related to the 

allocation of resources in terms of equal availability and accessibility to pharmaceutical 

products in less fortunate countries or in cases of rare diseases. Treatment protocols and 

religious believes, alternative pharmacy, patent restrictions limiting access to essential 

medications, and the proliferation of synthetic chemical pathways within the context of 

dissemination, also represent compelling issues which demand attention. 

Furthermore, another compelling issue is the use of language in pharmacy, switching 

between specialized jargon and layperson terms. This is indeed relevant in bringing the 

therapeutic message across and enhancing patient communication. Areas such as family 

planning, geriatric care, dietary and chronic disease management, and even medical insurance 

in this context warrants discussion. At yet another front is the growing role of computer models 

and AI in pharmacy. Whether in personalized medicine, systems pharmacology, drug 

development, modeling spread of infectious disease, robotic dispensing or online pharmacies, 

big data, automation and machine learning present new avenues of exploration. 
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Indeed, the breadth and depth of challenges within pharmacy are vast. They emphasize 

the necessity for an interdisciplinary, philosophical approach in research, teaching and 

curricula. Reducing pharmacy to its traditional academic subtopics—such as chemistry, 

biology, pharmacognosy, pharmacology, or pharmaceutical technology—risks overlooking its 

profound intersections with politics, economy, society, psychology, and history. In the 

advancement of the field, both as a science and a profession, embracing this encompassing, 

holistic outlook will undeniably benefit all stakeholders. Establishing research centres 

dedicated to these interdisciplinary challenges would further foster cooperation and solution-

driven examination, ultimately redefining the scope and impact of modern pharmacy. 

  



182 

 

8. References 

1.  Uncertainty in Pharmacology: Epistemology, Methods, and Decisions; LaCaze, A., Osimani, B., Eds.; 

Boston Studies in the Philosophy and History of Science; Springer International Publishing: Cham, 2020; 

Vol. 338; ISBN 978-3-030-29178-5. 

2.  Simon, J. Chemistry and Pharmacy: A Philosophical Inquiry into an Evolving Relationship. In Philosophy 

of Chemistry; Woody, A.I., Hendry, R.F., Needham, P., Eds.; Handbook of the Philosophy of Science; 

North-Holland: Amsterdam, 2012; Vol. 6, pp. 519–530. 

3.  Labarca, M.; Lombardi, O. Klaus Ruthenberg and Jaap van Brakel (Eds): Stuff. The Nature of Chemical 

Substances. Found Chem 2009, 11, 183–186, doi:10.1007/s10698-009-9077-6. 

4.  Leviathan and the Air-Pump; 2017; ISBN 978-0-691-17816-5. 

5.  Latour, B.; WooIgar, S. Laboratory Life: The Construction of Scientific Facts; Princeton University Press, 

1986; ISBN 978-0-691-02832-3. 

6.  Creath, R. Logical Empiricism. In The Stanford Encyclopedia of Philosophy; Zalta, E.N., Nodelman, U., 

Eds.; Metaphysics Research Lab, Stanford University, 2022. 

7.  Reichenbach, H. Experience and Prediction: An Analysis of the Foundations and the Structure of 

Knowledge; Chicago, IL, USA: University of Chicago Press, 1938; 

8.  Schickore, J. Scientific Discovery. In The Stanford Encyclopedia of Philosophy; Zalta, E.N., Nodelman, 

U., Eds.; Metaphysics Research Lab, Stanford University, 2022. 

9.  Bartley, W.W. Rationality versus the Theory of Rationality. In Critical Approaches to Science and 

Philosophy; Routledge, 1999 ISBN 978-1-351-31308-7. 

10.  Horgan, J. Profile: Reluctant Revolutionary. Scientific American 1991, 264, 40–49. 

11.  Laudan, L. Progress and Its Problems: Towards a Theory of Scientific Growth; Univ of California Press, 

1977; Vol. 282;. 

12.  Laudan, L. Science and Values: The Aims of Science and Their Role in Scientific Debate; Univ of 

California Press, 1984; 

13.  Han, H. Taking Model Pursuit Seriously. Euro Jnl Phil Sci 2023, 13, 22, doi:10.1007/s13194-023-00524-

x. 

14.  Šešelja, D.; Weber, E. Rationality and Irrationality in the History of Continental Drift: Was the Hypothesis 

of Continental Drift Worthy of Pursuit? Studies in History and Philosophy of Science Part A 2012, 43, 

147–159, doi:10.1016/j.shpsa.2011.11.005. 

15.  Laudan, L. Science and Relativism: Some Key Controversies in the Philosophy of Science; University of 

Chicago Press, 2012; 

16.  Laudan, L. Science and Hypothesis: Historical Essays on Scientific Methodology; Springer, 2013; Vol. 

19;. 

17.  Jacob, C. Philosophy and Biochemistry: Research at the Interface Between Chemistry and Biology. 

Foundations of Chemistry 2002, 4, 97–125, doi:10.1023/a:1016052605025. 

18.  Word and Object Available online: https://mitpress.mit.edu/9780262670012/word-and-object/ (accessed 

on 26 August 2023). 

19.  Quine, W.V.O.; Ullian, J.S. The Web of Belief; Random House, 1978; ISBN 978-0-394-32179-0. 

20.  Kuhn, T.S. The Structure of Scientific Revolutions; The structure of scientific revolutions; Chicago: 

University of Chicago Press, 1962; 

21.  Feyerabend, P. Against Method Available online: https://philpapers.org/rec/FEYAM (accessed on 26 

August 2023). 

22.  Lakatos, I. Proofs and Refutations: The Logic of Mathematical Discovery Available online: 

https://philpapers.org/rec/LAKPAR-5 (accessed on 26 August 2023). 

23.  Harding, S. Introduction: Standpoint Theory as a Site of Political, Philosophic, and Scientific Debate 

Available online: https://philpapers.org/rec/HARIST-2 (accessed on 26 August 2023). 

24.  Longino, H.E. Feminist Epistemology Available online: https://philpapers.org/rec/LONFER (accessed on 

26 August 2023). 

25.  Rorty, R. Philosophy and the Mirror of Nature Available online: https://philpapers.org/rec/RORPAT-3 

(accessed on 26 August 2023). 

26.  Rorty, R. Contingency, Irony, and Solidarity Available online: https://philpapers.org/rec/RORCIA-4 

(accessed on 26 August 2023). 

27.  Rorty, R. Consequences of Pragmatism: Essays 1972-1980 Available online: 

https://philpapers.org/rec/RORCOP-3 (accessed on 26 August 2023). 

28.  Rorty, R. Objectivity, Relativism, and Truth Available online: https://philpapers.org/rec/RORORA 

(accessed on 26 August 2023). 



183 

 

29.  Holyoak, K.J.; Morrison, R.G. The Cambridge Handbook of Thinking and Reasoning; Cambridge 

University Press, 2005; ISBN 978-0-521-82417-0. 

30.  Tarski, A. Logic, Semantics, Metamathematics: Papers from 1923 to 1938; Hackett Publishing, 1983; 

ISBN 978-0-915144-76-1. 

31.  Shapiro, S.; Kouri Kissel, T. Classical Logic. In The Stanford Encyclopedia of Philosophy; Zalta, E.N., 

Nodelman, U., Eds.; Metaphysics Research Lab, Stanford University, 2022. 

32.  Govier, T. A Practical Study of Argument, Enhanced Edition; Cengage Learning, 2013; ISBN 978-1-285-

41523-9. 

33.  Hawthorne, J. Inductive Logic. In The Stanford Encyclopedia of Philosophy; Zalta, E.N., Ed.; Metaphysics 

Research Lab, Stanford University, 2021. 

34.  Yu, S.; Zenker, F. Peirce Knew Why Abduction Isn’t IBE—A Scheme and Critical Questions for 

Abductive Argument. Argumentation 2018, 32, 569–587, doi:10.1007/s10503-017-9443-9. 

35.  Douven, I. Abduction. In The Stanford Encyclopedia of Philosophy; Zalta, E.N., Ed.; Metaphysics 

Research Lab, Stanford University, 2021. 

36.  Harman, G.H. The Inference to the Best Explanation. The Philosophical Review 1965, 74, 88–95, 

doi:10.2307/2183532. 

37.  Belot, G. Bayesian Orgulity. Philosophy of Science 2013, 80, 483–503, doi:10.1086/673249. 

38.  Berger, J. The Case for Objective Bayesian Analysis. Bayesian Analysis 2006, 1, 385–402, 

doi:10.1214/06-BA115. 

39.  Lin, H. Bayesian Epistemology. In The Stanford Encyclopedia of Philosophy; Zalta, E.N., Nodelman, U., 

Eds.; Metaphysics Research Lab, Stanford University, 2022. 

40.  Fodor, J.A. Psychological Explanation: An Introduction to the Philosophy of Psychology; Ny: Random 

House, 1968; 

41.  William C. Wimsatt, Reductionism, Levels of Organization, and the Mind-Body Problem - PhilPapers 

Available online: https://philpapers.org/rec/WIMRLO (accessed on 30 July 2023). 

42.  Cummins, R. Functional Analysis. Journal of Philosophy 1975, 72, 741–764, doi:10.2307/2024640. 

43.  Dowe, P. Wesley Salmon’s Process Theory of Causality and the Conserved Quantity Theory. Philosophy 

of Science 1992, 59, 195–216. 

44.  Cartwright, N.; Cartwright, N. Nature’s Capacities and Their Measurement; Oxford University Press: 

Oxford, New York, 1994; ISBN 978-0-19-823507-1. 

45.  Bechtel, W.; Richardson, R.C. Discovering Complexity: Decomposition and Localization as Strategies in 

Scientific Research; The MIT Press, 2010; ISBN 978-0-262-51473-6. 

46.  Glennan, S.S. Mechanisms and the Nature of Causation. Erkenntnis 1996, 44, 49–71, 

doi:10.1007/BF00172853. 

47.  Thagard, P. Explaining Disease: Correlations, Causes, and Mechanisms. Minds and Machines 1998, 8, 

61–78, doi:10.1023/A:1008286314688. 

48.  Illari, P.; Williamson, J. What Is a Mechanism? Thinking About Mechanisms Across the Sciences. 

European Journal for Philosophy of Science 2012, 2, 119–135, doi:10.1007/s13194-011-0038-2. 

49.  Smith, G.R. Angiotensin and Systems Thinking: Wrapping Your Mind Around the Big Picture. Ochsner J 

2013, 13, 11–25. 

50.  Craver: In Search of Mechanisms: Discoveries across... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=In+Search+of+Mechanisms:+Discoveries+Across+the+

Life+Sciences&author=Craver,+C.F.&author=Darden,+L.&publication_year=2013 (accessed on 30 July 

2023). 

51.  The New Mechanical Philosophy - Hardback - Stuart Glennan - Oxford University Press Available online: 

https://global.oup.com/academic/product/the-new-mechanical-philosophy-

9780198779711?cc=de&lang=en& (accessed on 30 July 2023). 

52.  Tabery, J. Why Is Studying the Genetics of Intelligence So Controversial? Hastings Center Report 2015, 

45, S9–S14, doi:10.1002/hast.492. 

53.  Bogen: Saving the Phenomena - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Saving+the+phenomena&author=Bogen,+J.&author=

Woodward,+J.&publication_year=1988&journal=Philos.+Rev.&volume=97&pages=303%E2%80%933

52&doi=10.2307/2185445 (accessed on 30 July 2023). 

54.  Feest: Phenomena and Objects of Research in the Cognitive... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Phenomena+and+Objects+of+Research+in+the+Cognit

ive+and+Behavioral+Sciences&author=Feest,+U.&publication_year=2017&journal=Philos.+Sci.&volu

me=84&pages=1165%E2%80%931176&doi=10.1086/694155 (accessed on 30 July 2023). 

55.  Colaço: Rip It up and Start Again: The Rejection... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Rip+it+up+and+start+again:+The+rejection+of+a+char

acterization+of+a+phenomenon&author=Cola%C3%A7o,+D.&publication_year=2018&journal=Stud.+



184 

 

Hist.+Philos.+Sci.+Part+A&volume=72&pages=32%E2%80%9340&doi=10.1016/j.shpsa.2018.04.003

&pmid=30497586 (accessed on 30 July 2023). 

56.  Kästner: Integration and the Mechanistic Triad:... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Connecting+the+Mechanistic+Triad:+On+Producing,+

Underlying+and+Maintaining+Mechanistic+Explanations&author=K%C3%A4stner,+L.&publication_y

ear=2020 (accessed on 30 July 2023). 

57.  Glennan: The New Mechanical Philosophy - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=The+New+Mechanical+Philosophy&author=Glennan,+

S.&publication_year=2017 (accessed on 30 July 2023). 

58.  Kaiser: The Metaphysics of Constitutive Mechanistic... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=The+Metaphysics+of+Constitutive+Mechanistic+Phen

omena&author=Kaiser,+M.I.&author=Krickel,+B.&publication_year=2017&journal=Br.+J.+Philos.+Sc

i.&volume=68&pages=745%E2%80%93779&doi=10.1093/bjps/axv058 (accessed on 30 July 2023). 

59.  Kästner: Philosophy of Cognitive Neuroscience: Causal... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Philosophy+of+Cognitive+Neuroscience:+Causal+Expl

anations,+Mechanisms+and+Experimental+Manipulations&author=K%C3%A4stner,+L.&publication_

year=2017 (accessed on 30 July 2023). 

60.  Burian, R.M. In Search of Mechanisms: Discoveries across the Life Sciences. Journal of the History of 

Biology 2014, 47, 323–327. 

61.  Kästner, L. Connecting the Mechanistic Triad: On Producing, Underlying and Maintaining Mechanistic 

Explanations. In Neural Mechanisms - New Challenges in the Philosophy of Neuroscience; Springer US, 

2020. 

62.  Fraassen, B.C.V. The Pragmatics of Explanation. American Philosophical Quarterly 1977, 14, 143–150. 

63.  Giere, R.N. Scientific Perspectivism; University of Chicago Press, 2006; 

64.  Salmon, W.C. Causality without Counterfactuals. Philosophy of Science 1994, 61, 297–312, 

doi:10.1086/289801. 

65.  Craver, C.F.; Darden, L. In Search of Mechanisms: Discoveries Across the Life Sciences; Chicago Press: 

Chicago, IL, USA, 2013; ISBN 978-0-226-03979-4. 

66.  Waghmare, L.S.; Srivastava, T.K. Conceptualizing Physiology of Arterial Blood Pressure Regulation 

through the Logic Model. Advances in Physiology Education 2016, 40, 477–479, 

doi:10.1152/advan.00074.2016. 

67.  Katzung, B.G. Basic and Clinical Pharmacology 14th Edition; McGraw Hill Professional, 2017; ISBN 

978-1-259-64116-9. 

68.  Vallance, P.; Smart, T.G. The Future of Pharmacology. British Journal of Pharmacology 2006, 147, S304–

S307, doi:10.1038/sj.bjp.0706454. 

69.  IUPAC - Pharmacokinetics (PT06835) Available online: https://goldbook.iupac.org/terms/view/PT06835 

(accessed on 26 August 2023). 

70.  G. D. Searel LLC, Pfizer HIGHLIGHTS OF PRESCRIBING INFORMATION: 

ALDACTONE®(Spironolactone) Tabletsfor Oral Use. 

71.  Sica, D.A. Pharmacokinetics and Pharmacodynamics of Mineralocorticoid Blocking Agents and Their 

Effects on Potassium Homeostasis. Heart Fail Rev 2005, 10, 23–29, doi:10.1007/s10741-005-2345-1. 

72.  Duffus: Glossary for Chemists of Terms Used in Toxicology... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Glossary+for+chemists+of+terms+used+in+toxicology

+(IUPAC+Recommendations+1993)&author=Duffus,+J.&publication_year=1993&journal=Pure+Appl.

+Chem.&volume=65&pages=2003%E2%80%932122&doi=10.1351/pac199365092003 (accessed on 30 

July 2023). 

73.  Brenner and Stevens’ Pharmacology - 5th Edition Available online: 

https://shop.elsevier.com/books/brenner-and-stevens-pharmacology/stevens/978-0-323-39166-5 

(accessed on 30 July 2023). 

74.  Rousset, B.; Dupuy, C.; Miot, F.; Dumont, J. Chapter 2 Thyroid Hormone Synthesis And Secretion. In 

Endotext; Feingold, K.R., Anawalt, B., Boyce, A., Chrousos, G., Dungan, K., Grossman, A., Hershman, 

J.M., Kaltsas, G., Koch, C., Kopp, P., Korbonits, M., McLachlan, R., Morley, J.E., New, M., Perreault, L., 

Purnell, J., Rebar, R., Singer, F., Trence, D.L., Vinik, A., Wilson, D.P., Eds.; MDText.com, Inc.: South 

Dartmouth (MA), 2000. 

75.  Jacob, C. Analysis and Synthesis. Interdependent Operations in Chemical Language and Practice. 2001, 

7, 31–50. 

76.  Sellers: Perchlorate: Environmental Problems and Solutions - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Perchlorate:+Environmental+Problems+and+Solutions

&author=Sellers,+K.&author=Weeks,+K.&author=Alsop,+W.R.&author=Clough,+S.R.&author=Hoyt,+



185 

 

M.&author=Pugh,+B.&author=Robb,+J.&author=Weeks,+K.&author=Alsop,+W.R.&author=Clough,+S

.R.&publication_year=2006 (accessed on 30 July 2023). 

77.  Abdin, A.Y.; Jacob, C.; Kästner, L. Disambiguating “Mechanisms” in Pharmacy: Lessons from Mechanist 

Philosophy of Science. International Journal of Environmental Research and Public Health 2020, 17, 

1833, doi:10.3390/ijerph17061833. 

78.  Thyroid Hormone Synthesis - Werner & Ingbar’s The Thyroid: A Fundamental & Clinical Text, 9th 

Edition Available online: https://doctorlib.info/medical/thyroid/5.html (accessed on 29 December 2019). 

79.  Surawatanawong, P.; Tye, J.W.; Hall, M.B. Density Functional Theory Applied to a Difference in 

Pathways Taken by the Enzymes Cytochrome P450 and Superoxide Reductase: Spin States of Ferric 

Hydroperoxo Intermediates and Hydrogen Bonds from Water. Inorg. Chem. 2010, 49, 188–198, 

doi:10.1021/ic9017272. 

80.  Huang, X.; Groves, J.T. Oxygen Activation and Radical Transformations in Heme Proteins and 

Metalloporphyrins. Chem. Rev. 2018, 118, 2491–2553, doi:10.1021/acs.chemrev.7b00373. 

81.  J. Corban, G.; K. Hadjikakou, S.; C. Tsipis, A.; Kubicki, M.; Bakas, T.; Hadjiliadis, N. Inhibition of 

Peroxidase -Catalyzed Iodination by Thioamides: Experimental and Theoretical Study of the Antithyroid 

Activity of Thioamides. New Journal of Chemistry 2011, 35, 213–224, doi:10.1039/C0NJ00626B. 

82.  Aghaie, M.; Mirzaie, M.; Zare, K.; Aghaie, H. Kinetic and Mechanism Studies of the Reaction Between 

L-Tyrosine and Iodine on the Basis of UV-Vis Spectrophotometric Method. Asian Journal of Biochemistry 

3, 290–269, doi:10.3923/ajb.2008.290.296. 

83.  Hardcastle, G. The Modern History of Scientific Explanation. In History of Philosophy of Science: New 

Trends and Perspectives; Heidelberger, M., Stadler, F., Eds.; Vienna Circle Institute Yearbook [2001]; 

Springer Netherlands: Dordrecht, 2002; pp. 137–145 ISBN 978-94-017-1785-4. 

84.  Baggini, J. Introduction. In Philosophy: Key Texts; Baggini, J., Ed.; Palgrave Macmillan UK: London, 

2002; pp. 1–10 ISBN 978-1-4039-1370-8. 

85.  Kästner, L. Integration and the Mechanistic Triad: Producing, Underlying and Maintaining Mechanistic 

Explanations. In Neural Mechanisms: New Challenges in the Philosophy of Neuroscience; Calzavarini, 

F., Viola, M., Eds.; Studies in Brain and Mind; Springer International Publishing: Cham, 2021; pp. 337–

361 ISBN 978-3-030-54092-0. 

86.  Jacob, C.; Abdin, A.Y.; KÃ¶hler, F.; Maret, W. Bert Vallee—A 20th Century Adventure(r) in Zincology. 

International Journal of Molecular Sciences 2021, 22, 13393, doi:10.3390/ijms222413393. 

87.  Vallee, B.L.; Hoch, F.L. ZINC, A COMPONENT OF YEAST ALCOHOL DEHYDROGENASE*. Proc 

Natl Acad Sci U S A 1955, 41, 327–338. 

88.  Vallee, B.L. Metallothionein: Historical Review and Perspectives. Experientia Suppl 1979, 34, 19–39, 

doi:10.1007/978-3-0348-6493-0_1. 

89.  Margoshes, M.; Vallee, B.L. A CADMIUM PROTEIN FROM EQUINE KIDNEY CORTEX. J. Am. 

Chem. Soc. 1957, 79, 4813–4814, doi:10.1021/ja01574a064. 

90.  Kägi, J.; Piscator Metallothionein: Proceedings of the »First International Meeting on Metallothionein 

and Other Low Molecular Weight Metal-Binding Proteins« Zürich, July 17–22, 1978; Springer-Verlag, 

2013; ISBN 978-3-0348-6493-0. 

91.  Kagi, J.H.; Valee, B.L. Metallothionein: A Cadmium- and Zinc-Containing Protein from Equine Renal 

Cortex. J Biol Chem 1960, 235, 3460–3465. 

92.  Vallee, B.L. Implications and Inferences of Metallothionein Structure. In Metallothionein II: Proceedings 

of the «Second International Meeting on Metallothionein and Other Low Molecular Weight Metalbinding 

Proteins», Zürich, August 21–24, 1985; Kägi, J.H.R., Kojima, Y., Eds.; Experientia Supplementum; 

Birkhäuser: Basel, 1987; pp. 5–16 ISBN 978-3-0348-6784-9. 

93.  Palacios, O.; Atrian, S.; Capdevila, M. Zn- and Cu-Thioneins: A Functional Classification for 

Metallothioneins? J Biol Inorg Chem 2011, 16, 991–1009, doi:10.1007/s00775-011-0827-2. 

94.  Davis, S.R.; Cousins, R.J. Metallothionein Expression in Animals: A Physiological Perspective on 

Function. The Journal of Nutrition 2000, 130, 1085–1088, doi:10.1093/jn/130.5.1085. 

95.  Dunn, M.A.; Blalock, T.L.; Cousins, R.J. Metallothionein. Proceedings of the Society for Experimental 

Biology and Medicine 1987, 185, 107–119, doi:10.3181/00379727-185-42525A. 

96.  Koh, J.-Y.; Lee, S.-J. Metallothionein-3 as a Multifunctional Player in the Control of Cellular Processes 

and Diseases. Mol Brain 2020, 13, 116, doi:10.1186/s13041-020-00654-w. 

97.  Rono, J.K.; Le Wang, L.; Wu, X.C.; Cao, H.W.; Zhao, Y.N.; Khan, I.U.; Yang, Z.M. Identification of a 

New Function of Metallothionein-like Gene OsMT1e for Cadmium Detoxification and Potential 

Phytoremediation. Chemosphere 2021, 265, 129136, doi:10.1016/j.chemosphere.2020.129136. 

98.  Jacob, C.; Maret, W.; Vallee, B.L. Control of Zinc Transfer between Thionein, Metallothionein, and Zinc 

Proteins. PNAS 1998, 95, 3489–3494, doi:10.1073/pnas.95.7.3489. 



186 

 

99.  Binz, P.-A.; Kägi, J.H.R. Metallothionein: Molecular Evolution and Classification. In Metallothionein IV; 

Klaassen, C.D., Ed.; Advances in Life Sciences; Birkhäuser: Basel, 1999; pp. 7–13 ISBN 978-3-0348-

8847-9. 

100.  Freisinger, E. Structural Features Specific to Plant Metallothioneins. J Biol Inorg Chem 2011, 16, 1035–

1045, doi:10.1007/s00775-011-0801-z. 

101.  Krężel, A.; Maret, W. The Functions of Metamorphic Metallothioneins in Zinc and Copper Metabolism. 

Int J Mol Sci 2017, 18, doi:10.3390/ijms18061237. 

102.  Palmiter, R.D. The Elusive Function of Metallothioneins. Proceedings of the National Academy of 

Sciences 1998, 95, 8428–8430, doi:10.1073/pnas.95.15.8428. 

103.  Bechtel, W.; Abrahamsen, A. DECOMPOSING, RECOMPOSING, AND SITUATING CIRCADIAN 

MECHANISMS: THREE TASKS IN DEVELOPING MECHANISTIC EXPLANATIONS; De Gruyter, 2013; 

pp. 177–190; ISBN 978-3-11-032885-1. 

104.  Bush, K. Past and Present Perspectives on β-Lactamases. Antimicrob Agents Chemother 2018, 62, 

doi:10.1128/AAC.01076-18. 

105.  Abraham, E.P.; Chain, E. An Enzyme from Bacteria Able to Destroy Penicillin. Nature 1940, 146, 837–

837, doi:10.1038/146837a0. 

106.  Abraham EP, Chain E, Fletcher CM, Gardner AD, Heatley NG, Jennings AM, Florey HW (1941) Available 

online: https://www.jameslindlibrary.org/abraham-ep-chain-e-fletcher-cm-gardner-ad-heatley-ng-

jennings-am-florey-hw-1941/ (accessed on 13 November 2020). 

107.  Kirby, W.M.M. Extraction of a Highly Potent Penicillin Inactivator from Penicillin Resistant 

Staphylococci. Science 1944, 99, 452–453, doi:10.1126/science.99.2579.452. 

108.  Woodward, J. Making Things Happen: A Theory of Causal Explanation; Oxford University Press, USA, 

2003; ISBN 978-0-19-518953-7. 

109.  Kästner, L.; Andersen, L.M. Intervening into Mechanisms: Prospects and Challenges. Philosophy 

Compass 2018, 13, e12546, doi:10.1111/phc3.12546. 

110.  Craver, C.F. Explaining the Brain: Mechanisms and the Mosaic Unity of Neuroscience; Oxford University 

Press: Oxford, New York, 2007; ISBN 978-0-19-929931-7. 

111.  Hacking, I. Representing and Intervening: Introductory Topics in the Philosophy of Natural Science; 

Cambridge University Press: Cambridge, 1983; ISBN 978-0-521-28246-8. 

112.  Haueis, P.; Slaby, J. BRAIN IN THE SHELL. Neuroscience and Critique: Exploring the Limits of the 

Neurological Turn 2015, 117. 

113.  Steinle, F. Entering New Fields: Exploratory Uses of Experimentation. Philosophy of Science 1997, 64, 

S65–S74, doi:10.1086/392587. 

114.  Waters, C.K. Causes That Make a Difference Available online: 

https://www.pdcnet.org/pdc/bvdb.nsf/purchase?openform&fp=jphil&id=jphil_2007_0104_0011_0551_0

579 (accessed on 25 February 2021). 

115.  O’Malley, M.A.; Dupré, J. Size Doesn’t Matter: Towards a More Inclusive Philosophy of Biology. Biol 

Philos 2007, 22, 155–191, doi:10.1007/s10539-006-9031-0. 

116.  Wurtz, R.H. Recounting the Impact of Hubel and Wiesel. J Physiol 2009, 587, 2817–2823, 

doi:10.1113/jphysiol.2009.170209. 

117.  STEINLE, F. CONCEPT FORMATION AND THE LIMITS OF JUSTIFICATION: “DISCOVERING” 

THE TWO ELECTRICITIES. In Revisiting Discovery and Justification: Historical and philosophical 

perspectives on the context distinction; SCHICKORE, J., STEINLE, F., Eds.; Archimedes; Springer 

Netherlands: Dordrecht, 2006; pp. 183–195 ISBN 978-1-4020-4251-5. 

118.  Kästner, L. Explaining Phenomena, Discovering Mechanisms. 2021. 

119.  Mániková, D.; Letavayová, L.M.; Vlasáková, D.; Košík, P.; Estevam, E.C.; Nasim, M.J.; Gruhlke, M.; 

Slusarenko, A.; Burkholz, T.; Jacob, C.; et al. Intracellular Diagnostics: Hunting for the Mode of Action 

of Redox-Modulating Selenium Compounds in Selected Model Systems. Molecules 2014, 19, 12258–

12279, doi:10.3390/molecules190812258. 

120.  Suzuki, K.T.; Imura, N.; Kimura, M. Metallothionein III: Biological Roles and Medical Implications; 

Birkhäuser Verlag, 1993; 

121.  Robbins, A.H.; McRee, D.E.; Williamson, M.; Collett, S.A.; Xuong, N.H.; Furey, W.F.; Wang, B.C.; Stout, 

C.D. Refined Crystal Structure of Cd, Zn Metallothionein at 2.0Åresolution. Journal of Molecular Biology 

1991, 221, 1269–1293, doi:10.1016/0022-2836(91)90933-W. 

122.  Calatayud, S.; Garcia-Risco, M.; Pedrini-Martha, V.; Eernisse, D.J.; Dallinger, R.; Palacios, Ò.; Capdevila, 

M.; Albalat, R. Modularity in Protein Evolution: Modular Organization and De Novo Domain Evolution 

in Mollusk Metallothioneins. Mol Biol Evol 2021, 38, 424–436, doi:10.1093/molbev/msaa230. 

123.  Isani, G.; Carpenè, E. Metallothioneins, Unconventional Proteins from Unconventional Animals: A Long 

Journey from Nematodes to Mammals. Biomolecules 2014, 4, 435–457, doi:10.3390/biom4020435. 



187 

 

124.  Blindauer, C.A. CHAPTER 21:Metallothioneins. In Binding, Transport and Storage of Metal Ions in 

Biological Cells; 2014; pp. 606–665. 

125.  Vašák, M.; Meloni, G. Chemistry and Biology of Mammalian Metallothioneins. J Biol Inorg Chem 2011, 

16, 1067, doi:10.1007/s00775-011-0799-2. 

126.  Serén, N.; Glaberman, S.; Carretero, M.A.; Chiari, Y. Molecular Evolution and Functional Divergence of 

the Metallothionein Gene Family in Vertebrates. J Mol Evol 2014, 78, 217–233, doi:10.1007/s00239-014-

9612-5. 

127.  Laukens, D.; Waeytens, A.; Bleser, P.D.; Cuvelier, C.; Vos, M.D. Human Metallothionein Expression 

under Normal and Pathological Conditions: Mechanisms of Gene Regulation Based on In Silico Promoter 

Analysis. CRE 2009, 19, doi:10.1615/CritRevEukarGeneExpr.v19.i4.40. 

128.  García-Risco, M.; Calatayud, S.; Niederwanger, M.; Albalat, R.; Palacios, Ò.; Capdevila, M.; Dallinger, 

R. Two Unconventional Metallothioneins in the Apple Snail Pomacea Bridgesii Have Lost Their Metal 

Specificity during Adaptation to Freshwater Habitats. International Journal of Molecular Sciences 2021, 

22, 95, doi:10.3390/ijms22010095. 

129.  Palacios, Ò.; Pagani, A.; Pérez-Rafael, S.; Egg, M.; Höckner, M.; Brandstätter, A.; Capdevila, M.; Atrian, 

S.; Dallinger, R. Shaping Mechanisms of Metal Specificity in a Family of Metazoan Metallothioneins: 

Evolutionary Differentiation of Mollusc Metallothioneins. BMC Biology 2011, 9, 4, doi:10.1186/1741-

7007-9-4. 

130.  Pérez-Rafael, S.; Monteiro, F.; Dallinger, R.; Atrian, S.; Palacios, Ò.; Capdevila, M. Cantareus Aspersus 

Metallothionein Metal Binding Abilities: The Unspecific CaCd/CuMT Isoform Provides Hints about the 

Metal Preference Determinants in Metallothioneins. Biochimica et Biophysica Acta (BBA) - Proteins and 

Proteomics 2014, 1844, 1694–1707, doi:10.1016/j.bbapap.2014.06.018. 

131.  Dallinger, R.; Zerbe, O.; Baumann, C.; Egger, B.; Capdevila, M.; Palacios, Ò.; Albalat, R.; Calatayud, S.; 

Ladurner, P.; Schlick-Steiner, B.C.; et al. Metallomics Reveals a Persisting Impact of Cadmium on the 

Evolution of Metal-Selective Snail Metallothioneins. Metallomics 2020, 12, 702–720, 

doi:10.1039/C9MT00259F. 

132.  Jacob, C.; Maret, W.; Vallee, B.L. Ebselen, a Selenium-Containing Redox Drug, Releases Zinc from 

Metallothionein. Biochem Biophys Res Commun 1998, 248, 569–573, doi:10.1006/bbrc.1998.9026. 

133.  Maret, W.; Jacob, C.; Vallee, B.L.; Fischer, E.H. Inhibitory Sites in Enzymes: Zinc Removal and 

Reactivation by Thionein. PNAS 1999, 96, 1936–1940, doi:10.1073/pnas.96.5.1936. 

134.  Jacob, C.; Maret, W.; Vallee, B.L. Selenium Redox Biochemistry of Zinc–Sulfur Coordination Sites in 

Proteins and Enzymes. PNAS 1999, 96, 1910–1914, doi:10.1073/pnas.96.5.1910. 

135.  Quaife, C.J.; Kelly, E.J.; Masters, B.A.; Brinster, R.L.; Palmiter, R.D. Ectopic Expression of 

Metallothionein-III Causes Pancreatic Acinar Cell Necrosis in Transgenic Mice. Toxicology and Applied 

Pharmacology 1998, 148, 148–157, doi:10.1006/taap.1997.8321. 

136.  Klein, J.B.; Wang, G.-W.; Zhou, Z.; Buridi, A.; Kang, Y.J. Inhibition of Tumor Necrosis Factor-α-

Dependent Cardiomyocyte Apoptosis by Metallothionein. Cardiovasc Toxicol 2002, 2, 209–217, 

doi:10.1007/s12012-002-0005-4. 

137.  Kang, Y.J.; Li, Y.; Sun, X.; Sun, X. Antiapoptotic Effect and Inhibition of Ischemia/Reperfusion-Induced 

Myocardial Injury in Metallothionein-Overexpressing Transgenic Mice. Am J Pathol 2003, 163, 1579–

1586. 

138.  Liu, J.; Liu, Y.; Habeebu, S.S.; Klaassen, C.D. Susceptibility of MT-Null Mice to Chronic CdCl2-Induced 

Nephrotoxicity Indicates That Renal Injury Is Not Mediated by the CdMT Complex. Toxicol Sci 1998, 46, 

197–203, doi:10.1006/toxs.1998.2541. 

139.  Zhang, B.; Georgiev, O.; Hagmann, M.; Günes, Ç.; Cramer, M.; Faller, P.; Vasák, M.; Schaffner, W. 

Activity of Metal-Responsive Transcription Factor 1 by Toxic Heavy Metals and H2O2 In Vitro Is 

Modulated by Metallothionein. Mol Cell Biol 2003, 23, 8471–8485, doi:10.1128/MCB.23.23.8471-

8485.2003. 

140.  Chen, X.; Zhang, B.; Harmon, P.M.; Schaffner, W.; Peterson, D.O.; Giedroc, D.P. A Novel Cysteine 

Cluster in Human Metal-Responsive Transcription Factor 1 Is Required for Heavy Metal-Induced 

Transcriptional Activation in Vivo. J. Biol. Chem. 2004, 279, 4515–4522, doi:10.1074/jbc.M308924200. 

141.  Cai, L.; Li, X.-K.; Song, Y.; Cherian, M.G. Essentiality, Toxicology and Chelation Therapy of Zinc and 

Copper. Curr Med Chem 2005, 12, 2753–2763, doi:10.2174/092986705774462950. 

142.  Maret, W. Zinc in Cellular Regulation: The Nature and Significance of “Zinc Signals.” Int J Mol Sci 2017, 

18, doi:10.3390/ijms18112285. 

143.  Yao, S.; Flight, R.M.; Rouchka, E.C.; Moseley, H.N.B. A Less‐biased Analysis of Metalloproteins Reveals 

Novel Zinc Coordination Geometries. Proteins 2015, 83, 1470–1487, doi:10.1002/prot.24834. 

144.  Sutherland, D.E.K.; Stillman, M.J. The “Magic Numbers” of Metallothionein. Metallomics 2011, 3, 444–

463, doi:10.1039/C0MT00102C. 



188 

 

145.  Chiaverini, N.; Ley, M.D. Protective Effect of Metallothionein on Oxidative Stress-Induced DNA 

Damage. Free Radical Research 2010, 44, 605–613, doi:10.3109/10715761003692511. 

146.  Kang, Y.J.; Li, G.; Saari, J.T. Metallothionein Inhibits Ischemia-Reperfusion  Injury in Mouse Heart. 

American Journal of Physiology-Heart and Circulatory Physiology 1999, 276, H993–H997, 

doi:10.1152/ajpheart.1999.276.3.H993. 

147.  Zangger, K.; Oz, G.; Otvos, J.D.; Armitage, I.M. Three-Dimensional Solution Structure of Mouse [Cd7]-

Metallothionein-1 by Homonuclear and Heteronuclear NMR Spectroscopy. Protein Sci 1999, 8, 2630–

2638. 

148.  Schultze, P.; Wörgötter, E.; Braun, W.; Wagner, G.; Vašák, M.; Kägi, J.H.R.; Wüthrich, K. Conformation 

of [Cd7]-Metallothionein-2 from Rat Liver in Aqueous Solution Determined by Nuclear Magnetic 

Resonance Spectroscopy. Journal of Molecular Biology 1988, 203, 251–268, doi:10.1016/0022-

2836(88)90106-4. 

149.  Braun, W.; Vasák, M.; Robbins, A.H.; Stout, C.D.; Wagner, G.; Kägi, J.H.; Wüthrich, K. Comparison of 

the NMR Solution Structure and the X-Ray Crystal Structure of Rat Metallothionein-2. Proc Natl Acad 

Sci U S A 1992, 89, 10124–10128. 

150.  Bertini, I.; Luchinat, C.; Messori, L.; Vasak, M. Proton NMR Studies of the Cobalt(II)-Metallothionein 

System. J. Am. Chem. Soc. 1989, 111, 7296–7300, doi:10.1021/ja00201a002. 

151.  Abdin, A.Y.; Jacob, C.; Kästner, L. The Enigmatic Metallothioneins: A Case of Upward-Looking 

Research. International Journal of Molecular Sciences 2021, 22, 5984, doi:10.3390/ijms22115984. 

152.  The Laboratory Diagnosis of Haemophilia. - Abstract - Europe PMC Available online: 

https://europepmc.org/article/med/16810890 (accessed on 13 November 2020). 

153.  Biggs, R.; Douglas, A.S.; Macfarlane, R.G.; Dacie, J.V.; Pitney, W.R.; Merskey, C.; O’Brien, J.R. 

Christmas Disease. Br Med J 1952, 2, 1378–1382, doi:10.1136/bmj.2.4799.1378. 

154.  Félix, M.-A.; Barkoulas, M. Pervasive Robustness in Biological Systems. Nature Reviews Genetics 2015, 

16, 483–496, doi:10.1038/nrg3949. 

155.  Boradia, V.M.; Raje, M.; Raje, C.I. Protein Moonlighting in Iron Metabolism: Glyceraldehyde-3-

Phosphate Dehydrogenase (GAPDH). Biochem Soc Trans 2014, 42, 1796–1801, 

doi:10.1042/BST20140220. 

156.  Kosova, A.A.; Khodyreva, S.N.; Lavrik, O.I. Role of Glyceraldehyde-3-Phosphate Dehydrogenase 

(GAPDH) in DNA Repair. Biochemistry Moscow 2017, 82, 643–654, doi:10.1134/S0006297917060013. 

157.  Tarze, A.; Deniaud, A.; Le Bras, M.; Maillier, E.; Molle, D.; Larochette, N.; Zamzami, N.; Jan, G.; 

Kroemer, G.; Brenner, C. GAPDH, a Novel Regulator of the pro-Apoptotic Mitochondrial Membrane 

Permeabilization. Oncogene 2007, 26, 2606–2620, doi:10.1038/sj.onc.1210074. 

158.  Jeffery, C.J. Protein Moonlighting: What Is It, and Why Is It Important? Philosophical Transactions of the 

Royal Society B: Biological Sciences 2018, 373, 20160523, doi:10.1098/rstb.2016.0523. 

159.  Huberts, D.H.E.W.; van der Klei, I.J. Moonlighting Proteins: An Intriguing Mode of Multitasking. 

Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 2010, 1803, 520–525, 

doi:10.1016/j.bbamcr.2010.01.022. 

160.  Jeffery, C.J. Moonlighting Proteins. Trends in Biochemical Sciences 1999, 24, 8–11, doi:10.1016/S0968-

0004(98)01335-8. 

161.  Grzmil, P.; Kim, Y.; Shamsadin, R.; Neesen, J.; Adham, I.M.; Heinlein, U.A.; Schwarzer, U.J.; Engel, W. 

Human Cyritestin Genes (CYRN1 and CYRN2) Are Non-Functional. Biochem J 2001, 357, 551–556, 

doi:10.1042/0264-6021:3570551. 

162.  Adham, I.M.; Kim, Y.; Shamsadin, R.; Heinlein, U.A.; Von Beust, G.; Mattei, M.G.; Engel, W. Molecular 

Cloning, Chromosomal Localization, and Expression Analysis of CYRN1 and CYRN2, Two Human 

Genes Coding for Cyritestin, a Sperm Protein Involved in Gamete Interaction. DNA Cell Biol 1998, 17, 

161–168, doi:10.1089/dna.1998.17.161. 

163.  Shamsadin, R.; Adham, I.M.; Nayernia, K.; Heinlein, U.A.; Oberwinkler, H.; Engel, W. Male Mice 

Deficient for Germ-Cell Cyritestin Are Infertile. Biol Reprod 1999, 61, 1445–1451, 

doi:10.1095/biolreprod61.6.1445. 

164.  Adamo, G.M.; Lotti, M.; Tamás, M.J.; Brocca, S. Amplification of the CUP1 Gene Is Associated with 

Evolution of Copper Tolerance in Saccharomyces Cerevisiae. Microbiology (Reading) 2012, 158, 2325–

2335, doi:10.1099/mic.0.058024-0. 

165.  Pedrini-Martha, V.; Köll, S.; Dvorak, M.; Dallinger, R. Cadmium Uptake, MT Gene Activation and 

Structure of Large-Sized Multi-Domain Metallothioneins in the Terrestrial Door Snail Alinda Biplicata 

(Gastropoda, Clausiliidae). International Journal of Molecular Sciences 2020, 21, 1631, 

doi:10.3390/ijms21051631. 

166.  de Francisco, P.; Martín-González, A.; Turkewitz, A.P.; Gutiérrez, J.C. Extreme Metal Adapted, Knockout 

and Knockdown Strains Reveal a Coordinated Gene Expression among Different Tetrahymena 



189 

 

Thermophila Metallothionein Isoforms. PLoS One 2017, 12, e0189076, 

doi:10.1371/journal.pone.0189076. 

167.  de Francisco, P.; Martín-González, A.; Turkewitz, A.P.; Gutiérrez, J.C. Genome Plasticity in Response to 

Stress in Tetrahymena Thermophila: Selective and Reversible Chromosome Amplification and Paralogous 

Expansion of Metallothionein Genes. Environ Microbiol 2018, 20, 2410–2421, doi:10.1111/1462-

2920.14251. 

168.  Ziller, A.; Fraissinet-Tachet, L. Metallothionein Diversity and Distribution in the Tree of Life: A 

Multifunctional Protein. Metallomics 2018, 10, 1549–1559, doi:10.1039/C8MT00165K. 

169.  Laudan, L. Progress and Its Problems: Toward a Theory of Scientific Growth; University of California 

Press, 1977; 

170.  Landes, J.; Osimani, B.; Poellinger, R. Epistemology of Causal Inference in Pharmacology. Euro Jnl Phil 

Sci 2018, 8, 3–49, doi:10.1007/s13194-017-0169-1. 

171.  Pretis, F.D.; Landes, J.; Osimani, B. E-Synthesis: A Bayesian Framework for Causal Assessment in 

Pharmacosurveillance. Frontiers in Pharmacology 2019, 10. 

172.  De Pretis, F.; Osimani, B. New Insights in Computational Methods for Pharmacovigilance: E-Synthesis, 

a Bayesian Framework for Causal Assessment. International Journal of Environmental Research and 

Public Health 2019, 16, 2221, doi:10.3390/ijerph16122221. 

173.  Osimani, B.; Mignini, F. Causal Assessment of Pharmaceutical Treatments: Why Standards of Evidence 

Should Not Be the Same for Benefits and Harms? Drug Saf 2015, 38, 1–11, doi:10.1007/s40264-014-

0249-5. 

174.  Osimani, B. Probabilistic Information and Decision Making in the Health Context: The Package Leafletas 

Basis for Informed Consent. 2007. 

175.  Osimani, B. Hunting Side Effects and Explaining Them: Should We Reverse Evidence Hierarchies Upside 

Down? Topoi 2014, 33, 295–312, doi:10.1007/s11245-013-9194-7. 

176.  Edwards, I.R. Good Pharmacovigilance Practice and the Curate’s Egg. Drug Saf 2012, 35, 429–435, 

doi:10.2165/11634410-000000000-00000. 

177.  Beasley, C.M.; Dellva, M.A.; Tamura, R.N.; Morgenstern, H.; Glazer, W.M.; Ferguson, K.; Tollefson, 

G.D. Randomised Double-Blind Comparison of the Incidence of Tardive Dyskinesia in Patients with 

Schizophrenia during Long-Term Treatment with Olanzapine or Haloperidol. Br J Psychiatry 1999, 174, 

23–30, doi:10.1192/bjp.174.1.23. 

178.  Research, C. for D.E. and Drug-Induced Liver Injury: Premarketing Clinical Evaluation Available online: 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/drug-induced-liver-injury-

premarketing-clinical-evaluation (accessed on 29 September 2023). 

179.  Onakpoya, I.J.; Heneghan, C.J.; Aronson, J.K. Worldwide Withdrawal of Medicinal Products Because of 

Adverse Drug Reactions: A Systematic Review and Analysis. Crit Rev Toxicol 2016, 46, 477–489, 

doi:10.3109/10408444.2016.1149452. 

180.  Hill, A.B. The Environment and Disease: Association or Causation? Proc R Soc Med 1965, 58, 295–300. 

181.  Hawthorne, J. Degree-of-Belief and Degree-of-Support: Why Bayesians Need Both Notions. Mind 2005, 

114, 277–320. 

182.  Ioannidis, J.P.A. Exposure-Wide Epidemiology: Revisiting Bradford Hill. Stat Med 2016, 35, 1749–1762, 

doi:10.1002/sim.6825. 

183.  Howick, J.; Glasziou, P.; Aronson, J.K. The Evolution of Evidence Hierarchies: What Can Bradford Hill’s 

‘Guidelines for Causation’ Contribute? J R Soc Med 2009, 102, 186–194, doi:10.1258/jrsm.2009.090020. 

184.  Fedak, K.M.; Bernal, A.; Capshaw, Z.A.; Gross, S. Applying the Bradford Hill Criteria in the 21st Century: 

How Data Integration Has Changed Causal Inference in Molecular Epidemiology. Emerging Themes in 

Epidemiology 2015, 12, 14, doi:10.1186/s12982-015-0037-4. 

185.  Höfler, M. The Bradford Hill Considerations on Causality: A Counterfactual Perspective. Emerging 

Themes in Epidemiology 2005, 2, 11, doi:10.1186/1742-7622-2-11. 

186.  Perrio, M.; Voss, S.; Shakir, S.A.W. Application of the Bradford Hill Criteria to Assess the Causality of 

Cisapride-Induced Arrhythmia: A Model for Assessing Causal Association in Pharmacovigilance. Drug 

Saf 2007, 30, 333–346, doi:10.2165/00002018-200730040-00006. 

187.  Bovens, L.; Hartmann, S. Bayesian Epistemology; Oxford University Press: Oxford, New York, 2004; 

ISBN 978-0-19-927040-8. 

188.  Schupbach, J.N. Bayesianism and Scientific Reasoning; Elements in the Philosophy of Science; 

Cambridge University Press: Cambridge, 2022; ISBN 978-1-108-71401-3. 

189.  WHO Model Lists of Essential Medicines Available online: https://www.who.int/groups/expert-

committee-on-selection-and-use-of-essential-medicines/essential-medicines-lists (accessed on 30 July 

2023). 

190.  Kaur, S.P.; Rao, R.; Nanda, S. Amoxicillin: A Broad Spectrum Antibiotic. Int J Pharm Pharm Sci 2011, 3, 

30–37. 



190 

 

191.  Ariza, A.; Mayorga, C.; Fernandez, T.D.; Barbero, N.; Martín-Serrano, A.; Pérez-Sala, D.; Sánchez-

Gómez, F.J.; Blanca, M.; Torres, M.J.; Montanez, M.I. Hypersensitivity Reactions to β-Lactams: 

Relevance of Hapten-Protein Conjugates. J Investig Allergol Clin Immunol 2015, 25, 12–25. 

192.  M. Pichichero & R. Zagursky Penicillin and Cephalosporin Allergy. Annals of Allergy, Asthma & 

Immunology 2014, 112, 404–412. 

193.  Lafaye, P.; Lapresle, C. Fixation of Penicilloyl Groups to Albumin and Appearance of Anti-Penicilloyl 

Antibodies in Penicillin-Treated Patients . Find the Latest Version : 1988, 82, 7–12. 

194.  Rolinson, G.N. 6-APA and the Development of the Beta-Lactam Antibiotics. J Antimicrob Chemother 

1979, 5, 7–14, doi:10.1093/jac/5.1.7. 

195.  Health and Social Care Information Centre Prescriptions Dispensed in the Community: England 2002-

2012. 2013, 1–86, doi:ISBN 978-1-78386-430-0. 

196.  Prescriptions Dispensed in the Community Available online: https://digital.nhs.uk/data-and-

information/publications/statistical/prescriptions-dispensed-in-the-community (accessed on 30 July 

2023). 

197.  Lieberthal, A.S.; Carroll, A.E.; Chonmaitree, T.; Ganiats, T.G.; Hoberman, A.; Jackson, M.A.; Joffe, M.D.; 

Miller, D.T.; Rosenfeld, R.M.; Sevilla, X.D.; et al. The Diagnosis and Management of Acute Otitis Media. 

Pediatrics 2013, 131, e964–e999, doi:10.1542/peds.2012-3488. 

198.  Rang, H.P.; Dale, M.M.; Ritter, J.M.; Flower, R.J.; Henderson, G. Rang & Dale’s Pharmacology; Elsevier 

Health Sciences, 2011; ISBN 978-0-7020-4504-2. 

199.  Criado, P.R.; Avancini, J.; Santi, C.G.; Amoedo Medrado, A.T.; Rodrigues, C.E.; de Carvalho, J.F. Drug 

Reaction with Eosinophilia and Systemic Symptoms (DRESS): A Complex Interaction of Drugs, Viruses 

and the Immune System. Israel Medical Association Journal 2012, 14, 577–582, 

doi:10.3390/ijms18061243. 

200.  Demoly, P.; Adkinson, N.F.; Brockow, K.; Castells, M.; Chiriac, A.M.; Greenberger, P.A.; Khan, D.A.; 

Lang, D.M.; Park, H.S.; Pichler, W.; et al. International Consensus on Drug Allergy. Allergy: European 

Journal of Allergy and Clinical Immunology 2014, 69, 420–437, doi:10.1111/all.12350. 

201.  Shiohara, T.; Inaoka, M.; Kano, Y. Drug-Induced Hypersensitivity Syndrome (DIHS): A Reaction Induced 

by a Complex Interplay among Herpesviruses and Antiviral and Antidrug Immune Responses. Allergol 

Int 2006, 55, 1–8, doi:10.2332/allergolint.55.1. 

202.  Kardaun, S.H.; Sekula, P.; Valeyrie-Allanore, L.; Liss, Y.; Chu, C.Y.; Creamer, D.; Sidoroff, A.; Naldi, L.; 

Mockenhaupt, M.; Roujeau, J.C. Drug Reaction with Eosinophilia and Systemic Symptoms (DRESS): An 

Original Multisystem Adverse Drug Reaction. Results from the Prospective RegiSCAR Study. British 

Journal of Dermatology 2013, 169, 1071–1080, doi:10.1111/bjd.12501. 

203.  Fang, W.C.; Adler, N.R.; Graudins, L.V.; Goldblatt, C.; Goh, M.S.Y.; Roberts, S.K.; Trubiano, J.A.; Aung, 

A.K. Drug-Induced Liver Injury Is Frequently Associated with Severe Cutaneous Adverse Drug 

Reactions: Experience from Two Australian Tertiary Hospitals. Intern Med J 2018, 48, 549–555, 

doi:10.1111/imj.13734. 

204.  Britschgi, M.; von Greyerz, S.; Burkhart, C.; Pichler, W.J. Molecular Aspects of Drug Recognition by 

Specific T Cells. Curr Drug Targets 2003, 4, 1–11, doi:10.2174/1389450033347082. 

205.  Pichler, W.J.; Adam, J.; Watkins, S.; Wuillemin, N.; Yun, J.; Yerly, D. Drug Hypersensitivity: How Drugs 

Stimulate T Cells via Pharmacological Interaction with Immune Receptors. Int Arch Allergy Immunol 

2015, 168, 13–24, doi:10.1159/000441280. 

206.  Wuillemin, N.; Adam, J.; Fontana, S.; Krähenbühl, S.; Pichler, W.J.; Yerly, D. HLA Haplotype Determines 

Hapten or P-i T Cell Reactivity to Flucloxacillin. J Immunol 2013, 190, 4956–4964, 

doi:10.4049/jimmunol.1202949. 

207.  Carey, M.A.; van Pelt, F.N.A.M. Immunochemical Detection of Flucloxacillin Adduct Formation in Livers 

of Treated Rats. Toxicology 2005, 216, 41–48, doi:10.1016/j.tox.2005.07.015. 

208.  Lafaye, P.; Lapresle, C. Fixation of Penicilloyl Groups to Albumin and Appearance of Anti-Penicilloyl 

Antibodies in Penicillin-Treated Patients. J Clin Invest 1988, 82, 7–12, doi:10.1172/JCI113603. 

209.  Ariza, A.; Garzon, D.; Abánades, D.R.; de los Ríos, V.; Vistoli, G.; Torres, M.J.; Carini, M.; Aldini, G.; 

Pérez-Sala, D. Protein Haptenation by Amoxicillin: High Resolution Mass Spectrometry Analysis and 

Identification of Target Proteins in Serum. Journal of Proteomics 2012, 77, 504–520, 

doi:10.1016/j.jprot.2012.09.030. 

210.  Garzon, D.; Ariza, A.; Regazzoni, L.; Clerici, R.; Altomare, A.; Sirtori, F.R.; Carini, M.; Torres, M.J.; 

Pérez-Sala, D.; Aldini, G. Mass Spectrometric Strategies for the Identification and Characterization of 

Human Serum Albumin Covalently Adducted by Amoxicillin: Ex Vivo Studies. Chem Res Toxicol 2014, 

27, 1566–1574, doi:10.1021/tx500210e. 

211.  Hautekeete, M.L.; Horsmans, Y.; Van Waeyenberge, C.; Demanet, C.; Henrion, J.; Verbist, L.; Brenard, 

R.; Sempoux, C.; Michielsen, P.P.; Yap, P.S.; et al. HLA Association of Amoxicillin-Clavulanate--Induced 

Hepatitis. Gastroenterology 1999, 117, 1181–1186, doi:10.1016/s0016-5085(99)70404-x. 



191 

 

212.  Britschgi, M.; Greyerz, S.V.; Burkhart, C.; Pichler, W.J. Molecular Aspects of Drug Recognition by 

Specific T Cells. 2003, 1–11. 

213.  Bogen, J.; Woodward, J. Saving the Phenomena. The Philosophical Review 1988, 97, 303–352, 

doi:10.2307/2185445. 

214.  Abdin, A.Y. Reviewing the Mechanistic Evidence Assessors E-Synthesis and EBM+: A Case Study of 

Amoxicillin and Drug Reaction with Eosinophilia and Systemic Symptoms (DRESS). Current 

Pharmaceutical Design 2019, doi:10.2174/1381612825666190628160603. 

215.  Berkeley, G. A Treatise Concerning the Principles of Human Knowledge, 1734 Available online: 

https://philpapers.org/rec/BERATC-6 (accessed on 30 August 2023). 

216.  Publish or Perish. Nature 2010, 467, 252, doi:10.1038/467252a. 

217.  Rawat, S.; Meena, S. Publish or Perish: Where Are We Heading? Journal of research in medical sciences : 

the official journal of Isfahan University of Medical Sciences 2014, 19, 87–89. 

218.  Schickore, J. Doing Science, Writing Science*. Philosophy of Science 2008, 75, 323–343, 

doi:10.1086/592951. 

219.  Howitt, S.M.; Wilson, A.N. Revisiting “Is the Scientific Paper a Fraud?” EMBO reports 2014, 15, 481–

484, doi:10.1002/embr.201338302. 

220.  Reichenbach, H. Experience and Prediction: An Analysis of the Foundations and the Structure of 

Knowledge, by Hans Reichenbach ...; The University of Chicago Press: Chicago, Ill, 1938; 

221.  HOYNINGEN-HUENE, P. CONTEXT OF DISCOVERY VERSUS CONTEXT OF JUSTIFICATION 

AND THOMAS KUHN. In Revisiting Discovery and Justification: Historical and philosophical 

perspectives on the context distinction; SCHICKORE, J., STEINLE, F., Eds.; Archimedes; Springer 

Netherlands: Dordrecht, 2006; pp. 119–131 ISBN 978-1-4020-4251-5. 

222.  Franklin, A.; Howson, C. Comment on “The Structure of a Scientific Paper” by Frederick Suppe. 

Philosophy of Science 1998, 65, 411–416, doi:10.1086/392653. 

223.  The Best Explanation of a Scientific Paper | Philosophy of Science: Vol 65, No 3 Available online: 

https://www.journals.uchicago.edu/doi/abs/10.1086/392652?journalCode=phos (accessed on 13 

December 2020). 

224.  Suppe, F. The Structure of a Scientific Paper. Philosophy of Science 1998, 65, 381–405, 

doi:10.1086/392651. 

225.  Knorr-Cetina, K.D. The Manufacture of Knowledge: An Essay on the Constructivist and Contextual 

Nature of Science; Elsevier, 2013; ISBN 978-1-4832-8574-0. 

226.  Latour, B. Science in Action: How to Follow Scientists and Engineers Through Society; Harvard 

University Press, 1987; ISBN 978-0-674-79291-3. 

227.  Budd, J.M.; Sievert, M.; Schultz, T.R. Phenomena of Retraction: Reasons for Retraction and Citations to 

the Publications. JAMA 1998, 280, 296–297, doi:10.1001/jama.280.3.296. 

228.  Rivkin, A. Manuscript Referencing Errors and Their Impact on Shaping Current Evidence. Am J Pharm 

Educ 2020, 84, ajpe7846, doi:10.5688/ajpe7846. 

229.  Ioannidis, J.P.A. Massive Citations to Misleading Methods and Research Tools: Matthew Effect, 

Quotation Error and Citation Copying. Eur J Epidemiol 2018, 33, 1021–1023, doi:10.1007/s10654-018-

0449-x. 

230.  Ferguson, C.; Marcus, A.; Oransky, I. Publishing: The Peer-Review Scam. Nature News 2014, 515, 480, 

doi:10.1038/515480a. 

231.  Couchman, J.R. Peer Review and Reproducibility. Crisis or Time for Course Correction? J Histochem 

Cytochem 2014, 62, 9–10, doi:10.1369/0022155413513462. 

232.  Bohannon, J. Who’s Afraid of Peer Review? Science 2013, 342, 60–65, doi:10.1126/science.342.6154.60. 

233.  Larsen, P.O.; von Ins, M. The Rate of Growth in Scientific Publication and the Decline in Coverage 

Provided by Science Citation Index. Scientometrics 2010, 84, 575–603, doi:10.1007/s11192-010-0202-z. 

234.  Behzadi, P.; Gajdács, M. Dos and Don’ts of a Successfully Peer-Reviewed Publication: From A–Z. 

European Journal of Microbiology and Immunology 2020, 10, 125–130, doi:10.1556/1886.2020.00023. 

235.  Abdin, A.Y.; Jacob, C. Make a Stand(Ard) for Science. Sci 2023, 5, 7, doi:10.3390/sci5010007. 

236.  Abdin, A.Y.; Jacob, C. Sci: An Inclusive, Multidisciplinary Scientific Journal. Sci 2022, 4, 10, 

doi:10.3390/sci4010010. 

237.  Dutta Majumder, P. Henry Oldenburg: The First Journal Editor. Indian J Ophthalmol 2020, 68, 1253–

1254, doi:10.4103/ijo.IJO_269_20. 

238.  Spier, R. The History of the Peer-Review Process. Trends in Biotechnology 2002, 20, 357–358, 

doi:10.1016/S0167-7799(02)01985-6. 

239.  Owen, J.M. The Scientific Article in the Age of Digitization; Springer Science & Business Media, 2006; 

ISBN 978-1-4020-5340-5. 

240.  350 Years of Scientific Publishing | Royal Society Available online: 

https://royalsociety.org/journals/publishing-activities/publishing350/ (accessed on 22 December 2020). 



192 

 

241.  McCutcheon, R.P. The “Journal Des Scavans” and the “Philosophical Transactions of the Royal Society.” 

Studies in Philology 1924, 21, 626–628. 

242.  History of Nature | Nature Available online: https://www.nature.com/nature/about/history-of-nature 

(accessed on 22 December 2020). 

243.  About Science & AAAS Available online: https://www.sciencemag.org/about/about-science-aaas 

(accessed on 22 December 2020). 

244.  Springer-Verlag History of a Scientific Publishing House; Springer Berlin Heidelberg: Berlin, Heidelberg, 

1996; ISBN 978-3-540-61560-6. 

245.  Elsevier History Available online: https://www.elsevier.com/about/history (accessed on 30 August 2023). 

246.  Our Story Available online: https://www.cambridge.org/our-story (accessed on 30 August 2023). 

247.  Academic Publishing at OUP Available online: https://global.oup.com/academic/aboutus/ (accessed on 30 

August 2023). 

248.  Jagodzinski, C.M. The University Press in North America: A Brief History. Journal of Scholarly 

Publishing 2008, 40, 1–20, doi:10.3138/jsp.40.1.1. 

249.  Eysenbach, G. Celebrating 20 Years of Open Access and Innovation at JMIR Publications. Journal of 

Medical Internet Research 2019, 21, e17578, doi:10.2196/17578. 

250.  None Scholarly Journals at the Crossroads : A Subversive Proposal for Electronic Publishing; 

Washington, D.C. : Office of Scientific & Academic Pub., Association of Research Libraries, 1995; ISBN 

978-0-918006-26-4. 

251.  Berlin Declaration Available online: https://openaccess.mpg.de/Berlin-Declaration (accessed on 7 

February 2021). 

252.  Budapest Open Access Initiative | Read the Budapest Open Access Initiative Available online: 

https://www.budapestopenaccessinitiative.org/read (accessed on 7 February 2021). 

253.  Crawford, W. Open Access : What You Need to Know Now; Chicago : American Library Association, 2011; 

ISBN 978-0-8389-1106-8. 

254.  Johnson, R.; Watkinson, A.; Mabe, M. The STM ReportAn Overview of Scientific and Scholarly 

Publishing 2018. 

255.  Wolfram, D.; Wang, P.; Hembree, A.; Park, H. Open Peer Review: Promoting Transparency in Open 

Science. Scientometrics 2020, 125, 1033–1051, doi:10.1007/s11192-020-03488-4. 

256.  McDowell, G.S.; Knutsen, J.; Graham, J.; Oelker, S.K.; Lijek, R.S. Co-Reviewing and Ghostwriting by 

Early Career Researchers in the Peer Review of Manuscripts. bioRxiv 2019, 617373, doi:10.1101/617373. 

257.  ShultzDec. 22, D.; 2014; Pm, 5:30 Does Journal Peer Review Miss Best and Brightest? Available online: 

https://www.sciencemag.org/news/2014/12/does-journal-peer-review-miss-best-and-brightest (accessed 

on 7 February 2021). 

258.  The NIPS Experiment Available online: http://blog.mrtz.org/2014/12/15/the-nips-experiment.html 

(accessed on 7 February 2021). 

259.  Magnus, J.; McAleer, M. The Future of Academic Journals in a COVID-19 World. 2020, 

doi:10.3390/sci2040076. 

260.  Saxena, A.; Thawani, V.; Chakrabarty, M.; Gharpure, K. Scientific Evaluation of the Scholarly 

Publications. J Pharmacol Pharmacother 2013, 4, 125–129, doi:10.4103/0976-500X.110894. 

261.  Haffar, S.; Bazerbachi, F.; Murad, M.H. Peer Review Bias: A Critical Review. Mayo Clin Proc 2019, 94, 

670–676, doi:10.1016/j.mayocp.2018.09.004. 

262.  Horrobin, D.F. The Philosophical Basis of Peer Review and the Suppression of Innovation. JAMA 1990, 

263, 1438–1441, doi:10.1001/jama.1990.03440100162024. 

263.  Koutsoyiannis, D.; Kundzewicz, Z. Challenging Conventional Wisdom and the Conventional Peer-Review 

System—a Recent Experience; 2020; 

264.  McKiernan, E.C.; Bourne, P.E.; Brown, C.T.; Buck, S.; Kenall, A.; Lin, J.; McDougall, D.; Nosek, B.A.; 

Ram, K.; Soderberg, C.K.; et al. How Open Science Helps Researchers Succeed. eLife 2016, 5, e16800, 

doi:10.7554/eLife.16800. 

265.  Ikeda, K.; Yamada, Y.; Takahashi, K. Post-Publication Peer Review for Real; PsyArXiv, 2020; 

266.  Ross-Hellauer, T.; Görögh, E. Guidelines for Open Peer Review Implementation. Research Integrity and 

Peer Review 2019, 4, 4, doi:10.1186/s41073-019-0063-9. 

267.  Fraser, N.; Brierley, L.; Dey, G.; Polka, J.K.; Pálfy, M.; Coates, J.A. Preprinting a Pandemic: The Role of 

Preprints in the COVID-19 Pandemic. bioRxiv 2020, 2020.05.22.111294, doi:10.1101/2020.05.22.111294. 

268.  Bastian, H. A Stronger Post-Publication Culture Is Needed for Better Science. PLOS Medicine 2014, 11, 

e1001772, doi:10.1371/journal.pmed.1001772. 

269.  Radzvilas, M.; De Pretis, F.; Peden, W.; Tortoli, D.; Osimani, B. Incentives for Research Effort: An 

Evolutionary Model of Publication Markets with Double-Blind and Open Review. Comput Econ 2023, 

61, 1433–1476, doi:10.1007/s10614-022-10250-w. 



193 

 

270.  Balaji, B.P.; Dhanamjaya, M. Preprints in Scholarly Communication: Re-Imagining Metrics and 

Infrastructures. Publications 2019, 7, 6, doi:10.3390/publications7010006. 

271.  Kirkham, J.J.; Penfold, N.; Murphy, F.; Boutron, I.; Ioannidis, J.P.; Polka, J.K.; Moher, D. A Systematic 

Examination of Preprint Platforms for Use in the Medical and Biomedical Sciences Setting. bioRxiv 2020, 

2020.04.27.063578, doi:10.1101/2020.04.27.063578. 

272.  Dolgin, E. PubMed Commons Closes Its Doors to Comments. Nature 2018, doi:10.1038/d41586-018-

01591-4. 

273.  NCBI Insights : PubMed Commons to Be Discontinued Available online: 

https://ncbiinsights.ncbi.nlm.nih.gov/2018/02/01/pubmed-commons-to-be-discontinued/ (accessed on 7 

February 2021). 

274.  Cyranoski, D. Famed Chinese Immunologist Cleared of Plagiarism and Fraud. Nature 2021, 590, 20–21, 

doi:10.1038/d41586-021-00219-4. 

275.  ServickDec. 11, K.; 2014; Pm, 2:30 In Defamation Case, PubPeer Moves to Quash Subpoena to Unmask 

Anonymous Commenters Available online: https://www.sciencemag.org/news/2014/12/defamation-case-

pubpeer-moves-quash-subpoena-unmask-anonymous-commenters (accessed on 7 February 2021). 

276.  Introducing PubPeer. 2013. 

277.  Abdin, A.Y.; Nasim, M.J.; Ney, Y.; Jacob, C. The Pioneering Role of Sci in Post Publication Public Peer 

Review (P4R). Publications 2021, 9, 13, doi:10.3390/publications9010013. 

278.  Rittman, M.; Vazquez, F. Sci—An Open Access Journal with Post-Publication Peer Review. Sci 2019, 1, 

1, doi:10.3390/sci1010001. 

279.  Abdin, A.Y. Evolution of Sci’s Community-Driven Post-Publication Peer-Review. 2019, 

doi:10.3390/sci1010016.v1. 

280.  Vazquez, F.; Lin, S.-K.; Jacob, C. Changing Sci from Post-Publication Peer-Review to Single-Blind Peer-

Review. Sci 2020, 2, 82, doi:10.3390/sci2040082. 

281.  Rittman, M. Preprints as a Hub for Early-Stage Research Outputs; SOCIAL SCIENCES, 2018; 

282.  Helmuth, L. Introducing a Special Issue on How COVID Changed the World 2022. 

283.  Pak, A.; Adegboye, O.A.; Adekunle, A.I.; Rahman, K.M.; McBryde, E.S.; Eisen, D.P. Economic 

Consequences of the COVID-19 Outbreak: The Need for Epidemic Preparedness. Frontiers in Public 

Health 2020, 8, doi:10.3389/fpubh.2020.00241. 

284.  Bashkin, O.; Otok, R.; Leighton, L.; Czabanowska, K.; Barach, P.; Davidovitch, N.; Dopelt, K.; Duplaga, 

M.; Emegwa, L.O.; MacLeod, F.; et al. Emerging Lessons from the COVID-19 Pandemic about the 

Decisive Competencies Needed for the Public Health Workforce: A Qualitative Study. Frontiers in Public 

Health 2022, 10, doi:10.3389/fpubh.2022.990353. 

285.  Gonzalez-Aquines, A.; Kowalska-Bobko, I. Addressing Health Corruption during a Public Health Crisis 

through Anticipatory Governance: Lessons from the COVID-19 Pandemic. Frontiers in Public Health 

2022, 10, doi:10.3389/fpubh.2022.952979. 

286.  Miglietta, A.; Waure, C. de; Chronaki, C.; Wild, C.; Favaretti, C.; Timen, A.; Edelstein, M.; Petelos, E. 

Health Technology Assessment Applied to Emergency Preparedness: A New Perspective. International 

Journal of Technology Assessment in Health Care 2021, 37, doi:10.1017/S0266462321000465. 

287.  Institute for the Future of Knowledge at the University of Johannesburg, South Africa Philosophical 

Perspectives on COVID-19, 10-13 May 2021 2021. 

288.  Klonschinski, A. Philosophie in Der Pandemie? Einleitung: ,,Die Corona-Pandemie – Praktische 

Philosophie in Ausnahmesituationen". Zeitschrift fur Praktische Philosophie 2020, 7, 245–252, 

doi:10.22613/zfpp/7.2.10. 

289.  Boniolo, G.; Onaga, L. Seeing Clearly through COVID-19: Current and Future Questions for the History 

and Philosophy of the Life Sciences. History and Philosophy of the Life Sciences 2021, 43, 

doi:10.1007/s40656-021-00434-2. 

290.  Leonelli, S. Introduction: Biomedical Knowledge in a Time of COVID-19. History and Philosophy of the 

Life Sciences 2022, 44, doi:10.1007/s40656-022-00520-z. 

291.  Reis, R.R. dos; Pinto, J.C.O.; Nobre, B.; Lind, A.G.; Batista, R.B. Thinking the Pandemic: Philosophical 

Perspectives. Revista Portuguesa de Filosofia 2021, 77, 477–486, doi:10.17990/RPF/2021_77_2_0477. 

292.  Aronson, J.K.; Auker-Howlett, D.; Ghiara, V.; Kelly, M.P.; Williamson, J. The Use of Mechanistic 

Reasoning in Assessing Coronavirus Interventions. Journal of Evaluation in Clinical Practice 2020, 27, 

684–693, doi:10.1111/jep.13438. 

293.  Jack W. Scannell, H.B.& B.W., Alex Blanckley Diagnosing the Decline in Pharmaceutical R&D 

Efficiency. Nature Reviews Drug Discovery 2012, 11, doi:10.1038/s41598-022-11374-7. 

294.  Sun, D.; Gao, W.; Hu, H.; Zhou, S. Why 90 Percent of Clinical Drug Development Fails and How to 

Improve It? Acta Pharmaceutica Sinica B 2022, 12, 3049–3062, 

doi:https://doi.org/10.1016/j.apsb.2022.02.002. 



194 

 

295.  Eisman, A.B.; Kim, B.; Salloum, R.G.; Shuman, C.J.; Glasgow, R.E. Advancing Rapid Adaptation for 

Urgent Public Health Crises: Using Implementation Science to Facilitate Effective and Efficient 

Responses. Frontiers in Public Health 2022, 10, doi:10.3389/fpubh.2022.959567. 

296.  Glasgow, R.E.; Battaglia, C.; McCreight, M.; Ayele, R.A.; Rabin, B.A. Making Implementation Science 

More Rapid: Use of the RE-AIM Framework for Mid-Course Adaptations Across Five Health Services 

Research Projects in the Veterans Health Administration. Frontiers in Public Health 2020, 8, 

doi:10.3389/fpubh.2020.00194. 

297.  Cavaleri, M.; Sweeney, F.; Gonzalez-Quevedo, R.; Carr, M. Shaping EU Medicines Regulation in the Post 

COVID-19 Era. The Lancet Regional Health - Europe 2021, 9, 100192. 

298.  Abdin, A.Y.; De Pretis, F.; Landes, J. Fast Methods for Drug Approval: Research Perspectives for 

Pandemic Preparedness. International Journal of Environmental Research and Public Health 2023, 20, 

2404, doi:10.3390/ijerph20032404. 

299.  Rosário, R.; Fronteira, I.; Martins, M.R.O.; Augusto, C.; Silva, M.J.; Messer, M.; Martins, S.; Duarte, A.; 

Ramos, N.; Rathmann, K.; et al. Infodemic Preparedness and COVID-19: Searching about Public Health 

and Social Measures Is Associated with Digital Health Literacy in University Students. International 

Journal of Environmental Research and Public Health 2022, 19, 12320, doi:10.3390/ijerph191912320. 

300.  Graef, E.R.; Liew, J.W.; Putman, M.S.; Simard, J.F.; Sirotich, E.; Berenbaum, F.; Duarte-García, A.; 

Grainger, R.; Harrison, C.; Konig, M.F.; et al. Festina Lente: Hydroxychloroquine, COVID-19 and the 

Role of the Rheumatologist. Annals of the Rheumatic Diseases 2020, doi:10.1136/annrheumdis-2020-

217480. 

301.  WHO Solidarity Trial Consortium Repurposed Antiviral Drugs for Covid-19 – Interim WHO Solidarity 

Trial Results. New England Journal of Medicine 2021, 384, 497–511. 

302.  Wise, J. Covid-19: European Countries Suspend Use of Oxford-AstraZeneca Vaccine after Reports of 

Blood Clots. BMJ 2021, n699, doi:10.1136/bmj.n699. 

303.  Herxheimer, A. Pharmacovigilance on the Turn? Adverse Reactions Methods in 2012. British Journal of 

General Practice 2012, 62, 400–401, doi:10.3399/bjgp12X653453. 

304.  Brown, J.P.; Wing, K.; Evans, S.J.; Bhaskaran, K.; Smeeth, L.; Douglas, I.J. Use of Real-World Evidence 

in Postmarketing Medicines Regulation in the European Union: A Systematic Assessment of European 

Medicines Agency Referrals 2013-2017. BMJ Open 2019, 9, e028133, doi:10.1136/bmjopen-2018-

028133. 

305.  Downing, N.S.; Shah, N.D.; Aminawung, J.A.; Pease, A.M.; Zeitoun, J.-D.; Krumholz, H.M.; Ross, J.S. 

Postmarket Safety Events Among Novel Therapeutics Approved by the US Food and Drug Administration 

Between 2001 and 2010. JAMA 2017, 317, 1854, doi:10.1001/jama.2017.5150. 

306.  EA3: A Softmax Algorithm for Evidence Appraisal Aggregation | PLOS ONE Available online: 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0253057 (accessed on 29 September 

2023). 

307.  Savage, L.J. The Foundations of Statistics; Dover Publications: New York, 1954; 

308.  Buchak, L. Risk and Tradeoffs. Erkenntnis 2014, 79, 1091–1117, doi:10.1007/s10670-013-9542-4. 

309.  Hall, R.E.; Jones, C.I.; Klenow, P.J. Trading Off Consumption and COVID-19 Deaths; National Bureau 

of Economic Research, 2020; 

310.  European Medicines Agency EMA Recommends First COVID-19 Vaccine for Authorisation in the EU 

2020. 

311.  Reiss, J. Meanwhile, Why Not Biomedical Capitalism? In Current Controversies in Values and Science; 

Elliott, K.C., Steel, D., Eds.; Routledge: New York, 2017; pp. 161–175. 

312.  Flanigan, J. Pharmaceutical Freedom: Why Patients Have a Right to Self Medicate; Oxford University 

Press: Oxford, 2017; 

313.  Fraile Navarro, D.; Tempini, N.; Teira, D. The Trade-off between Impartiality and Freedom in the 21st 

Century Cures Act. Philosophy of Medicine 2021, 2, doi:10.5195/philmed.2021.24. 

314.  Carrieri, D.; Peccatori, F.A.; Boniolo, G. The Ethical Plausibility of the `Right To Try’ Laws. Critical 

Reviews in Oncology/Hematology 2018, 122, 64–71. 

315.  Stokel-Walker, C. Covid-19: The Countries That Have Mandatory Vaccination for Health Workers. BMJ 

2021, n1645, doi:10.1136/bmj.n1645. 

316.  Cook, T.M.; Roberts, J.V. Impact of Vaccination by Priority Group on UK Deaths, Hospital Admissions 

and Intensive Care Admissions from COVID-19. Anaesthesia 2021, 76, 608–616, 

doi:10.1111/anae.15442. 

317.  Refolo, P.; Bloemen, B.; Corsano, B.; Grin, J.; Gutierrez-Ibarluzea, I.; Hofmann, B.; Oortwijn, W.; 

Sampietro-Colom, L.; Sandman, L.; van der Wilt, G.J.; et al. Prioritization of COVID-19 Vaccination. The 

Added Value of the “VALIDATE” Approach. Health Policy 2022, 126, 770–776, 

doi:10.1016/j.healthpol.2022.05.005. 



195 

 

318.  Feinstein, M.M.; Niforatos, J.D.; Hyun, I.; Cunningham, T.V.; Reynolds, A.; Brodie, D.; Levine, A. 

Considerations for Ventilator Triage during the COVID-19 Pandemic. The Lancet Respiratory Medicine 

2020, 8, e53. 

319.  Buckner, J.H.; Chowell, G.; Springborn, M.R. Dynamic Prioritization of COVID-19 Vaccines When 

Social Distancing Is Limited for Essential Workers. Proceedings of the National Academy of Sciences 

2021, 118, doi:10.1073/pnas.2025786118. 

320.  Wang, J.; Tong, Y.; Li, D.; Li, J.; Li, Y. The Impact of Age Difference on the Efficacy and Safety of 

COVID-19 Vaccines: A Systematic Review and Meta-Analysis. Frontiers in Immunology 2021, 12, 

doi:10.3389/fimmu.2021.758294. 

321.  Su, Z.; McDonnell, D.; Li, X.; Bennett, B.; Šegalo, S.; Abbas, J.; Cheshmehzangi, A.; Xiang, Y.-T. 

COVID-19 Vaccine Donations – Vaccine Empathy or Vaccine Diplomacy? A Narrative Literature Review. 

Vaccines 2021, 9, 1024. 

322.  Genzel, L.; Adan, R.; Berns, A.; Beucken, J.J.J.P. van den; Blokland, A.; Boddeke, E.H.W.G.M.; Bogers, 

W.M.; Bontrop, R.; Bulthuis, R.; Bousema, T.; et al. How the COVID-19 Pandemic Highlights the 

Necessity of Animal Research. Current Biology 2020, 30, R1014–R1018, doi:10.1016/j.cub.2020.08.030. 

323.  Killingley, B.; Mann, A.J.; Kalinova, M.; Boyers, A.; Goonawardane, N.; Zhou, J.; Lindsell, K.; Hare, 

S.S.; Brown, J.; Frise, R.; et al. Safety, Tolerability and Viral Kinetics during SARS-CoV-2 Human 

Challenge in Young Adults. Nat Med 2022, 28, 1031–1041, doi:10.1038/s41591-022-01780-9. 

324.  Archibald, K. Animal Research Is an Ethical Issue for Humans as Well as for Animals. Journal of Animal 

Ethics 2018, 8, 1–11, doi:10.5406/janimalethics.8.1.0001. 

325.  Jamrozik, E.; Selgelid, M.J. COVID-19 Human Challenge Studies: Ethical Issues. The Lancet Infectious 

Diseases 2020, 20, e198–e203, doi:10.1016/S1473-3099(20)30438-2. 

326.  World Health Organization Advisory Group on Human Challenge Studies Feasibility, Potential Value and 

Limitations of Establishing a Closely Monitored Challenge Model of Experimental COVID-19 Infection 

and Illness in Health Young Adult Volunteers; WHO, 2020; 

327.  Clark, J.M. The 3Rs in Research: A Contemporary Approach to Replacement, Reduction and Refinement. 

British Journal of Nutrition 2017, 120, S1–S7. 

328.  Ndong, I.C.; Okyere, D.; Enos, J.Y.; Mensah, B.A.; Nyarko, A.; Abuaku, B.; Amambua-Ngwa, A.; Merle, 

C.S.C.; Koram, K.A.; Ahorlu, C.S. Prevalence of Asymptomatic Malaria Parasitaemia Following Mass 

Testing and Treatment in Pakro Sub-District of Ghana. BMC Public Health 2019, 19, doi:10.1186/s12889-

019-7986-4. 

329.  Agyeman, A.A.; Ofori-Asenso, R. Prevalence of HIV and Hepatitis B Coinfection in Ghana: A Systematic 

Review and Meta-Analysis. AIDS Research and Therapy 2016, 13, doi:10.1186/s12981-016-0107-x. 

330.  Johnson, G.A.; Vindrola-Padros, C. Rapid Qualitative Research Methods during Complex Health 

Emergencies: A Systematic Review of the Literature. Social Science & Medicine 2017, 189, 63–75, 

doi:10.1016/j.socscimed.2017.07.029. 

331.  Andreoletti, M.; Teira, D. Rules versus Standards: What Are the Costs of Epistemic Norms in Drug 

Regulation? Science, Technology, & Human Values 2019, 44, 1093–1115, 

doi:10.1177/0162243919828070. 

332.  Osimani, B. Until RCT Proven? On the Asymmetry of Evidence Requirements for Risk Assessment. 

Journal of Evaluation in Clinical Practice 2013, 19, 454–462, doi:10.1111/jep.12039. 

333.  Osimani, B. The Precautionary Principle in the Pharmaceutical Domain: A Philosophical Enquiry into 

Probabilistic Reasoning and Risk Aversion. Health, Risk & Society 2013, 15, 123–143, 

doi:10.1080/13698575.2013.771736. 

334.  Kavanagh, K.T.; Pontus, C.; Pare, J.; Cormier, L.E. COVID-19 Lessons Learned: A Global Perspective. 

Antimicrobial Resistance & Infection Control 2021, 10, doi:10.1186/s13756-021-00992-x. 

335.  Nutbeam, D. COVID-19: Lessons in Risk Communication and Public Trust. Public Health Research & 

Practice 2020, 30, doi:10.17061/phrp3022006. 

336.  Lancaster, K.; Rhodes, T.; Rosengarten, M. Making Evidence and Policy in Public Health Emergencies: 

Lessons from COVID-19 for Adaptive Evidence-Making and Intervention. Evidence & Policy 2020, 16, 

477–490, doi:10.1332/174426420x15913559981103. 

337.  Rubin, R. Challenge Trials-Could Deliberate Coronavirus Exposure Hasten Vaccine Development? JAMA 

2020, 324, 12, doi:10.1001/jama.2020.9881. 

338.  Pearson, H. How COVID Broke the Evidence Pipeline. Nature 2021, 593, 182–185. 

339.  Vandenbroucke, J.P.; Psaty, B.M. Benefits and Risks of Drug Treatments: How to Combine the Best 

Evidence on Benefits with the Best Data about Adverse Effects. JAMA 2008, 300, 2417–2419, 

doi:10.1001/jama.2008.723. 

340.  Duijnhoven, R.G.; Straus, S.M.J.M.; Raine, J.M.; Boer, A. de; Hoes, A.W.; Bruin, M.L.D. Number of 

Patients Studied Prior to Approval of New Medicines: A Database Analysis. PLoS Medicine 2013, 10, 

e1001407, doi:10.1371/journal.pmed.1001407. 



196 

 

341.  Egger, M.; Schneider, M.; Smith, G.D. Spurious Precision? Meta-Analysis of Observational Studies. BMJ 

1998, 316, 140–144, doi:10.1136/bmj.316.7125.140. 

342.  Lundh, A.; Lexchin, J.; Mintzes, B.; Schroll, J.B.; Bero, L. Industry Sponsorship and Research Outcome. 

Cochrane Database of Systematic Reviews 2017, doi:10.1002/14651858.MR000033.pub3. 

343.  Ioannidis, J.P.A. Evidence-Based Medicine Has Been Hijacked: A Report to David Sackett. Journal of 

Clinical Epidemiology 2016, 73, 82–86, doi:10.1016/j.jclinepi.2016.02.012. 

344.  Etminan, M.; Brophy, J.M.; Collins, G.; Nazemipour, M.; Mansournia, M.A. To Adjust or Not to Adjust: 

The Role of Different Covariates in Cardiovascular Observational Studies. American Heart Journal 2021, 

237, 62–67, doi:10.1016/j.ahj.2021.03.008. 

345.  Dawid, P. On Individual Risk. Synthese 2017, 194, 3445–3474. 

346.  Hájek, A. The Reference Class Problem Is Your Problem Too. Synthese 2007, 156, 563–585. 

347.  Bartha, P. Analogy and Analogical Reasoning. In The Stanford Encyclopedia of Philosophy; Zalta, E.N.\, 

Ed.; Metaphysics Research Lab, Stanford University, 2016. 

348.  Khosrowi, D. What’s (Successful) Extrapolation? Journal of Economic Methodology 2021, 1–13, 

doi:10.1080/1350178X.2021.1952290. 

349.  Benet, L.Z.; Sodhi, J.K. Can In Vitro–In Vivo Extrapolation Be Successful? Recognizing the Incorrect 

Clearance Assumptions. Clinical Pharmacology & Therapeutics 2021, 111, 1022–1035, 

doi:10.1002/cpt.2482. 

350.  Steel, D. A New Approach to Argument by Analogy: Extrapolation and Chain Graphs. Philosophy of 

Science 2010, 77, 1058–1069, doi:10.1086/656543. 

351.  Bareinboim, E.; Pearl, J. A General Algorithm for Deciding Transportability of Experimental Results. 

Journal of Causal Inference 2013, 1, 107–134, doi:10.1515/jci-2012-0004. 

352.  Wilde, M.; Parkkinen, V.-P. Extrapolation and the Russo-Williamson Thesis. Synthese 2019, 196, 3251–

3262, doi:10.1007/s11229-017-1573-y. 

353.  Dardashti, R.; Hartmann, S.; Thebault, K.P.Y.; Winsberg, E. Hawking Radiation and Analogue 

Experiments: A Bayesian Analysis. Studies in History and Philosophy of Modern Physics 2019, 67, 1–11, 

doi:10.1016/j.shpsb.2019.04.004. 

354.  Jukola, S. On the Evidentiary Standards for Nutrition Advice. Studies in History and Philosophy of Science 

Part C: Studies in History and Philosophy of Biological and Biomedical Sciences 2019, 73, 1–9. 

355.  World Health Organization Healthy Diet 2020. 

356.  Giannuzzi, V.; Conte, R.; Landi, A.; Ottomano, S.A.; Bonifazi, D.; Baiardi, P.; Bonifazi, F.; Ceci, A. 

Orphan Medicinal Products in Europe and United States to Cover Needs of Patients with Rare Diseases: 

An Increased Common Effort Is to Be Foreseen. Orphanet Journal of Rare Diseases 2017, 12, 

doi:10.1186/s13023-017-0617-1. 

357.  Daniali, H.; Flaten, M.A. Experiencing COVID-19 Symptoms without the Disease: The Role of Nocebo 

in Reporting of Symptoms. Scandinavian Journal of Public Health 2021, 140349482110183. 

358.  Siguan, A.A. Conspiracies and the Nocebo Effect during the COVID-19 Pandemic. Journal of Public 

Health 2021, doi:10.1093/pubmed/fdab327. 

359.  Leonelli, S. Data Science in Times of Pan(Dem)Ic. Harvard Data Science Review 2021, 1–28, 

doi:10.1162/99608f92.fbb1bdd6. 

360.  Jukola, S.; Canali, S. On Evidence Fiascos and Judgments in COVID-19 Policy. History and Philosophy 

of the Life Sciences 2021, 43. 

361.  EMA Accelerated Assessment Available online: https://www.ema.europa.eu/en/human-

regulatory/marketing-authorisation/accelerated-assessment (accessed on 11 January 2023). 

362.  Food and Drug Administration Emergency Use Authorization. 2023. 

363.  Singh, J.A.; Upshur, R.E.G. The Granting of Emergency Use Designation to COVID-19 Candidate 

Vaccines: Implications for COVID-19 Vaccine Trials. The Lancet Infectious Diseases 2021, 21, e103–

e109. 

364.  Raphael, M.J.; Gyawali, B.; Booth, C.M. Real-World Evidence and Regulatory Drug Approval. Nature 

Reviews Clinical Oncology 2020, 17, 271–272, doi:10.1038/s41571-020-0345-7. 

365.  Pretis, F.D.; Gils, M. van; Forsberg, M.M. A Smart Hospital-Driven Approach to Precision 

Pharmacovigilance. Trends in Pharmacological Sciences 2022, 43, 473–481, 

doi:10.1016/j.tips.2022.03.009. 

366.  Mebius, A.; Kennedy, A.G.; Howick, J. Research Gaps in the Philosophy of Evidence-Based Medicine. 

Philosophy Compass 2016, 11, 757–771, doi:10.1111/phc3.12352. 

367.  Fletcher, S.C.; Landes, J.; Poellinger, R. Evidence Amalgamation in the Sciences: An Introduction. 

Synthese 2019, 196, 3163–3188, doi:10.1007/s11229-018-1840-6. 

368.  Hansson, S.O. Can Uncertainty Be Quantified? Perspectives on Science 2022, 30, 210–236, 

doi:10.1162/posc_a_00412. 

369.  Howson, C.; Urbach, P. Scientific Reasoning; 3rd ed.; Open Court: Chicago and La Salle, 2006; 



197 

 

370.  Sprenger, J.; Hartmann, S. Bayesian Philosophy of Science; Oxford University Press: Oxford, 2019; 

371.  De Pretis, F.; Jukola, S.; Landes, J. E-Synthesis for Carcinogenicity Assessments: A Case Study of 

Processed Meat. Journal of Evaluation in Clinical Practice 2022, 28, 752–772, doi:10.1111/jep.13697. 

372.  Spiegelhalter, D.; Myles, J.; Jones, D.; Abrams, K. Bayesian Methods in Health Technology Assessment: 

A Review. Health Technology Assessment 2000, 4, doi:10.3310/hta4380. 

373.  Blackwell, D.; Dubins, L. Merging of Opinions with Increasing Information. Annals of Mathematical 

Statistics 1962, 33, 882–886, doi:10.1214/aoms/1177704456. 

374.  Pretis, F.D.; Landes, J. EA^3: A Softmax Algorithm for Evidence Appraisal Aggregation. PLOS ONE 

2021, 16, e0253057, doi:10.1371/journal.pone.0253057. 

375.  Landes, J.; Auker-Howlett, D.J. Drug (Dis-)Approval in the Real World. Philosophy of Medicine 2022. 

376.  de Finetti, B. Probability, Induction and Statistics; Wiley: London, 1972; 

377.  Lindley, D.V. The Philosophy of Statistics. Journal of the Royal Statistical Society: Series D (The 

Statistician) 2000, 49, 293–337, doi:10.1111/1467-9884.00238. 

378.  Sprenger, J. The Objectivity of Subjective Bayesianism. European Journal for Philosophy of Science 

2018, 8, 539–558, doi:10.1007/s13194-018-0200-1. 

379.  Radzvilas, M.; Peden, W.; Pretis, F.D. A Battle in the Statistics Wars: A Simulation-Based Comparison of 

Bayesian, Frequentist and Williamsonian Methodologies. Synthese 2021, 199, 13689–13748, 

doi:10.1007/s11229-021-03395-y. 

380.  Shafer, G.; Vovk, V. Probability and Finance; Wiley, 2001; 

381.  Miranda, E.; Cooman, G. de Lower Previsions. In Introduction to Imprecise Probabilities; John Wiley & 

Sons, Ltd, 2014; pp. 28–55 ISBN 978-1-118-76311-7. 

382.  Bradley, S. Imprecise Probabilities. In Stanford Encyclopedia of Philosophy; Zalta, E.N., Ed.; Metaphysics 

Research Lab, Stanford University, 2015. 

383.  Troffaes, M.C.M. Decision Making under Uncertainty Using Imprecise Probabilities. International 

Journal of Approximate Reasoning 2007, 45, 17–29, doi:10.1016/j.ijar.2006.06.001. 

384.  Doyle, J.; Thomason, R.H. Background to Qualitative Decision Theory. AI Magazine 1999, 20, 55–68. 

385.  Spohn, W. The Laws of Belief. Ranking Theory and Its Philosophical Applications; Oxford University 

Press: Oxford, 2012; 

386.  Mayo, D.G. Statistical Inference as Severe Testing: How to Get Beyond the Statistics Wars; Cambridge 

University Press: Cambridge, 2018; 

387.  Tillman, R.E.; Eberhardt, F. Learning Causal Structure from Multiple Datasets with Similar Variable Sets. 

Behaviormetrika 2014, 41, 41–64, doi:10.2333/bhmk.41.41. 

388.  Lee, C.Y.; Chen, Y.-P.P. Machine Learning on Adverse Drug Reactions for Pharmacovigilance. Drug 

Discovery Today 2019, 24, 1332–1343, doi:10.1016/j.drudis.2019.03.003. 

389.  Mockute, R.; Desai, S.; Perera, S.; Assuncao, B.; Danysz, K.; Tetarenko, N.; Gaddam, D.; Abatemarco, 

D.; Widdowson, M.; Beauchamp, S.; et al. Artificial Intelligence Within Pharmacovigilance: A Means to 

Identify Cognitive Services and the Framework for Their Validation. Pharmaceutical Medicine 2019, 33, 

109–120, doi:10.1007/s40290-019-00269-0. 

390.  Price, J. What Can Big Data Offer the Pharmacovigilance of Orphan Drugs? Clinical Therapeutics 2016, 

38, 2533–2545, doi:10.1016/j.clinthera.2016.11.009. 

391.  Sardella, M.; Belcher, G. Pharmacovigilance of Medicines for Rare and Ultrarare Diseases. Therapeutic 

Advances in Drug Safety 2018, 9, 631–638, doi:10.1177%2F2042098618792502. 

392.  Landes, J.; Williamson, J. Objective Bayesian Nets for Integrating Consistent Datasets. Journal of 

Artificial Intelligence Research 2022, 74, 393–458, doi:10.1613/jair.1.13363. 

393.  Ras, G.; Xie, N.; Gerven, M.V.; Doran, D. Explainable Deep Learning: A Field Guide for the Uninitiated. 

Journal of Artificial Intelligence Research 2022, 73, 329–397, doi:10.1613/jair.1.13200. 

394.  De Pretis, F.; Landes, J.; Peden, W.J. Artificial Intelligence Methods For a Bayesian Epistemology-

Powered Evidence Evaluation. Journal of Evaluation in Clinical Practice 2021, 27, 504–512, 

doi:10.1111/jep.13542. 

395.  Parker, W.S. Evidence and Knowledge from Computer Simulation. Erkenntnis 2022, doi:10.1007/s10670-

020-00260-1. 

396.  Boge, F.J. Why Trust a Simulation? Models, Parameters, and Robustness in Simulation-Infected 

Experiments. The British Journal for the Philosophy of Science 2021, doi:10.1086/716542. 

397.  Mayo-Wilson, C. The Limits of Piecemeal Causal Inference. British Journal for the Philosophy of Science 

2014, 65, 213–249, doi:10.1093/bjps/axs030. 

398.  Osimani, B.; Bertolaso, M.; Poellinger, R.; Frontoni, E. Real and Virtual Clinical Trials: A Formal 

Analysis. Topoi 2019, 38, 411–422, doi:10.1007/s11245-018-9563-3. 

399.  U. S. Food and Drugs Administration Druges; Current Good Manufacturing in Manufacture, Processing, 

Packing, or Holding 1963. 



198 

 

400.  U.S. Department of Health and Human Services Food and Drug Administration Sterile Drug Products 

Current Good Manufacturing Practice Guidance for Industry 2004. 

401.  ICH Expert Working Group The Value and Benefits of ICH to Drug Regulatory Authorities: Advancing 

Harmonization for Better Health; International Conference on Harmonization, 2010; pp. 1–36;. 

402.  Newbronner, E.; Glendinning, C.; Atkin, K.; Wadman, R. The Health and Quality of Life of Thalidomide 

Survivors as They Age – Evidence from a UK Survey. PLoS ONE 2019, 14, e0210222, 

doi:10.1371/journal.pone.0210222. 

403.  Ruthenberg, K. About the Futile Dream of an Entirely Riskless and Fully Effective Remedy: Thalidomide. 

Hyle 2016, 22, 55–77. 

404.  O’Carroll, A.; O’Reilly, F.; Whitford, D.L. What Has Happened to People Affected by Thalidomide 50 

Years On? Ir J Med Sci 2011, 180, 475–478, doi:10.1007/s11845-011-0683-7. 

405.  David Peter Agent Orang in the Courts. Nature 1983, 304, 6. 

406.  Jacob, C.; Walters, A. HYLE 11-2 (2005): Risk and Responsibility in Chemical Research: The Case of 

Agent Orange. 11, 147–166. 

407.  (FDA), F.; Administration, D. FDA Updates Recalled Valsartan-Containing Product Information and 

Reminds API Manufacturers to Evaluate Processes for Unsafe Impurities; 2018; 

408.  EMA Update on Review of Valsartan Medicines Following Detection of Impurity in Active Substance 

Assessing Potential Impact on Patients Is Priority; European Medicines Agency: London, 2018; 

409.  Research, C. for D.E. and FDA Updates and Press Announcements on NDMA in Zantac (Ranitidine). FDA 

2019. 

410.  European Medicines Agency EMA to Review Ranitidine Medicines Following Detection of NDMA. 

2019, 2. 

411.  Hall, S. Branan’s Rules of Thumb for Chemical Engineers; 2012; ISBN 978-0-12-387785-7. 

412.  Brakel, J.V. Philosophy of Science and Philosophy of Chemistry. International Journal for Philosophy of 

Chemistry 2014, 20, 11–57. 

413.  Ahuja, Satinder. Mills Alsante, K. Handbookof Isolation and Characterization of Impurities in 

Pharmaceuticals; 2003; ISBN 0-12-044982-X. 

414.  USP41. The United States Pharmacopeial; Convention; Hernandez-Cardoso, A. USP Chapters <1086> 

Impurities in Drug Substances and Drug Products. 2018. 

415.  International Conference on Harmonisation of Technical Requirements for Registration of 

Pharmaceuticals for Human Use (ICH) Impurities in New Drug Substances Q3a(R2). 2006 2006, 15. 

416.  Humfrey, C.D.N. Recent Developments in the Risk Assessment of Potentially Genotoxic Impurities in 

Pharmaceutical Drug Substances. Toxicological Sciences 2007, 100, 24–28, doi:10.1093/toxsci/kfm173. 

417.  Bandichhor, R.; Sharma, R.K. Hazardous Reagent Substitution: A Pharmaceutical Perspective; Royal 

Society of Chemistry, 2017; ISBN 978-1-78801-376-5. 

418.  Szekely, G.; Amores de Sousa, M.C.; Gil, M.; Castelo Ferreira, F.; Heggie, W. Genotoxic Impurities in 

Pharmaceutical Manufacturing: Sources, Regulations, and Mitigation. Chem. Rev. 2015, 115, 8182–8229, 

doi:10.1021/cr300095f. 

419.  Görög, S. Critical Review of Reports on Impurity and Degradation Product Profiling in the Last Decade. 

TrAC Trends in Analytical Chemistry 2018, 101, 2–16, doi:10.1016/j.trac.2017.09.012. 

420.  Mitrevska, I.; Kikovska-Stojanovska, E.; Petrusevski, G.; Chachorovska, M.; Memed-Sejfulah, S.; 

Ugarkovic, S. Identification and Structural Characterization of Unidentified Impurity in Bisoprolol Film-

Coated Tablets Available online: https://new.hindawi.com/journals/ac/2017/3047517/ (accessed on 18 

January 2020). 

421.  Liu, K.-T.; Chen, C.-H. Determination of Impurities in Pharmaceuticals: Why and How? In Quality 

Management and Quality Control - New Trends and Developments; Pereira, P., Xavier, S., Eds.; 

IntechOpen, 2019 ISBN 978-1-78923-877-8. 

422.  Basak, A.; Raw, A.; Alhakim, A.; Furness, S.; Samaan, N.; Gill, D.; Patel, H.; Powers, R.; Yu, L. 

Pharmaceutical Impurities: Regulatory Perspective for Abbreviated New Drug Applications☆☆☆. 

Advanced Drug Delivery Reviews 2007, 59, 64–72, doi:10.1016/j.addr.2006.10.010. 

423.  ICH Q6A Specifications: Test Procedures and Acceptance Criteria for New Drug Substance and New Drug 

Products: Chemical Substances. ICH Harmonised Tripartite Guideline 1999, 35, 

doi:10.1017/CBO9781107415324.004. 

424.  Research, C. for D.E. and Q6A Specifications: Test Procedures and Acceptance Criteria for New Drug 

Substances and New Drug Products: Chemical Substances Available online: 

http://www.fda.gov/regulatory-information/search-fda-guidance-documents/q6a-specifications-test-

procedures-and-acceptance-criteria-new-drug-substances-and-new-drug-products (accessed on 18 

December 2019). 

425.  International Conference on Harmonisation B Q3B (R2): Impurities in New Drug Products. ICH 

Harmonised Tripartite Guideline 2006, 12, doi:10.1017/CBO9781107415324.004. 



199 

 

426.  Lee, H.; Kunz, A.; Shim, W.J.; Walther, B.A. Microplastic Contamination of Table Salts from Taiwan, 

Including a Global Review. Sci Rep 2019, 9, 1–9, doi:10.1038/s41598-019-46417-z. 

427.  Abdin, A.Y. Chemical Impurities: An Epistemological Riddle with Serious Side Effects. International 

Journal of Environmental Research and Public Health 2020, doi:10.3390/ijerph17031030. 

428.  Environment Action Programme - European Commission Available online: 

https://ec.europa.eu/environment/action-programme/ (accessed on 18 December 2019). 

429.  Center for Food Safety and Applied Nutrition, FDA Talk Paper: Impurities Confirmed in Dietary 

Supplement 5-Hydroxy-L-Tryptophan 1998. 

430.  Das, Y.T.; Bagchi, M.; Bagchi, D.; Preuss, H.G. Safety of 5-Hydroxy-L-Tryptophan. Toxicol. Lett. 2004, 

150, 111–122, doi:10.1016/j.toxlet.2003.12.070. 

431.  Klarskov, K.; Johnson, K.L.; Benson, L.M.; Cragun, J.D.; Gleich, G.J.; Wrona, M.; Jiang, X.-R.; Dryhurst, 

G.; Naylor, S. Structural Characterization of a Case-Implicated Contaminant, “Peak X,” in Commercial 

Preparations of 5-Hydroxytryptophan. J. Rheumatol. 2003, 30, 89–95. 

432.  Pharmaceutical Waste | SpringerLink Available online: https://link.springer.com/chapter/10.1007/978-3-

540-74664-5_31 (accessed on 9 August 2023). 

433.  OTC Sales Statistics | Consumer Healthcare Products Association Available online: 

https://www.chpa.org/about-consumer-healthcare/research-data/otc-sales-statistics (accessed on 29 

September 2023). 

434.  Over the Counter (OTC) & Diet Supplementary Market Global Scenario, Market Size, Trend and Forecast, 

2015 – 2024 Available online: https://www.variantmarketresearch.com/report-

categories/pharmaceuticals/over-the-counter-otc-diet-supplementary-market/ (accessed on 29 September 

2023). 

435.  aus der Beek, T.; Weber, F.-A.; Bergmann, A.; Hickmann, S.; Ebert, I.; Hein, A.; Küster, A. 

Pharmaceuticals in the Environment--Global Occurrences and Perspectives. Environ Toxicol Chem 2016, 

35, 823–835, doi:10.1002/etc.3339. 

436.  Economic Consequences of Unused Medications in Houston, Texas - Kevin W Garey, Mikki L Johle, 

Kathy Behrman, Melinda M Neuhauser, 2004 Available online: 

https://journals.sagepub.com/doi/10.1345/aph.1D619 (accessed on 29 September 2023). 

437.  Guirguis, K. Medications Collected for Disposal by Outreach Pharmacists in Australia. Pharm World Sci 

2010, 32, 52–58, doi:10.1007/s11096-009-9340-x. 

438.  Kolpin, D.W.; Blazer, V.S.; Gray, J.L.; Focazio, M.J.; Young, J.A.; Alvarez, D.A.; Iwanowicz, L.R.; 

Foreman, W.T.; Furlong, E.T.; Speiran, G.K.; et al. Chemical Contaminants in Water and Sediment near 

Fish Nesting Sites in the Potomac River Basin: Determining Potential Exposures to Smallmouth Bass 

(Micropterus Dolomieu). Science of The Total Environment 2013, 443, 700–716, 

doi:10.1016/j.scitotenv.2012.09.063. 

439.  Fernando, D.M.; Tun, H.M.; Poole, J.; Patidar, R.; Li, R.; Mi, R.; Amarawansha, G.E.A.; Fernando, 

W.G.D.; Khafipour, E.; Farenhorst, A.; et al. Detection of Antibiotic Resistance Genes in Source and 

Drinking Water Samples from a First Nations Community in Canada. Applied and Environmental 

Microbiology 2016, 82, 4767–4775, doi:10.1128/AEM.00798-16. 

440.  Kim, S.; Aga, D.S. Potential Ecological and Human Health Impacts of Antibiotics and Antibiotic-Resistant 

Bacteria from Wastewater Treatment Plants. Journal of Toxicology and Environmental Health, Part B 

2007, 10, 559–573, doi:10.1080/15287390600975137. 

441.  Robertson, J.; Barr, R.; Shulman, L.N.; Forte, G.B.; Magrini, N. Essential Medicines for Cancer: WHO 

Recommendations and National Priorities. Bull World Health Organ 2016, 94, 735–742, 

doi:10.2471/BLT.15.163998. 

442.  Gray: Guidelines for Safe Disposal of Unwanted Pharmaceut... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Guideline+of+Safe+Disposal+of+Unused+Pharmaceuti

cals+in+and+after+Emergencies&author=Gray,+R.C.F.&author=Hogerzeil,+H.V.&author=Pr%C3%BC

ss,+A.M.&author=Rushbrook,+P.&publication_year=1999 (accessed on 29 September 2023). 

443.  Tong, A.Y.C.; Peake, B.M.; Braund, R. Disposal Practices for Unused Medications around the World. 

Environment International 2011, 37, 292–298, doi:10.1016/j.envint.2010.10.002. 

444.  Ruhoy, I.S.; Daughton, C.G. Beyond the Medicine Cabinet: An Analysis of Where and Why Medications 

Accumulate. Environment International 2008, 34, 1157–1169, doi:10.1016/j.envint.2008.05.002. 

445.  Shaaban: Environmental Contamination by Pharmaceutical... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Environmental+Contamination+by+Pharmaceutical+W

aste:+Assessing+Patterns+of+Disposing+Unwanted+Medications+and+Investigating+the+Factors+Influ

encing+Personal+Disposal+Choices&author=Shaaban,+H.&author=Alghamdi,+H.&author=Alhamed,+

N.&publication_year=2018&journal=J.+Pharmacol.+Pharm.+Res.&volume=1&pages=003 (accessed on 

29 September 2023). 



200 

 

446.  Götz, K.; Keil, F. Medikamentenentsorgung in privaten Haushalten: Ein Faktor bei der Gewässerbelastung 

mit Arzneimittelwirkstoffen? UWSF - Z Umweltchem Ökotox 2007, 19, 180–188, 

doi:10.1065/uwsf2007.07.201. 

447.  Persson, M.; Sabelström, E.; Gunnarsson, B. Handling of Unused Prescription Drugs — Knowledge, 

Behaviour and Attitude among Swedish People. Environment International 2009, 35, 771–774, 

doi:10.1016/j.envint.2008.10.002. 

448.  Blom: How Consumers Deal with the Remainders of Unused... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=How+consumers+deal+with+the+remainders+of+unuse

d+prescription+drugs&author=Blom,+A.T.G.&author=De+Bruijn,+J.C.&author=Van+de+Vaart,+F.J.&p

ublication_year=1996&journal=Pharm.+Weekbl.&volume=131&pages=102%E2%80%93107 (accessed 

on 29 September 2023). 

449.  Bettington, E.; Spinks, J.; Kelly, F.; Gallardo-Godoy, A.; Nghiem, S.; Wheeler, A.J.; Bettington, E.; 

Spinks, J.; Kelly, F.; Gallardo-Godoy, A.; et al. When Is a Medicine Unwanted, How Is It Disposed, and 

How Might Safe Disposal Be Promoted? Insights from the Australian Population. Aust. Health Review 

2018, 42, 709–717, doi:10.1071/AH16296. 

450.  Tong, A.Y.C.; Peake, B.M.; Braund, R. Disposal Practices for Unused Medications in New Zealand 

Community Pharmacies. Journal of Primary Health Care 2011, 3, 197–203, 

doi:10.1016/j.envint.2010.10.002. 

451.  Ridout, S.; Waters, W.; George, C. Knowledge of and Attitudes to Medicines in the Southampton 

Community. British Journal of Clinical Pharmacology 1986, 21, 701–712, doi:10.1111/j.1365-

2125.1986.tb05236.x. 

452.  Sullivan: Medicine Taking in Southampton: A Second Look. - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Medicine+taking+in+Southampton:+A+second+look&

author=Sullivan,+M.J.&author=George,+C.F.&publication_year=1996&journal=Br.+J.+Clin.+Pharmac

ol.&volume=42&pages=567%E2%80%93571 (accessed on 29 September 2023). 

453.  Bound, J.P.; Voulvoulis, N. Household Disposal of Pharmaceuticals as a Pathway for Aquatic 

Contamination in the United Kingdom. Environmental Health Perspectives 2005, 113, 1705–1711, 

doi:10.1289/ehp.8315. 

454.  Assessment of the Association between Drug Disposal Practices and Drug Use and Storage Behaviors - 

ScienceDirect Available online: 

https://www.sciencedirect.com/science/article/pii/S1319016417302013?via%3Dihub (accessed on 29 

September 2023). 

455.  Kruopienė: Pharmaceutical Pathways to the Environment... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Pharmaceutical+Pathways+to+the+Environment+in+Li

thuania&author=Kruopien%C4%97,+J.&author=Dvarionien%C4%97,+J.&publication_year=2007&jou

rnal=Environ.+Res.+Eng.+Manag.&volume=41&pages=33%E2%80%9339 (accessed on 29 September 

2023). 

456.  Kusturica, M.P.; Sabo, A.; Tomic, Z.; Horvat, O.; Šolak, Z. Storage and Disposal of Unused Medications: 

Knowledge, Behavior, and Attitudes among Serbian People. Int J Clin Pharm 2012, 34, 604–610, 

doi:10.1007/s11096-012-9652-0. 

457.  Fenech, C.; Rock, L.; Nolan, K.; Morrissey, A. Attitudes towards the Use and Disposal of Unused 

Medications in Two European Countries. Waste Manag 2013, 33, 259–261, 

doi:10.1016/j.wasman.2012.12.018. 

458.  Vellinga: Public Practice Regarding Disposal of Unused... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Public+practice+regarding+disposal+of+unused+medic

ines+in+Ireland&author=Vellinga,+A.&author=Cormican,+S.&author=Driscoll,+J.&author=Furey,+M.

&author=O%E2%80%99Sullivan,+M.&author=Cormican,+M.&publication_year=2014&journal=Sci.+

Total+Environ.&volume=478&pages=98%E2%80%93102&doi=10.1016/j.scitotenv.2014.01.085 

(accessed on 29 September 2023). 

459.  Tit: Disposal of Unused Medicines Resulting from... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Disposal+of+unused+medicines+resulting+from+home

+treatment+in+Romania&author=Tit,+D.M.&author=Bungau,+S.&author=Cseppento,+C.N.&author=C

opolovici,+D.M.&author=Buhas,+C.&publication_year=2016&journal=J.+Environ.+Prot.+Ecol.&volu

me=17&pages=1425%E2%80%931433 (accessed on 29 September 2023). 

460.  Fatokun, O. Exploring Antibiotic Use and Practices in a Malaysian Community. Int J Clin Pharm 2014, 

36, 564–569, doi:10.1007/s11096-014-9937-6. 

461.  Yang: Utilization of Ministry of Health Medication... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Utilization+of+Ministry+of+Health+Medication+Retur

n+Programme,+Knowledge+and+Disposal+Practice+of+Unused+Medication+in+Malaysia&author=Ya

ng,+S.L.&author=Tan,+S.L.&author=Goh,+Q.L.&author=Liau,+S.Y.&publication_year=2018&journal



201 

 

=J.+Pharm.+Pract.+Commun.+Med.&volume=4&pages=1%E2%80%933&doi=10.5530/jppcm.2018.1.

3 (accessed on 29 September 2023). 

462.  Ariffin, M.; Zakili, T.S.T. Household Pharmaceutical Waste Disposal in Selangor, Malaysia—Policy, 

Public Perception, and Current Practices. Environmental Management 2019, 64, 509–519, 

doi:10.1007/s00267-019-01199-y. 

463.  Arkaravichien: A Threat to the Environment from Practice... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Center+A+Threat+to+the+Environment+from+Practice

+of+Drug+Disposal+in+Thailand&author=Arkaravichien,+W.&author=Ruchipiyarak,+T.&author=Tha

winwan,+W.&author=Benjawilaikul,+S.&publication_year=2014&journal=EnvironmentAsia&volume=

7&pages=104%E2%80%93111 (accessed on 29 September 2023). 

464.  Kuspis: What Happens to Expired Medications? A Survey... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=What+happens+to+expired+medications?+A+survey+o

f+community+medication+disposal&author=Kuspis,+D.A.&author=Krenzelok,+E.P.&publication_year

=1996&journal=Vet.+Hum.+Toxicol.&volume=38&pages=48%E2%80%9349 (accessed on 29 

September 2023). 

465.  Kotchen: Pharmaceuticals in Wastewater: Behavior,... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Pharmaceuticals+in+wastewater:+Behavior,+preferenc

es,+and+willingness+to+pay+for+a+disposal+program&author=Kotchen,+M.&author=Kallaos,+J.&aut

hor=Wheeler,+K.&author=Wong,+C.&author=Zahller,+M.&publication_year=2009&journal=J.+Enviro

n.+Manag.&volume=90&pages=1476%E2%80%931482&doi=10.1016/j.jenvman.2008.10.002 

(accessed on 29 September 2023). 

466.  Law, A.V.; Sakharkar, P.; Zargarzadeh, A.; Tai, B.W.B.; Hess, K.; Hata, M.; Mireles, R.; Ha, C.; Park, T.J. 

Taking Stock of Medication Wastage: Unused Medications in US Households. Research in Social and 

Administrative Pharmacy 2015, 11, 571–578, doi:10.1016/j.sapharm.2014.10.003. 

467.  Behind Closed Doors: Medication Storage and Disposal in the Home - Sarah M Wieczorkiewicz, Zahra 

Kassamali, Larry H Danziger, 2013 Available online: 

https://journals.sagepub.com/doi/10.1345/aph.1R706 (accessed on 29 September 2023). 

468.  Seehusen, D.A.; Edwards, J. Patient Practices and Beliefs Concerning Disposal of Medications. J Am 

Board Fam Med 2006, 19, 542–547, doi:10.3122/jabfm.19.6.542. 

469.  Labu: Knowledge, Awareness and Disposal Practice... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Knowledge,+awareness+and+disposal+practice+for+un

used+medications+among+the+students+of+the+Private+University+of+Bangladesh&author=Iabu,+K.

Z.&author=Al-

Mamun,+M.M.A.&author=Harun,+M.&author=Sikder,+K.&publication_year=2013&journal=J.+Biome

d.+Pharm.+Res.&volume=2&pages=26%E2%80%9333 (accessed on 29 September 2023). 

470.  Abdo-Rabbo: The Use of Medicines in Oman: Public... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=The+use+of+medicines+in+oman:+Public+knowledge,

+attitudes+and+practices&author=Abdo-Rabbo,+A.&author=Al-

Ansari,+M.&author=Gunn,+B.C.&author=Suleiman,+B.J.&publication_year=2009&journal=Sultan+Qa

boos+Univ.+Med.+J.&volume=9&pages=124%E2%80%93131 (accessed on 29 September 2023). 

471.  Atinafu: Unused Medications Disposal Practice: The... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Unused+Medications+Disposal+Practice:+The+case+o

f+Patients+Visiting+University+of+Gondar+Ethiopia&author=Atinafu,+T.&publication_year=2014&jo

urnal=Int.+J.+Pharma+Sci.+Res.&volume=5&pages=999%E2%80%931005 (accessed on 29 September 

2023). 

472.  Tokka: Assessment of the Awareness, Knowledge, Attitude,... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Assessment+of+the+Knowledge,+Attitude+and+Practi

ce+of+Sudanese+Community+Pharmacists+in+Khartoum&author=Addin,+K.&author=Ahmad,+M.&a

uthor=Abdo,+R.&author=Fadl,+M.&publication_year=2018&journal=World+J.+Pharm.+Res.&volume

=7&pages=124%E2%80%93147 (accessed on 29 September 2023). 

473.  SciELO - Brazil - Critical Analysis of the Regulations Regarding the Disposal of Medication Waste 

Critical Analysis of the Regulations Regarding the Disposal of Medication Waste Available online: 

https://www.scielo.br/j/bjps/a/L6qdCXfLkvg5Z3r5jtw5Qxb/?lang=en (accessed on 29 September 2023). 

474.  Waste Collection | Wasteserv Malta Available online: 

https://www.wsm.com.mt/statistics/waste_collection.aspx (accessed on 29 September 2023). 

475.  CYCLAMED | Cyclamed Available online: https://www.cyclamed.org/cyclamed/ (accessed on 29 

September 2023). 

476.  Haughey, C.W.; Lawson, D.; Roberts, K.; Santos, M.; Spinosa, S. Safe Medication Disposal. Home 

Healthcare Now 2019, 37, 106, doi:10.1097/NHH.0000000000000719. 



202 

 

477.  Administration (TGA), T.G. Safe Disposal of Unwanted Medicines | Therapeutic Goods Administration 

(TGA) Available online: https://www.tga.gov.au/safe-disposal-unwanted-medicines (accessed on 29 

September 2023). 

478.  Al-Salem: Life Cycle Assessment (LCA) of Municipal... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Life+cycle+assessment+(LCA)+of+municipal+solid+w

aste+management+in+the+state+of+Kuwait&author=Al-

Salem,+S.M.&author=Lettieri,+P.&publication_year=2009&journal=Eur.+J.+Sci.+Res.&volume=34&p

ages=395%E2%80%93405 (accessed on 29 September 2023). 

479.  Obara: Operationalising Municipal Solid Waste Management - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Operationalising+Municipal+Solid+Waste+Manageme

nt&author=Obara,+P.&author=Ouko,+C.&publication_year=2011 (accessed on 29 September 2023). 

480.  Nunavut Department of Environment: Environmental... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Environmental+Guideline+for+the+Burning+and+Incin

eration+of+Solid+Waste&author=Nunavut+Department+of+Environment&publication_year=2012 

(accessed on 29 September 2023). 

481.  Center: Solid Waste Management and Recycling Technology... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Solid+Waste+Management+and+Recycling+Technolog

y+of+Japan&author=JESCO+(Japan+Environmental+Sanitation+Center,+Ministry+of+the+Environme

nt)&publication_year=2012 (accessed on 29 September 2023). 

482.  Urban Waste Management Issues Available online: https://www.gdrc.org/uem/waste/waste-factsheet.html 

(accessed on 29 September 2023). 

483.  Tischler, L.; Buzby, M.; Finan, D.S.; Cunningham, V.L. Landfill Disposal of Unused Medicines Reduces 

Surface Water Releases. Integrated Environmental Assessment and Management 2013, 9, 142–154, 

doi:10.1002/ieam.1311. 

484.  Center: Handbook on the Implementation of EC Environmenta... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Handbook+on+the+Implementation+of+EC+Environm

ental+Legislation&author=REC&publication_year=2007 (accessed on 29 September 2023). 

485.  Heberer, T. Occurrence, Fate, and Removal of Pharmaceutical Residues in the Aquatic Environment: A 

Review of Recent Research Data. Toxicology Letters 2002, 131, 5–17, doi:10.1016/S0378-

4274(02)00041-3. 

486.  World Health Organization: Guidelines for Safe Disposal... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Guidelines+for+Safe+Disposal+of+Unwanted+Pharma

ceuticals+in+and+after+Emergencies&author=World+Health+Organization+(WHO)&publication_year=

2009 (accessed on 29 September 2023). 

487.  Kadam: Pharmaceutical Waste Management an Overview - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Pharmaceutical+Waste+Management+an+Overview&a

uthor=Kadam,+A.&author=Vasantrao+Patil,+S.&publication_year=2016&journal=Indian+J.+Pharm.+P

ract.&volume=9&pages=2%E2%80%938&doi=10.5530/ijopp.9.1.2 (accessed on 29 September 2023). 

488.  Hirsch, R.; Ternes, T.; Haberer, K.; Kratz, K.-L. Occurrence of Antibiotics in the Aquatic Environment. 

Science of The Total Environment 1999, 225, 109–118, doi:10.1016/S0048-9697(98)00337-4. 

489.  Which Drugs Should Be Deprescribed in the Elderly? Available online: 

https://www.medscape.com/viewarticle/847187 (accessed on 29 September 2023). 

490.  World Health Organization: Management of Drugs at... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Management+of+Drugs+at+Health+Centre+Level&aut

hor=World+Health+Organization+(WHO)&publication_year=2004&journal=WHO+Regional+Office+

Africa+Brazzaville&volume=2&pages=1%E2%80%9384 (accessed on 29 September 2023). 

491.  Leitmeyer, K.; Adlhoch, C. Review Article: Influenza Transmission on Aircraft: A Systematic Literature 

Review. Epidemiology 2016, 27, 743, doi:10.1097/EDE.0000000000000438. 

492.  Cantrell: Stability of Active Ingredients in Long-Expired... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Stability+of+Active+Ingredients+in+Long-

Expired+Prescription+Medication&author=Roy,+C.&author=Ziegelstein,+M.&author=Brett,+D.&autho

r=Thombs,+P.&publication_year=2012&journal=Arch.+Intern.+Med.&volume=172&pages=1685%E2

%80%931687 (accessed on 29 September 2023). 

493.  Alnahas, F.; Yeboah, P.; Fliedel, L.; Abdin, A.Y.; Alhareth, K. Expired Medication: Societal, Regulatory 

and Ethical Aspects of a Wasted Opportunity. International Journal of Environmental Research and Public 

Health 2020, 17, 787, doi:10.3390/ijerph17030787. 

494.  Dying from Lack of Medicines Available online: https://www.un.org/africarenewal/magazine/december-

2016-march-2017/dying-lack-medicines (accessed on 29 September 2023). 

495.  Hogerzeil, H.V.; Couper, M.R.; Gray, R. Guidelines for Drug Donations. BMJ 1997, 314, 737, 

doi:10.1136/bmj.314.7082.737. 



203 

 

496.  Diven, D.G.; Bartenstein, D.W.; Carroll, D.R. Extending Shelf Life Just Makes Sense. Mayo Clinic 

Proceedings 2015, 90, 1471–1474, doi:10.1016/j.mayocp.2015.08.007. 

497.  Life Cycle Comparison of Environmental Emissions from Three Disposal Options for Unused 

Pharmaceuticals | Environmental Science & Technology Available online: 

https://pubs.acs.org/doi/10.1021/es203987b (accessed on 29 September 2023). 

498.  IJERPH | Free Full-Text | An Optimization Model for Expired Drug Recycling Logistics Networks and 

Government Subsidy Policy Design Based on Tri-Level Programming Available online: 

https://www.mdpi.com/1660-4601/12/7/7738 (accessed on 29 September 2023). 

499.  Zofran ODT Prices, Coupons, Copay & Patient Assistance Available online: 

https://www.drugs.com/price-guide/zofran-odt (accessed on 29 September 2023). 

500.  Kriwaczek, P. Babylon: Mesopotamia and the Birth of Civilization; Atlantic Books Ltd, 2014; ISBN 978-

1-78239-567-6. 

501.  Guerini, V. [from old catalog; National dental association. [from old catalog] A History of Dentistry from 

the Most Ancient Times until the End of the Eighteenth Century; Philadelphia and New York, Lea & 

Febiger, 1909; 

502.  The Maze of the Cerebrospinal Fluid Discovery - PMC Available online: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3874314/ (accessed on 14 August 2023). 

503.  Suppan, L. The Doctrine of Signatures. Journal of the American Pharmaceutical Association 1928, 17, 

581–585, doi:10.1002/jps.3080170620. 

504.  Text by “Father of Medicine” Found in Remote Egyptian Monastery Available online: 

https://www.nationalgeographic.com/history/article/hippocrates-manuscript-sinai-palimpsests-st-

catherines-monastery-spd (accessed on 14 August 2023). 

505.  Hippocrates Collected Works I Available online: 

https://daedalus.umkc.edu/hippocrates/HippocratesLoeb1/page.ix.php (accessed on 14 August 2023). 

506.  Stefanakis, G.; Nyktari, V.; Papaioannou, A.; Askitopoulou, H. Hippocratic Concepts of Acute and Urgent 

Respiratory Diseases Still Relevant to Contemporary Medical Thinking and Practice: A Scoping Review. 

BMC Pulm Med 2020, 20, 165, doi:10.1186/s12890-020-01193-9. 

507.  Lagay, F. The Legacy of Humoral Medicine. AMA Journal of Ethics 2002, 4, 206–208, 

doi:10.1001/virtualmentor.2002.4.7.mhst1-0207. 

508.  De Crée, C. Is Menstruation Obsolete? BMJ 2001, 322, 370. 

509.  Critical Remarks on Codices in Which Galen Appears as a Member of the Gens Claudia in: Mnemosyne 

Volume 74 Issue 4 (2021) Available online: https://brill.com/view/journals/mnem/74/4/article-

p553_2.xml (accessed on 14 August 2023). 

510.  Surgical Instruments in Greek and Roman Times, Chapter 3 Available online: 

http://www.forumromanum.org/milne/chap3.html (accessed on 14 August 2023). 

511.  King, D.A. The Astronomy of the Mamluks. Isis 1983, 74, 531–555, doi:10.1086/353360. 

512.  Walker, P.E. Al-Razi, Abu Bakr Muhammad Ibn Zakariyya’ (d. 925). In Routledge Encyclopedia of 

Philosophy; Routledge: London, 2016 ISBN 978-0-415-25069-6. 

513.  Noteworthy: A Look at the Oldest Item in the NLM Collection. NLM in Focus 2010. 

514.  Avicenna (Ibn Sina) | Internet Encyclopedia of Philosophy. 

515.  Gutas, D. Ibn Sina [Avicenna]. In The Stanford Encyclopedia of Philosophy; Zalta, E.N., Ed.; Metaphysics 

Research Lab, Stanford University, 2016. 

516.  Herbert, A. A Snake Oil from Tenth Century Al-Andalus. The Recipes Project 2022. 

517.  Amr, S.S.; Tbakhi, A. Abu Al Qasim Al Zahrawi (Albucasis): Pioneer of Modern Surgery. Ann Saudi Med 

2007, 27, 220–221, doi:10.5144/0256-4947.2007.220. 

518.  Rocchietta, S. [History of pharmacy. A German pharmaceutic dynasty: the Trommsdorffs]. Minerva Med 

1985, 76, 2219–2220. 

519.  Löwen-Apotheke CONCEPTLICHT Available online: https://www.world-

architects.com/en/conceptlicht-traunreut/project/lowen-pharmacy (accessed on 14 August 2023). 

520.  Zalai, K. Pharmaceutical Education in Central Europe: A Historical View. Pharmacy in History 1986, 28, 

138–145. 

521.  Paracelsus, the Man Who Brought Chemistry to Medicine | American Association for the Advancement 

of Science (AAAS) Available online: https://www.aaas.org/paracelsus-man-who-brought-chemistry-

medicine (accessed on 14 August 2023). 

522.  The Dose Makes the Poison Available online: 

https://web.archive.org/web/20110202055026/http://learn.caim.yale.edu/chemsafe/references/dose.html 

(accessed on 14 August 2023). 

523.  Evers, M. Viel Spaß mit Heroin. Der Spiegel 2000. 

524.  Tan, S.Y.; Tatsumura, Y. Alexander Fleming (1881–1955): Discoverer of Penicillin. Singapore Med J 

2015, 56, 366–367, doi:10.11622/smedj.2015105. 



204 

 

525.  Howard Walter Florey and Ernst Boris Chain Available online: 

https://www.beckmancenter.org/education/scientific-biographies/howard-walter-florey-and-ernst-boris-

chain/ (accessed on 14 August 2023). 

526.  A Brief History of Methamphetamine - Alcohol and Drug Abuse Information - Vermont Department of 

Health Available online: 

https://web.archive.org/web/20120419175754/http://healthvermont.gov/adap/meth/brief_history.aspx 

(accessed on 14 August 2023). 

527.  Sulzer, D.; Sonders, M.S.; Poulsen, N.W.; Galli, A. Mechanisms of Neurotransmitter Release by 

Amphetamines: A Review. Progress in Neurobiology 2005, 75, 406–433, 

doi:10.1016/j.pneurobio.2005.04.003. 

528.  Frederick Banting & Charles Best Isolated Human Insulin on July 27, 1921 Available online: 

https://www.umassmed.edu/dcoe/diabetes-education/patient-resources/banting-and-best-discover-

insulin/ (accessed on 14 August 2023). 

529.  Kohler, S. Precision Medicine – Moving Away from One-Size-Fits-All. In; 2018; pp. 12–15. 

530.  Visvikis-Siest, S.; Theodoridou, D.; Kontoe, M.-S.; Kumar, S.; Marschler, M. Milestones in Personalized 

Medicine: From the Ancient Time to Nowadays—the Provocation of COVID-19. Frontiers in Genetics 

2020, 11. 

531.  Cecchin, E.; Stocco, G. Pharmacogenomics and Personalized Medicine. Genes (Basel) 2020, 11, 679, 

doi:10.3390/genes11060679. 

532.  Gambacorti-Passerini, C. Part I: Milestones in Personalised Medicine—Imatinib. The Lancet Oncology 

2008, 9, 600, doi:10.1016/S1470-2045(08)70152-9. 

533.  The Human Genome Project Available online: https://www.genome.gov/human-genome-project 

(accessed on 14 August 2023). 

534.  Shampo, M.A.; Kyle, R.A. Francis S. Collins—Human Genome Project. Mayo Clin Proc 2010, 85, e66–

e67, doi:10.4065/mcp.2010.0495. 

535.  Zhang, W.-W.; Li, L.; Li, D.; Liu, J.; Li, X.; Li, W.; Xu, X.; Zhang, M.J.; Chandler, L.A.; Lin, H.; et al. 

The First Approved Gene Therapy Product for Cancer Ad-P53 (Gendicine): 12 Years in the Clinic. Human 

Gene Therapy 2018, 29, 160–179, doi:10.1089/hum.2017.218. 

536.  About the Broad Institute Available online: https://www.broadinstitute.org/about-us (accessed on 14 

August 2023). 

537.  Gostimskaya, I. CRISPR–Cas9: A History of Its Discovery and Ethical Considerations of Its Use in 

Genome Editing. Biochemistry (Mosc) 2022, 87, 777–788, doi:10.1134/S0006297922080090. 

538.  Artificial Intelligence and Pharmacogenomics - Advances in Molecular Pathology Available online: 

https://www.advancesinmolecularpathology.com/article/S2589-4080(19)30019-5/fulltext (accessed on 14 

August 2023). 

539.  Jones, C.L.; Jensen, J.D.; Scherr, C.L.; Brown, N.R.; Christy, K.; Weaver, J. The Health Belief Model as 

an Explanatory Framework in Communication Research: Exploring Parallel, Serial, and Moderated 

Mediation. Health Commun 2015, 30, 566–576, doi:10.1080/10410236.2013.873363. 

540.  Rosenstock, I.M. Why People Use Health Services. Milbank Mem Fund Q 1966, 44, Suppl:94-127. 

541.  Luger, T.M. Health Beliefs/Health Belief Model. In Encyclopedia of Behavioral Medicine; Gellman, 

M.D., Turner, J.R., Eds.; Springer: New York, NY, 2013; pp. 907–908 ISBN 978-1-4419-1005-9. 

542.  Conner, M.; Armitage, C.J. Extending the Theory of Planned Behavior: A Review and Avenues for Further 

Research. Journal of Applied Social Psychology 1998, 28, 1429–1464, doi:10.1111/j.1559-

1816.1998.tb01685.x. 

543.  Ajzen, I. The Theory of Planned Behavior. Organizational Behavior and Human Decision Processes 1991, 

50, 179–211, doi:10.1016/0749-5978(91)90020-T. 

544.  Ariga, T. Refusal of Blood by Jehovah’s Witnesses and the Patient’s Right to Self-Determination. Leg Med 

(Tokyo) 2009, 11 Suppl 1, S138-140, doi:10.1016/j.legalmed.2009.02.005. 

545.  Schunk, D.H. Social Cognitive Theory. In APA educational psychology handbook, Vol 1: Theories, 

constructs, and critical issues; APA handbooks in psychology®; American Psychological Association: 

Washington, DC, US, 2012; pp. 101–123 ISBN 978-1-4338-0997-2. 

546.  Bandura, A. Social Cognitive Theory in Cultural Context. Applied Psychology 2002, 51, 269–290, 

doi:10.1111/1464-0597.00092. 

547.  Bandura, A. Human Agency in Social Cognitive Theory. American Psychologist 1989, 44, 1175–1184, 

doi:10.1037/0003-066X.44.9.1175. 

548.  Bandura, A. Health Promotion from the Perspective of Social Cognitive Theory. In Understanding and 

Changing Health Behaviour; Psychology Press, 2000 ISBN 978-1-315-08005-5. 

549.  Lange, V.; M, P.A.; Higgins; Tory, E.; Kruglanski; W, A. Handbook of Theories of Social Psychology. 

2011, 1–1144. 



205 

 

550.  Self-Determination Theory Applied to Health Contexts: A Meta-Analysis - Johan Y. Y. Ng, Nikos 

Ntoumanis, Cecilie Thøgersen-Ntoumani, Edward L. Deci, Richard M. Ryan, Joan L. Duda, Geoffrey C. 

Williams, 2012 Available online: 

https://journals.sagepub.com/doi/full/10.1177/1745691612447309?casa_token=Iv3BRa_RJRMAAAAA

%3A4ayFdQADRPpAbJNyoX8mFb46iXpyBhSD8Jj_bUzBYLri7CEcR9YxpTmyFKLLu-

zTPnmFM2lbe0Kg (accessed on 16 August 2023). 

551.  Kilanowski, J.F. Breadth of the Socio-Ecological Model. Journal of Agromedicine 2017, 22, 295–297, 

doi:10.1080/1059924X.2017.1358971. 

552.  Upending the Social Ecological Model to Guide Health Promotion Efforts Toward Policy and 

Environmental Change - Shelley D. Golden, Kenneth R. McLeroy, Lawrence W. Green, Jo Anne L. Earp, 

Lisa D. Lieberman, 2015 Available online: 

https://journals.sagepub.com/doi/full/10.1177/1090198115575098?casa_token=z-

cIaqHWEAIAAAAA%3ASZMys-clO7GgseiZ-

dLnE65DBlHAYNQGGVBKhuocY2cc0WcrMD5i_RwxHfSe76zROycBDY2rH3ON (accessed on 16 

August 2023). 

553.  Contandriopoulos, D. A Sociological Perspective on Public Participation in Health Care. Social Science 

& Medicine 2004, 58, 321–330, doi:10.1016/S0277-9536(03)00164-3. 

554.  Sagar, M.; Reifler, K.; Rossi, M.; Miller, N.S.; Sinha, P.; White, L.F.; Mizgerd, J.P. Recent Endemic 

Coronavirus Infection Is Associated with Less-Severe COVID-19. J Clin Invest 2021, 131, 

doi:10.1172/JCI143380. 

555.  Abebe, E.C.; Dejenie, T.A.; Shiferaw, M.Y.; Malik, T. The Newly Emerged COVID-19 Disease: A 

Systemic Review. Virology Journal 2020, 17, 96, doi:10.1186/s12985-020-01363-5. 

556.  Muralidar, S.; Ambi, S.V.; Sekaran, S.; Krishnan, U.M. The Emergence of COVID-19 as a Global 

Pandemic: Understanding the Epidemiology, Immune Response and Potential Therapeutic Targets of 

SARS-CoV-2. Biochimie 2020, 179, 85–100, doi:10.1016/j.biochi.2020.09.018. 

557.  COVID-19 in Africa: Dampening the Storm? | Science Available online: 

https://www.science.org/doi/10.1126/science.abd3902 (accessed on 30 September 2023). 

558.  Girum, T.; Lentiro, K.; Geremew, M.; Migora, B.; Shewamare, S.; Shimbre, M.S. Optimal Strategies for 

COVID-19 Prevention from Global Evidence Achieved through Social Distancing, Stay at Home, Travel 

Restriction and Lockdown: A Systematic Review. Arch Public Health 2021, 79, 150, doi:10.1186/s13690-

021-00663-8. 

559.  Effective Public Health Measures to Mitigate the Spread of COVID-19: A Systematic Review - PMC 

Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8164261/ (accessed on 30 September 

2023). 

560.  GÜNER, R.; HASANOĞLU, İ.; AKTAŞ, F. COVID-19: Prevention and Control Measures in Community. 

Turk J Med Sci 2020, 50, 571–577, doi:10.3906/sag-2004-146. 

561.  Fulone, I.; Barreto, J.O.M.; Barberato-Filho, S.; Bergamaschi, C. de C.; Lopes, L.C. Improving the 

Adherence to COVID-19 Preventive Measures in the Community: Evidence Brief for Policy. Front Public 

Health 2022, 10, 894958, doi:10.3389/fpubh.2022.894958. 

562.  Tamirat, T.; Abute, L. Adherence towards COVID-19 Prevention Measures and Associated Factors in 

Hossana Town, South Ethiopia, 2021. Int J Clin Pract 2021, 75, e14530, doi:10.1111/ijcp.14530. 

563.  van Loenhout, J.A.F.; Vanderplanken, K.; Scheen, B.; Van den Broucke, S.; Aujoulat, I. Determinants of 

Adherence to COVID-19 Measures among the Belgian Population: An Application of the Protection 

Motivation Theory. Archives of Public Health 2021, 79, 74, doi:10.1186/s13690-021-00565-9. 

564.  Ditekemena, J.D.; Nkamba, D.M.; Muhindo, H.M.; Siewe, J.N.F.; Luhata, C.; Bergh, R.V. den; Kitoto, 

A.T.; Damme, W.V.; Muyembe, J.J.; Colebunders, R. Factors Associated with Adherence to COVID-19 

Prevention Measures in the Democratic Republic of the Congo (DRC): Results of an Online Survey. BMJ 

Open 2021, 11, e043356, doi:10.1136/bmjopen-2020-043356. 

565.  Pergolizzi, J.V.; LeQuang, J.A.; Taylor, R.; Wollmuth, C.; Nalamachu, M.; Varrassi, G.; Christo, P.; Breve, 

F.; Magnusson, P. Four Pandemics: Lessons Learned, Lessons Lost. Signa Vitae-Journal of 

Anesthesiology, Intensive Care Journal, Emergency Medical Journal 2021, 17, 1–5, 

doi:10.22514/sv.2020.16.0096. 

566.  Mackowiak, P.A. Prior Pandemics. Looking to the Past for Insight into the COVID-19 Pandemic. J 

Community Hosp Intern Med Perspect 2021, 11, 163–170, doi:10.1080/20009666.2020.1855706. 

567.  Glans, H.; Lind Karlberg, M.; Advani, R.; Bradley, M.; Alm, E.; Andersson, B.; Downing, T. High Genome 

Plasticity and Frequent Genetic Exchange in Leishmania Tropica Isolates from Afghanistan, Iran and 

Syria. PLoS Negl Trop Dis 2021, 15, e0010110, doi:10.1371/journal.pntd.0010110. 

568.  “The War of Hunger … Scares Me More than the War of Cannons”: As Inflation Soars, Syria’s Economy 

Spirals Downward | Middle East Institute Available online: https://www.mei.edu/publications/war-



206 

 

hunger-scares-me-more-war-cannons-inflation-soars-syrias-economy-spirals-downward (accessed on 30 

September 2023). 

569.  Growth after War in Syria | Policy Research Working Papers Available online: 

https://elibrary.worldbank.org/doi/abs/10.1596/1813-9450-8967 (accessed on 30 September 2023). 

570.  The Fragility of Community Security in Damascus and Its Environs Available online: http://international-

review.icrc.org/articles/fragility-community-security-damascus-and-its-environs (accessed on 30 

September 2023). 

571.  Cholera in the Time of War: Implications of Weak Surveillance in Syria for the WHO’s Preparedness—a 

Comparison of Two Monitoring Systems | BMJ Global Health Available online: 

https://gh.bmj.com/content/1/3/e000029 (accessed on 30 September 2023). 

572.  Bizri, A.R.; Fares, J.; Musharrafieh, U. Infectious Diseases in the Era of Refugees: Hepatitis A Outbreak 

in Lebanon. Avicenna J Med 2018, 8, 147–152, doi:10.4103/ajm.AJM_130_18. 

573.  Youssef, A.; Harfouch, R.; El Zein, S.; Alshehabi, Z.; Shaaban, R.; Kanj, S.S. Visceral and Cutaneous 

Leishmaniases in a City in Syria and the Effects of the Syrian Conflict. Am J Trop Med Hyg 2019, 101, 

108–112, doi:10.4269/ajtmh.18-0778. 

574.  Icardi, G.; Tassinari, F. Anti-Polio Vaccinations in the Third Millennia. Ann Ig 2018, 30, 11–15, 

doi:10.7416/ai.2018.2228. 

575.  Socio-Demographic and Epidemiological Consideration of Africa’s COVID-19 Response: What Is the 

Possible Pandemic Course? | Nature Medicine Available online: https://www.nature.com/articles/s41591-

020-0960-y (accessed on 30 September 2023). 

576.  Bonful, H.A.; Addo-Lartey, A.; Aheto, J.M.K.; Ganle, J.K.; Sarfo, B.; Aryeetey, R. Limiting Spread of 

COVID-19 in Ghana: Compliance Audit of Selected Transportation Stations in the Greater Accra Region 

of Ghana. PLOS ONE 2020, 15, e0238971, doi:10.1371/journal.pone.0238971. 

577.  Amoah, S.K.S.; Sandjo, L.P.; Bazzo, M.L.; Leite, S.N.; Biavatti, M.W. Herbalists, Traditional Healers and 

Pharmacists: A View of the Tuberculosis in Ghana. Revista Brasileira de Farmacognosia 2014, 24, 89–

95, doi:10.1590/0102-695X2014241405. 

578.  Wyllie, R.W. Ghanaian Spiritual and Traditional Healers’ Explanations of Illness: A Preliminary Survey. 

Journal of Religion in Africa 1983, 14, 46–57, doi:10.2307/1594933. 

579.  Senghore: Leveraging Africa’s Preparedness towards... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Leveraging+Africa%E2%80%99s+preparedness+towar

ds+the+next+phase+of+the+COVID-

19+pandemic&author=Senghore,+M.&author=Savi,+M.K.&author=Gnangnon,+B.&author=Hanage,+

W.P.&author=Okeke,+I.N.&publication_year=2020&journal=Lancet+Glob.+Health&volume=8&pages

=e884%E2%80%93e885&doi=10.1016/S2214-109X(20)30234-5 (accessed on 30 September 2023). 

580.  Kenu, E.; Frimpong, J.A.; Koram, K.A. Responding to the COVID-19 Pandemic in Ghana. Ghana Med J 

2020, 54, 72–73, doi:10.4314/gmj.v54i2.1. 

581.  Razouk, A.; Abdin, A.Y.; Yeboah, P.; Nasim, M.J.; Pitsch, W.; Jacob, C.; Maarouf, M. Corona in the Time 

of War: A Cross-Sectional Study from Syria. In; UNESCO, Forthcoming. 

582.  Abdin, A.Y.; Yeboah, P.; Daliri, D.B.; Abdin, A.Y.; Appiah-Brempong, E.; Pitsch, W.; Panyin, A.B.; 

Adusei, E.B.A.; Razouk, A.; Nasim, M.J.; et al. Knowledge into the Practice against COVID-19: A Cross-

Sectional Study from Ghana. International Journal of Environmental Research and Public Health 2021, 

doi:10.3390/ijerph182412902. 

583.  World Health Organization: World Malaria Report 2022 - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=World+Malaria+Report+2019&author=Malaria+Global

+WHO+Team&publication_year=2019 (accessed on 29 September 2023). 

584.  Who: World Malaria Report 2020: 20 Years of Global... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=World+Malaria+Report+2018&author=WHO&publicat

ion_year=2018 (accessed on 29 September 2023). 

585.  World Health Organization: Overview of Malaria Treatment - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Overview+of+Malaria+Treatment&author=WHO&pub

lication_year=2019 (accessed on 29 September 2023). 

586.  World Health Organization: Guidelines for the Treatment... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Guidelines+for+the+Treatment+of+Malaria&author=W

orld+Health+Organization&publication_year=2015 (accessed on 29 September 2023). 

587.  Sinclair, D.; Zani, B.; Donegan, S.; Olliaro, P.; Garner, P. Artemisinin‐based Combination Therapy for 

Treating Uncomplicated Malaria. Cochrane Database of Systematic Reviews 2009, 

doi:10.1002/14651858.CD007483.pub2. 

588.  Osafo, N.; Mensah, K.B.; Yeboah, O.K. Phytochemical and Pharmacological Review of Cryptolepis 

Sanguinolenta (Lindl.) Schlechter. Advances in Pharmacological and Pharmaceutical Sciences 2017, 

2017, e3026370, doi:10.1155/2017/3026370. 



207 

 

589.  Bugyei, K.A.; Boye, G.L.; Addy, M.E. Clinical Efficacy of a Tea-Bag Formulation of Cryptolepis 

Sanguinolenta Root in the Treatment of Acute Uncomplicated Falciparum Malaria. Ghana Medical 

Journal 2010, 44, doi:10.4314/gmj.v44i1.68849. 

590.  Paulo, A.; Gomes, E.T.; Steele, J.; Warhurst, D.C.; Houghton, P.J. Antiplasmodial Activity of Cryptolepis 

Sanguinolenta Alkaloids from Leaves and Roots. Planta Med 2000, 66, 30–34, doi:10.1055/s-2000-11106. 

591.  Cimanga: In Vitro and in Vivo Antiplasmodial Activity... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=In+vitro+and+in+vivo+antiplasmodial+activity+of+cry

ptolepine+and+related+alkaloids+from+Cryptolepis+sanguinolenta&author=Cimanga,+K.&author=De+

Bruyne,+T.&author=Pieters,+L.&author=Vlietinck,+A.J.&author=Turger,+C.A.&publication_year=199

7&journal=J.+Nat.+Prod.&pages=688%E2%80%93691&doi=10.1021/np9605246 (accessed on 29 

September 2023). 

592.  Barku: Isolation and Pharmacological Activities of... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Isolation+and+pharmacological+activities+of+alkaloid

s+from+Cryptolepis+sanguinolenta+(Lindl)+schlt&author=Barku,+V.Y.A.&author=Opoku-

Boahen,+Y.&author=Dzotsi,+E.Y.&publication_year=2012&journal=Int.+Res.+J.+Biochem.+Bioinform

a.+Ghana&volume=2&pages=58%E2%80%9361 (accessed on 29 September 2023). 

593.  Druetz, T.; Andrinopoulos, K.; Boulos, L.-M.; Boulos, M.; Noland, G.S.; Desir, L.; Lemoine, J.F.; Eisele, 

T.P. “Wherever Doctors Cannot Reach, the Sunshine Can”: Overcoming Potential Barriers to Malaria 

Elimination Interventions in Haiti. Malaria Journal 2018, 17, 393, doi:10.1186/s12936-018-2553-5. 

594.  Willcox, M.; Benoit-Vical, F.; Fowler, D.; Bourdy, G.; Burford, G.; Giani, S.; Graziose, R.; Houghton, P.; 

Randrianarivelojosia, M.; Rasoanaivo, P. Do Ethnobotanical and Laboratory Data Predict Clinical Safety 

and Efficacy of Anti-Malarial Plants? Malaria Journal 2011, 10, S7, doi:10.1186/1475-2875-10-S1-S7. 

595.  Elujoba: Traditional Medicine Development for Medical... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Review+traditional+medicine+development+for+medic

al+and+dental+primary+health+care+delivery+system+in+the+orthodox+medicine&author=Cam,+A.J.

T.&author=Elujoba,+A.A.&author=Odeleye,+O.M.&author=Ogunyemi,+C.M.&publication_year=2005

&journal=Afr.+J.+Tradit.+Complement.+Altern.+Med.&volume=2&pages=46%E2%80%9361 

(accessed on 29 September 2023). 

596.  World Health Organization: General Guidelines for... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=General+Guidelines+for+Methodologies+on+Research

+and+Evaluation+of+Traditional+Medicine&author=World+Health+Organization&publication_year=2

000 (accessed on 29 September 2023). 

597.  Wilmot, D.; Ameyaw, E.O.; Amoako-Sakyi, D.; Boampong, J.N.; Quashie, N.B. In Vivo Efficacy of Top 

Five Surveyed Ghanaian Herbal Anti-Malarial Products. Malaria Journal 2017, 16, 103, 

doi:10.1186/s12936-017-1757-4. 

598.  Yeboah, P.; Forkuo, A.D.; Amponsah, O.K.O.; Adomako, N.O.; Abdin, A.Y.; Nasim, M.J.; Werner, P.; 

Panyin, A.B.; Emrich, E.; Jacob, C. Antimalarial Drugs in Ghana: A Case Study on Personal Preferences. 

Sci 2020, 2, 49, doi:10.3390/sci2030049. 

599.  Global Hazards of Herbal Remedies: Lessons from Aristolochia: The Lesson from the Health Hazards of 

Aristolochia Should Lead to More Research into the Safety and Efficacy of Medicinal Plants: EMBO 

Reports: Vol 17, No 5 Available online: https://www.embopress.org/doi/full/10.15252/embr.201642375 

(accessed on 29 September 2023). 

600.  Trends and Challenges of Traditional Medicine in Africa | African Journal of Traditional, Complementary 

and Alternative Medicines Available online: https://www.ajol.info/index.php/ajtcam/article/view/67959 

(accessed on 29 September 2023). 

601.  Blog - How Not to Explain African Distrust of Western Medicine Available online: 

https://bioethicstoday.org/blog/how-not-to-explain-african-distrust-of-western-med/ (accessed on 29 

September 2023). 

602.  Washington: Medical Apartheid: The Dark History of... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=Medical+apartheid&author=Washington,+H.A.&public

ation_year=2006&pages=501 (accessed on 29 September 2023). 

603.  Grollman, A.P.; Marcus, D.M. Global Hazards of Herbal Remedies: Lessons from Aristolochia: The 

Lesson from the Health Hazards of Aristolochia Should Lead to More Research into the Safety and 

Efficacy of Medicinal Plants. EMBO Rep 2016, 17, 619–625, doi:10.15252/embr.201642375. 

604.  Ekor, M. The Growing Use of Herbal Medicines: Issues Relating to Adverse Reactions and Challenges in 

Monitoring Safety. Frontiers in Pharmacology 2014, 4. 

605.  Boadu, A.A.; Asase, A. Documentation of Herbal Medicines Used for the Treatment and Management of 

Human Diseases by Some Communities in Southern Ghana. Evidence-Based Complementary and 

Alternative Medicine 2017, 2017, e3043061, doi:10.1155/2017/3043061. 



208 

 

606.  Wells, T.N. Natural Products as Starting Points for Future Anti-Malarial Therapies: Going Back to Our 

Roots? Malaria Journal 2011, 10, S3, doi:10.1186/1475-2875-10-S1-S3. 

607.  Willcox, M. Improved Traditional Phytomedicines in Current Use for the Clinical Treatment of Malaria. 

Planta Med 2011, 77, 662–671, doi:10.1055/s-0030-1250548. 

608.  World Health Organization: WHO Guidelines on Safety... - Google Scholar Available online: 

https://scholar.google.com/scholar_lookup?title=WHO+Guidelines+on+Safety+Monitoring+of+Herbal+

Medicines+in+Pharmacovigilance+Systems&author=World+Health+Organization&publication_year=2

004 (accessed on 29 September 2023). 

609.  Agyei-Baffour, P.; Kudolo, A.; Quansah, D.Y.; Boateng, D. Integrating Herbal Medicine into Mainstream 

Healthcare in Ghana: Clients’ Acceptability, Perceptions and Disclosure of Use. BMC Complementary and 

Alternative Medicine 2017, 17, 513, doi:10.1186/s12906-017-2025-4. 

610.  Mittelmark, M.B.; Bauer, G.F. The Meanings of Salutogenesis. In The Handbook of Salutogenesis; 

Mittelmark, M.B., Sagy, S., Eriksson, M., Bauer, G.F., Pelikan, J.M., Lindström, B., Espnes, G.A., Eds.; 

Springer International Publishing: Cham, 2017; pp. 7–13 ISBN 978-3-319-04600-6. 

611.  Antonovsky, A.; Sagy, S. Aaron Antonovsky, the Scholar and the Man Behind Salutogenesis. In The 

Handbook of Salutogenesis; Mittelmark, M.B., Sagy, S., Eriksson, M., Bauer, G.F., Pelikan, J.M., 

Lindström, B., Espnes, G.A., Eds.; Springer International Publishing: Cham, 2017; pp. 15–23 ISBN 978-

3-319-04600-6. 

612.  Eriksson, M. The Sense of Coherence in the Salutogenic Model of Health. In The Handbook of 

Salutogenesis; Mittelmark, M.B., Sagy, S., Eriksson, M., Bauer, G.F., Pelikan, J.M., Lindström, B., 

Espnes, G.A., Eds.; Springer International Publishing: Cham, 2017; pp. 91–96 ISBN 978-3-319-04600-6. 

 

  



209 

 

 

Education 

 

SEPTEMBER 2018 – DECEMBER 2023 

PhD Candidate, Bioorganic Chemistry, Saarland University, Germany 

Title: Critical Evaluation of Pharmacy: Truth, Control and Application 

JULY 2016 – JULY 2017 

M.Sc. Pharmacy, Bioorganic Chemistry, Saarland University, Germany 

Title: The philosophical implication of pharmaceutical impurities 

 

SEPTEMBER 2008 – SEPTEMBER 2013 

B.Sc. Pharmacy, Faculty of Pharmacy, Damascus University, Syria 

Teaching 

Teaching assistant and laboratory supervisor in the field of analytical chemistry. Taught an 

introductory course on philosophy of science and science communication. Supervised several 

Master of Science in Pharmacy students since 2017. I am also a founder and lecturer of the 

Global Classroom for Pharmacy and beyond. 

Employment 

 

JULY 2016 - PRESENT 

Research Assistant, Bioorganic Chemistry Department, Faculty of Pharmacy, Saarland 

University, Germany 

ERASMUS academic staff mobilities to the University of Montenegro (2017, 2017 and 2019) 

and Shota Rustaveli State University, Georgia (2018). Organizer of “Meet&Greet” cultural and 

social events for young scientists (2019). Organizer of the “International Week for Science” 

conference, Saarland University (2018 and 2019). Visiting researcher at the UCCS (Unité de 

Catalyse et Chimie du Solide) Central Lille, Lille, France (2021). Founder, organizer and 

lecturer at the “Global Classroom” an online international, DAAD funded teaching project 

(2020 and 2023).  

JULY 2016 – DECEMBER 2016 

Pharmacy Intern, Apotheke am Hallplatz, Zweibruecken, Germany 

SEPTEMBER 2014 – NOVEMBER 2015 

Community Pharmacist, Mohanad Sakhita, Damascus, Syria 

SEPTEMBER 2014 – NOVEMBER 2015 

Laboratory Supervisor, Faculty of Pharmacy, Damascus University, Syria 

9. Personal Resume 

AHMAD YAMAN ABDIN 
Email: yaman.ab(at)hotmail.com, Website: yaman-abdin.eu, ORCID:  0000-0002-1965-4253 

https://www.uni-saarland.de/global/welcome-center/interkulturelles-angebot/weitere-freizeitangebote.html
https://academiacs.eu/global-classroom


210 

 

Research Interests 

Scientific Communication 
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Salutogenesis in practice, ETC Summer courses, Valencia, Spain, July 2022 

UNESCO Symposium on Social Sciences and the COVID-19 Pandemic, October 2021 

Speaker, talk title: “Corona in the time of war: A cross-sectional study from Syria” Paris, 
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International Society for Philosophy of Chemistry (ISPC) annual conference, July 2021 
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Basel Sustainability Publishing forum, September 2019 

Attendee, The Center for Teaching and Research (Zentrum für Lehre und Forschung), 

University Hospital of the University of Basel, Switzerland 
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Attendee, Saarland University, Saarland, Germany 
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Attendee, Saarland University, Saarland, Germany 
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Co-organizer, Saarland University, Saarland, Germany 
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Speaker, talk title: “The matter of impurities in pharmaceuticals: Substances without a name 

and how to handle them” ISPC at Diderot University, Paris, France  
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Teaching and Learning – Basics in English; University Didactics, Saarland University, 
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Specific Aspects of Teaching and Learning in STEM Disciplines; University Didactics, 
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Introduction to video and web-conferences; Center for Lifelong Learning, Saarland University, 
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Cross-cultural Communication; Center for Lifelong Learning, Saarland University, Germany, 

2019  

First Aid; Society for Emergency Medicine, Saarland University, Germany, 2019 

Professional Communication; Central Institute for Languages and Communications, Saarland 

University, Germany, 2018 

Writing English; Central Institute for Languages and Communications, Saarland University, 
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Editorial Duties 

 

Special Issue, Antioxidants, Antioxidant Research in Germany, Guest Editor Assistant, 2023 

(https://www.mdpi.com/journal/antioxidants/special_issues/3N4S5DXRXW)  

Research Topic, Frontiers in Nutrition, Biovalorization: How to Turn Food Waste into Value, 

Topic Coordinator, 2023 (https://www.frontiersin.org/research-topics/55701/biovalorization-
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Special Issue, Antioxidants, Something is Rotten in the State of Redox, Guest Editor Assistant, 
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Special Issue, Sci, Feature Papers—Multidisciplinary Sciences 2022, Guest Editor Assistant, 

2022 (https://www.mdpi.com/journal/sci/special_issues/FPMS2022) 

Special Issue, Sci, Feature Papers 2021 Editors Collection, Guest Editor Assistant, 2021 

(https://www.mdpi.com/journal/sci/special_issues/Feature_Papers_Collection) 
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