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Abstract
Purpose To examine the in-vitro expression of matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinases 
(TIMP) in corneal stromal cells by distinguishing between fibroblasts and keratocytes of healthy and keratoconus (KC) 
corneas.
Methods Stromal cells were isolated from healthy and KC corneas (n = 8). A normal-glucose, serum-containing cell culture 
medium (NGSC-medium) was used for cultivation of healthy human corneal fibroblasts (HCFs) and KC human corneal 
fibroblasts (KC-HCFs). In order to obtain a keratocyte phenotype, the initial cultivation with NGSC-medium was changed to 
a low-glucose, serum-free cell culture medium for healthy (Keratocytes) and KC cells (KC-Keratocytes). Gene and protein 
expression of MMP-1, -2, -3, -7, -9 and TIMP-1, -2, -3 were measured by quantitative PCR and Enzyme-Linked Immuno-
sorbent Assay (ELISA) from the cell culture supernatant.
Results KC-HCFs demonstrated a lower mRNA gene expression for MMP-2 compared to HCFs. In contrast to their respec-
tive fibroblast groups (either HCFs or KC-HCFs), Keratocytes showed a higher mRNA gene expression of TIMP-3, whereas 
TIMP-1 mRNA gene expression was lower in Keratocytes and KC-Keratocytes. Protein analysis of the cell culture superna-
tant revealed lower concentrations of MMP-1 in KC-HCFs compared to HCFs. Compared to Keratocytes, TIMP-1 concen-
trations was lower in the cell culture supernatant of KC-Keratocytes. In HCFs and KC-HCFs, protein levels of MMP-1 and 
TIMP-1 were higher and MMP-2 was lower compared to Keratocytes and KC-Keratocytes, respectively.
Conclusion This study indicates an imbalance in MMP and TIMP expression between healthy and diseased cells. Further-
more, differences in the expression of MMPs and TIMPs exist between corneal fibroblasts and keratocytes, which could 
influence the specific proteolytic metabolism in-vivo and contribute to the progression of KC.

Key messages
What is known 

• Keratoconus (KC) is characterized by an imbalance between matrix metalloproteinases (MMPs) and their inhibitors 
(tissue inhibitors of metalloproteinases, TIMPs), which can lead to increased proteolytic activity and further progression 
of the disease.

What is new 
• Expression differences of various MMPs and TIMPs were found between corneal fibroblasts and keratocytes, empha-

sizing the importance of cell culture conditions for the maintenance of cell phenotype.
• Although several MMPs and TIMPs were found to differ at the gene and protein level between healthy and KC cells, 

even well-studied MMPs such as MMP-9, which has been described as altered in KC tear samples, were not expressed 
in stromal cells, raising questions about epithelial-stromal interactions in KC.
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Introduction

Keratoconus (KC) is a bilateral progressive corneal ectasia, 
which causes conical protrusion and apical thinning result-
ing in irregular astigmatism and visual distortion [1–3].

The mechanisms involved in the development and pro-
gression of KC are still unknown, but a multifactorial pro-
cess is generally assumed [1, 2, 4]. Although KC is typically 
classified as a non-inflammatory condition, there is evi-
dence of an inflammatory component, which could induce 
increased degradation of the extracellular matrix (ECM) [5–
8]. Kao et al. were the first to report increased collagenase 
and gelatinase activities in KC corneas more than 40 years 
ago and concluded that KC may represent a collagenolytic 
disease [9].

In recent years, considerable attention has been paid to 
understanding the role of matrix metalloproteinases (MMP) 
and tissue inhibitors of metalloproteinases (TIMP) in the 
pathogenesis of KC [10, 11]. MMPs are a group of zinc-
dependent endopeptidases that remodel the ECM, and have 
the potential to degrade almost any component of the ECM. 
These enzymes are regulated by endogenous protein inhibi-
tors known as TIMPs [12].

There is evidence that KC patients might have a higher 
proteolytic activity, as indicated by increased levels of 
MMPs or collagen degradation products in tear samples and 
increased MMP expression in epithelial and stromal corneal 
cells [10, 11, 13–17]. MMPs that have been associated with 
higher protein levels in tear samples of KC patients include 
MMP-1, -3, -7 and -9 [6, 13, 18]. Some of the investiga-
tions are contradictory in the literature, such as for MMP-2, 
which showed increased activity in one study [17] but not in 
another [19]. In contrast, TIMPs as important regulators of 
MMPs demonstrated a downregulation of TIMP-1, -2 and 
-3 gene expression [20, 21]. However, the majority of stud-
ies focused on tear sample measurements.

Therefore, the purpose of this study was to examine the 
expression of MMPs and TIMPs in-vitro to identify expres-
sion differences between stromal cells from healthy and KC 
corneas regarding the hypothesis of increased activity of 
proteolytic enzymes in KC. Another objective of this study 

was to compare the expression levels by distinguishing 
between corneal fibroblasts and keratocytes. As KC corneas 
have a lower keratocyte density with imbalance between 
keratocytes and fibroblasts, cellular differentiation might 
provide a better insight into the enzymatic activity in-vivo 
[22, 23].

Materials and methods

Ethics approval and consent to participate

This study was approved by the Ethics Committee of Saar-
land/Germany (No. 54/23). The Declaration of Helsinki was 
respected. Prior to the study, all patients with KC agreed to 
participate.

Cell culture

The cell cultivation and subsequent experiments were con-
ducted at the biological laboratory of the Department of 
Ophthalmology, Saarland University Medical Center in 
Homburg/Saar, Germany.

Healthy corneas that were used for Descemet membrane 
endothelial keratoplasty were provided by the LIONS Cornea 
Bank Saar-Lor-Lux, Trier/Westpfalz following tissue prepara-
tion, whereas KC corneal buttons (diameter of 8.0 mm) were 
obtained from elective penetrating keratoplasties. Descriptive 
information of KC samples are provided in Table 1 [24–26]. 
Cells were isolated from eight healthy human corneas (mean 
donor age: 79 ± 7 years, range: 62–86 years, 50% male, 50% 
female) and eight KC patients (mean age 43 ± 19 years, range: 
20–71 years, 50% male, 50% female).

Cultivation of corneal stromal cells was initially per-
formed using a normal-glucose, serum-containing cell 
culture medium (NGSC-medium) that consisted of Dul-
becco’s modified Eagle’s medium (DMEM/F12) (Cat-
No.: 11320033, Thermo Fisher Scientific, Waltham, MA, 
USA), 5% fetal calf serum (FCS) (Thermo Fisher Scientific, 
Waltham, MA, USA), and 1% penicillin-streptomycin (P/S) 

Table 1 Descriptive data of the keratoconus patients including the keratoconus ABCD grading system with the Homburg Biomechanical E-staging 
[24–26]
Patient number Patient age Gender Keratoconus ABCD grading system with Homburg Biomechanical E-Staging History of atopy
1 20 Male A4 B4 C4 D2 E4 + -
2 23 Male A4 B4 C3 D3 E4 ++ -
3 29 Female A4 B4 C4 D3 E4 + -
4 31 Female A4 B4 C3 D4 E4 - -
5 51 Male A4 B4 C4 D4 E4 ++ -
6 57 Female A4 B4 C2 D2 E4 + Mild atopic dermatitis
7 63 Female A4 B4 C3 D4 E3 + -
8 71 Male A2 B3 C0 D2 E2 - -
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(Sigma-Aldrich, St. Louis, MO, USA), which is a common 
method for fibroblast cell culture work [27].

Cell cultivation was either continued with the NGSC-
medium (for the fibroblast phenotype) or changed to a low-
glucose, serum-free cell culture medium (LGSF-medium) after 
2 days and a cell confluence of approximately 20%, which 
consisted of serum-free low-glucose DMEM (Sigma-Aldrich, 
St. Louis, MO, USA, Catalog number: D6046) with 1 mM 
L-ascorbic acid, 2 g/l D-glucose, 2.5 g/l D-mannitol, 1% insu-
lin-transferrin-sodium selenite (ITS, Sigma-Aldrich, St. Louis, 
MO, USA, Catalog number: 1884) and 1% P/S [28].

Cell cultivation was performed using either NGSC-medium 
for the fibroblast phenotype or LGSF-medium for the kerato-
cyte phenotype, which was changed every 5 days until com-
plete confluence for keratocytes (average cell culture time of 
14 days) and for fibroblasts (average cell culture time of 6 
days) was achieved. Therefore, measurements were conducted 
on healthy human corneal fibroblasts (HCFs), KC human cor-
neal fibroblasts (KC-HCFs), healthy keratocyte cells (Kerato-
cytes) and KC keratocyte cells (KC-Keratocytes).

Culture medium of corneal fibroblasts and keratocytes was 
replaced 48 h before harvesting the cells. The cell pellet and 
culture supernatant were frozen at -80 °C until further use.

RNA isolation and cDNA synthesis

RNA isolation was performed following the manufacturer’s 
instructions (Total RNA Purification Plus Micro Kit, Nor-
gen Biotek, Thorold, Canada, Catalog number: 48500) and 
is based on the principle of spin column chromatography 
described by Boom et al. [29]. The RNA concentration was 
determined at a wavelength of 260 nm using a spectropho-
tometer (ScanDrop 100 Analytik Jena GmbH & Co. KG, 
Jena, Germany) in a 1:10 dilution with nuclease-free water. 
A blank of 50 µl nuclease-free water was used. The isolated 
RNA was checked for purity using the quotients of A260/
A230 and A260/A280 and stored at -80 °C until further use.

The complementary deoxyribonucleic acid (cDNA), 
which is required as a template for qPCR, was synthesized 
according to Gubler et al. [30]. The One Taq® RT-PCR Kit 
(New England Biolabs Inc., Frankfurt, Germany, Catalog 
number: E5310S) was used for cDNA synthesis, which 
required 1 µg total RNA for all samples and was calcu-
lated according to the previously spectrophotometrically 
determined concentration. First, RNA and oligo-dT prim-
ers, which ensure selective amplification of mRNA, were 
incubated for 5 min at 70 °C in the MiniAmp thermocy-
cler to allow denaturation of the RNA with primer attach-
ment. The provided components M-MuLV Enzyme Mix 
and M-MuLV Reaction Mix were then added to the RNA 
preparation and incubated at 42 °C for one hour. The reverse 
transcriptase was inactivated by heating at 80 °C for 5 min, 

the synthesized cDNA was diluted with 30 µl nuclease-free 
water to a final volume of 50 µl and stored at -20 °C.

Quantitative PCR

The quantitative Polymerase Chain Reaction (qPCR) mix 
(total volume: 9 µl) contained 1 µl of the specific primer 
solution, 5 µl SYBR Green Mix (Vazyme Biotech Co, 
Nanjing, China), and 3 µl nuclease-free water. qPCR was 
performed using the QuantStudio 5 real-time PCR system 
(Thermo Fisher Scientific, Waltham, MA, USA) and sam-
ples were run in 9 µl volume with 1.5 µl cDNA according 
to the manufacturer’s instructions. The quantification of the 
amplified double-stranded DNA is based on the measure-
ment of the signal intensity emitted by the fluorescence dye 
SYBR Green [31]. The amplification conditions (40 cycles) 
were 95 °C for 10 s (denaturation), 60 °C for 30 s (primer 
hybridization), and 95 °C for 15 s (elongation). Every 
sample was measured in duplicate. CT values were nor-
malized to TATA-binding protein (TBP) as an endogenous 
reference gene using the ΔCT method and the fold change 
(2−ΔΔCT−value) was used for statistical analysis. The follow-
ing primers were used for qPCR: CD34, collagen 5, kerato-
can, lumican, MMP-1, -2, -3, -7, -9, TBP, TIMP-1, -2, -3. 
Further information about the primers are provided in the 
Supplementary Table 1. Healthy HCFs served as reference 
(fold change = 1).

Protein quantification

Cells of a confluent 75-cm2 culture flask were lysed with 
RIPA buffer (Thermo Fisher Scientific, Waltham, MA, 
USA) followed by determining the protein concentration 
with the Pierce™ BCA Protein Assay Kit (Thermo Fisher 
Scientific, Waltham, MA, USA, Catalog number: 23225), 
using dilution series of bovine serum albumin for standard 
curve generation. The method is based on the reduction of 
Cu2+ ions to Cu1+ ions in the presence of proteins in an 
alkaline environment. The complex formation of Cu1+ ions 
with bicinchoninic acid (BCA) leads to a color change, the 
intensity of which could be measured photometrically [32]. 
Duplicate measurements were performed with the Tecan 
Infinite F50 Absorbance Microplate Reader (Tecan Group 
AG, Männedorf, Switzerland) at a wavelength of 560 nm.

Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked Immunosorbent Assay (ELISA) was per-
formed to determine the concentration of MMPs (MMP-1, 
-2, -3, -9) and TIMPs (TIMP-1, -2, -3) in the cell culture 
supernatant of eight independent samples of healthy and KC 
stromal cells.
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Results

Cell type confirmation

Human corneal stromal cells cultured in LGSF- and NGSC-
medium demonstrated differences in cell morphology. Cells 
cultured in NGSC-medium (HCFs / KC-HCFs) showed a 
fusiform shape typical for fibroblasts, whereas cells cul-
tured in LGSF-medium (Keratocytes / KC-Keratocytes) 
exhibited a dendritic cell type indicative of a keratocyte 
phenotype. Microscopic images of the different pheno-
types have been previously published [8]. Gene expres-
sion of keratocyte-specific markers such as collagen 5 
(p < 0.0001 / p = 0.0001), CD34 (p = 0.0073 / p = 0.0001), 
keratocan (p = 0.0336 / p = 0.0196) and lumican (p = 0.0004 
/ p = 0.0006) was higher in Keratocytes and KC-Keratocytes 
compared to HCFs or KC-HCFs.

Gene expression analysis

The mRNA gene expression results are provided in Tables 2 
and 3.

MMP-7 and  -9 mRNA gene expression was not detect-
able in corneal fibroblasts (HCFs / KC-HCFs) and kera-
tocytes (Keratocytes / KC-Keratocytes). In KC-HCFs, 
mRNA gene expression was lower for MMP-2 (p = 0.0428) 
in contrast to HCFs. Compared to the respective fibroblast 
group (HCFs or KC-HCFs), the mRNA gene expression of 
TIMP-3 (p = 0.0459) was higher in Keratocytes, while the 
mRNA gene expression of TIMP-1 was lower in Kerato-
cytes (p = 0.0024) and KC-Keratocytes (p = 0.0021).

Protein expression analysis of the cell culture 
supernatant (ELISA)

The protein expression results are provided in Tables 4 and 
5.

The protein concentration levels of MMP-9 and TIMP-3 in 
the cell culture supernatant were below the detection limit. In 

The detection procedure was based on the principle of 
the sandwich ELISA technique using a specific ELISA Kit 
(Supplementary Table 2), according to the provided instruc-
tions [33]. Generally, 100 µl of the capture antibody was 
added to each well of the plate, followed by overnight incu-
bation at room temperature. Subsequently, 100 µl of the 
collected supernatant was added to the respective wells and 
incubated for 2 h. The detection antibody was then added 
and incubated for a further 2 h. The concentrations of the 
respective MMPs and TIMPs were quantified using recom-
binant human protein as a standard.

Photometric measurements were performed in duplicate 
with 100 µl cell culture supernatant by the Tecan Infinite 
F50 Absorbance Microplate Reader using a provided stan-
dard curve.

Measured concentrations of the specific proteins in the 
cell culture supernatant were divided by the total protein 
concentrations of the cell lysate to obtain the respective 
concentration in picogram per milligram of total protein. 
The quotient (pg/mg of total protein) was used for further 
statistical analysis.

Statistical analysis

GraphPad Prism 9.0.0 (GraphPad Software, Boston, MA, 
USA) was used for statistical analysis. Data were expressed 
as mean ± standard deviation (SD). There were no missing 
data in this study and each group had 8 valid measurements 
of gene and protein expression. Results were checked for 
normality using the Shapiro-Wilk test, which confirmed a 
normal distribution. Measurements between two groups 
were analyzed by an unpaired t-test. Measurements among 
more than two groups (multiple comparison) were analyzed 
using a one-way ANOVA and Bonferroni post hoc analysis. 
P-values < 0.05 were considered statistically significant.

Table 2 Gene expression (mRNA) of matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinases (TIMP) in healthy human 
corneal fibroblasts (HCFs), keratoconus human corneal fibroblasts (KC-HCFs), healthy human keratocytes (Keratocytes), and keratoconus human 
keratocytes (KC-Keratocytes)
Gene Group

relative expression - Fold change (2−ΔΔCT)
HCFs KC-HCFs Keratocytes KC-Keratocytes

MMP-1 1.00 ± 0.00 0.93 ± 0.88 7.77 ± 6.70 8.55 ± 7.64
MMP-2 1.00 ± 0.00 0.59 ± 0.36 0.96 ± 0.56 0.67 ± 0.15
MMP-3 1.00 ± 0.00 0.61 ± 0.39 5.34 ± 5.77 2.30 ± 3.75
TIMP-1 1.00 ± 0.00 0.96 ± 0.25 0.54 ± 0.27 0.46 ± 0.26
TIMP-2 1.00 ± 0.00 0.76 ± 0.61 2.16 ± 1.71 1.73 ± 1.81
TIMP-3 1.00 ± 0.00 0.73 ± 0.58 2.40 ± 1.44 2.11 ± 1.43
The following genes were measured: MMP-1, MMP-2, MMP-3, TIMP-1, TIMP-2 and TIMP-3. Fold changes are expressed as mean ± SD of 
eight independent samples of healthy donor or KC corneas
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Discussion

Increased proteolytic activity has been hypothesized to be 
one of the major contributing factors in progressive thinning 
of KC corneas since it was first reported in 1982 [9].

One of the main group of enzymes associated with increased 
proteolytic activity are MMPs, which are involved in physi-
ological processes such as tissue remodeling, wound heal-
ing, inflammation, angiogenesis and embryonic development 
[34–36]. MMPs can cleave and degrade ECM proteins, how-
ever it is estimated that only about 31% of their substrates are 
ECM proteins and around 69% are non-ECM proteins [35, 37]. 
Each of these enzymes has a specificity for different and often 
overlapping substrates and is modulated by transcriptional and 

KC-HCFs, the MMP-1 (p = 0.0493) protein concentration in 
the cell culture supernatant was lower than in HCFs. TIMP-1 
(p = 0.0454) protein concentration in the cell culture super-
natant was higher in Keratocytes than in KC-Keratocytes. In 
HCFs and KC-HCFs, protein levels of MMP-1 (p = 0.0058 / 
p = 0.0284) and TIMP-1 were higher (p < 0.0001 / p < 0.0001) 
and MMP-2 was lower (p = 0.0256/ 0.0384) in contrast to Ker-
atocytes and KC-Keratocytes, respectively.

Table 3 P-values for multiple group comparisons of mRNA gene expression of matrix metalloproteinases (MMP-1, MMP-2, MMP-3) and tis-
sue inhibitors of metalloproteinases (TIMP-1, TIMP-2, TIMP-3) between healthy human corneal fibroblasts (HCFs), keratoconus human corneal 
fibroblasts (KC-HCFs), healthy human keratocytes (Keratocytes), and keratoconus human keratocytes (KC-Keratocytes)
Gene p-value (HCFs vs. 

KC-HCFs)
p-value (Keratocytes vs. 
KC-Keratocytes)

p-value (HCFs vs. 
Keratocytes)

p-value (KC-
HCFs vs. KC-
Keratocytes)

MMP-1 > 0.9999 0.9930 0.0727 0.0890
MMP-2 0.0428 0.4508 0.9974 0.9662
MMP-3 0.9964 0.3692 0.0987 0.7970
TIMP-1 0.9930 0.9047 0.0024 0.0021
TIMP-2 0.9818 0.9095 0.2880 0.4372
TIMP-3 0.9556 0.9527 0.0459 0.0522
Significant p-values < 0.05 were highlighted in bold font

Table 4 Protein expression of matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinases (TIMP) of the cell culture supernatant 
in healthy human corneal fibroblasts (HCFs), keratoconus human corneal fibroblasts (KC-HCFs), healthy human keratocytes (Keratocytes) and 
keratoconus human keratocytes (KC-Keratocytes)
Protein Group

(pg/mg of total protein)
HCFs KC-HCFs Keratocytes KC-Keratocytes

MMP-1 1080.0 ± 249.0 688.5 ± 292.7 498.7 ± 309.0 215.6 ± 266.5
MMP-2 13700 ± 5300 11200 ± 3200 26550 ± 11500 23200 ± 10600
MMP-3 2089 ± 1229 1368 ± 651.6 1401 ± 1344 297.1 ± 396.2
TIMP-1 65390 ± 5076 56961 ± 7399 34139 ± 10015 23283 ± 5483
TIMP-2 12365 ± 2902 12486 ± 2311 14456 ± 5621 13357 ± 3238
The following proteins were measured: MMP-1, MMP-2, MMP-3, TIMP-1 and TIMP-2. Measured concentrations of the specific proteins in the 
cell culture supernatant were divided by the total protein concentrations of the cell lysate to obtain the respective concentration in picogram per 
milligram of total protein. Data are expressed as mean ± SD comprising eight independent samples of healthy donors or KC corneas

Table 5 P-values for multiple group comparisons of protein expression of matrix metalloproteinases (MMP-1, MMP-2, MMP-3) and tissue 
inhibitors of metalloproteinases (TIMP-1, TIMP-2) of the cell culture supernatant between healthy human corneal fibroblasts (HCFs), keratoconus 
human corneal fibroblasts (KC-HCFs), healthy human keratocytes (Keratocytes), and keratoconus human keratocytes (KC-Keratocytes)
Protein p-value (HCFs vs. 

KC-HCFs)
p-value (Keratocytes vs. 
KC-Keratocytes)

p-value (HCFs vs. 
Keratocytes)

p-value (KC-
HCFs vs. KC-
Keratocytes)

MMP-1 0.0493 0.3211 0.0058 0.0284
MMP-2 0.9322 0.8661 0.0256 0.0384
MMP-3 0.4746 0.2396 0.5767 0.2126
TIMP-1 0.1397 0.0454 < 0.0001 < 0.0001
TIMP-2 0.9999 0.9366 0.6881 0.9634
Significant p-values < 0.05 were highlighted in bold font
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Another purpose of this study was to compare different 
stromal cell types, namely keratocytes and corneal fibroblasts, 
by using two cell culture media compositions. It is known that 
stromal cells that are cultured in a cell culture medium con-
taining FCS and relatively high concentrations of glucose do 
not retain their keratocyte-specific phenotype and transform 
into corneal fibroblasts in-vitro. However, the keratocyte-spe-
cific phenotype can be preserved by using a glucose-reduced, 
serum-free cell culture medium, providing a better opportu-
nity to study cellular behavior in KC closer to in-vivo condi-
tions [28]. The comparison of keratocytes and fibroblasts in 
KC corneas could offer a different perspective with regard to 
potential proteolytic changes, as the matrix-synthetic pheno-
type of fibroblasts is quite different from that of keratocytes. 
Additionally, as KC corneas have a lower keratocyte density 
with imbalance between keratocytes and fibroblasts, cellular 
differentiation might provide a better insight into the enzymatic 
activity in-vivo [22, 23]. No differences in mRNA gene expres-
sion between healthy Keratocytes and KC-Keratocytes were 
detected in this study. However, the TIMP-1 protein level in 
the cell culture supernatant of KC-Keratocytes was lower com-
pared to healthy Keratocytes.

Kenney et al. described a higher gelatinolytic activity in the 
supernatant of KC-Keratocytes compared to that of healthy 
Keratocytes. However, zymography showed identical enzyme 
patterns for MMP-2 (pro-form and the activated form) between 
healthy and KC-Keratocytes, leading the authors to assume 
that the increased gelatinolytic activity in KC probably does 
not correlate with an increased amount of activated MMP-2 
[19]. Interestingly, reduced TIMP protein levels were measured 
in the cell culture supernatant of KC-Keratocytes, with a three-
fold increase in the MMP-2/TIMP ratio, which might play a 
significant role in the higher gelatinolytic activity [19].

In this study, several differences between corneal fibroblasts 
and keratocytes were detected at gene and protein levels. Com-
pared to the respective fibroblast group, Keratocytes showed an 
increased TIMP-3 mRNA gene expression, whereas TIMP-1 
mRNA gene expression was decreased in Keratocytes and KC-
Keratocytes. In the cell culture supernatant of Keratocytes and 
KC-Keratocytes, MMP-1 and TIMP-1 were lower and MMP-2 
higher than in the corresponding fibroblast group.

These results suggest that the expression of different MMPs 
is fundamentally altered between fibroblasts and keratocytes 
and that an unequal distribution of both cell types might also 
influence the specific proteolytic metabolism in-vivo.

Furthermore, MMP-9 expression could not be measured in 
corneal stromal cells, neither in fibroblasts nor in keratocytes, 
as the gene and protein expression levels were too low. This 
appears unexpected, as MMP-9 is one of the most studied 
MMPs in the tear film of KC patients, but is barely expressed 
by stromal cells in-vitro. In contrast to the findings of the pres-
ent study demonstrating no upregulation of MMPs in stromal 

post-transcriptional mechanisms, proteolytic activation, post-
translational modifications and extracellular inhibition [36, 
38]. The activity of mature MMPs is regulated by four differ-
ent forms of TIMPs [36]. Under homeostatic conditions, most 
MMPs are not produced or only produced at low amounts. 
However, when cells are stimulated with cytokines or growth 
factors, MMP production increases [35]. Therefore, it is evi-
dent that the disturbance of these regulatory mechanisms may 
result in excessive MMP activity and pathological degradation 
of the ECM [39].

Because of its easy sample collection, the tear film is an 
adequate medium for investigating different ocular diseases. 
However, the human tear film is a highly variable construct 
with large fluctuations that can be altered by various ocu-
lar diseases, for example, dry eye disease, which can lead 
to increased cytokine and MMP concentrations in the tear 
fluid [40, 41]. To date, several studies have analyzed MMP 
concentrations in KC patients. It has been shown that tear 
samples from patients with KC have higher MMP-1, -3, -7 
and − 13 protein levels as well as a higher gelatinolytic and 
collagenolytic activity compared to normal subjects [13]. 
Lema et al. observed an overexpression of Interleukin-6 
(IL-6), Tumor necrosis factor α (TNF-α) and MMP-9 in 
tear samples of KC patients and concluded that a chronic 
inflammatory activity might be relevant in the pathogenesis 
of KC [6]. While IL-6 and TNF-α protein concentrations 
were higher in tear samples of subclinical and manifest KC 
eyes, MMP-9 was only elevated in the latter group [18]. 
Similarly, Shetty et al. have described increased IL-6 and 
MMP-9 levels in tear samples of patients with KC [15]. Bal-
asubramanian et al. demonstrated that increased eye rubbing 
led to higher IL-6, TNF-α and MMP-13 protein levels in 
tear samples from healthy subjects, although collagenolytic 
activity did not change. They assumed that prolonged and 
intense eye rubbing, as frequently observed in patients with 
KC, could therefore contribute to the progression of the dis-
ease [14]. In addition to an altered MMP protein expression 
in tear samples, increased levels of collagen degradation 
products such as telopeptides have been described in KC 
patients, supporting the hypothesis of increased proteolytic 
activity [42]. The precise origin of the elevated MMP pro-
tein levels in KC tear samples is still unclear, as they may 
originate from secretory active cells such as epithelial cells 
of the cornea or conjunctiva, or other cell types. Based on 
an altered MMP metabolism in tear samples of KC patients 
indicating a higher proteolytic activity, this study analyzed 
a variety of different MMPs and TIMPs on gene and protein 
level in corneal stromal cells. It has been demonstrated that 
KC-HCFs had a lower MMP-2 mRNA gene expression than 
HCFs. Furthermore, the MMP-1 protein level was lower in 
the cell culture supernatant of KC-HCFs.

1 3

472



Graefe's Archive for Clinical and Experimental Ophthalmology (2025) 263:467–475

Declarations

Ethical approval This study was performed in line with the principles 
of the Declaration of Helsinki. Approval was granted by the Ethics 
Committee of Saarland/Germany (No. 54/23).

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Conflict of interest All authors certify that they have no affiliations 
with or involvement in any organization or entity with any financial in-
terest (such as honoraria; educational grants; participation in speakers’ 
bureaus; membership, employment, consultancies, stock ownership, 
or other equity interest; and expert testimony or patent-licensing ar-
rangements), or non-financial interest (such as personal or professional 
relationships, affiliations, knowledge or beliefs) in the subject matter 
or materials discussed in this manuscript.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Romero-Jiménez M, Santodomingo-Rubido J, Wolffsohn JS 
(2010) Keratoconus: a review. Contact Lens Anterior Eye 
33:157–166. https://doi.org/10.1016/j.clae.2010.04.006

2. Santodomingo-Rubido J, Carracedo G, Suzaki A et al (2022) 
Keratoconus: an updated review. Contact Lens Anterior Eye 
45:101559. https://doi.org/10.1016/j.clae.2021.101559

3. Sideroudi H, Flockerzi E, Seitz B (2023) Differential diagnosis 
of Keratoconus based on new technologies. Klin Monbl Augen-
heilkd 240:57–72. https://doi.org/10.1055/a-1920-6929

4. Volatier TLA, Figueiredo FC, Connon CJ (2020) Keratoconus at 
a molecular level: a review. Anat Rec 303:1680–1688. https://doi.
org/10.1002/ar.24090

5. Galvis V, Sherwin T, Tello A et al (2015) Keratoconus: an inflam-
matory disorder? Eye 29:843–859. https://doi.org/10.1038/
eye.2015.63

6. Lema I, Durán JA (2005) Inflammatory molecules in the tears of 
patients with keratoconus. Ophthalmology 112:654–659. https://
doi.org/10.1016/j.ophtha.2004.11.050

7. Ries C, Petrides PE (1995) Cytokine regulation of matrix metal-
loproteinase activity and its regulatory dysfunction in disease. 
Biol Chem Hoppe Seyler 376:345–355

8. Berger T, Szentmáry N, Chai N et al (2024) In Vitro expression 
analysis of cytokines and ROS-Related genes in human corneal 
fibroblasts and keratocytes of healthy and Keratoconus Corneas. 
Ocul Immunol Inflamm 32:556–565. https://doi.org/10.1080/092
73948.2023.2176325

9. Kao WW, Vergnes JP, Ebert J et al (1982) Increased col-
lagenase and gelatinase activities in keratoconus. 

KC cells, epithelial cells from KC patients showed increased 
TNF-α, IL-6 and MMP-9 gene expression [15]. Additionally, 
it is noteworthy that the MMP-9 mRNA gene expression of 
epithelial cells in-vitro and the MMP-9 protein concentration 
in tear samples of KC patients decreased after treatment with 
cyclosporine A, indicating an inflammatory relationship [15]. 
In a study by Predović et al., MMP-9 protein concentrations 
were found to be higher in the epithelium than in the corneal 
stroma of KC patients. However, the stromal MMP-9 con-
centration did not vary between patients with KC and bullous 
keratopathy [43]. The expression of MMP-9 also seems to dif-
fer within the same corneal layer, as a higher mRNA expres-
sion was found at the cone apex than in the peripheral cornea 
for both the epithelium and the stroma, but no comparison 
was made at the protein level in this study [44]. The lack of 
MMP-9 expression in the present study might be attributed to 
a low baseline expression in stromal cells, differences between 
in-vitro and in-vivo expression or the cell culture conditions, 
among other factors.

Matthews et al. reported that an imbalance of TIMP-1 
and − 3 may promote the keratocyte apoptosis in KC, which 
is the most common form of cell death in this disease [45]. 
An immunohistochemical study examined TIMP-1, -2 and 
-3 as well as MMP-2 and MMP-9 staining in healthy and 
KC corneas. There were no distinct differences between 
healthy and diseased corneas and the immunostaining was 
generally most evident in the corneal epithelium [46].

Despite many years of research, the precise role of MMPs 
and TIMPs in KC is not clearly understood. Because KC is 
a slowly progressive corneal ectasia, only temporary changes 
in the activity of these enzymes might be sufficient to weaken 
the corneal stroma. Various mechanisms (eye rubbing, UV 
radiation, contact lenses, allergies) probably contribute to the 
development of this disease in people who may be susceptible 
[11]. We were able to show an altered expression of various 
MMPs and TIMPs between healthy and diseased cells, as well 
as an altered expression between fibroblasts and keratocytes. 
However, it should be noted, that one of the limitations of this 
study is the small sample size of eight, which might change the 
results statistically if the number of samples were increased. 
Nevertheless, the in-vivo mechanisms are much more complex 
and especially the interaction between epithelium and stroma 
as a potential driver of proteolytic degradation might play a 
greater role than previously assumed.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00417-
024-06601-y.

Funding No funding was received for this research.
Open Access funding enabled and organized by Projekt DEAL.

1 3

473

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.clae.2010.04.006
https://doi.org/10.1016/j.clae.2021.101559
https://doi.org/10.1055/a-1920-6929
https://doi.org/10.1002/ar.24090
https://doi.org/10.1002/ar.24090
https://doi.org/10.1038/eye.2015.63
https://doi.org/10.1038/eye.2015.63
https://doi.org/10.1016/j.ophtha.2004.11.050
https://doi.org/10.1016/j.ophtha.2004.11.050
https://doi.org/10.1080/09273948.2023.2176325
https://doi.org/10.1080/09273948.2023.2176325
https://doi.org/10.1007/s00417-024-06601-y
https://doi.org/10.1007/s00417-024-06601-y


Graefe's Archive for Clinical and Experimental Ophthalmology (2025) 263:467–475

27. Takashima A (2001) Establishment of fibroblast cultures. 
Curr Protoc Cell Biol Chapter 2:2.1.1–2.1.12. https://doi.
org/10.1002/0471143030.cb0201s00

28. Foster JW, Gouveia RM, Connon CJ (2015) Low-glucose 
enhances keratocyte-characteristic phenotype from corneal stro-
mal cells in serum-free conditions. Sci Rep 5:10839. https://doi.
org/10.1038/srep10839

29. Boom R, Sol CJ, Salimans MM et al (1990) Rapid and simple 
method for purification of nucleic acids. J Clin Microbiol 28:495–
503. https://doi.org/10.1128/jcm.28.3.495-503.1990

30. Gubler U, Hoffman BJ (1983) A simple and very efficient method 
for generating cDNA libraries. Gene 25:263–269. https://doi.
org/10.1016/0378-1119(83)90230-5

31. Wittwer CT, Herrmann MG, Moss AA, Rasmussen RP 
(1997) Continuous fluorescence monitoring of Rapid cycle 
DNA amplification. Biotechniques 22:130–138. https://doi.
org/10.2144/97221bi01

32. Smith PK, Krohn RI, Hermanson GT et al (1985) Measurement 
of protein using bicinchoninic acid. Anal Biochem 150:76–85. 
https://doi.org/10.1016/0003-2697(85)90442-7

33. Engvall E, Perlmann P (1971) Enzyme-linked immuno-
sorbent assay (ELISA) quantitative assay of immuno-
globulin G. Immunochemistry 8:871–874. https://doi.
org/10.1016/0019-2791(71)90454-X

34. Page-McCaw A, Ewald AJ, Werb Z (2007) Matrix metallopro-
teinases and the regulation of tissue remodelling. Nat Rev Mol 
Cell Biol 8:221–233. https://doi.org/10.1038/nrm2125

35. de Almeida LGN, Thode H, Eslambolchi Y et al (2022) Matrix 
metalloproteinases: from Molecular mechanisms to Physiology, 
Pathophysiology, and Pharmacology. Pharmacol Rev 74:714–
770. https://doi.org/10.1124/pharmrev.121.000349

36. Parks WC, Wilson CL, López-Boado YS (2004) Matrix metallo-
proteinases as modulators of inflammation and innate immunity. 
Nat Rev Immunol 4:617–629. https://doi.org/10.1038/nri1418

37. Dufour A, Overall CM (2015) Subtracting Matrix out of the 
equation: New Key roles of Matrix metalloproteinases in Innate 
Immunity and Disease. Matrix Metalloproteinase Biology. Wiley, 
pp 131–152

38. Madzharova E, Kastl P, Sabino F, auf dem Keller U (2019) Post-
translational modification-dependent activity of Matrix metal-
loproteinases. Int J Mol Sci 20:3077. https://doi.org/10.3390/
ijms20123077

39. Amar S, Smith L, Fields GB (2017) Matrix metalloprotein-
ase collagenolysis in health and disease. Biochim Biophys 
Acta Mol Cell Res 1864:1940–1951. https://doi.org/10.1016/j.
bbamcr.2017.04.015

40. Yamaguchi T (2018) Inflammatory response in Dry Eye. 
Invest Ophthalmol Vis Sci 59:DES192–DES199. https://doi.
org/10.1167/iovs.17-23651

41. Baudouin C, Irkeç M, Messmer EM et al (2018) Clinical impact 
of inflammation in dry eye disease: proceedings of the ODIS-
SEY group meeting. Acta Ophthalmol 96:111–119. https://doi.
org/10.1111/aos.13436

42. Abalain JH, Dossou H, Colin J, Floch HH (2000) Levels of 
collagen degradation products (telopeptides) in the tear film 
of patients with keratoconus. Cornea 19:474–476. https://doi.
org/10.1097/00003226-200007000-00014

43. Predović J, Balog T, Marotti T et al (2008) The expression of 
human corneal MMP-2, MMP-9, proMMP-13 and TIMP-1 in 
bullous keratopathy and keratoconus. Coll Antropol 32:15–19

44. Pahuja N, Kumar NR, Shroff R et al (2016) Differential molecular 
expression of extracellular matrix and inflammatory genes at the 
corneal cone apex drives focal weakening in keratoconus. Invest 
Ophthalmol Vis Sci 57:5372–5382. https://doi.org/10.1167/
iovs.16-19677

Biochem Biophys Res Commun 107:929–936. https://doi.
org/10.1016/0006-291X(82)90612-X

10. Balasubramanian SA, Pye DC, Willcox MDP (2010) Are pro-
teinases the reason for keratoconus. Curr Eye Res 35:185–191. 
https://doi.org/10.3109/02713680903477824

11. Collier SA (2001) Is the corneal degradation in keratoconus 
caused by matrix-metalloproteinases? Clin Exp Ophthalmol 
29:340–344. https://doi.org/10.1046/j.1442-9071.2001.d01-17.x

12. Cabral-Pacheco GA, Garza-Veloz I, Castruita-De la Rosa C 
et al (2020) The roles of Matrix metalloproteinases and their 
inhibitors in Human diseases. Int J Mol Sci 21:9739. https://doi.
org/10.3390/ijms21249739

13. Balasubramanian S, Mohan S, Pye D, Willcox M (2012) Prote-
ases, proteolysis and inflammatory molecules in the tears of peo-
ple with keratoconus. Acta Ophthalmol 90:e303–e309. https://
doi.org/10.1111/j.1755-3768.2011.02369.x

14. Balasubramanian SA, Pye DC, Willcox MDP (2013) Effects of 
eye rubbing on the levels of protease, protease activity and cyto-
kines in tears: relevance in keratoconus. Clin Exp Optom 96:214–
218. https://doi.org/10.1111/cxo.12038

15. Shetty R, Ghosh A, Lim RR et al (2015) Elevated expression of 
matrix metalloproteinase-9 and inflammatory cytokines in kera-
toconus patients is inhibited by cyclosporine A. Invest Ophthal-
mol Vis Sci 56:738–750. https://doi.org/10.1167/iovs.14-14831

16. di Martino E, Ali M, Inglehearn CF (2019) Matrix metallopro-
teinases in keratoconus – too much of a good thing? Exp Eye Res 
182:137–143. https://doi.org/10.1016/j.exer.2019.03.016

17. Smith VA, Easty DL (2000) Matrix metalloproteinase 2: involve-
ment in keratoconus. Eur J Ophthalmol 10:215–226. https://doi.
org/10.1177/112067210001000305

18. Lema I, Sobrino T, Durán JA et al (2009) Subclinical keratoco-
nus and inflammatory molecules from tears. Br J Ophthalmol 
93:820–824. https://doi.org/10.1136/bjo.2008.144253

19. Kenney MC, Chwa M, Opbroek AJ, Brown DJ 
(1994) Increased gelatinolytic activity in Keratoco-
nus Keratocyte cultures. Cornea 13:114–124. https://doi.
org/10.1097/00003226-199403000-00003

20. Bykhovskaya Y, Gromova A, Makarenkova HP, Rabinowitz YS 
(2016) Abnormal regulation of Extracellular Matrix and Adhesion 
molecules in Corneas of patients with Keratoconus. Int J Kera-
toconus Ectatic Corneal Dis 5:63–70. https://doi.org/10.5005/
jp-journals-10025-1123

21. Khaled ML, Bykhovskaya Y, Yablonski SER et al (2018) Differ-
ential expression of coding and long noncoding RNAs in Ker-
atoconus-Affected Corneas. Invest Opthalmol Vis Sci 59:2717. 
https://doi.org/10.1167/iovs.18-24267

22. Ku JYF, Niederer RL, Patel DV et al (2008) Laser scanning in 
Vivo Confocal Analysis of Keratocyte Density in Keratoco-
nus. Ophthalmology 115:845–850. https://doi.org/10.1016/j.
ophtha.2007.04.067

23. Hassell JR, Birk DE (2010) The molecular basis of corneal trans-
parency. Exp Eye Res 91:326–335. https://doi.org/10.1016/j.
exer.2010.06.021

24. Flockerzi E, Vinciguerra R, Belin MW et al (2022) Combined 
biomechanical and tomographic keratoconus staging: adding a 
biomechanical parameter to the ABCD keratoconus staging sys-
tem. Acta Ophthalmol 100:e1135–e1142. https://doi.org/10.1111/
aos.15044

25. Flockerzi E, Xanthopoulou K, Munteanu C et al (2023) The 
Biomechanical E-Staging: in vivo biomechanics in Kerato-
conus. Klin Monbl Augenheilkd 240:761–773. https://doi.
org/10.1055/a-2079-1740

26. Belin MW, Duncan JK (2016) Keratoconus: the ABCD Grading 
System. Klin Monbl Augenheilkd 233:701–707. https://doi.org/1
0.1055/s-0042-100626

1 3

474

https://doi.org/10.1002/0471143030.cb0201s00
https://doi.org/10.1002/0471143030.cb0201s00
https://doi.org/10.1038/srep10839
https://doi.org/10.1038/srep10839
https://doi.org/10.1128/jcm.28.3.495-503.1990
https://doi.org/10.1016/0378-1119(83)90230-5
https://doi.org/10.1016/0378-1119(83)90230-5
https://doi.org/10.2144/97221bi01
https://doi.org/10.2144/97221bi01
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1016/0019-2791(71)90454-X
https://doi.org/10.1016/0019-2791(71)90454-X
https://doi.org/10.1038/nrm2125
https://doi.org/10.1124/pharmrev.121.000349
https://doi.org/10.1038/nri1418
https://doi.org/10.3390/ijms20123077
https://doi.org/10.3390/ijms20123077
https://doi.org/10.1016/j.bbamcr.2017.04.015
https://doi.org/10.1016/j.bbamcr.2017.04.015
https://doi.org/10.1167/iovs.17-23651
https://doi.org/10.1167/iovs.17-23651
https://doi.org/10.1111/aos.13436
https://doi.org/10.1111/aos.13436
https://doi.org/10.1097/00003226-200007000-00014
https://doi.org/10.1097/00003226-200007000-00014
https://doi.org/10.1167/iovs.16-19677
https://doi.org/10.1167/iovs.16-19677
https://doi.org/10.1016/0006-291X(82)90612-X
https://doi.org/10.1016/0006-291X(82)90612-X
https://doi.org/10.3109/02713680903477824
https://doi.org/10.1046/j.1442-9071.2001.d01-17.x
https://doi.org/10.3390/ijms21249739
https://doi.org/10.3390/ijms21249739
https://doi.org/10.1111/j.1755-3768.2011.02369.x
https://doi.org/10.1111/j.1755-3768.2011.02369.x
https://doi.org/10.1111/cxo.12038
https://doi.org/10.1167/iovs.14-14831
https://doi.org/10.1016/j.exer.2019.03.016
https://doi.org/10.1177/112067210001000305
https://doi.org/10.1177/112067210001000305
https://doi.org/10.1136/bjo.2008.144253
https://doi.org/10.1097/00003226-199403000-00003
https://doi.org/10.1097/00003226-199403000-00003
https://doi.org/10.5005/jp-journals-10025-1123
https://doi.org/10.5005/jp-journals-10025-1123
https://doi.org/10.1167/iovs.18-24267
https://doi.org/10.1016/j.ophtha.2007.04.067
https://doi.org/10.1016/j.ophtha.2007.04.067
https://doi.org/10.1016/j.exer.2010.06.021
https://doi.org/10.1016/j.exer.2010.06.021
https://doi.org/10.1111/aos.15044
https://doi.org/10.1111/aos.15044
https://doi.org/10.1055/a-2079-1740
https://doi.org/10.1055/a-2079-1740
https://doi.org/10.1055/s-0042-100626
https://doi.org/10.1055/s-0042-100626


Graefe's Archive for Clinical and Experimental Ophthalmology (2025) 263:467–475

pathological human corneas. Curr Eye Res 17:238–246. https://
doi.org/10.1076/ceyr.17.3.238.5222

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

45. Matthews FJ, Cook SD, Majid MA et al (2007) Changes in 
the balance of the tissue inhibitor of matrix metalloproteinases 
(TIMPs)-1 and – 3 may promote keratocyte apoptosis in kera-
toconus. Exp Eye Res 84:1125–1134. https://doi.org/10.1016/j.
exer.2007.02.013

46. Kenney MC, Chwa M, Alba A et al (1998) Localization of 
TIMP-1, TIMP-2, TIMP-3, gelatinase A and gelatinase B in 

Authors and Affiliations

Tim Berger1  · Elias Flockerzi1 · Maximilian Berger1 · Ning Chai2 · Tanja Stachon2 · Nóra Szentmáry2 · Berthold Seitz1

  Tim Berger
tim.berger@uks.eu

1 Department of Ophthalmology, Saarland University Medical 
Center, Homburg/Saar, Germany

2 Dr. Rolf M. Schwiete Center for Limbal Stem Cell and 
Congenital Aniridia Research, Saarland University, 
Homburg/Saar, Germany

1 3

475

https://doi.org/10.1076/ceyr.17.3.238.5222
https://doi.org/10.1076/ceyr.17.3.238.5222
https://doi.org/10.1016/j.exer.2007.02.013
https://doi.org/10.1016/j.exer.2007.02.013
http://orcid.org/0000-0003-2307-2237

	Expression of matrix metalloproteinases and their inhibitors in corneal stromal fibroblasts and keratocytes from healthy and keratoconus corneas
	Abstract
	Key messages
	Introduction
	Materials and methods
	Ethics approval and consent to participate
	Cell culture
	RNA isolation and cDNA synthesis
	Quantitative PCR
	Protein quantification
	Enzyme-linked immunosorbent assay (ELISA)
	Statistical analysis

	Results
	Cell type confirmation
	Gene expression analysis
	Protein expression analysis of the cell culture supernatant (ELISA)

	Discussion
	References


