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Abstract

Keratoconus (KC) is a degenerative corneal disease, characterized by stromal thinning and
abnormal ECM remodeling, leading to fibrosis. Corneal fibrosis is a leading cause of visual
impairment. Corneal stromal keratocytes differentiate into myofibroblasts, which alters
extracellular matrix (ECM) protein deposition. Nintedanib (NIN) is an antifibrotic FDA-
approved tyrosine kinase inhibitor, but its function in the cornea is largely unknown. This
study examined the impact of NIN within the human corneal stromal microenvironment.
Healthy corneal stromal fibroblasts (HCFs) and KC fibroblasts (HKCs) in 2D and 3D in vitro
cultures were treated with 1 µM or 2.5 µM NIN. Cell types were evaluated in 2D cultures
for metabolic activity, viability, and migration. Protein expression of alpha-smooth muscle
actin (α-SMA), collagens (COLs) 1, 3, and 5, cellular fibronectin containing extra domain A
(EDA-FN), and thrombospondin-1 (TSP-1) were evaluated in 3D cultures. NIN reduced
metabolic activity in HKCs without affecting cell viability. NIN reduced cell migration,
downregulated COL3, COL5, EDA-FN, and TSP-1 expression in HCFs and HKCs. COL1
was upregulated in HCFs, whereas α-SMA was upregulated in HKCs. Overall, these
findings demonstrate that NIN modulates corneal stromal cell migration and fibrotic
marker expression, highlighting its potential as a therapeutic strategy for reducing corneal
fibrosis associated with keratoconus.

Keywords: Nintedanib; keratoconus; cornea; in vitro models; stroma

1. Introduction
Keratoconus (KC) is a bilateral and asymmetric disease characterized by progressive

corneal ECM thinning and the development of a distinctive cone-like deformity [1,2]. This
structural failure causes decreased visual acuity, which results in irregular astigmatism
and significant visual distortion [3]. Recent studies suggest that the global prevalence
of KC is increasing, with 1.38 per 1000 individuals; however, this number could vary
depending on geographic region, along with ethnicity [2,3]. The severity of the disease
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is typically classified using the Amsler–Krumeich scale, which is frequently applied in
clinical practices [4]. While corneal transplantation remains the gold standard for treating
severe KC cases, it carries the risk of rejection and long-term complications [2].

Corneal fibrosis can be present in more severe cases of keratoconus [5]. Human corneal
fibrosis, or scarring, is characterized by excessive disorganized extracellular matrix (ECM)
deposition and is a major cause of visual impairment globally [5–7]. Keratocytes, the
resident cells of the corneal stroma, are the primary drivers of this pathology. During
injury or stress to the cornea, these quiescent keratocytes transform into fibroblasts, which
are further activated into myofibroblasts [2,8]. This transformation causes aberrant tissue
remodeling and abnormal protein secretion, including collagen types 1, 3, and 5 [9–11].
These alterations contribute to corneal fibrosis and possible visual impairment [12].

Corneal fibrosis is challenging to treat, regardless of the cause, due to the complex
signaling pathways involved, including transforming growth factor-beta (TGF-β) and con-
nective tissue growth factor (CTGF). These factors are critical for triggering the activation
and differentiation of fibroblasts into myofibroblasts [13–17], excessive ECM deposition,
and tissue remodeling [18,19]. The inhibition of these pathways is known to play a role in
reducing fibrotic phenotypes both in in vitro and in vivo models [20–22]. Nintedanib (NIN)
is an FDA-approved antifibrotic drug, originally developed for treating idiopathic pul-
monary fibrosis (IPF), a chronic lung disease characterized by excessive fibrosis [23]. NIN is
a tyrosine kinase inhibitor of multiple receptors that binds competitively to the adenosine-
5′-triphosphate (ATP) binding site [24], including the vascular endothelial growth factor
receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), and fibroblast growth
factor receptor (FGFR) [23,25–27]. Studies using human lung fibroblasts and primary hu-
man and rat lung tissue, as well as human dermal fibroblast models, have demonstrated
that inhibiting these receptors and their downstream pathways significantly modulated
and downregulated ECM proteins, such as fibronectin and collagens 1, 3, and 5, thereby
reducing fibrotic activity and improving tissue function [28–30]. Studies in preclinical mod-
els of systemic sclerosis, bleomycin-induced pulmonary fibrosis, and tracheal stenosis have
shown that NIN inhibits profibrotic cytokines such as CTGF and TGF-β1, thereby suppress-
ing fibroblast activation, proliferation, migration, and ECM deposition [26,28,31–35]. NIN’s
anti-neovascularization effects have also been reported in ocular injury models, where
topical NIN eye drops significantly reduced corneal neovascularization (NV) in alkali-
burned rat and rabbit corneas, suggesting its ability to inhibit pro-angiogenic signaling
in the cornea [36–38]. Effective ocular drug delivery for corneal NV remains a significant
challenge, with more recent nanocarrier-based studies aiming at enhancing drug penetra-
tion and therapeutic efficacy [39–41]. Recently, NIN has demonstrated anti-scarring and
therapeutic effects in several ocular models, including corneal injury, extraocular muscle
surgery, and glaucoma filtration surgery [42–44]. However, studies on NIN in the human
cornea remain extremely limited. Given the shared fibrotic pathophysiology between lung
and corneal tissues, such as excessive ECM deposition and TGF-β-driven myofibroblast
activation [45,46], this study aimed to evaluate the effect of NIN on the corneal stroma and
KC microenvironment. To our knowledge, this study is the first of its kind, paving the way
for future discoveries.

2. Materials and Methods
2.1. Ethics Approval

This study adhered to the tenets of the Declaration of Helsinki. Human cadaver
corneas without any history of ocular or systemic disease were obtained from the National
Disease Research Interchange (NDRI, Philadelphia, PA, USA). Human corneas with a
history of KC were recovered from Dean McGee Eye Institute (Oklahoma City, OK, USA)
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with Institutional Research Board (IRB) approval (IRB# 10108). All corneas used within
the study were de-identified prior to use and were approved by the North Texas Regional
Institutional Review Board (IRB # 2020-030).

2.2. Isolation of Corneal Stromal Cells

Human corneal stromal cells were isolated from healthy (HCFs) and KC (HKCs) donor
corneas, as previously described [9,47]. Cells were cultured in complete medium: EMEM
(EMEM; CORNING, Corning, NY, USA) containing 10% FBS (FBS: GeminiBio Inc., West
Sacramento, CA, USA) and 1% antibiotic–antimycotic (A.A.; Gibco, Life Technologies;
Grand Island, NY, USA) in a humidified incubator at 37 ◦C with 5% CO2. Cell passages
5-6 were used throughout the experiments. All HCFs and HKCs used in these experiments
originated from the same healthy and KC donors, respectively.

2.3. Metabolic Activity Assay

Cellular metabolic activity was measured using the MTT Assay (Invitrogen, Thermo
Scientific, Waltham, MA, USA). A total of 5 × 104 cells/well were seeded in a 96-well
culture plate (Thermo Scientific, BioLite, Waltham, MA, USA) with complete medium. The
next day, HCFs and HKCs were treated with either 1 µM or 2.5 µM NIN, while complete
medium was used as the control. After 24 h, 10 µL of the 12 mM MTT stock solution was
added to each well, followed by incubating the plates for 3 h at 37 ◦C in a humidified
atmosphere containing 5% CO2. After incubation, 50 µL of DMSO was added, and the
mixture was incubated for 10 min at 37 ◦C. Absorbance was measured at 540 nm using a
spectrometer (Epoch2; BioTek, Winooski, VT, USA). The results were analyzed in Excel and
GraphPad Prism version 10.4.1.

2.4. Cell Viability

Live/Dead Viability/Cytotoxicity Assay for Mammalian Cells (Invitrogen, Thermo
Scientific, Waltham, MA, USA) containing Calcein AM and ethidium homodimer-1 (EthD-1)
was used to assess cell viability. HCFs and HKCs (2.5 × 105) were seeded in a 12-well plate
with complete medium and allowed to attach overnight, followed by treatment with either
1 µM or 2.5 µM NIN. The next day, the medium was removed and wells were washed with
Dulbecco’s phosphate-buffered saline (DPBS; Thermo Scientific, Waltham, MA, USA). The
staining solution was prepared according to the manufacturer’s instructions and added to
each well. The plates were incubated for 30 min at room temperature, protected from light.
Live cells were identified by green Calcein AM fluorescence at excitation and emission
wavelengths of 485 and 530 nm, and dead cells were identified by red EthD-1 fluorescence
at excitation and emission wavelengths of 530 and 645 nm, using a Synergy LX microplate
reader (BioTek, Winooski, VT, USA). Representative fluorescent images were taken by an
automated fluorescence imaging system (Cytation 5 Cell Imaging Multi-Mode Reader;
BioTek, Winooski, VT, USA).

2.5. Cell Migration Assay

To assess cell migration, a 2D in vitro scratch assay was employed. HCFs and HKCs
were seeded at a density of 1 × 106 cells/well on flat 6-well culture plates without pre-
coating the wells with additional matrix protein (Thermo Scientific, BioLite, Waltham,
MA, USA). Both HCFs and HKCs were allowed to adhere for 24 h in complete medium.
After 24 h, the medium was replaced: the control group received fresh complete medium,
whereas the treatment groups were supplemented with 1 µM or 2.5 µM NIN. Using a 10 µL
pipette tip, a scratch was made through the confluent cell layer. Images of the scratches
were taken at 0, 6, 12, 24, 48, and 72 h using an AmScope IN200TA-M Digital Long Working
Distance Inverted Trinocular Microscope (AmScope, Irvine, CA, USA) to track wound
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closure. Cell migration was quantified by analyzing the images using ImageJ software
version 1.54g.

2.6. Assembly of 3D Constructs

Both HCFs and HKCs were seeded at a density of 1 × 106 cells per well onto poly-
carbonate inserts with 0.4 µm pores in 6-well transwell plates (Transwell; Corning Costar,
Charlotte, NC, USA) as previously described [9,48,49]. Control HCF and HKC groups were
cultured with complete medium supplemented with 0.5 mM stable Vitamin C (0.5 mM
2-O-α-D-glucopyranosyl-L-ascorbic acid, Sigma-Aldrich, St. Louis, MO, USA) to stimulate
ECM secretion and assembly. NIN-treated groups were cultured with complete medium,
Vitamin C, and the addition of 1 µM or 2.5 µM of NIN. NIN (Nintedanib; Tocris Bioscience,
Avonmouth, Bristol, UK) was dissolved in dimethyl sulfoxide (DMSO) and prepared at a
stock concentration of 1 mM. All cultures were maintained for four weeks, with medium
changes every other day.

2.7. Protein Extraction and Quantification

After four weeks, all 3D constructs were washed three times with DPBS and removed
from the membranes. A total of 100 µL of Cell Lysis Buffer II (CLBII; Invitrogen, Waltham,
MA, USA) supplemented with 10% protease inhibitor cocktail (P.I.; Sigma Aldrich, St. Louis,
MO, USA) was added to each well and incubated at 4 ◦C overnight. The cell supernatant
containing the proteins was collected by centrifugation at 12000 RPM for 15 min at 4 ◦C.
Protein concentrations were determined using the Pierce™ BCA Protein Assay Kit (Thermo
Scientific, Waltham, MA, USA), based on the manufacturer’s instructions. A series of bovine
serum albumin (BSA) standards (Thermo Scientific, Waltham, MA, USA) were prepared
for the assay. For quantification, 10 µL of each protein sample and standard was added
to a 96-well plate (Corning Costar, Thermo Scientific), followed by placing the plate on a
shaker for 30 s. The plate was then incubated for 30 min at 37 ◦C with 5% CO2. Absorbance
was measured at 562 nm using a BioTek EPOCH2 microplate reader (BioTek, Winooski, VT,
USA). Protein concentrations were calculated by plotting the absorbance values against
the standard curve generated from the BCA standards (Bovine Gamma Globulin Standard
Pre-Diluted Set, PI23213; Thermo Scientific, Waltham, MA, USA) using linear regression.

2.8. Western Blot Analysis

Protein samples were loaded onto Novex 4–20% Tris-glycine mini wedge 10-well gels
(Invitrogen, Thermo Scientific, Waltham, MA, USA) and were run at 225 V for 1 h and
30 min. After electrophoresis, the proteins were transferred onto PDVF membranes using
the iBlot 2 Dry Blotting System (Invitrogen, Thermo Scientific, Waltham, MA, USA). The
membranes were blocked with 1× Blocker™ FL fluorescent blocking buffer (Thermo Scien-
tific, Waltham, MA, USA) at room temperature for 1 h on a rocker. Following blocking, the
membranes were incubated overnight at 4 ◦C with primary antibodies diluted 1:500 includ-
ing α-SMA (ab5694; Abcam, Cambridge, MA, USA), collagen 3 (COL3; ab184993; Abcam,
Cambridge, MA, USA), EDA-FN (SAB4200784; Millipore Sigma, Burlington, MA, USA),
COL1 (ab138492; Abcam, Cambridge, MA, USA), COL5 (ab275881; Abcam, Cambridge,
MA, USA), TSP-1 (ab85762; Abcam, Cambridge, MA, USA), and β-actin (ab184092; Abcam,
Cambridge, MA, USA). The next day, the membranes were washed three times, each for
5 min with Tris-buffered saline containing 0.1% Tween 20 (TBST). Secondary antibodies
were applied and incubated for 1 h at room temperature. After additional washing with
TBST, the membranes were imaged using the iBright FL 15,000 imaging system (Thermo
Scientific, Waltham, MA, USA). Image analysis was performed using iBright analysis soft-
ware version 5.5.0 (Thermo Scientific, Waltham, MA, USA). All protein expressions were
normalized to β-actin (housekeeping protein) and the results were plotted.
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2.9. Statistical Analysis

All experiments were conducted with a minimum of three replicates (n = 3). Statistical
significance was determined using two-way ANOVAs for comparisons between disease
(HCF versus HKC) and NIN treatment conditions (Control, 1 µM, 2.5 µM). For comparisons
within either HCF or HKC measuring the effects of NIN treatment conditions, one-way
ANOVAs were performed. All analyses were followed by Fisher’s least significant differ-
ence (LSD) post hoc test. GraphPad Prism version 10.4.1 was utilized for both statistical
analysis and graphical representation. Data are presented as the mean ± S.E.M. Statistical
significance between treatment groups and their respective controls is indicated by asterisks
(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001), while statistical significance between
HCF and HKC groups is indicated by dollar signs ($ p < 0.05, $$ p < 0.01, $$$ p < 0.001,
$$$$ p < 0.0001). A p value < 0.05 was considered statistically significant.

3. Results
3.1. Impact of NIN on Cell Viability and Metabolic Activity in HCFs and HKCs

The MTT assay showed that NIN did not have a significant impact on the metabolic
activity of HCFs at either concentration (Figure 1a). In contrast, NIN treatment significantly
reduced the metabolic activity of HKCs at both 1 µM and 2.5 µM compared with the control
(p = 0.0001; Figure 1b). Results from the live/dead assay (Figure 1c,d), with the relative
live/dead ratio normalized to the untreated control, demonstrated that NIN did not have a
significant effect on the live/dead ratio in either HCFs or HKCs at either concentration.

3.2. NIN Inhibits Cell Migration in HCF and HKC

Scratch assay was conducted to determine the effect of NIN on cell migration for both
healthy human corneal stromal fibroblasts (HCFs) and KC fibroblasts (HKCs) (Figure 2a).
There were no significant differences in cell migration at 6 h (Figure 2b). At 12 h, 2.5 µM
NIN inhibited cell migration in HKCs compared to control HKCs (p = 0.0034) and 2.5 µM
NIN-treated HCFs (p = 0.0244; Figure 2c). At 24 h, all HCF scratches were closed (Figure 2b).
In HKCs at 24 h, we observed that 2.5 µM NIN decreased cell migration compared to
controls (p = 0.0144) and compared to 1 µM NIN (p = 0.0274; Figure 2d). Only 2.5 µM
NIN-treated HKCs were not closed by 48 h, and all scratches were closed by 72 h (Figure 2b).

3.3. NIN Downregulates ECM Markers

Protein expression levels of alpha-smooth muscle actin (α-SMA), COL3, cellular fi-
bronectin containing extra domain A (EDA-FN), COL1, COL5, and TSP-1 were analyzed
across all 3D cultures and cell types (Figure 3a–f). In HCFs, treatment with 1 µM NIN led
to a significant increase in COL1 compared to the controls (p = 0.0061) and 2.5 µM NIN
(p = 0.0017; Figure 3a). No changes were observed with 2.5 µM NIN treatment (Figure 3a).
In HKCs, treatment with NIN (1 µM and 2.5 µM) showed no significant changes in COL1
expression at either concentration (Figure 2a).

TSP-1 expression was markedly downregulated in HCFs, in both 1 µM (p < 0.0001)
and 2.5 µM (p = 0.0159) NIN treatments (Figure 3b). However, TSP-1 expression in HCFs
was greater at 2.5 µM NIN than at 1 µM NIN (p = 0.0033; Figure 3b). TSP-1 expression was
significantly downregulated at both concentrations in HKCs (p < 0.0001), with no difference
between 1 and 2.5 µM NIN (Figure 3b). TSP-1 expression at 2.5 µM NIN was higher in
HCFs than in HKCs at the same dose (Figure 3b).
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Figure 1. (a) MTT assay showing the percentage of cellular metabolic activity in HCFs treated
with NIN (1 µM and 2.5 µM) compared to control cells. (b) MTT assay showing the percentage
of cellular metabolic activity in HKCs treated with NIN (1 µM and 2.5 µM) compared to control
cells. (c) Live/dead assay showing the relative live/dead fluorescence ratio in HCFs treated with
NIN (1 µM and 2.5 µM), normalized to the untreated control. (d) Live/dead assay showing the
relative live/dead fluorescence ratio in HKCs treated with NIN (1 µM and 2.5 µM), normalized to
the untreated control. Data are presented as mean ± S.E.M. (n = 3). There is no significant difference
between data unless otherwise noted with the following symbol: *** p < 0.001, **** p < 0.0001.

COL5 was significantly downregulated at both NIN concentrations in HCFs (p = 0.0002
for 1 µM; p < 0.0001 for 2.5 µM, Figure 3c). Overall, 2.5 µM NIN-treated HCFs had greater
downregulation of COL5 than 1 µM NIN (p = 0.0040; Figure 3c). We observed a similar
pattern in downregulation of COL5 in HKCs at both 1 µM (p = 0.0232) and 2.5 µM NIN
(p = 0.0005), though there was no difference between NIN treatments (Figure 3c). COL5
expression was greater in HCF controls (p < 0.0001) and 1 µM NIN-treated HCFs (p = 0.0058)
compared to HKCs of the same conditions (Figure 3c).

In HCFs, EDA-FN was downregulated at 1 µM (p = 0.0003) and 2.5 µM (p < 0.0001),
though 1 µM NIN was less downregulated than 2.5 µM (p = 0.0031; Figure 3d). This
effect of NIN was mirrored in HKCs, with 1 µM (p < 0.0001) and 2.5 µM NIN (p < 0.0001)
downregulated compared to controls, and greater downregulation observed in 2.5 µM
NIN compared to 1 µM NIN (p < 0.0001; Figure 3d). In controls (p < 0.0001) and both NIN
doses (p < 0.0001 for 1 µM; p = 0.0301 for 2.5 µM), HKCs had greater expression of EDA-FN
than HCFs (Figure 3d). Much like EDA-FN, COL3 expression in HCFs was significantly
downregulated at both 1 µM (p < 0.0001) and 2.5 µM (p = 0.0002; Figure 3e). We observed
a similar pattern of downregulation in HKC COL3 expression, which was significantly
downregulated at 1 µM (p = 0.0035) and 2.5 µM (p = 0.0070; Figure 3e). There was no
difference in COL3 expression between HKCs and HCFs (Figure 3e).
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Figure 2. (a) Representative microscope images of the scratch assay at 0, 2, 6, 12, 24, and 48 h
post-scratching for HCF and HKC cells treated with NIN (1 µM and 2.5 µM). The scale bar represents
200 µm. (b) Quantification of the percentage of total cell migration distance over time for HKC and
HCF cells treated with NIN (1 µM and 2.5 µM) at 0, 6, 12, 24, 48, and 72 h (n = 3). (c,d) Statistical
analysis of migration assay at 12 h (c) and 24 h (d). Data are presented as mean ± S.E.M. There is no
significant difference between data unless otherwise noted with the following symbols: ** p < 0.01,
*** p < 0.001, $ p < 0.05, $$$$ p < 0.0001.
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Figure 3. Expression levels of (a) COL1, (b) TSP-1, (c) COL5, (d) EDA-FN, (e) COL3, and (f) α-SMA
in HCF and HKC cells treated with either 1 µM NIN or 2.5 µM NIN compared to untreated control
(n = 3). All data represent protein expression as a percent of housekeeping protein (Beta Actin)
control. Data is presented as mean ± S.E.M. There are no significant differences between bars unless
otherwise indicated. Statistical significance between treatment groups and their respective controls
is indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical significance
between HCF and HKC groups is indicated by dollar signs ($ p < 0.05, $$ p < 0.01, $$$ p < 0.001,
$$$$ p < 0.0001). Original Western Blots images for Figure 3 are found in Supplementary Materials.

In HCFs, expression of α-SMA remained unchanged across both NIN concentrations
(Figure 3f). Conversely, NIN upregulated α-SMA expression in HKCs at both concentra-
tions (p < 0.0001 for 1 µM; p < 0.0001 for 2.5 µM) compared with the control (Figure 3f).
α-SMA expression was greater in HKC controls (p = 0.0007), 1 µM NIN-treated HKCs
(p < 0.0001), and 2.5 µM NIN-treated HKCs (p < 0.0001) compared to HCFs of the same
conditions (Figure 3f).

4. Discussion
Studies showed NIN’s role in improving outcomes for patients affected by lung fibro-

sis by reducing the risk of all-cause mortality and acute exacerbations across both IPF and
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non-IPF fibrosing interstitial lung diseases (ILDs) [23,35,50]. NIN not only inhibits fibrob-
last proliferation and activation but also exhibits anti-inflammatory properties, including its
activity against various cytokine pathways [28,32,51,52]. In TGF-β and PDGF-stimulated
cardiac and pulmonary fibroblasts, NIN was shown to reduce pSTAT3 levels, an effect
correlated with pro-apoptotic ER stress, a pathway linked to inflammation [53]. For KC,
several drug candidates are being explored to target the underlying mechanisms of corneal
fibrosis [1]. Riboflavin, commonly used in corneal collagen cross-linking, may indirectly
influence corneal fibrosis by stabilizing stromal architecture and reducing mechanical strain,
which in turn can reduce TGF-β-driven myofibroblast activation and extracellular-matrix
remodeling [54,55]. Quercetin, an endogenous compound with strong antioxidant and
anti-inflammatory properties, has been investigated for its potential to modulate cellular
metabolism in the corneal stroma and stabilize keratocyte function in keratoconus [56–58].
TGF-β inhibitors, which directly target the underlying signaling pathways involved in my-
ofibroblast activation and ECM deposition, are also being explored as a potential treatment
to prevent or reverse the fibrotic ECM remodeling in the cornea and KC [12,59–61]. The
ongoing research into non-surgical treatments for KC highlights the importance of finding
strategies to preserve corneal function and reduce the need for corneal transplantation [62].

Early KC is characterized by biomechanical weakening of the corneal stroma with
minimal fibrotic involvement, whereas advanced disease reflects a shift towards stromal
wound-healing responses and activation of fibrotic signaling pathways [1,2,8,61]. This
transition highlights fibrosis-related mechanisms as potential therapeutic targets and sup-
ports the investigation of antifibrotic agents such as NIN in advanced KC [54,55,63,64].
Although NIN has not been directly studied in KC, its ability to inhibit key signaling
pathways involved in fibrosis makes it a promising candidate for investigation in this con-
dition [54,55,65–67]. Clinical trials, including INPULSIS and TOMORROW trials [35,68,69],
provided evidence that NIN significantly reduced the decline in forced vital capacity (FVC),
which is a standard measure of lung function, compared to placebo [70].

Results from this study showed that although NIN significantly reduced metabolic
activity of HKCs, the live/dead assay demonstrated no significant changes in cell viability
in either HKCs or HCFs. This suggests the decrease in metabolic activity is not associated
with increased cell death, indicating that NIN modulates cell behavior rather than causing
cytotoxicity [71–73].

We observed that only 2.5 µM NIN inhibited cell migration in HKCs compared to
controls, with no effect of 1 µM NIN in HKCs, or either dose of NIN observed in HCFs.
This is consistent with previous studies on NIN’s role in limiting the migratory activity
of keloid fibroblasts, peritoneal mesothelial cells, and lung fibroblasts [74–76]. Fibroblast
migration is a key cellular process driving fibrotic changes in the cornea [77,78]. By
limiting cell movement, NIN may prevent further ECM accumulation, which is a KC
hallmark [28,46,79].

The protein analysis revealed significant changes in the expression of key fibrotic mark-
ers in response to NIN treatment, including COL3, EDA-FN, COL5, and TSP1, in HCFs
and HKCs. These findings align with previous studies in non-corneal tissues such as the
lungs, liver, and skin, showing that NIN decreases ECM components [28,80–82]. However,
in contrast to these models, NIN treatment in our study resulted in a simultaneous increase
in α-SMA and COL1 expression in HCFs and HKCs which can indicate that, although NIN
reduces the accumulation of ECM components such as COL3, its impact on myofibroblast
activity may differ. The selective increase in COL1 expression observed in HCFs further
suggests that healthy and keratoconus-derived corneal fibroblasts may exhibit distinct
responses to NIN. Although the present study was not designed to investigate the under-
lying molecular mechanisms, future studies examining upstream regulatory pathways,
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including TGF-β signaling, may help explain these cell-specific responses. Prior studies in
lung fibroblasts and fibrocytes have shown that NIN suppresses ECM protein secretion,
inhibits myofibroblast differentiation and reduces α-SMA expression [28,39,76,83].

The NIN concentrations tested in this study were selected following an initial in vitro
concentration series designed to determine the optimal range for the drug in our 3D
model [82,84]. The initial concentrations tested were 1 µM, 2.5 µM, and 5 µM. We observed
significant ECM contraction at 5 µM NIN, whereas lower concentrations (1 µM and 2.5 µM)
supported stable ECM assembly. Therefore, 5 µM and higher concentrations were not inves-
tigated further in this study. Notably, the lower concentrations of NIN showed significant
changes in protein expression, while the higher concentration induced contractile effects.
These findings highlight a study limitation: higher NIN concentrations are unsuitable
for our 3D model due to their impact on ECM integrity. While our 3D system remains a
physiologically relevant platform compared to 2D cultures, further studies are needed to
optimize NIN dosing to achieve maximal antifibrotic benefits without compromising ECM
stability in HCFs and HKCs. Furthermore, the current studies do not explore biomechanical
responses or potential donor-dependent variabilities. Although this proof-of-concept study
provides initial evidence of the antifibrotic effects of NIN, future studies incorporating mul-
tiple independent donor-derived cells will be important to validate these findings. Future
studies will also determine whether the observed findings in HKCs reflect a compensatory
or NIN-driven response. These gaps present opportunities for future studies to enhance
therapeutic translation.

5. Conclusions
In conclusion, this study demonstrates that NIN may be a potential therapeutic agent

for KC, particularly by influencing the fibrotic changes associated with disease progression.
NIN targets the molecular pathways involved in fibrosis, reducing ECM accumulation,
inhibiting myofibroblast activation, and ultimately preserving corneal function in KC.
However, the observed differential effects in HCFs and HKCs suggest that further research
is needed to better understand the cell-specific mechanisms and the underlying cellular mi-
croenvironment factors and pathways through which NIN may exhibit antifibrotic effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom16081137/s1, Figure S1: Western Blot images and Total
Density values of β-Actin protein expression in HCF and HKC 3D constructs following NIN treatment
after 4 weeks. Constructs without treatment serve as controls. Each condition was repeated 3 times;
Figure S2. Western Blot images and Total Density values of COL5 protein expression in HCF and
HKC 3D constructs following NIN treatment after 4 weeks. Constructs without treatment serve as
controls. Each condition was repeated 3 times; Figure S3. Western Blot images and Total Density
values of β-Actin protein expression in HCF and HKC 3D constructs following NIN treatment after
4 weeks. Constructs without treatment serve as controls. Each condition was repeated 3 times; Figure
S4. Western Blot images and Total Density values of EDA-FN protein expression in HCF and HKC
3D constructs following NIN treatment after 4 weeks. Constructs without treatment serve as controls.
Each condition was repeated 3 times; Figure S5. Western Blot images and Total Density values of
Tsp1 protein expression in HCF and HKC 3D constructs following NIN treatment after 4 weeks.
Constructs without treatment serve as controls. Each condition was repeated 3 times; Figure S6.
Western Blot images and Total Density values of COL3 protein expression in HCF and HKC 3D
constructs following NIN treatment after 4 weeks. Constructs without treatment serve as controls.
Each condition was repeated 3 times; Figure S7. Western Blot images and Total Density values of
COL1 protein expression in HCF and HKC 3D constructs following NIN treatment after 4 weeks.
Constructs without treatment serve as controls. Each condition was repeated 3 times; Figure S8.
Western Blot images and Total Density values of α-SMA protein expression in HCF and HKC 3D
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constructs following NIN treatment after 4 weeks. Constructs without treatment serve as controls.
Each condition was repeated 3 times.

Author Contributions: Conceptualization, Y.M., P.S. (Pawan Shrestha), P.S. (Purnima Sharma) and
D.K.; methodology, Y.M., P.S. (Pawan Shrestha), P.S. (Purnima Sharma), K.S.M., K.M.R. and D.K.;
software, Y.M. and D.K.; validation, Y.M. and D.K.; formal analysis, Y.M. and S.M.; investigation, Y.M.,
P.S. (Pawan Shrestha) and D.K.; resources, K.S.M., K.M.R. and D.K.; data curation, Y.M.; writing—
original draft preparation, Y.M. and P.S. (Pawan Shrestha); writing—review and editing, Y.M., P.S.
(Pawan Shrestha), S.M., P.S. (Purnima Sharma), K.S.M., K.M.R. and D.K.; visualization, Y.M., P.S.
(Pawan Shrestha) and S.M.; supervision, K.M.R. and D.K.; project administration, K.M.R. and D.K.;
funding acquisition, K.M.R. and D.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All corneas used within the study were de-identified prior to
use and were approved by the North Texas Regional Institutional Review Board (IRB # 2020-030),
with an approval date of 19 December 2019.

Informed Consent Statement: Informed consent was obtained from the KC subject involved in
this study.

Data Availability Statement: The data presented in this study are openly available in [Figshare]
[10.6084/m9.figshare.32305248] https://figshare.com/s/26f9dd1bbd6e11e70f91, accessed on 24 July 2026.

Acknowledgments: The authors thank the National Disease Research Interchange (NDRI) and Dean
McGee Eye Institute (DMEI) for their assistance with human corneal samples.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rabinowitz, Y.S. Keratoconus. Surv. Ophthalmol. 1998, 42, 297–319. [CrossRef] [PubMed]
2. Santodomingo-Rubido, J.; Carracedo, G.; Suzaki, A.; Villa-Collar, C.; Vincent, S.J.; Wolffsohn, J.S. Keratoconus: An updated

review. Contact Lens Anterior Eye 2022, 45, 101559. [CrossRef] [PubMed]
3. Asimellis, G.; Kaufman, E.J. Keratoconus. In StatPearls; StatPearls Publishing: Orlando, FL, USA, 2024.
4. Kamiya, K.; Ishii, R.; Shimizu, K.; Igarashi, A. Evaluation of corneal elevation, pachymetry and keratometry in keratoconic eyes

with respect to the stage of Amsler-Krumeich classification. Br. J. Ophthalmol. 2014, 98, 459–463. [CrossRef] [PubMed]
5. Ljubimov, A.V.; Saghizadeh, M. Progress in corneal wound healing. Prog. Retin. Eye Res. 2015, 49, 17–45. [CrossRef] [PubMed]
6. Ljubimov, A.V.; Burgeson, R.E.; Butkowski, R.J.; Couchman, J.R.; Wu, R.R.; Ninomiya, Y.; Sado, Y.; Maguen, E.; Nesburn, A.B.;

Kenney, M.C. Extracellular matrix alterations in human corneas with bullous keratopathy. Investig. Ophthalmol. Vis. Sci. 1996, 37,
997–1007.

7. Barrientez, B.; Nicholas, S.E.; Whelchel, A.; Sharif, R.; Hjortdal, J.; Karamichos, D. Corneal injury: Clinical and molecular aspects.
Exp. Eye Res. 2019, 186, 107709. [CrossRef] [PubMed]

8. Volatier, T.L.; Figueiredo, F.C.; Connon, C.J. Keratoconus at a molecular level: A review. Anat. Rec. 2020, 303, 1680–1688.
9. Karamichos, D.; Guo, X.Q.; Hutcheon, A.E.; Zieske, J.D. Human corneal fibrosis: An in vitro model. Investig. Ophthalmol. Vis. Sci.

2010, 51, 1382–1388. [CrossRef] [PubMed]
10. de Oliveira, R.C.; Wilson, S.E. Fibrocytes, wound healing, and corneal fibrosis. Investig. Ophthalmol. Vis. Sci. 2020, 61, 28.

[CrossRef] [PubMed]
11. Pardali, E.; Sanchez-Duffhues, G.; Gomez-Puerto, M.C.; Ten Dijke, P. TGF-β-induced endothelial-mesenchymal transition in

fibrotic diseases. Int. J. Mol. Sci. 2017, 18, 2157. [CrossRef] [PubMed]
12. Cubillo, L.T.; Gurdal, M.; Zeugolis, D.I. Corneal fibrosis: From in vitro models to current and upcoming drug and gene medicines.

Adv. Drug Deliv. Rev. 2024, 209, 115317. [CrossRef] [PubMed]
13. Ito, Y.; Aten, J.; Bende, R.J.; Oemar, B.S.; Rabelink, T.J.; Weening, J.J.; Goldschmeding, R. Expression of connective tissue growth

factor in human renal fibrosis. Kidney Int. 1998, 53, 853–861. [CrossRef]
14. Moretti, L.; Stalfort, J.; Barker, T.H.; Abebayehu, D. The interplay of fibroblasts, the extracellular matrix, and inflammation in scar

formation. J. Biol. Chem. 2022, 298, 101530. [CrossRef] [PubMed]
15. Ortiz-Zapater, E.; Signes-Costa, J.; Montero, P.; Roger, I. Lung fibrosis and fibrosis in the lungs: Is it all about myofibroblasts?

Biomedicines 2022, 10, 1423. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16081137

https://figshare.com/s/26f9dd1bbd6e11e70f91
https://doi.org/10.1016/s0039-6257(97)00119-7
https://www.ncbi.nlm.nih.gov/pubmed/9493273
https://doi.org/10.1016/j.clae.2021.101559
https://www.ncbi.nlm.nih.gov/pubmed/34991971
https://doi.org/10.1136/bjophthalmol-2013-304132
https://www.ncbi.nlm.nih.gov/pubmed/24457362
https://doi.org/10.1016/j.preteyeres.2015.07.002
https://www.ncbi.nlm.nih.gov/pubmed/26197361
https://doi.org/10.1016/j.exer.2019.107709
https://www.ncbi.nlm.nih.gov/pubmed/31238077
https://doi.org/10.1167/iovs.09-3860
https://www.ncbi.nlm.nih.gov/pubmed/19875671
https://doi.org/10.1167/iovs.61.2.28
https://www.ncbi.nlm.nih.gov/pubmed/32084275
https://doi.org/10.3390/ijms18102157
https://www.ncbi.nlm.nih.gov/pubmed/29039786
https://doi.org/10.1016/j.addr.2024.115317
https://www.ncbi.nlm.nih.gov/pubmed/38642593
https://doi.org/10.1046/j.1523-1755.1998.00820.x
https://doi.org/10.1016/j.jbc.2021.101530
https://www.ncbi.nlm.nih.gov/pubmed/34953859
https://doi.org/10.3390/biomedicines10061423
https://www.ncbi.nlm.nih.gov/pubmed/35740444
https://doi.org/10.3390/biom16081137


Biomolecules 2026, 16, 1137 12 of 14

16. Wynn, T. Cellular and molecular mechanisms of fibrosis. J. Pathol. 2008, 214, 199–210. [PubMed]
17. Zhou, G.; Li, C.; Cai, L. Advanced glycation end-products induce connective tissue growth factor-mediated renal fibrosis

predominantly through transforming growth factor β-independent pathway. Am. J. Pathol. 2004, 165, 2033–2043. [CrossRef]
[PubMed]

18. Klingberg, F.; Hinz, B.; White, E.S. The myofibroblast matrix: Implications for tissue repair and fibrosis. J. Pathol. 2013, 229,
298–309. [PubMed]

19. Mia, M.M.; Boersema, M.; Bank, R.A. Interleukin-1β attenuates myofibroblast formation and extracellular matrix production in
dermal and lung fibroblasts exposed to transforming growth factor-β1. PLoS ONE 2014, 9, e91559. [CrossRef] [PubMed]

20. Mia, M.M.; Bank, R.A. The IκB kinase inhibitor ACHP strongly attenuates TGF β1-induced myofibroblast formation and collagen
synthesis. J. Cell Mol. Med. 2015, 19, 2780–2792. [CrossRef] [PubMed]

21. Duncan, M.R.; Frazier, K.S.; Abramson, S.; Williams, S.; Klapper, H.; Huang, X.; Grotendorst, G.R. Connective tissue growth factor
mediates transforming growth factor β-induced collagen synthesis: Down-regulation by cAMP. FASEB J. 1999, 13, 1774–1786.
[CrossRef]

22. Khankan, R.; Oliver, N.; He, S.; Ryan, S.J.; Hinton, D.R. Regulation of Fibronectin-EDA through CTGF Domain–Specific
Interactions with TGFβ2 and Its Receptor TGFβRII. Investig. Ophthalmol. Vis. Sci. 2011, 52, 5068–5078. [CrossRef] [PubMed]

23. Trachalaki, A.; Sultana, N.; Wells, A.U. An update on current and emerging drug treatments for idiopathic pulmonary fibrosis.
Expert Opin. Pharmacother. 2023, 24, 1125–1142. [CrossRef] [PubMed]

24. Lin, T.; Gong, L. Inhibition of lymphangiogenesis in vitro and in vivo by the multikinase inhibitor nintedanib. Drug Des. Devel
Ther. 2017, 11, 1147–1158. [CrossRef] [PubMed]

25. Roth, G.J.; Binder, R.; Colbatzky, F.; Dallinger, C.; Schlenker-Herceg, R.; Hilberg, F.; Wollin, S.-L.; Kaiser, R. Nintedanib: From
discovery to the clinic. J. Med. Chem. 2015, 58, 1053–1063. [CrossRef] [PubMed]

26. Regan, E.; Sibley, R.C.; Cenik, B.K.; Silva, A.; Girard, L.; Minna, J.D.; Dellinger, M.T. Identification of gene expression differences
between lymphangiogenic and non-lymphangiogenic non-small cell lung cancer cell lines. PLoS ONE 2016, 11, e0150963.
[CrossRef] [PubMed]

27. Hilberg, F.; Tontsch-Grunt, U.; Baum, A.; Le, A.T.; Doebele, R.C.; Lieb, S.; Gianni, D.; Voss, T.; Garin-Chesa, P.; Haslinger, C.
Triple angiokinase inhibitor nintedanib directly inhibits tumor cell growth and induces tumor shrinkage via blocking oncogenic
receptor tyrosine kinases. J. Pharmacol. Exp. Ther. 2018, 364, 494–503. [CrossRef] [PubMed]

28. Huang, J.; Beyer, C.; Palumbo-Zerr, K.; Zhang, Y.; Ramming, A.; Distler, A.; Gelse, K.; Distler, O.; Schett, G.; Wollin, L. Nintedanib
inhibits fibroblast activation and ameliorates fibrosis in preclinical models of systemic sclerosis. Ann. Rheum. Dis. 2016, 75,
883–890. [CrossRef] [PubMed]

29. Hesse, C.; Beneke, V.; Konzok, S.; Diefenbach, C.; Bülow Sand, J.M.; Rønnow, S.R.; Karsdal, M.A.; Jonigk, D.; Sewald, K.; Braun, A.
Nintedanib modulates type III collagen turnover in viable precision-cut lung slices from bleomycin-treated rats and patients with
pulmonary fibrosis. Respir. Res. 2022, 23, 201. [CrossRef] [PubMed]

30. Knüppel, L.; Ishikawa, Y.; Aichler, M.; Heinzelmann, K.; Hatz, R.; Behr, J.; Walch, A.; Bächinger, H.P.; Eickelberg, O.; Staab-
Weijnitz, C.A. A novel antifibrotic mechanism of nintedanib and pirfenidone. Inhibition of collagen fibril assembly. Am. J. Respir.
Cell Mol. Biol. 2017, 57, 77–90. [CrossRef] [PubMed]

31. Wollin, L.; Distler, J.H.; Redente, E.F.; Riches, D.W.; Stowasser, S.; Schlenker-Herceg, R.; Maher, T.M.; Kolb, M. Potential of
nintedanib in treatment of progressive fibrosing interstitial lung diseases. Eur. Respir. J. 2019, 54, 1900161. [CrossRef] [PubMed]

32. Fan, Y.; Li, X.; Fang, X.; Liu, Y.; Zhao, S.; Yu, Z.; Tang, Y.; Wu, P. Antifibrotic role of nintedanib in tracheal stenosis after a tracheal
wound. Laryngoscope 2021, 131, E2496–E2505. [CrossRef] [PubMed]

33. Pawelec, K.M.; Varnum, M.; Harkema, J.R.; Auerbach, B.; Larsen, S.D.; Neubig, R.R. Prevention of bleomycin-induced lung
fibrosis via inhibition of the MRTF/SRF transcription pathway. Pharmacol. Res. Perspect. 2022, 10, e01028. [CrossRef] [PubMed]

34. Wollin, L.; Maillet, I.; Quesniaux, V.; Holweg, A.; Ryffel, B. Antifibrotic and anti-inflammatory activity of the tyrosine kinase
inhibitor nintedanib in experimental models of lung fibrosis. J. Pharmacol. Exp. Ther. 2014, 349, 209–220. [CrossRef] [PubMed]

35. Lamb, Y.N. Nintedanib: A review in fibrotic interstitial lung diseases. Drugs 2021, 81, 575–586. [CrossRef] [PubMed]
36. Liu, X.; Wu, S.; Gong, Y.; Yang, L. Effect of Nintedanib Nanothermoreversible Hydrogel on Neovascularization in an Ocular

Alkali Burn Rat Model. Curr. Eye Res. 2022, 47, 1578–1589. [CrossRef] [PubMed]
37. Gong, Y.; Wu, G.H.; Zhang, L.Y.; Zhang, Z.; Liao, Y.H.; Liu, X.T. Effect of nintedanib thermo-sensitive hydrogel on neovasculariza-

tion in alkali burn rat model. Int. J. Ophthalmol. 2020, 13, 879–885. [CrossRef] [PubMed]
38. Chen, J.; Ding, X.; Du, W.; Tang, X.; Yu, W.Z. Inhibition of corneal neovascularization by topical application of nintedanib in rabbit

models. Int. J. Ophthalmol. 2021, 14, 1666–1673. [CrossRef] [PubMed]
39. Wang, R.; Li, Y.; Gao, S.; Zhang, Y.; He, Z.; Ji, J.; Yang, X.; Ye, L.; Zhao, L.; Liu, A.; et al. An active transport dual adaptive

nanocarrier designed to overcome the corneal microenvironment for neovascularization therapy. Biomater. Sci. 2024, 12, 361–374.
[CrossRef] [PubMed]

https://doi.org/10.3390/biom16081137

https://www.ncbi.nlm.nih.gov/pubmed/18161745
https://doi.org/10.1016/s0002-9440(10)63254-3
https://www.ncbi.nlm.nih.gov/pubmed/15579446
https://www.ncbi.nlm.nih.gov/pubmed/22996908
https://doi.org/10.1371/journal.pone.0091559
https://www.ncbi.nlm.nih.gov/pubmed/24622053
https://doi.org/10.1111/jcmm.12661
https://www.ncbi.nlm.nih.gov/pubmed/26337045
https://doi.org/10.1096/fasebj.13.13.1774
https://doi.org/10.1167/iovs.11-7191
https://www.ncbi.nlm.nih.gov/pubmed/21571675
https://doi.org/10.1080/14656566.2023.2213436
https://www.ncbi.nlm.nih.gov/pubmed/37183672
https://doi.org/10.2147/DDDT.S130297
https://www.ncbi.nlm.nih.gov/pubmed/28435226
https://doi.org/10.1021/jm501562a
https://www.ncbi.nlm.nih.gov/pubmed/25474320
https://doi.org/10.1371/journal.pone.0150963
https://www.ncbi.nlm.nih.gov/pubmed/26950548
https://doi.org/10.1124/jpet.117.244129
https://www.ncbi.nlm.nih.gov/pubmed/29263244
https://doi.org/10.1136/annrheumdis-2014-207109
https://www.ncbi.nlm.nih.gov/pubmed/25858641
https://doi.org/10.1186/s12931-022-02116-4
https://www.ncbi.nlm.nih.gov/pubmed/35927669
https://doi.org/10.1165/rcmb.2016-0217oc
https://www.ncbi.nlm.nih.gov/pubmed/28257580
https://doi.org/10.1183/13993003.00161-2019
https://www.ncbi.nlm.nih.gov/pubmed/31285305
https://doi.org/10.1002/lary.29618
https://www.ncbi.nlm.nih.gov/pubmed/34000066
https://doi.org/10.1002/prp2.1028
https://www.ncbi.nlm.nih.gov/pubmed/36426895
https://doi.org/10.1124/jpet.113.208223
https://www.ncbi.nlm.nih.gov/pubmed/24556663
https://doi.org/10.1007/s40265-021-01487-0
https://www.ncbi.nlm.nih.gov/pubmed/33765296
https://doi.org/10.1080/02713683.2022.2129071
https://www.ncbi.nlm.nih.gov/pubmed/36259508
https://doi.org/10.18240/ijo.2020.06.04
https://www.ncbi.nlm.nih.gov/pubmed/32566497
https://doi.org/10.18240/ijo.2021.11.04
https://www.ncbi.nlm.nih.gov/pubmed/34804855
https://doi.org/10.1039/d3bm01349a
https://www.ncbi.nlm.nih.gov/pubmed/37982147
https://doi.org/10.3390/biom16081137


Biomolecules 2026, 16, 1137 13 of 14

40. Akhter, M.H.; Ahmad, I.; Alshahrani, M.Y.; Al-Harbi, A.I.; Khalilullah, H.; Afzal, O.; Altamimi, A.S.; Najib Ullah, S.N.M.; Ojha,
A.; Karim, S. Drug delivery challenges and current progress in nanocarrier-based ocular therapeutic system. Gels 2022, 8, 82.
[CrossRef] [PubMed]

41. Huang, X.; Wu, Y.; Li, K.; Xing, W.; Zhao, N.; Chen, Z.; Tao, W.; Zhou, X.; Yang, M.; Huang, J. Advanced nanotechnology-driven
innovations for corneal neovascularization therapy: Smart drug delivery and enhanced treatment strategies. Adv. Mater. 2025, 37,
2508726. [CrossRef] [PubMed]

42. Bicaklioglu, G.; Pirhan, D.; Yazir, Y.; Duruksu, G.; Furat Rencber, S.; Yuksel, N. Evaluation of nintedanib as a new postoperative
antiscarring agent in experimental extraocular muscle surgery. Int. J. Ophthalmol. 2022, 15, 914–923. [CrossRef] [PubMed]

43. Sharma, A.; Dey, A.; Das, M.; Basak, S.; Konar, A.; Chauhan, A.; Hazra, S. Contact lens delivery improves therapeutic efficacy of
nintedanib in rabbit eyes with alkali burn. Exp. Eye Res. 2026, 263, 110764. [CrossRef] [PubMed]

44. Yuksel, R.; Yuksel, N.; Yazir, Y.; Ozturk, A.; Furat Rencber, S.; Demirci Kucuk, K. The anti-scar effect of tyrosine-kinase inhibitor
nintedanib in experimental glaucoma filtration surgery in rabbits. Exp. Eye Res. 2023, 229, 109431. [CrossRef] [PubMed]

45. McKay, T.B.; Hutcheon, A.E.; Zieske, J.D. Biology of corneal fibrosis: Soluble mediators, integrins, and extracellular vesicles. Eye
2020, 34, 271–278. [CrossRef] [PubMed]

46. Frangogiannis, N.G. Transforming growth factor–β in tissue fibrosis. J. Exp. Med. 2020, 217, e20190103. [CrossRef] [PubMed]
47. Escandon, P.; Nicholas, S.E.; Cunningham, R.L.; Murphy, D.A.; Riaz, K.M.; Karamichos, D. The role of estriol and estrone in

keratoconic stromal sex hormone receptors. Int. J. Mol. Sci. 2022, 23, 916. [CrossRef] [PubMed]
48. Karamichos, D.; Zareian, R.; Guo, X.; Hutcheon, A.E.; Ruberti, J.W.; Zieske, J.D. Novel in vitro model for keratoconus disease.

J. Funct. Biomater. 2012, 3, 760–775. [CrossRef] [PubMed]
49. Karamichos, D.; Rich, C.B.; Zareian, R.; Hutcheon, A.E.; Ruberti, J.W.; Trinkaus-Randall, V.; Zieske, J.D. TGF-β3 stimulates stromal

matrix assembly by human corneal keratocyte-like cells. Investig. Ophthalmol. Vis. Sci. 2013, 54, 6612–6619. [CrossRef] [PubMed]
50. Li, D.-y.; Liu, X.; Huang, J.-y.; Hang, W.-l.; Yu, G.-r.; Xu, Y. Impact of antifibrotic therapy on disease progression, all-cause mortality,

and risk of acute exacerbation in non-IPF fibrosing interstitial lung diseases: Evidence from a meta-analysis of randomized
controlled trials and prospective controlled studies. Ther. Adv. Respir. Dis. 2024, 18, 17534666241232561. [CrossRef] [PubMed]

51. Gabasa, M.; Ikemori, R.; Hilberg, F.; Reguart, N.; Alcaraz, J. Nintedanib selectively inhibits the activation and tumour-promoting
effects of fibroblasts from lung adenocarcinoma patients. Br. J. Cancer 2017, 117, 1128–1138. [CrossRef] [PubMed]

52. Qiu, H.; Zhang, R.; Si, D.; Shu, Y.; Liu, J.; Xia, Y.; Zhou, O.; Tan, W.; Yang, K.; Tian, D. Human Umbilical Cord–Mesenchymal Stem
Cells Combined with Low Dosage Nintedanib Rather than Using Alone Mitigates Pulmonary Fibrosis in Mice. Stem Cells Int.
2025, 2025, 9445735. [CrossRef] [PubMed]

53. Widjaja, A.A.; Viswanathan, S.; Jinrui, D.; Singh, B.K.; Tan, J.; Wei Ting, J.G.; Lamb, D.; Shekeran, S.G.; George, B.L.; Schafer,
S. Molecular dissection of pro-fibrotic IL11 signaling in cardiac and pulmonary fibroblasts. Front. Mol. Biosci. 2021, 8, 740650.
[CrossRef] [PubMed]

54. Gustafsson, I.; Olafsdottir, T.; Neumann, O.; Johansson, P.; Bizios, D.; Ivarsen, A.; Hjortdal, J.Ø. Early findings in a randomised con-
trolled trial on crosslinking protocols using isoosmolar and hypoosmolar riboflavin for the treatment of progressive keratoconus.
Acta Ophthalmol. 2025, 103, 23–32. [CrossRef] [PubMed]

55. Ismaili, I.; Gazepov, S. Keratoconus treatment with corneal collagen crosslinking. Knowl.-Int. J. 2025, 69, 727–731.
56. McKay, T.B.; Sarker-Nag, A.; Lyon, D.; Asara, J.M.; Karamichos, D. Quercetin modulates keratoconus metabolism in vitro. Cell

Biochem. Funct. 2015, 33, 341–350. [CrossRef] [PubMed]
57. Zhao, L.; Wang, H.; Du, X. The therapeutic use of quercetin in ophthalmology: Recent applications. Biomed. Pharmacother. 2021,

137, 111371. [CrossRef] [PubMed]
58. McKay, T.B.; Emmitte, K.A.; German, C.; Karamichos, D. Quercetin and related analogs as therapeutics to promote tissue repair.

Bioengineering 2023, 10, 1127. [CrossRef] [PubMed]
59. Ogata, F.T.; Verma, S.; Coulson-Thomas, V.J.; Gesteira, T.F. TGF-β-based therapies for treating ocular surface disorders. Cells 2024,

13, 1105. [CrossRef] [PubMed]
60. Jester, J.V.; Barry-Lane, P.A.; Petroll, W.M.; Olsen, D.R.; Cavanagh, H.D. Inhibition of corneal fibrosis by topical application of

blocking antibodies to TGFβ in the rabbit. Cornea 1997, 16, 177–187. [CrossRef]
61. Sharif, R.; Hjortdal, J.; Sejersen, H.; Frank, G.; Karamichos, D. Human in vitro model reveals the effects of collagen cross-linking

on keratoconus pathogenesis. Sci. Rep. 2017, 7, 12517. [CrossRef] [PubMed]
62. Mohammadpour, M.; Heidari, Z.; Hashemi, H. Updates on managements for keratoconus. J. Curr. Ophthalmol. 2018, 30, 110–124.

[CrossRef] [PubMed]
63. Priyadarsini, S.; McKay, T.B.; Sarker-Nag, A.; Karamichos, D. Keratoconus in vitro and the key players of the TGF-β pathway.

Mol. Vis. 2015, 21, 577. [PubMed]
64. Xia, R.; Lin, L.; Liu, Z.; Chen, W. Nonsurgical Therapies for Preventing Corneal Scarring: A Systematic Review of the Past Decade.

J. Ocul. Pharmacol. Ther. 2025, 41, 557–572. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16081137

https://doi.org/10.3390/gels8020082
https://www.ncbi.nlm.nih.gov/pubmed/35200463
https://doi.org/10.1002/adma.202508726
https://www.ncbi.nlm.nih.gov/pubmed/40717556
https://doi.org/10.18240/ijo.2022.06.08
https://www.ncbi.nlm.nih.gov/pubmed/35814898
https://doi.org/10.1016/j.exer.2025.110764
https://www.ncbi.nlm.nih.gov/pubmed/41274625
https://doi.org/10.1016/j.exer.2023.109431
https://www.ncbi.nlm.nih.gov/pubmed/36870440
https://doi.org/10.1038/s41433-019-0736-0
https://www.ncbi.nlm.nih.gov/pubmed/31831879
https://doi.org/10.1084/jem.20190103
https://www.ncbi.nlm.nih.gov/pubmed/32997468
https://doi.org/10.3390/ijms23020916
https://www.ncbi.nlm.nih.gov/pubmed/35055103
https://doi.org/10.3390/jfb3040760
https://www.ncbi.nlm.nih.gov/pubmed/23888249
https://doi.org/10.1167/iovs.13-12861
https://www.ncbi.nlm.nih.gov/pubmed/24022012
https://doi.org/10.1177/17534666241232561
https://www.ncbi.nlm.nih.gov/pubmed/38414439
https://doi.org/10.1038/bjc.2017.270
https://www.ncbi.nlm.nih.gov/pubmed/28898237
https://doi.org/10.1155/sci/9445735
https://www.ncbi.nlm.nih.gov/pubmed/39817116
https://doi.org/10.3389/fmolb.2021.740650
https://www.ncbi.nlm.nih.gov/pubmed/34651016
https://doi.org/10.1111/aos.16736
https://www.ncbi.nlm.nih.gov/pubmed/38970233
https://doi.org/10.1002/cbf.3122
https://www.ncbi.nlm.nih.gov/pubmed/26173740
https://doi.org/10.1016/j.biopha.2021.111371
https://www.ncbi.nlm.nih.gov/pubmed/33561647
https://doi.org/10.3390/bioengineering10101127
https://www.ncbi.nlm.nih.gov/pubmed/37892857
https://doi.org/10.3390/cells13131105
https://www.ncbi.nlm.nih.gov/pubmed/38994958
https://doi.org/10.1097/00003226-199703000-00010
https://doi.org/10.1038/s41598-017-12598-8
https://www.ncbi.nlm.nih.gov/pubmed/28970517
https://doi.org/10.1016/j.joco.2017.11.002
https://www.ncbi.nlm.nih.gov/pubmed/29988906
https://www.ncbi.nlm.nih.gov/pubmed/26015770
https://doi.org/10.1177/10807683251361725
https://www.ncbi.nlm.nih.gov/pubmed/40765328
https://doi.org/10.3390/biom16081137


Biomolecules 2026, 16, 1137 14 of 14

65. Ziaei, M.; Sharif-Paghaleh, E.; Manzouri, B. Pharmacotherapy of corneal transplantation. Expert Opin. Pharmacother. 2012, 13,
829–840. [CrossRef] [PubMed]

66. Tsai, C.-H.; Liu, E.; Phan, A.; Lu, K.L.; Mei, H. NBL1 Reduces Corneal Fibrosis and Scar Formation after Wounding. Biomolecules
2023, 13, 1570. [CrossRef] [PubMed]

67. Torricelli, A.A.; Santhanam, A.; Wu, J.; Singh, V.; Wilson, S.E. The corneal fibrosis response to epithelial–stromal injury. Exp. Eye
Res. 2016, 142, 110–118. [CrossRef] [PubMed]

68. Richeldi, L.; Cottin, V.; Du Bois, R.M.; Selman, M.; Kimura, T.; Bailes, Z.; Schlenker-Herceg, R.; Stowasser, S.; Brown, K.K.
Nintedanib in patients with idiopathic pulmonary fibrosis: Combined evidence from the TOMORROW and INPULSIS® trials.
Respir. Med. 2016, 113, 74–79. [CrossRef] [PubMed]

69. Rivera-Ortega, P.; Hayton, C.; Blaikley, J.; Leonard, C.; Chaudhuri, N. Nintedanib in the management of idiopathic pulmonary
fibrosis: Clinical trial evidence and real-world experience. Ther. Adv. Respir. Dis. 2018, 12, 1753466618800618. [CrossRef]
[PubMed]

70. Brown, K.K.; Martinez, F.J.; Walsh, S.L.; Thannickal, V.J.; Prasse, A.; Schlenker-Herceg, R.; Goeldner, R.-G.; Clerisme-Beaty, E.;
Tetzlaff, K.; Cottin, V. The natural history of progressive fibrosing interstitial lung diseases. Eur. Respir. J. 2020, 55, 2000085.
[CrossRef] [PubMed]

71. Lin, X.; Wen, J.; Liu, R.; Gao, W.; Qu, B.; Yu, M. Nintedanib inhibits TGF-beta-induced myofibroblast transdifferentiation in
human Tenon’s fibroblasts. Mol. Vis. 2018, 24, 789–800. [PubMed]

72. Ghasemi, M.; Turnbull, T.; Sebastian, S.; Kempson, I. The MTT Assay: Utility, Limitations, Pitfalls, and Interpretation in Bulk and
Single-Cell Analysis. Int. J. Mol. Sci. 2021, 22, 12827. [CrossRef] [PubMed]

73. Sazonova, E.V.; Chesnokov, M.S.; Zhivotovsky, B.; Kopeina, G.S. Drug toxicity assessment: Cell proliferation versus cell death.
Cell Death Discov. 2022, 8, 417. [CrossRef] [PubMed]

74. Zhou, B.-y.; Wang, W.-b.; Wu, X.-l.; Zhang, W.-j.; Zhou, G.-d.; Gao, Z.; Liu, W. Nintedanib inhibits keloid fibroblast functions by
blocking the phosphorylation of multiple kinases and enhancing receptor internalization. Acta Pharmacol. Sin. 2020, 41, 1234–1245.
[CrossRef] [PubMed]

75. Liu, F.; Yu, C.; Qin, H.; Zhang, S.; Fang, L.; Wang, Y.; Wang, J.; Cui, B.; Hu, S.; Liu, N. Nintedanib attenuates peritoneal fibrosis
by inhibiting mesothelial-to-mesenchymal transition, inflammation and angiogenesis. J. Cell Mol. Med. 2021, 25, 6103–6114.
[CrossRef] [PubMed]

76. Wollin, L.; Wex, E.; Pautsch, A.; Schnapp, G.; Hostettler, K.E.; Stowasser, S.; Kolb, M. Mode of action of nintedanib in the treatment
of idiopathic pulmonary fibrosis. Eur. Respir. J. 2015, 45, 1434–1445. [CrossRef] [PubMed]

77. Suganuma, H.; Sato, A.; Tamura, R.; Chida, K. Enhanced migration of fibroblasts derived from lungs with fibrotic lesions. Thorax
1995, 50, 984–989. [CrossRef] [PubMed]

78. Asano, S.; Ito, S.; Takahashi, K.; Furuya, K.; Kondo, M.; Sokabe, M.; Hasegawa, Y. Matrix stiffness regulates migration of human
lung fibroblasts. Physiol. Rep. 2017, 5, e13281. [CrossRef] [PubMed]

79. Sato, S.; Shinohara, S.; Hayashi, S.; Morizumi, S.; Abe, S.; Okazaki, H.; Chen, Y.; Goto, H.; Aono, Y.; Ogawa, H. Anti-fibrotic
efficacy of nintedanib in pulmonary fibrosis via the inhibition of fibrocyte activity. Respir. Res. 2017, 18, 172. [CrossRef] [PubMed]

80. Wind, S.; Schmid, U.; Freiwald, M.; Marzin, K.; Lotz, R.; Ebner, T.; Stopfer, P.; Dallinger, C. Clinical pharmacokinetics and
pharmacodynamics of nintedanib. Clin. Pharmacokinet. 2019, 58, 1131–1147. [CrossRef] [PubMed]

81. Karsdal, M.A.; Manon-Jensen, T.; Genovese, F.; Kristensen, J.H.; Nielsen, M.J.; Sand, J.M.B.; Hansen, N.-U.B.; Bay-Jensen, A.-C.;
Bager, C.L.; Krag, A. Novel insights into the function and dynamics of extracellular matrix in liver fibrosis. Am. J. Physiol.
Gastrointest. Liver Physiol. 2015, 308, G807–G830. [CrossRef] [PubMed]

82. Rangarajan, S.; Kurundkar, A.; Kurundkar, D.; Bernard, K.; Sanders, Y.Y.; Ding, Q.; Antony, V.B.; Zhang, J.; Zmijewski, J.;
Thannickal, V.J. Novel Mechanisms for the Antifibrotic Action of Nintedanib. Am. J. Respir. Cell Mol. Biol. 2016, 54, 51–59.
[CrossRef] [PubMed]

83. Cutolo, M.; Gotelli, E.; Montagna, P.; Tardito, S.; Paolino, S.; Pizzorni, C.; Sulli, A.; Smith, V.; Soldano, S. Nintedanib downregulates
the transition of cultured systemic sclerosis fibrocytes into myofibroblasts and their pro-fibrotic activity. Arthritis Res. Ther. 2021,
23, 205. [CrossRef] [PubMed]

84. Hostettler, K.E.; Zhong, J.; Papakonstantinou, E.; Karakiulakis, G.; Tamm, M.; Seidel, P.; Sun, Q.; Mandal, J.; Lardinois, D.;
Lambers, C.; et al. Anti-fibrotic effects of nintedanib in lung fibroblasts derived from patients with idiopathic pulmonary fibrosis.
Respir. Res. 2014, 15, 157. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom16081137

https://doi.org/10.1517/14656566.2012.673588
https://www.ncbi.nlm.nih.gov/pubmed/22424532
https://doi.org/10.3390/biom13111570
https://www.ncbi.nlm.nih.gov/pubmed/38002252
https://doi.org/10.1016/j.exer.2014.09.012
https://www.ncbi.nlm.nih.gov/pubmed/26675407
https://doi.org/10.1016/j.rmed.2016.02.001
https://www.ncbi.nlm.nih.gov/pubmed/26915984
https://doi.org/10.1177/1753466618800618
https://www.ncbi.nlm.nih.gov/pubmed/30249169
https://doi.org/10.1183/13993003.00085-2020
https://www.ncbi.nlm.nih.gov/pubmed/32217654
https://www.ncbi.nlm.nih.gov/pubmed/30636861
https://doi.org/10.3390/ijms222312827
https://www.ncbi.nlm.nih.gov/pubmed/34884632
https://doi.org/10.1038/s41420-022-01207-x
https://www.ncbi.nlm.nih.gov/pubmed/36241623
https://doi.org/10.1038/s41401-020-0381-y
https://www.ncbi.nlm.nih.gov/pubmed/32327724
https://doi.org/10.1111/jcmm.16518
https://www.ncbi.nlm.nih.gov/pubmed/33949772
https://doi.org/10.1183/09031936.00174914
https://www.ncbi.nlm.nih.gov/pubmed/25745043
https://doi.org/10.1136/thx.50.9.984
https://www.ncbi.nlm.nih.gov/pubmed/8539681
https://doi.org/10.14814/phy2.13281
https://www.ncbi.nlm.nih.gov/pubmed/28507166
https://doi.org/10.1186/s12931-017-0654-2
https://www.ncbi.nlm.nih.gov/pubmed/28915889
https://doi.org/10.1007/s40262-019-00766-0
https://www.ncbi.nlm.nih.gov/pubmed/31016670
https://doi.org/10.1152/ajpgi.00447.2014
https://www.ncbi.nlm.nih.gov/pubmed/25767261
https://doi.org/10.1165/rcmb.2014-0445OC
https://www.ncbi.nlm.nih.gov/pubmed/26072676
https://doi.org/10.1186/s13075-021-02555-2
https://www.ncbi.nlm.nih.gov/pubmed/34344444
https://doi.org/10.1186/s12931-014-0157-3
https://www.ncbi.nlm.nih.gov/pubmed/25496490
https://doi.org/10.3390/biom16081137

	Introduction 
	Materials and Methods 
	Ethics Approval 
	Isolation of Corneal Stromal Cells 
	Metabolic Activity Assay 
	Cell Viability 
	Cell Migration Assay 
	Assembly of 3D Constructs 
	Protein Extraction and Quantification 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Impact of NIN on Cell Viability and Metabolic Activity in HCFs and HKCs 
	NIN Inhibits Cell Migration in HCF and HKC 
	NIN Downregulates ECM Markers 

	Discussion 
	Conclusions 
	References

