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A B S T R A C T   

The global shortage of corneal endothelial graft tissue necessitates the exploration of alternative therapeutic 
strategies. Rho-associated protein kinase inhibitors (ROCKi), recognized for their regenerative potential in car-
diology, oncology, and neurology, have shown promise in corneal endothelial regeneration. This study in-
vestigates the repurposing potential of additional ROCKi compounds. Through screening a self-assembled library 
of ROCKi on B4G12 corneal endothelial cells, we evaluated their dose-dependent effects on proliferation, 
migration, and toxicity using live-cell imaging. Nine ROCKi candidates significantly enhanced B4G12 prolifer-
ation compared to the basal growth rate. These candidates were further assessed for their potential to accelerate 
wound closure as another indicator for tissue regeneration capacity, with most demonstrating notable efficacy. 
To assess the potential impact of candidate ROCKi on key corneal endothelial cell markers related to cell pro-
liferation, leaky tight junctions and ion efflux capacity, we analyzed the protein expression of cyclin E1, CDK2, 
p16, ZO-1 and Na+/K+-ATPase, respectively. Immunocytochemistry and western blot analysis confirmed the 
preservation of corneal endothelial markers post-treatment with ROCKi hits. However, notable cytoplasm 
enlargement and nuclear fragmentation were detected after the treatment with SR-3677 and Thiazovivin, 
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indicating possible cellular stress. In compared parameters, Chroman-1 at a concentration of 10 nM out-
performed other ROCKi, requiring significantly 1000-fold lower effective concentration than established ROCKi 
Y-27632 and Fasudil. Altogether, this study underscores the potential of repurposing ROCKi for treating corneal 
endothelial dysfunctions, offering a viable alternative to conventional grafting methods, and highlights 
Chroman-1 as a promising candidate structure for hit-to-lead development.   

1. Introduction 

The corneal endothelium constitutes the innermost layer of the 
cornea, often metaphorically described as the transparent ’window’ 
through which our body observes its exterior environment. Its integrity 
is crucial for maintaining corneal transparency [1]. In 2019, corneal 
opacification, a condition when the cornea becomes opaque and thus 
negatively affects vision, emerged as a leading cause of blindness, 
affecting around 4.2 million individuals globally [2]. The diseases 
causing corneal opacification are primarily Fuchs endothelial corneal 
dystrophy (FECD), bullous keratopathy, posterior polymorphous dys-
trophy, congenital hereditary endothelial dystrophy, and iridocorneal 
endothelial syndrome [3]. FECD stands out as the most common con-
dition, exhibiting a prevalence of 3.8–11% in individuals over 40 years 
old and being the foremost reason for corneal transplantation worldwide 
[4]. 

The preservation of corneal transparency depends significantly upon 
the optimal functioning of the corneal endothelial cells (CEnCs) [5,6]. 
These cells regulate corneal hydration levels via a dynamic interplay of 
leaky tight junctions and active ion pumps represented by the expression 
of key proteins zonula occludens-1 (ZO-1) and Na+/K+ ATPase, 
respectively. Current consensus indicates a significant lack of regener-
ative capacity in the post-mitotic state of CEnCs, which are maintained 
in G0/G1 phase of the cell cycle [7,8]. Damage or dysfunction of these 
cells disrupts corneal hydration, disturbing the meticulously organized 
collagen lamellae within the stroma. Elevated hydration levels cause a 
misalignment of these lamellae, culminating in light scattering and 
corneal opacity, ultimately resulting in visual impairment and poten-
tially corneal blindness [9]. Hence, the development of treatments that 
enhance the patient’s own cell regeneration capacity is highly pertinent 
in exploring novel and alternative methods to address corneal endo-
thelial decompensation. This is especially crucial due to the widespread 
shortage of donor tissue for posterior keratoplasty, a surgical procedure 
replacing damaged or dysfunctional endothelial cells on the cornea’s 
inner layer [10–12]. An alternative approach is to enhance the regen-
erative capacity by leveraging the existing drugs already approved for 
another condition with an established safety profile, also known as drug 
repurposing, repositioning, or re-tasking [13–15]. Recently, the strategy 
of drug repurposing has gained significant traction; as much as 33% of 
newly approved drugs correspond to repurposed ones, which now ac-
count for approximately 25% of the annual pharma industry revenue 
[14,16]. Such compounds are also Rho/Rho-associated coiled-coil con-
taining kinase (ROCK) inhibitors (ROCKi), as four of them are already 
FDA-approved (Netarsudil, Fasudil, Ripasudil and Belumosudil) 
[17–19]. 

ROCKi comprise a class of compounds that have gained interest 
across diverse research fields, including cardiology, neurology, and 
osteology, for their regenerative effects on tissue [20–22]. ROCKi have 
found applications in glaucoma and ocular hypertension, attributed to 
their impact on axonal regeneration and actin dynamics of trabecular 
meshwork cells, respectively [23]. Despite the fact that the FDA has yet 
to approve a defined standard ROCKi treatment to catalyze corneal 
endothelial regeneration, ROCKi have proven their potential within 
corneal endothelial tissue regeneration over several years. A recent 
phase 1 double-masked and randomized clinical trial tested compound 
Y-27632, the most extensively studied ROCKi in preclinical research, as 
a supplement for endothelial cell therapy to address corneal endothelial 
dysfunction (NCT05309135) [24]. Hence, in the field of corneal 

endothelial regeneration, ROCKi appear to present a promising thera-
peutic approach, given that the ROCKi target key molecules of signaling 
pathways associated with regeneration, which consists mainly of pro-
liferation and migration [25]. However, the exact mechanisms of action 
and pharmacokinetics have not been fully elucidated, thereby 
hampering the translation into the clinic [25–27]. Thus, the established 
pharmacological profile of these regenerative small molecules in 
different research areas can be utilized for the purpose of corneal 
endothelial regeneration (Table 1). 

Harnessing the ROCKi capabilities to enhance the proliferation and 
migration potential of CEnCs could provide a vital step to counteract 
corneal endothelial dysfunctions. Therefore, applying the principle of 
drug repurposing for corneal endothelial regeneration on the self- 
assembled ROCKi library (Table 1), is a rational approach to discov-
ering regenerative drugs for patients suffering from corneal endothelial 
dysfunctions. 

Live cell imaging emerges as a pivotal player in the future of phar-
maceutical drug discovery. This technique warrants the delivery of ki-
netic, image-based data that can reveal both the qualitative and 
quantitative aspects of cellular drug responses, defined as phenomics 
[28,29]. Compared to end-point analysis (e.g., resazurin-based assays), 
time-lapse live imaging microscopy offers a platform for drug screenings 
that dynamically captures parameters of interest [30]. At the same time, 
integrating machine learning techniques augments the ability to identify 
measurable parameters and generate cell type-specific phenotypic 
measurements [31]. As opposed to conventional analysis methods that 
directly compare single parameters, machine learning techniques facil-
itate customizable high throughput analysis [31,32]. In this aspect, 
OrBITS, an image and data analysis platform, provides a platform to 
quantify large image-based datasets in a high throughput manner [33]. 

Here, we report the repurposing of ROCKi to stimulate the growth of 
corneal endothelial cells, offering a potential pharmacological alterna-
tive to corneal endothelial transplantation. Our objective is to explore 
how live cell imaging techniques, combined with metabolic and protein- 
based assays, will serve as the pillars of the described screening pipeline. 
This research aims to create a comprehensive and effective approach for 
screening small molecules specifically for corneal endothelial 
regeneration. 

2. Materials and methods 

2.1. ROCKi library 

The compounds for a self-assembled ROCKi library were purchased 
from MedChemExpress (Monmouth Junction, USA), containing 100 µL 
of 10 mM stock concentrations of fifteen ROCKi dissolved in dimethyl 
sulfoxide (DMSO), differing in potency (EC50 and Ki values) and target 
selectivity (Table 1). These inhibitors have been recognized for their 
applications in numerous research domains, including cancer, metabolic 
disorders, and cardiovascular diseases. Two different stock solutions 
were prepared (10 mM and 0.1 mM) and transferred into a 384 low dead 
volume (LDV) plate (Labcyte, CA, USA), compatible with the Echo 555 
liquid handler (Labcyte, CA, USA) used for drug dispensing. DMSO 
(Labcyte, CA, USA) and 2 µM staurosporine (SelleckChem, PA, USA) 
were included in the LDV plate as the control conditions. 
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2.2. Cell culture 

An immortalized corneal endothelial cell line (B4G12) was pur-
chased from the Deutsche Sammlung von Mikroorganismen und Zell-
kulturen Institute (Braunschweig, Germany). B4G12 cells were cultured 
in human endothelial serum-free medium (Thermofisher Scientific, MA, 
USA) supplemented with 10 ng/mL basic fibroblast growth factor 

(bFGF, Life technologies, California, USA). The culture flasks and 384 
well plates were coated with fibronectin and collagen mix (FnC mix, 
Athena Enzyme systems, Baltimore, USA) to facilitate the attachment of 
B4G12 cells. The B4G12 cells were sub-cultured every three days for a 
minimum of two weeks prior to the start of the experiments. B4G12 cell 
line was transduced with lentiviral particles (rLV.EF1.mCherry-Nuc-9, 
Takara, Göteborg, Sweden) at an MOI of 40 and 5 µg/mL of Polybrene 
(Sigma-Aldrich, MA, USA) resulting in a LVB4G12 cell line with red 
fluorescence nuclei. Post-transduction, LVB4G12 cells were sorted using 
FACS Aria II SORP flow cytometer based on red fluorescence signal 
(excitation 587, emission 610) to obtain cells with strong red nuclear 
signal. After sorting, cells were selected using puromycin (Gibco, 
Thermofisher Scientific, MA, USA) at a working concentration of 1 µg/ 
mL. Both B4G12 and LVB4G12 cells were passaged using TrypLE (Gibco, 
Thermofisher Scientific, MA, USA), and expanded in a T-180 flask, kept 
at 37 ◦C in a 5% CO2 environment. In preparation for drug screening 
assays, 384 well plates (PerkinElmer cell carrier black clear, MA, USA) 
were coated with the FnC mix using a MultidropCombi microplate 
dispenser (Thermo Fisher Scientific, MA, USA), dispensing 4 µL FnC 
coating/well, followed by plate centrifugation for one minute at 200 x g 
to ensure even distribution of the coating. The Cells were passaged and 
seeded at a density of 2.25 × 103 cells per well in a 384 well plate, in 
human endothelial serum-free medium using MultidropCombi micro-
plate dispenser, and incubated overnight prior to ROCKi treatment. In 
general, cell passage numbers exceeding twenty were too high and, 
therefore, not utilized for experimental testing. For each biological 
replicate, the cell passage numbers varied between eight and fourteen. 

2.3. Validation of DMSO limit 

To identify the highest suitable DMSO concentration for ROCKi 
treatments without affecting the growth and motility of B4G12 cells, 
D300e digital dispenser (Tecan, Männedorf, Swiss) was employed to test 
twelve logarithmically distributed DMSO concentrations ranging from 
4.76% to 0.04%. B4G12 cells at a density of 5.50 × 104 were seeded into 
96 well Imagelock plates (Essen Bioscience, Hertfordshire, United 
Kingdom), in seven technical replicates for each concentration, and 
scratched as described in Section 2.6 [34]. As a negative control, 2 µM 
staurosporine was included. Post-treatment, the cells were imaged using 
the IncuCyte® ZOOM device (Sartorius, Göttingen, Germany) every four 
hours for five days. The IncuCyte® ZOOM 2018 software module 
(Sartorius, Göttingen, Germany) was used for data analysis and for the 
masking process to quantify relative scratch wound closure percentages 
from the images. The scratch wound closure percentage was utilized to 
generate a dose-response curve (log inhibitor vs. response curve) for the 
different DMSO conditions. 

2.4. Cell viability (MTS assay) 

The MTS assay, a non-imaging-based colometric method, was used to 
quantify the cell viability, thereby investigating the cytotoxicity of 
fifteen ROCKi on LVB4G12 cells. The MTS assay was conducted with a 
CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, 
WI, USA), according to the manufacturer’s instructions. LVB4G12 cells 
were seeded in FnC-coated 384 well clear plates (TPP, Trasadingen, 
Switzerland) at 2.25 × 103 cells per well and incubated for 24 hours. 
Next, ROCKi were added, and MTS assay was performed five days post- 
treatment. After incubation with MTS solution for 3 hours at 37 ◦C and 
5% CO2, the absorbance was measured at 490 nm using the Envision 
microplate reader (Perkin Elmer, MA, USA). 

2.5. Proliferation assay 

Live cell imaging was used for the endpoint and kinetic analysis of 
the ROCKi. LVB4G12 cells were seeded in FnC-coated 384 well plates 
(Cell carrier black with clear bottom, PerkinElmer, MA, USA) at 2.25 ×

Table 1 
Self-assembled ROCK inhibitor library.  

ROCK inhibitor Research area IC50 value Ki value Alternative target 
proteins 

Fasudil 
CID: 3547 

Cancer and 
cardiology 

ROCK2: 
0.158 µM 

ROCK1: 
0.33 µM 

PKA, PKC and 
PKG 

Ripasudil 
CID: 
9863672 

Neurology ROCK1: 
51 nM 
ROCK2: 
19 nM 

/ PKC, CaMKIIa 
and PKACa 

RKI-1447 
CID: 
60138149 

Cancer ROCK1: 
14.5 nM 
ROCK2: 
6.2 nM 

/ / 

Thiazovivin 
CID: 
1269048 

Cancer Non- 
specific for 
ROCK1 and 
ROCK2: 
0.5 µM 

/ / 

Y-27632 
CID: 448042 

Cancer / ROCK1: 
220 nM 
ROCK2: 
300 nM 

PKN, PKA, PKCα 
and Citron kinase 

Y-33075 
CID: 
9810884 

Cancer Non- 
specific for 
ROCK1 and 
ROCK2: 
3.6 nM 

/ PKC and CaMKII 

ZINC00881524 
CID: 
1138914 

Cancer / / / 

Belumosudil 
CID: 
11950170 

Immunology ROCK1: 
24 µM 
ROCK2: 
105 µM 

/ / 

ROCK 
inhibitor-2 
CID: 
51003130 

Immunology 
and 
cardiology 

ROCK1: 
17 nM 
ROCK2: 
2 nM 

/ / 

BDP5290 
CID: 
85325326 

Cancer ROCK1: 
5 nM 
ROCK2: 
50 nM 

/ MRCKα and 
MRCKß 

LX7101 
CID: 
56962369 

Cancer ROCK2: 
10 nM 

/ PKA, Akt1, 
LIMK1 and 
LIMK2 

SR-3677 
CID: 
25093235 

Cancer ROCK2: 
3 nM 

/ / 

Chroman 1 
CID: 
66577033 

Cardiology ROCK1: 52 
pM 
ROCK2: 1 
pM 

/ MRCK 

SAR407899 
CID: 
15604510 

Metabolic 
diseases 

ROCK2: 
135 nM 

/ PKC and MSK1 

H-1152 
CID: 448043 

Neurology ROCK2: 
12 nM 

/ CaMKII, PKG, 
AuroraA, PKA, 
Src, Abl, PKC, 
MKK4, MLCK, 
EGFR, GSK3α, 
AMPK and P38α 

Table 1 contains ROCKi, used in various other research fields and differing in 
selectivity to its target proteins and potency (IC50 values or Ki values provided by 
the vendor). The alternative target proteins (other than ROCK1 and ROCK2) are 
described in the last column. CID represents the compound identification 
number. 
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103 cells per well and incubated for 24 hours. Echo 555 liquid handler 
(Labcyte, CA, USA) was used to dispense ten distinct concentrations of 
each compound, ranging from 50 µM to 5 nM. Yokogawa CV8000 live 
cell imager (Yokogawa Electric Corporation, Musashino, Japan) with a 
10x dry lens captured four images per well (reflecting the whole well in a 
384 well plate setup) each day over a five-day measuring period. 
Brightfield images and red fluorescent images (excitation 587 nm, 
emission 610 nm), were used as raw data in the masking procedure, 
which extracts numerical data out of the images to quantify cell growth. 
In this regard, the OrBITS platform was used as an automated data 
processing tool where the images were processed based on a deep 
learning algorithm to extract accurate cell counts out of the red fluo-
rescent image, representing the nuclei of the LVB4G12 cells [33]. The 
calculation of the area under the curve (AUC) values for quantification 
of growth trajectory was performed only for the ROCKi that were 
identified with significantly elevated cell count numbers relative to the 
control (DMSO). The AUC units (cells x hours) summarize the entire 
trajectory of growth. 

2.6. Scratch wound assay 

To assess the wound healing potential of B4G12 cells post-ROCKi 
compound treatment of the nine selected ROCKi conditions, a scratch 
wound assay was performed [34]. B4G12 cells were seeded at a density 
of 5.50 ×104 cells/well in 100 μL in 96 well Imagelock plates (Essen 
Bioscience, Hertfordshire, UK), pre-coated with FnC coating mix. These 
plates were incubated overnight to allow cells to attach and create a 
fully confluent monolayer. Subsequently, the Incucyte woundmaker tool 
(Essen Bioscience, Hertfordshire, UK) was used to introduce uniform 
linear scratches ranging between 700 and 800 μm in width into the 
confluent monolayer of B4G12 cells [35]. Immediately post-scratching, 
the cells were washed twice using 100 μL PBS solution to remove any 
cellular debris within the wound. Following this, each well was 
inspected under an EVOS FL digital inverted microscope (Life Tech-
nologies, California, USA) to validate the scratches. The ROCKi com-
pounds were then administered with the Tecan D300e drug dispenser 
(Tecan, Männedorf, Switzerland). Subsequently, the 96 well plates were 
transferred to Incucyte ZOOM’s live cell imaging system (Sartorius, 
Göttingen, Germany) and imaged at four-hour intervals over six days. 
The phase contrast was acquired with 10x objective lens (Nikon, Tokyo, 
Japan), with image acquisition set to one image/well. Images collected 
were processed through the Incucyte ZOOM 2018 software (Sartorius, 
Göttingen, Duitsland). Five representative images were segmented using 
a manually adjustable masking procedure, refined by parameters like 
area, eccentricity, and mask size to improve label-free mask fitting and 
eliminate artifacts. The refined process was then applied to all images, 
and phase object confluence (%) was extracted and plotted over time. 
The calculation of AUC values for quantification of entire wound closure 
trajectory was performed. The AUC units ((cells/µm2) x hours) sum-
marize the whole trajectory of the wound closure in scratch wound 
assay, implying the number of cells per µm2 after 120 hours of 
treatment. 

2.7. Image quantification 

The image data of the proliferation assay was quantified utilizing an 
artificial intelligence (AI)-powered analysis software, OrBITS [33]. 
Specifically, OrBITS employs dynamic object detection and classifica-
tion networks, known as semantic segmentation convolutional neural 
networks for data processing. The data from kinetic analysis and 
end-point measurements, which include images identifying nuclei and 
cells, were then converted into quantifiable metrics. Additionally, the 
Incucyte ZOOM software platform, with its integrated machine-learning 
technology, was employed to extract and quantify relative wound den-
sity percentage and the wound closure rate expressed as AUC values 
which resembles the complete wound healing trajectory. 

2.8. Immunocytochemistry (ICC) 

B4G12 cells were seeded into 96 well plate (PhenoPlate, Perkin 
Elmer, MA, USA) at concentration 1 ×104 cells/well. Nine selected 
ROCKi were added to cells and incubated for four days. Fixation of the 
cells with 4% paraformaldehyde was performed for 30 minutes at room 
temperature (RT). Afterwards, the plates were washed four times with 
PBS and incubated with 100 µL of permeabilization solution (Triton X 
0.25% in PBS) for ten minutes. After permeabilization, cells were 
washed twice with PBS. Next, 100 µL of blocking solution (5% FBS in 
PBS with 0,05% Tween 20) was added for 1.5 hours at RT. Plates were 
incubated with primary antibodies overnight at 4 ◦C. The dilutions for 
the primary antibodies were: 1:500 for Na+/K+ATPase (Abcam; 
ab76020, Cambridge, UK) and 1:200 for Zonula occludens-1 (ZO-1) 
(Abcam; ab221547, Cambridge, UK). The next day, the plates were 
washed with wash solution (PBS with 0,05% Tween 20) and incubated 
with the secondary antibodies (goat anti-mouse IgG, Invitrogen, 
A21052; goat anti-rabbit IgG, Invitrogen, A11034, MA, USA) for one 
hour at a dilution of 1:250 RT. Next, the plates were washed three times 
with wash solution and incubated with 10 ug/mL Hoechst33342 in PBS 
for 15 min at RT for nuclei staining. Brightfield, green fluorescent signal 
(excitation 631 nm; emission 650 nm) and blue fluorescent signal 
(excitation 352 nm; emission 454 nm) were captured by a 20× PH Long 
W.D. or 60x objective of the Yokogawa CV8000 live cell imager 
(Yokogawa Electric Corporation, Musashino, Japan). The data was 
postprocessed and analyzed by Columbus software version 2.7.1 (Per-
kinElmer, MA, USA). 

2.9. Western Blot 

The B4G12 cell line was seeded in FnC-coated T25 flasks at the 
seeding density of 1.25 ×106 cells. Following a 24-hour incubation 
period, nine ROCKi were introduced, and cells were incubated for an 
additional 72 hours. Subsequently, the cells were harvested, centrifuged 
three times at 100 x g for five minutes at 4 ◦C, each time washed with 
PBS. Cells were lysed in ice-cold RIPA buffer (150 μM NaCl, 1% NP-40, 
0.5% sodium deoxycholate, 0.1% SDS, 50 μM Tris-HCl at pH 8.0, and 
1 μM EDTA) for 30 minutes, followed by sonication for one minute at 4 
◦C in ultrasonic water bath and centrifugation at 14,000 x g for 15 mi-
nutes at 4 ◦C. Protein concentrations were determined using a BCA 
protein assay (Thermofisher Scientific, MA, USA; REF23208). Upon the 
addition of Laemmli buffer, the protein samples were incubated at 70 ◦C 
for 10 minutes. Equal protein concentration of samples was fractionated 
using 12% SDS-PAGE and transferred onto nitrocellulose membranes 
using a semi-dry blotting method (Trans-Blot Turbo Transfer System; 
Bio-Rad Laboratories, Inc., CA, USA). The membranes were then blocked 
with 5% BSA in TBS (150 mM NaCl, 50 mM Tris-HCl at pH 7.6) con-
taining 0.1% Tween-20 for an hour at RT, followed by overnight incu-
bation at 4 ◦C with the primary antibodies at dilution ratio of 1:1000 
(ZO-1, 51–9000, Thermofisher Scientific, MA, USA; Cyclin E1, HE12, 
Cell Signaling Technology, MA, USA; CDK2, 2546 T, Cell Signaling 
Technology, MA, USA; p16, 1/1000, p-0968, Sigma Aldrich, MI, USA). 
The next day, the membranes were rinsed in TBS with 0.1% Tween-20 
and incubated at RT for one hour with HRP-conjugated secondary an-
tibodies (Cell Signaling Technology, MA, USA). Chemiluminescence was 
detected using ECL (enhanced chemiluminescence) substrate and 
ChemiDoc MP Imaging System (Bio-Rad Laboratories, Inc., CA, USA). 
Images were analyzed by Image Lab software v6.1 (Bio-Rad Labora-
tories, Inc., CA, USA). 

2.10. Statistics 

All data was tested for normality. Normally distributed data was used 
to generate a quantile-quantile plot to show the distribution of the data 
against the expected normal distribution. For all normal distributed data 
a one-way ANOVA analysis was performed (multiple comparisons). For 
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all not normal distributed data, the Kruskal-Wallis test with multiple 
comparisons and the non-parametric t-test was used. In all tests, a p- 
value equal to or less than 0.05 was considered to be significant. 

3. Results 

3.1. Establishment of the DMSO limit for corneal endothelial cells 

The ROCKi compound library is soluble in DMSO. However, the 
DMSO toxicity had not been evaluated for B4G12 cell line. In this regard, 
we tested via scratch wound analysis a broad range of DMSO concen-
trations, ranging from 4.76% to 0.04% in a logarithmic distribution, 
alongside with staurosporine at a concentration of 2 µM as negative 
control. We observed an increase in relative wound density of 75% after 
five days, when treated with DMSO concentrations lower than 1.28% 
indicated in purple (Fig. 1A), reflecting regular wound closure. On the 
contrary, DMSO concentrations 1.99% - 4.76%, and 2 μM staurosporine 
exerted a toxic effect in the B4G12 cell line, limiting wound closure to a 
maximum of 50% after five days. In particular, 0.52% DMSO, similar to 
the DMSO concentration (0.5%) in the highest concentration of dis-
solved ROCKi (50 µM) intended for further screening, facilitated relative 
wound closure of more than 80%, hence not affecting the motility and 
growth rate of B4G12. The observations were further supported by a 
dose-response curve, with LogIC50 for DMSO equal to 2.033% (Fig. 1B). 
Thus, 0.5% DMSO was established as a non-toxic solvent limit, further 
used in the subsequent assays. 

3.2. Assessment of ROCKi cytotoxicity 

We performed MTS assay to investigate the potential cytotoxicity of 
ROCKi library in a 10-point concentration-response format (Fig. 2). 
Normalization to the DMSO control (baseline) was adopted owing to the 
absence of an accepted standard positive control to stimulate B4G12 cell 
growth. Staurosporine was incorporated as a negative control to char-
acterize cytotoxicity and DMSO as a vehicle, facilitating discrimination 
between toxic and non-toxic ROCKi conditions. Concentrations of 
ROCKi identified as toxic are depicted in red with white asterisks, 
namely BDP5290 (50 µM; 25 µM), Belumosudil (50 µM; 25 µM; 10 µM; 
5 µM), LX7101 (50 µM; 25 µM), H-1152 (50 µM), RKI-1447 (50 µM), 
and ZINC00881524 (50 µM). Ripasudil, ROCKi-2, Y-33075, Y-27632, 
SAR407899, SR-3677, Thiazovivin, Fasudil and Chroman-1 in a 

concentration range from 50 µM to 5 nM did not hinder metabolic 
function of B4G12 compared to the control (0.5% DMSO). Of note, we 
observed that BDP5290 (50 µM; 25 µM), LX7101 (50 µM; 25 µM) and 
ZINC00881524 (50 µM) displayed a similar significant toxicity profile 
compared to 2 µM of staurosporine. Therefore, these compounds can be 
considered as the most cytotoxic ROCKi from the ROCKi library. 

Fig. 1. Detection of DMSO limit via scratch wound analysis. (A) Twelve different DMSO concentration levels between 4.76% and 0.04% were tested to find the 
highest suitable DMSO limit. Data is represented in the figures as median ± 95% confidence interval. The graph displays the relative scratch wound closure (%) of the 
different DMSO conditions over five days to quantify cell growth within the wound. 0.52% DMSO, equal to DMSO content in 50 µM ROCKi concentration, is shown 
via the bold green line. The staurosporine 2 μM condition, as the negative control, is displayed by the red line. (B) Dose-response curve of DMSO. The relative scratch 
wound closure (%) after five days is plotted against the different DMSO %. The LogIC50 value of DMSO (LogIC50 = 2.033%), is indicated by the black dashed lines. 
The green dashed line indicates DMSO concentration not effecting B4G12 cell growth and motility. All experiments were done in three independent biological 
replicates (n=3). 

Fig. 2. Viability of B4G12 cells after ROCKi treatment. (A) Fifteen different 
ROCKi were tested in ten concentrations ranging from 50 µM to 5 nM. The 
heatmap consists of relative absorbance values (baselined with DMSO control 
condition) resembling the metabolic activity of the B4G12 cells measured after 
five days. A red color with asterisks represents the significant toxic condition. 
The different ROCKi conditions were statically compared via a one-way ANOVA 
(multiple comparisons), indicated by a p-value of less than 0.05 (*p<0.05; 
**p<0.005; ***p<0.0005; ****p<0.0001). All experiments were done in three 
independent biological replicates (n=3). 
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3.3. ROCKi boost corneal endothelial cell growth 

To evaluate the effect of ROCKi on corneal endothelial cell growth, 
we employed an image-based proliferation assay. Staurosporine (2 µM) 
was used as a negative control, representing a cytotoxic condition with 
an average cell count of 158 cells ± 42 cells, comprising dead cells and 
cellular debris. A concentration of 0.5% DMSO was used as the basal 
control and yielded a mean cell count of 779 ± 168 cells. The DMSO 
control was used as the basal growth control due to the lack of a golden 
standard positive control that stimulates B4G12 cell growth. End-point 
analysis was performed after five days to distinguish ROCKi with a 
proliferative effect from non-responders, cytostatic or cytotoxic ROCKi 
(Fig. 3A). The positive hit threshold was defined as exceeding the DMSO 
control condition by 3 SD (average cell count/field >1283 cells), indi-
cated in orange. In this regard, several ROCKi conditions were identified 
with significantly elevated cell count numbers relative to the basal 
control in various concentration ranges. Namely, Ripasudil (5 µM), Y- 
27632 (50 µM; 25 µM), SAR407899 (50 µM; 25 µM; 10 µM), Thiazovi-
vin (10 µM; 5 µM), Fasudil (50 µM; 25 µM; 10 µM) exceeded the hit 
threshold only with concentrations above 1 µM. On the other hand, 
ROCKi-2 (100 nM), Y-33075 (1 µM; 500 nM), SR-3677 (1 µM), and 
Chroman-1 (100 nM; 50 nM; 10 nM) enhanced cell growth at a con-
centration equal to or lower than 1 µM. The kinetic analysis of the 
ROCKi positive hits was performed over a period of five days (Fig. 3B). 
The growth over time of the LVB4G12 cells was measured and expressed 
as the AUC value. These results showed a significant increase in cell 
growth compared to the DMSO control over the entire measurement 
period. 

3.4. ROCKi accelerate wound healing and closure 

Nine ROCKi (Ripasudil, ROCKi-2, Y-33075, Y-27632, SAR407899, 
SR-3677, Thiazovivin, Fasudil, Chroman-1) from the image-based pro-
liferation assay without any cytotoxic properties were further evaluated 

via a scratch wound analysis. Here, we assessed the migration process of 
B4G12 cells, in addition to proliferation. Both processes, migration and 
proliferation occur during wound healing and serve therefore as a model 
for regeneration. The wound closure was expressed as relative wound 
closure percentage and was measured over time. Fig. 4A illustrates 
approximately 70% relative wound closure after five days for the DMSO 
control condition. Conversely, the wound treated with 2 μM staur-
osporine did not exhibit closure. Moreover, the wound area expanded 
over time due to cell death, resembling a cytotoxic response (data not 
shown). Every single ROCKi positive hit impacted B4G12 wound healing 
capability, as each experimental condition resulted in 70–90% relative 
wound closure after five days (Fig.4A). To statistically substantiate this 
potential effect, the area under the curve value for each experimental 
condition was plotted and compared with the DMSO control condition. 
Most of the conditions demonstrated significantly faster wound closure 
relative to the DMSO control condition as indicated in Fig. 4B. However, 
the wound closure rate over time for SAR407899 50 μM, Fasudil 10 μM, 
Y-33075 0.5 μM, Chroman-1 0.05 μM treatment did not significantly 
deviate from the DMSO control condition. 

3.5. Cell cycle regulators are not affected by selected ROCKi 

We evaluated the expression of four proteins representing the fitness 
and cell cycle regulation of B4G12 cells after the treatment of selected 
ROCKi positive hits, namely, ZO-1, cyclin E1 (CCNE1), cyclin-dependent 
kinase 2 (CDK2), and cyclin-dependent kinase inhibitor 2 A (p16) by 
western blot analysis (Fig. 5A-B). The analysis of the key proteins 
involved in cell cycle progression (i.e., p16, CCNE1 and CDK2) is crucial 
to ensure that B4G12 cells, when treated with a ROCKi, maintain their 
ability to arrest cell cycle progression upon reaching a confluent 
monolayer. Selection of the following ROCKi: Y-27632, Chroman-1, 
Fasudil, ROCKi-2, SR-3677, Ripasudil, SAR407899, Thiazovivin, and 
Y-33075 with their concomitant optimal concentration was based on the 
results from previous screening assays, including MTS assay, image- 

Fig. 3. Image-based proliferation assay of LVB4G12 cells after ROCKi treatment. (A) An average cell count of LVB4G12 cells five days post treatment with fifteen 
different ROCKi. The cell count map displays ten different concentrations of ROCKi, ranging from 50 μM to 5 nM. The cell counts are represented as a mean value/ 
field in the well. The counts, highlighted in orange, represent ROCKi that exceed the basal control condition by 3 SD. One way ANOVA (multiple comparisons) test 
was performed. A p-value less than 0.05 was considered to be significant; *p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001. (B) The area under the curve of the 
proliferation trajectories post-ROCKi treatment. The AUC value (cells x hours) encapsulates the five-day growth profile displayed in a bar-chart, represented by the 
median values within a 95% confidence interval. A non-parametric Kruskal-Wallis test was performed between the AUC values of ROCKi and AUC values of the 
DMSO basal control. A p-value of less than 0.05, was considered to be significant: **p<0.005; ***p<0.0005; ****p<0.0001. The blue-shaded region marks the area 
bounded by the lower and upper 95% confidence limits of the DMSO control. All experiments were done in three independent biological replicates (n=3). 
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based proliferation assay, and scratch wound analysis. Outlier detection 
was systematically conducted on the data for all four proteins of interest, 
to ensure that the three independent biological repeats were repre-
sentable to each other. The p16 protein, a cell cycle arrest marker, was 
confirmed to be present in all ROCKi treatment conditions with no sta-
tistically significant difference in relative p16 expression compared to 
the DMSO control. Similarly, for the two cell cycle progression markers, 
CDK2 and Cyclin E1, there was no observed significant difference 
compared to the untreated vehicle group. The results indicate that the 
cell cycle regulators behave similarly to the untreated control, sug-
gesting no induced uncontrolled cell cycle. Furthermore, the relative 
ZO-1 expression treated by ROCKi-2, Ripasudil, Y-33075, SAR407899, 
Chroman-1, Fasudil and Thiazovivin showed a similar expression 
compared to the control group, indicating barrier integrity after treat-
ment. Interestingly, the expression of ZO-1 in B4G12 cells treated with 
Y-27632 at a concentration of 25 μM was significantly lower compared 
to the control, as shown in Fig. 5A-B. 

3.6. Chroman-1 exhibits no adverse effects on cellular tight junctions or 
Na+/K+ATPase pump activity 

We utilized immunocytochemistry analysis to assess the presence of 
two key corneal endothelial cell hallmark proteins in the plasma mem-
brane. ZO-1, representing the functional intercellular tight junctions 
between B4G12 cells (Fig. 6), and Na+/K+ ATPase (Fig. 7), critical for 
maintaining the efflux of fluids from the stroma to the anterior chamber 
of the eye were examined [36–38]. Confocal microscopy detected the 
expression of ZO-1 across the nine ROCKi treatments. Nonetheless, 
substantial variations in ZO-1 expression were noted among the ROCKi 
conditions (Fig. 6A-B). Physiological ZO-1 expression is generally 
demonstrated by hexagonal-shaped cells (Fig. 6A), entirely delineated 
by ZO-1 [39,40]. On the contrary, treatments with SR-3677 1 μM, and 
Thiazovivin 10 μM depicted an aberrant ZO-1 expression (Fig. 6B), 
characterized by fragmented green signals. These conditions also indi-
cated nuclear fragmentation and a high difference in cytoplasm size (i.e., 
polymegathism). Confocal microscopic examination of this negative 
condition validated a cytostatic state of cells, denoted by a weak ZO-1 
signal and nuclear fragmentation. Nevertheless, it should be empha-
sized that some conditions, classified under physiological ZO-1 expres-
sion, had an aberrant-like profile, such as SAR407899 30 μM (Fig. 6A). A 
20x magnified image captured polymorphic cells, while a 60x magnified 
image distinctly showed a B4G12 cell exhibiting a fragmented nucleus 
and enlarged cytoplasm. Moreover, Fig. 7 displays the Na+/K+ ATPase 
expression, which was observed across all experimental conditions, did 
not deviate from the control condition. Except for SR-3677 at a con-
centration of 1 μM condition, disclosed an aberrant Na+/K+ ATPase 
morphology. 

4. Discussion 

Currently, new emerging alternatives to conventional endothelial 
keratoplasty (EK) are being investigated to compensate for the scarcity 
in global corneal graft tissue [10–12,41–43]. Within the field of regen-
erative medicine, new therapeutic strategies aim to regenerate the 
corneal endothelium through pharmacological stimulation of the 
corneal endothelial wound healing process [44–46]. As part of the 
broader regenerative medicine field, we have proposed an innovative 
therapeutic approach aimed at catalyzing corneal endothelial renewal 
[9]. This alternative strategy offers a supplementary treatment option to 
the Descemet Stripping Only (DSO) surgical procedure. It addresses 
corneal endothelial dysfunction and reduces the reliance on donor tis-
sue. Furthermore, a pharmacological strategy could be used as an 
add-on treatment in corneal endothelial surgery (i.e., EK) to increase the 
viability of the transplant. Moreover, in the development of novel cell 
therapies (i.e., ATMP) it could be used to accelerate the expansion of 
primary corneal endothelial cells in vitro, thereby drastically improving 
the translatability of basic ophthalmological research [9,47,48]. Our 
data indicates that ROCKi could be used as an alternative treatment to 
enhance the endogenous regeneration capacity of corneal endothelial 
cells [48]. 

In this study, DMSO was used to dissolve all analyzed ROCKi. Testing 
confirmed 1.28% DMSO as a tolerable cut-off value without affecting 
regular B4G12 cell physiology (Fig. 1) and to avoid precipitation of the 
compounds in high-concentration DMSO solutions [49]. Due to the lack 
of a golden standard positive control to stimulate B4G12 cell growth and 
motility, the 0.5% DMSO control concentration (equal to the highest 
amount of DMSO present in the 50 µM ROCKi treatment conditions) was 
used as the basal control condition when assessing the effects of ROCKi. 

In a first-line screening (MTS assay and image-based proliferation 
assay), ROCKi were tested in concentration ranging from 50 µM to 5 nM. 
Two control conditions were included: a basal solvent DMSO control and 
a toxic, negative control (staurosporine 2 µM) [50]. We also formulated 
stringent hit selection criteria to identify compounds with a regenerative 
potential. Positive hits were selected based on a statistical threshold of 

Fig. 4. Scratch wound analysis of B4G12 cells after ROCKi treatment. (A) 
Relative wound closure (%) over time of the ROCKi positive hits measured for 
five days after treatment. The identified hits are represented in black and the 
DMSO control condition is displayed in green. Staurosporine (2 μM), which is 
the negative control, is displayed in red. The graph represents the relative 
wound density expressed as median values with the 95% confidence interval 
over time. (B) Wound closure rate expressed as area under the curve (AUC) 
values for ROCKi positive hits compared to the DMSO control condition. The 
AUC values ((cells /µm2) x hours) represent the full wound healing trajectory of 
each condition after 120 hours. The data in the graph is represented as median 
values with 95% confidence interval. p values were calculated using a non- 
parametric Kruskal-Wallis test. p-value less than 0.05 was considered to be 
significant (*p<0.05; ***p<0.0005; ****p<0.0001). All experiments were done 
in three independent biological replicates (n=3). 
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the mean plus three standard deviations of the control condition, 
ensuring that identified hits had significant positive proliferation effects, 
which were further tested via scratch wound analysis [51,52]. The MTS 
assay is suggested to be more suitable for toxicity studies rather than 
efficiently highlighting differences among promising regenerative 
compounds [53,54]. Hence, we identified highly toxic ROCKi conditions 
via the MTS assay (Fig. 2), which were further confirmed as toxic via a 
phenomic screening (the image-based proliferation assay; Fig. 3), 
including: BDP5290 (50 µM; 25 µM), Belumosudil (50 µM-5 µM), 
H-1152 (50 µM), RKI-1447 (50 µM), and ZINC00881524 (50 µM). The 
combination of both techniques (metabolic activity and imaged-based 
cell count) was applied to reduce the false positive hit rate and narrow 
down the conditions of interest through this pipeline. Remarkably, 
ROCKi-2 at 50 µM exhibited a non-toxic metabolic activity (MTS assay), 
while the absolute cell count (image-based proliferation assay) was 
below the control condition suggesting an inadequate growth profile. 
This implicates that an increased metabolic activity is not directly 
correlated with stimulating cell growth, which emphasize the benefit of 
combining these two techniques [55]. A series of ROCKi in various 
effective concentrations that indicated a potential hit in the image-based 
proliferation assay include: Fasudil (50 µM-10 µM), Chroman-1 
(100–10 nM), SAR407899 (50 µM-10 µM), Ripasudil (5 µM), Thiazovi-
vin (10 µM- 5 µM), Y-33075 (1 µM-500 nM), ROCKi-2 (100 nM), 
Y-27632 (50 µM-25 µM), SR-3677 (1 µM). These ROCKi were subse-
quently tested in scratch wound analysis (Fig. 4), as both proliferation 
and migration are key to wound healing [50,54]. Based on the data 
collected from scratch wound analysis, SAR407899 50 µM, Fasudil 
10 µM, Y-33075 500 nM, Chroman-1 50 nM were identified to exhibit 
no significant acceleration of wound healing compared with the DMSO 
control group (Fig. 4B), although a significant positive effect on the cell 
proliferation was observed during the image-based proliferation assay 
(Fig. 3). Notably, Fasudil exhibited also less pronounced growth tra-
jectory, as showed in Fig. 3B, indicating a delayed biological effect. 

ZO-1 and Na+/K+ATPase are accepted among scientists as indicators 
of a functional CEnC phenotype [9,56]. However, appropriate markers 

for corneal endothelial cells are still under debate. Recent studies have 
suggested additional markers such as SLCA11, ALCAM, PRDX6, and 
COL4A3 for corneal endothelial phenotype profiling [57]. We applied 
ICC analysis to examine the expression ZO-1 and Na+/K+ATPase. 
Abnormal morphology of ZO-1 was observed in a number of B4G12 cells 
after ROCKi treatment, including SR-3677 1 µM and Thiazovivin 10 µM 
(Fig. 6B). The presence of enlarged, polynuclear cells might induced 
cellular stress or senescence, requiring further exploration using 
methods like the beta-galactosidase assay [58]. Na+/K+ATPase physi-
ological membrane expression was present in all the ROCKi conditions 
except for SR-3677 at 1 µM which shows an aberrant expression (Fig. 7). 
Protein expression analysis revealed a lower ZO-1 expression in Y-27632 
at a concentration of 25 μM, suggesting a relative compromised barrier 
function of B4G12 cells compared to other ROCKi. The latter showed a 
similar ZO-1 expression compared to the untreated DMSO control. 
Interestingly, all ROCKi conditions formed a complete monolayer but 
the offset of the ZO-1 formation differs between the ROCKi because ICC 
analysis showed the presence of ZO-1 [59]. Furthermore, all ROCKi 
maintained expression of the p16 cell cycle arrest marker. Expression 
profiles of cyclin E1 and CDK2 showed no significant difference 
compared to the control, indicating a non-disturbed B4G12 cell cycle. 
The expression of p16, Cyclin E1 and CDK2 is crucial to ensure that 
B4G12 cells, when treated with a ROCKi, maintain their ability to arrest 
cell cycle progression upon reaching confluence [60,61]. However, 
interpreting the protein expression demands caution. For a broader 
understanding, future transcriptomic and kinome analysis of the upre-
gulated and downregulated pathways and kinase activity (i.e. ROCK 1 
and/or ROCK 2) is required [62,63]. 

The results from the ROCKi screening highlighted several promising 
drug candidates exhibiting positive effects on cell growth and the 
corneal endothelial regeneration capacity, that have not been described 
in the literature yet (i.e. ROCKi-2, Chroman-1 and SAR407899). In 
particular, Chroman-1, exhibiting positive effect at 10 nM, emerged as a 
promising compound for future hit-to-lead optimization. In addition, 
Table 1 showed that Chroman-1 is a potent inhibitor of ROCK1 and 

Fig. 5. Western blot analysis of B4G12 cells after ROCKi treatment. A) Relative protein expression of each experimental condition was normalized to GAPDH 
expression and statistically compared to the DMSO treated control by a non-parametric Kruskal-Wallis test for cyclin-dependent kinase inhibitor 2 A (p16), Cyclin E1 
(CCNE1), Cyclin-dependent kinase (CDK2) and zonula occludens-1 (ZO-1). The data in the graphs is represented as median values with 95% confidence interval. p- 
value less than 0.05 was considered to be significant (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001). (B) Representative immunoblots. The GSK180736 A 
compound was analyzed on the same blot but was not part of the self-assembled ROCKi library analyzed in this manuscript. Therefore, the relative protein expression 
for GSK180736 A was not calculated. All experiments were done in three independent biological replicates (n=3). 
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Fig. 6. Confocal images showing ZO-1 expression (green) of B4G12 cells after ROCKi treatment. (A) Physiological ZO-1 expression (green signal) after ROCKi 
treatment. (B) Aberrant ZO-1 expression after ROCKi treatment. DMSO control reflects normal ZO-1 expression. Nuclei were stained with Hoechst33342 dye (blue). 
Scale bar: 20 μm, 100 μm. All experiments were done in three independent biological replicates (n=3) and one representative image is shown. 
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ROCK2 with myotonic dystrophy-related Cdc42-binding kinases 
(MRCK) as an alternative target and mainly under investigation in the 
field of cardiology [64]. These findings underscore the regenerative 
potential of the ROCKi compound class, evidenced through in vitro 
screenings, in managing corneal endothelial dysfunction. Chroman-1 
managed to compete and even exceed known effective ROCKi, such as 

Y-27632 and Fasudil, with optimal concentrations up to 1000 folds 
lower, which can possibly lead to decreased off target and side effects 
[47]. However, signaling pathway and kinome analysis are required to 
completely understand how different ROCKi stimulate corneal endo-
thelial regeneration and to pinpoint optimal conditions and dosage for 
their translational use [25,65]. Moreover, the integration of additional 

Fig. 7. Naþ/Kþ ATPase protein expression of B4G12 cells after ROCKi treatment. Na+/K+ ATPase staining (green signal) of B4G12 cells after ROCKi treatment. 
Nuclei were stained with Hoechst33342 dye (blue signal). The control treated with DMSO reflects the basal condition. Scale bar: 20 μm, 100 μm. All experiments 
were done in three independent biological replicates (n=3) and one representative image is shown. 
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multi-omics techniques such as metabolomics, proteomics, and lip-
idomics will be applied to discover both new targets and their associated 
biological effects, alongside identifying novel biomarkers. 

5. Conclusion 

The literature shows that Fasudil, Ripasudil, Thiazovivin, Y-33075, 
and Y-27632 positively impact corneal endothelial proliferation and 
migration processes. Yet, these compounds have not been established as 
pharmacological alternatives to enhance corneal endothelial regenera-
tion in addition to EK or DSO surgery for treating corneal decompen-
sation. Our study, through an in vitro cell-based screening pipeline, has 
identified new compounds like ROCKi-2, Chroman-1, and SAR407899, 
that were not described in the context of corneal endothelial regenera-
tion. We identified Chroman-1, exhibiting optimal effects at a low 
optimal concentration of 10 nM, as a promising repurposed compound 
for future hit-to-lead optimization to boost corneal endothelial regen-
eration. Furthermore, our study establishes a strong framework to 
stimulate a pharmacological-based research approach providing alter-
native strategies to donor-dependent therapies for corneal endothelial 
purposes. 
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