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Abstract

Background
We investigated the effects of Losartan (LST) on cell viability, reactive oxygen species (ROS) production,
and fibrosis-related gene expression in an in vitro oxidative stress model using human orbital adipose
tissue-derived mesenchymal stem cells (hOA-MSCs).

Methods
hOA-MSCs were isolated from blepharoplasty surgical waste tissue and characterized. Non-cytotoxic
LST concentrations and the optimal  concentration (25µM) for oxidative stress induction were
determined. Under oxidative stress, hOA-MSC proliferation was assessed via MTT assay, ROS production
was analyzed by flow cytometry, and TGFβ1 secretion was measured by ELISA. Fibrosis-, angiogenesis-,
and survival-related gene expressions were evaluated using qPCR at 72 hours.

Results
Losartan significantly increased hOA-MSC proliferation and reduced ROS levels at 2 nM, 10 nM, and 50
nM concentrations at 72 hours under oxidative stress. Gene expression analyses showed concentration-
dependent modulations, VEGF was upregulated at 10 nM, whereas LOX expression was suppressed at 10
nM and 50 nM. PRKG1 expression was suppressed across all treated groups. Furthermore, SIRT1 and
TGFβR1 expression levels increased across all LST concentrations. AT2R expression was upregulated at
10 nM and 50 nM, while strong upregulations of TGFβ1 and TGFβ3 expressions were observed
particularly at 10 nM and 50 nM.

Conclusion
Losartan exerted distinct concentration- and time-dependent cytoprotective and antifibrotic effects on
hOA-MSCs under oxidative stress. The drug enhanced proliferation, cleared ROS, suppressed LOX, and
shifted the balance toward protective pathways (SIRT1, AT2R, and TGFβ3). These molecular mechanisms
support the potential therapeutic application of Losartan against ocular surface and periocular tissue
fibrosis.

CLINICAL TRIAL REGISTRATION
Not applicable

INTRODUCTION

H2O2
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Following ocular surface injury—whether from infection, mechanical trauma, or refractive surgery—
dysregulated wound healing can culminate in fibrosis and permanent loss of corneal transparency.
Crucially, recent evidence highlights that oxidative stress, driven by the excessive accumulation of
reactive oxygen species (ROS), serves as a fundamental upstream orchestrator of this fibrotic cascade
[1]. Tissue injury triggers an immediate surge in intracellular ROS—such as superoxide (O2

−), hydrogen

peroxide (H2O2), and hydroxyl radicals (-OH)—which overwhelms the endogenous antioxidant defense
mechanisms. This state of oxidative stress not only causes direct cellular damage but also functions as
a potent signaling trigger that upregulates and sustains the transforming growth factor-beta (TGF-β)
pathway, the master regulator of myofibroblast differentiation and tissue fibrosis. Therefore, targeting
and mitigating post-injury oxidative stress represents a vital therapeutic checkpoint to prevent the
initiation and progression of corneal scar formation [2, 3].

Losartan (LST), a selective angiotensin II type 1 (AT1) receptor antagonist traditionally used to treat
systemic cardiovascular and renal diseases [4], has recently emerged as a promising candidate for anti-
scarring therapies. Beyond its canonical hemodynamic actions, contemporary studies indicate that LST
possesses significant cytoprotective and anti-oxidative properties. At the molecular level, LST-mediated
AT1 receptor blockade has been shown to alleviate ROS generation, restore mitochondrial membrane
potential, and rescue cells from oxidative damage. Concurrently, LST facilitates the upregulation of
cytoplasmic sirtuin 1 (SIRT1)—a crucial NAD⁺-dependent deacetylase that maintains cell survival by
clearing ROS—and shifts angiotensin II signaling toward the angiotensin II type 2 (AT2) receptor/cyclic
guanosine monophosphate (cGMP) axis, which directly suppresses profibrotic genes and ECM
overproduction [5, 6, 7, 8]. While LST's capacity to reduce corneal opacity has been noted in vivo animal
models [9, 10, 11, 12, 13, 14], the precise molecular mechanisms regarding how LST modulates
downstream fibrotic genes specifically in response to an oxidative stress challenge remain to be fully
characterized.

To address this gap, we investigated the therapeutic and cytoprotective capacity of LST in a periocular-
derived in vitro oxidative stress model. Human orbital adipose tissue-derived mesenchymal stem cells
(hOA-MSCs) were used as the cell source, given their proven potential to differentiate into ocular-lineage
cells, including corneal epithelial-like cells and functional keratocytes under specific microenvironmental
cues [15, 16, 17]. The primary objective of this work is to elucidate how varying concentrations of LST
influence cell viability, execute ROS scavenging activity, and modulate the gene expression profiles of key
fibrosis-, angiogenesis-, and survival-associated targets (TGFβR1, PRKG1, SIRT1, AT2R, LOX, VEGF, TGFβ1,
and TGFβ3) directly under H2O2-induced oxidative stress. Understanding how LST modulates these

pathways may help explain its reported benefit in reducing corneal scarring and point to its potential as
an anti-scarring treatment in ocular surface disease.

MATERIAL AND METHODS

2.1 Isolation and culture of hOA-MSCs
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The orbital adipose tissue, which is waste tissue after blepharoplasty surgery, was obtained from the
Ophthalmology Clinics of Eskişehir Osmangazi University Hospital. (IRB approval ESOGU Non-
Interventional Clinical Research Ethics Committee no: 30:13.05.2020). hOA-MSCs cells were isolated
using the explant culture method. Initially, the tissue was washed with Hank's Balanced Salt Solution
(HBSS, Capricorn Scientific, Ebsdorfergrund, Germany) containing 10% penicillin/streptomycin (Pen/St)
and cut into 1 mm3 pieces, which were then placed on the bottom of a 6-well culture plate and incubated
in a laminar flow cabinet for 15 minutes to allow them to adhere. Subsequently, the tissue was cultured
in medium containing 10% fetal bovine serum (FBS, Capricorn Scientific), 1% primosin (Invivogen,
California, USA), 1% stable glutamine (Capricorn Scientific), and NutriStem XF Media supplement
(Sartorius, Goettingen, Germany) NutriStem XF Media (Sartorius, Goettingen, Germany) was added to the
medium, and the cells were cultured in a 37°C incubator (Panasonic, MCO-170M-PE, Kadoma, Japan) at
5% CO₂, 5% O₂, and 95% relative humidity.

2.1.1 Characterization of hOA-MSCs
At passage 3, immunophenotypic and in vitro trilineage differentiation characterization analyses of
cultured hOA-MSCs were performed in accordance with the minimal criteria set out in the International
Society for Stem Cell Research (ISSCR) guidelines.

2.1.2 Immunophenotypical characterization of hOA-MSCs
by flow cytometry
Isolated hOA-MSCs were labeled with MSC surface marker antibodies at passage 3 to examine their
stemness. CD73-, CD90-, CD105-, CD44-, CD29-, CD69-, CD34-, CD45-, CD25-, CD19-, HLA-DR-, and CD14-
conjugated antibodies (BioLegend, San Diego, USA) were used for hOA-MSCs characterization. Briefly,
the cell pellet was resuspended in 100 µL of binding solution, and 2 µL of each corresponding antibody
was added to the suspension. The samples were incubated for 30 minutes at room temperature in the
dark. After incubation, unbound antibodies were removed by centrifugation, and the cell pellet was
resuspended in 300 µL of PBS. Flow cytometric analysis was then performed using a Novocyte 3500
(Agilent), and data were acquired and processed with NovoExpress 6.0 software (Agilent, CA, USA).

2.1.3 In vitro trilineage differentiation of hOA-MSCs for
characterization
Differentiation assays were performed to demonstrate the capacity of the isolated hOA-MSCs to
differentiate into adipogenic and osteogenic lineages in accordance with the guidelines of the
International Society for Stem Cell Research (ISSCR).

Adipogenic differentiation

hOA-MSCs were seeded at a density of 1.5×10⁵ cells per well in a 6-well culture plate. When the cells
reached 80–90% confluence, adipogenic differentiation was induced by culturing in differentiation
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medium for two weeks. The medium consisted of DMEM High Glucose (Capricorn Scientific,
Ebsdorfergrund, Germany) supplemented with 10% FBS, 0.5 mM isobutyl-methylxanthine (IBMX), 5×10⁻⁷
M dexamethasone, 10 µg/mL insulin, 200 µM indomethacin, 1% penicillin–streptomycin, and 1%
GlutaMAX. After the differentiation period, intracellular lipid accumulation was assessed by Oil Red O
and adiponectin staining.

Osteogenic differentiation

hOA-MSCs were seeded at a density of 1.5×10⁵ cells per well in a 6-well culture plate. When the cells
reached 80–90% confluence, osteogenic differentiation was induced by culturing in DMEM High Glucose
(Capricorn Scientific, Ebsdorfergrund, Germany) supplemented with 10% FBS, 100 nM dexamethasone,
0.05 µM ascorbate-2-phosphate, 10 mM β-glycerophosphate, 1% penicillin–streptomycin, and 1%
GlutaMAX for four weeks. Following the differentiation period, calcium deposition was assessed by
Alizarin Red S and osteonectin staining.

2.2 Establishment of an in vitro oxidative stress model

2.2.1. Determination of hydrogen peroxide (H₂O₂)
concentration to establish an oxidative stress model in
hOA-MSCs
To establish an in vitro oxidative stress model using hOA-MSCs, the non-cytotoxic concentration of
hydrogen peroxide (H2O2) was determined by a cell viability/proliferation assay (MTT assay). hOA-MSCs

were seeded in 96-well culture plates at a density of 3x103 cells per well. After the cells adhered to the
culture surface, the medium was removed and 100 µL of fresh medium containing H2O2 at

concentrations of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 µM were added per well. Twenty-four hours
after exposure to H2O2, the non-cytotoxic concentration of H2O2 was determined by the MTT assay.

2.2.2. Determination of the effect of Losartan in an in vitro
oxidative stress model
To determine the effect of LST in an in vitro oxidative stress model, hOA-MSCs were seeded in 96-well
plates at a density of 5x103 cells per well. After cell attachment, the medium was aspirated and, except
for the control group, wells were treated with hydrogen peroxide (H2O2) at a final concentration of 25 µM
and incubated for 24 hours. At the end of the incubation, the medium was removed, and 100 µL of fresh
medium containing LST (MedChemExpress) at final concentrations of 0.1, 0.5, 1, 2, 5, 10, 20, 50, and 100
nM were added to the wells, excluding the control and positive-control wells. Following LST addition,
plates were incubated for 24, 48, and 72 hours, after which the MTT assay was performed to assess the
effects of LST.
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2.3. Reactive oxygen species (ROS) test for determining
oxidative stress
To determine the effect of LST on oxidative stress, ROS analysis was performed. hOA-MSCs, after
removal of the old medium, were incubated with 1 mL of fresh medium containing 20 µM DCFH-DA
(Cayman Chemical) per well for 60 minutes. At the end of incubation, wells were washed with DPBS
(Capricorn Scientific) to remove the dye. Then, except for the control group, 1 mL of fresh medium
containing 25 µM H2O2 was added to each well and incubated for 24 hours at 37°C. After incubation, the
medium was aspirated, and wells were washed with DPBS to remove residual medium. Next, fresh
medium containing the specified concentrations of LST (2 nM, 10 nM, 20 nM, and 50 nM) was added and
incubated for 24, 48, and 72 hours. Thereafter, cells were detached with trypsin-EDTA and analyzed by
flow cytometry on an Agilent NovoCyte 3500 flow cytometer. NovoExpress 6.0 software (Agilent, CA,
USA) was used for data analysis.

2.4. TGFβ1 ELISA assay
An in vitro oxidative stress model was created in hOA-MSCs using H₂O₂, and after treatment with LST at
concentrations of 2 nM, 10 nM, 20 nM, and 50 nM, TGF-β1 protein levels were measured in supernatants
collected at 24, 48, and 72 hours using the Human TGF-β1 ELISA kit (SunRed Biotechnology Company,
Shanghai, China) according to the manufacturer's protocol.

2.5. Gene expression analysis following LST application in
an in vitro oxidative stress model
The in vitro oxidative stress model was established to examine changes in mRNA expression of fibrosis-
associated TGFβR1, SIRT1, PRKG1, AT2R, LOX, VEGF, TGFβ1, and TGFβ3 as determined by quantitative
real-time PCR (qPCR) using the Rotor-Gene system (QIAGEN, Hilden, Germany). Cells were exposed to
predetermined LST concentrations of 2 nM, 10 nM, 20 nM, and 50 nM and incubated for 72 hours. Total
RNA from LST-treated cells was isolated using the miRNeasy Micro Kit (QIAGEN) according to the
manufacturer’s protocol. The extracted RNA was reverse-transcribed into cDNA using the QuantiTect
Reverse Transcription Kit (QIAGEN). Real-time PCR was performed on the cDNA using gene-specific
primers (QIAGEN) and the QuantiNova SYBR Green PCR Kit (QIAGEN) with a Rotor-Gene instrument. Ct
values were determined using GAPDH as the reference gene, and relative quantification was performed
using the 2−ΔΔCt method.

2.6 Statistical Analysis
Each experiment was conducted with at least three independent replicates, and data are presented as
mean ± SEM. Statistical analyses were performed using SPSS 20.0 (or later versions). One-way ANOVA
followed by Tukey’s post-hoc test was applied for statistical comparisons. Significance levels were set at
*p < 0.05, **p < 0.01, and ***p < 0.001.
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RESULTS

3.1 Isolation and Culture of Human Adipose Tissue-
Derived Mesenchymal Stem Cells (hOA-MSCs)
Isolated hOA-MSCs were expanded and cultured up to the third passage. The cultured cells adhered
sparsely to culture vessels and exhibited spindle-shaped and stellate fibroblast-like morphologies. The
hOA-MSCs proliferated and formed colonies. The isolated and cultured cells reached confluence (70–
80%) seven days after initial attachment was observed (Fig. 1A-C).

hOA-MSCs were differentiated along two distinct lineages. Adipogenic differentiation was associated
with positive Oil Red O histological staining and adiponectin immunocytochemical staining. Osteogenic
differentiation was associated with positive Alizarin Red S histological staining and osteocalcin
immunocytochemical staining (Fig. 1D-I).

Up to the third passage, immunophenotypic analysis of cultured hOA-MSCs was performed using
antibodies specific to surface antigens defined as the minimal immunophenotypic criteria by the
International Society for Stem Cell Research (ISSCR) guidelines [21]. Positive expression was observed
for CD73 (99.95%), CD90 (99.72%), CD105 (98.09%), CD44 (99.99%), and CD29 (99.92%), while CD69
(4.60%), CD34 (0.29%), CD45 (0.07%), CD25 (0.07%), CD19 (1.84%), HLA-DR (0.00%), and CD14 (4.74%)
were negative (Fig. 2).

3.2 Determination of the effect of Losartan on the in vitro
oxidative stress model
Across the analysis, the concentrations of LST used (0.1, 0.5, 1, 2, 5, 10, 20, 50, and 100 nM) did not
induce cytotoxic effects, independently of concentration or exposure duration (Fig. 3A). To establish an
oxidative stress model, the H2O2 concentration that produced approximately 80% viability after 24 hours
was determined by linear regression to be 25 µM (Fig. 3B).

An oxidative stress model was established in hOA-MSCs using H2O2, and viability and proliferation
analyses were performed to determine the proliferative concentration of LST. Cells were first exposed to
25 µM H2O2 for 24 hours, followed by exposure to LST and assessment by an MTT assay. Based on
these results, although the oxidative stress model was established, LST at 2 nM, 10 nM, and 50 nM
increased cell viability by approximately 120% relative to control at 72 hours. The therapeutic
concentrations of LST against oxidative stress at 72 hours were determined to be 2 nM, 10 nM, 20 nM,
and 50 nM (Fig. 3C).

3.3 Reactive Oxygen Species (ROS) Test for Oxidative
Stress Assessment
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An oxidative-stress model was established in hOA-MSCs by exposure to H2O2, after which LST was
applied at concentrations of 2 nM, 10 nM, 20 nM, and 50 nM. Reactive oxygen species (ROS) activity was
determined by flow cytometry.

At 24, 48, and 72 hours, the effects of LST concentrations on ROS production were evaluated. ROS
production was lower than in the positive control (cells subjected to an H2O2-induced oxidative stress
throughout the experiment but not treated with LST), while ROS levels were similar to those in the
negative control group (cells not treated with LST or H2O2). At 24 and 72 hours, ROS levels with 2 nM LST

were observed to be equivalent to those of the control group. These findings suggest that post-injury
oxidative stress in hOA-MSCs could be mitigated by a 2 nM LST concentration by reducing ROS levels,
potentially exerting an anti-fibrotic effect (Fig. 4A).

3.4 ELISA Analysis
The TGFβ1 protein analysis showed a 1.8-fold increase in the positive control group at 72 hours. The
negative control group exhibited a 1.64-fold increase. In cells treated with the oxidative stress model, 2
nM LST resulted in a 3.66-fold increase compared to the control at 72 hours, 10 nM LST showed a 2.72-
fold increase, 20 nM LST showed a 2.59-fold increase, and 50 nM LST resulted in a 2.07-fold increase
(Fig. 4B).

3.5 Gene Expression Results
Gene expression analysis performed in cells exposed to oxidative stress revealed notable alterations
across multiple targets. LOX expression increased under oxidative stress by 1.9-fold and 1.92-fold at 2
nM and 20 nM LST, respectively, whereas it decreased by 0.59-fold at 10 nM and by 0.35-fold at 50 nM
(Fig. 5A). For PRKG1, expression was reduced by 0.16-fold in the positive control and by 0.3-fold in the
negative control group. Under oxidative stress, LST treatment further suppressed PRKG1 expression by
0.3-fold at 2 nM, 0.14-fold at 10 nM, 0.96-fold at 20 nM, and 0.13-fold at 50 nM (Fig. 5B). In the case of
AT2R, expression decreased by 0.54-fold in the positive control and by 0.71-fold in the negative control.
LST treatment under oxidative stress resulted in a 0.61-fold reduction at 2 nM, a 2.81-fold increase at 10
nM, a 0.87-fold decrease at 20 nM, and a 1.12-fold increase at 50 nM (Fig. 5C). TGFβR1 expression
decreased by 0.8-fold in the positive control and by 0.9-fold in the negative control. Treatment with
Losartan (LST) markedly increased expression levels by 2.15-fold at 2 nM, 2.12-fold at 10 nM, 1.84-fold
at 20 nM, and 2.76-fold at 50 nM (Fig. 5D). SIRT1 expression increased by 1.07-fold in the positive
control and by 2.19-fold in the negative control. Following LST exposure under oxidative stress, SIRT1
levels were elevated by 1.59-fold at 2 nM, 1.58-fold at 10 nM, 1.33-fold at 20 nM, and 1.45-fold at 50 nM
(Fig. 5E). For TGFβ1, expression increased by 1.05-fold in the positive control and by 1.8-fold in the
negative control. LST treatment under oxidative stress conditions led to a 0.95-fold reduction at 2 nM,
followed by increases of 3.21-fold, 1.88-fold, and 2.8-fold at 10 nM, 20 nM, and 50 nM, respectively
(Fig. 5F). Finally, TGFβ3 expression decreased by 0.18-fold in the positive control and by 0.32-fold in the
negative control group. Under oxidative stress, LST treatment resulted in a 0.12-fold reduction at 2 nM
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and strong upregulation by 9.84-fold, 0.95-fold, and 12.78-fold at 10 nM, 20 nM, and 50 nM, respectively
(Fig. 5G). VEGF expression showed a 0.83-fold and 0.61-fold reduction in the positive and negative
controls, respectively. LST treatment under oxidative stress led to a 0.97-fold, 0.57-fold, and 0.98-fold
decrease at 2 nM, 20 nM, and 50 nM, while a 1.41-fold increase was detected at 10 nM (Fig. 5H).

DISCUSSION
Losartan (LST) is an oral medication used to treat hypertension, diabetic nephropathy, heart failure, and
left ventricular dilation [4]. Beyond its antihypertensive effects, LST has been shown to inhibit TGF-β–
mediated pathways, thereby exerting antifibrotic properties [7]. In the present study, hOA-MSCs were
treated with various concentrations of LST (0.1–100 nM) across multiple time points (24, 48, and 72 h).
Notably, 2 nM, 10 nM, and 50 nM LST significantly enhanced cell proliferation after 72 hours of exposure.
Under oxidative stress conditions, ROS levels were elevated at 24 and 72 hours but were normalized by 2
nM LST treatment, reaching values comparable to the unstressed control. These findings are consistent
with prior evidence suggesting that LST mitigates ROS generation, and such reduction in oxidative stress
may contribute to its antifibrotic effects given the established association between ROS accumulation
and fibrogenesis [18].

Mesenchymal stem cells (MSCs) are widely used in regenerative medicine for the treatment of tissue
damage resulting from various pathological conditions or trauma [19]. Human orbital adipose tissue
constitutes a highly practical, clinically accessible, and minimally invasive autologous source of MSCs,
routinely harvested as medical waste during common ophthalmic procedures such as blepharoplasty or
levator resection [20]. Owing to their periocular anatomical origin and documented capacity to
differentiate into ocular-lineage cells, hOA-MSCs offer a clinically accessible, periocular-derived in vitro
platform to probe the molecular pathways through which LST acts under oxidative stress [15, 16, 17].

By day 7 of primary culture, hOA-MSCs adhered to culture dishes and displayed a spindle-shaped
fibroblast-like morphology with stellate extensions. At passage 3, flow cytometric characterization
confirmed that the cells highly expressed standard mesenchymal surface markers (CD44, CD90, CD105
and CD 29) while remaining negative for hematopoietic and endothelial markers (CD69, CD25, CD19,
CD34, CD45, CD14, HLA-ABC, and HLA- DR) [21]. When induced with appropriate culture supplements,
the hOA-MSCs differentiated toward adipogenic and osteogenic lineages. Thus, the isolated hOA-MSCs
exhibited MSC characteristics consistent with the criteria defined by the International Society for Stem
Cell Research (ISSCR) [21]. Intriguingly, while previous studies have reported cytotoxic effects of LST at
concentrations around 20 nM in specific pulmonary and endometrial cancer cell lines [22, 23], no
cytotoxicity was observed in hOA-MSCs within the evaluated dose range (0.1–100 nM). This absence of
toxicity may be attributed to the intrinsic chemoresistance mechanisms typical of multipotent stem
cells, often driven by active ATP-binding cassette (ABC) transporter-mediated drug efflux [24, 25].

Superoxide (O₂⁻), hydrogen peroxide (H₂O₂), and hydroxyl radicals (·OH) are among the principal ROS that
can disrupt cellular homeostasis by inhibiting the activity of various biomolecules [26]. Oxidative stress
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caused by ROS accumulation leads to cellular damage and dysfunction, reducing the viability and
immunomodulatory activity of MSCs [27]. In the present study, intracellular ROS levels were quantified
using the ROS-sensitive fluorescent probe DCFH-DA, as previously described by Raei et al. [28]. Oxidative
stress was experimentally induced in hOA-MSCs through H₂O₂ exposure, followed by treatment with LST
at concentrations of 2, 10, 20, and 50 nM. Consistent with previous findings, LST reduced ROS
production, reinforcing its cytoprotective role under oxidative stress [28].

Transforming growth factor beta-1 (TGFβ1) is an important cytokine secreted by many cell types in the
body and is implicated in fibrosis development. Among the three TGF-β isoforms, TGFβ1 and TGFβ3 are
widely expressed signaling proteins secreted by multiple cell types. TGFβ isoforms signal through two
cell-surface receptors known as TGFβ type I and type II receptors (TβRI and TβRII) [29, 30]. Our gene and
protein expression analyses revealed that oxidative stress significantly upregulated both TGFβ1 and
TGFβR1 expressions. At the protein level, ELISA analysis confirmed an elevated secretion of TGFβ1 at 24
and 72 h post-stress, indicating the activation of a canonical profibrotic feedback loop. However, LST
treatment introduced a distinct modulation: while TGFβ1 and TGFβR1 transcripts remained elevated
under certain concentrations, TGFβ3 expression exhibited an outstanding upregulation. Specifically, 10
nM LST induced a 9.84-fold increase under stress, while 50 nM LST generated a 12.78-fold increase.
Given that TGFβ3 possesses well-known anti-scarring properties that counteract the profibrotic actions
of TGFβ1, the remarkable elevation of TGFβ3/ TGFβ1 expression ratio strongly implies that LST activates
an intrinsic antifibrotic regulatory pathway in hOA-MSCs.

This homeostatic shift is further supported by the transcript regulation of LOX, a copper-dependent
enzyme critical for collagen cross-linking and structural ECM stabilization. While oxidative stress
expectedly increased LOX transcripts, treatment with 10 nM and 50 nM LST substantially suppressed its
expression to 0.59-fold and 0.35-fold of the control, respectively. Downregulation of LOX effectively
prevents irregular collagen cross-linking, which represents a key therapeutic checkpoint in halting scar
formation.

Interestingly, our data revealed an intriguing regulatory anomaly regarding VEGF and LOX [31, 32, 33]. In
mesenchymal systems, bidirectional signaling networks typically couple LOX activation with VEGF
upregulation to drive angiogenesis [31, 32, 33]. In our hOA-MSC model, PDGFA transcripts were
undetectable under basal conditions; yet, LOX expression remained responsive to LST in a concentration-
dependent manner. Furthermore, we observed an inverse relationship where LST treatment led to a
downregulation of LOX concurrent with an upregulation of VEGF (at 10 nM LST). This uncoupling
suggests that the canonical LOX-VEGF pathway may be bypassed or regulated post-transcriptionally in
hOA-MSCs, potentially via specific microRNAs (miRNAs) or alternative cell-specific signaling cascades.
To fully validate this mechanism, future investigations utilizing selective PDGFR agonists/antagonists,
targeted siRNA-mediated LOX silencing, and high-throughput miRNA profiling are highly recommended.

The balance between angiotensin II receptors, AT1R and AT2R, dictates the downstream
pathophysiological outcomes of the renin-angiotensin system [34]. While AT1R drives profibrotic and
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proliferative signaling, AT2R activation generally promotes cellular differentiation, apoptosis, and
vasodilatory effects [34]. Crucially, AT2R signaling has been reported to counteract fibrotic progression in
renal models via the cGMP secondary messenger pathway [35, 34]. In the present study, 10 nM LST
treatment markedly upregulated AT2R expression by 2.81-fold under oxidative stress, whereas the

stressed positive control exhibited a significant decline in AT2R transcription. Correspondingly, 20 nM
LST treatment successfully restored PRKG1 (cGMP-dependent protein kinase) expression near to basal
control levels. These findings indicate that LST-mediated AT1R blockade successfully shifts the
equilibrium toward the AT2R/cGMP axis, thereby reinforcing an operational antifibrotic response under
oxidative stress [35].

This cytoprotective mechanism is further sustained by sirtuin 1 (SIRT1) regulation [36]. SIRT1 is a crucial
metabolic sensor that protects tissues from oxidative injury and fibrotic degeneration by deacetylating
key transcription factors [36]. Conversely, its deficiency prompts myofibroblast accumulation and
accelerates organ fibrosis [37]. Our results demonstrated that while SIRT1 expression showed a relative
decrease at higher LST doses compared to the unstressed negative control, its transcript levels
remained significantly elevated in LST-treated cells compared to the untreated stressed positive control.
This relative preservation of SIRT1 supports the enhanced cell viability and proliferative capacity
observed in the MTT assays.

Literature indicates that SIRT1 overexpression can directly repress TGFβR1 transcription and deactivate
P-Smad2/3 signaling via physical binding, thereby blocking TGFβ-induced fibrogenesis [38]. In our study,
independent analysis of TGFβR1 revealed its upregulation following LST treatment under stress
conditions. While a direct downregulation of TGFβR1 would be more intuitive for an antifibrotic agent, the
concurrent over-activation of SIRT1 across all LST concentrations suggests that the actual anti-scarring
protection is predominantly driven by downstream SIRT1-mediated epigenetic silencing and Smad
deacetylation rather than a direct block of receptor transcription [38, 39].

Nonetheless, several limitations of the present study must be acknowledged. First, although hOA-MSCs
represent a biologically relevant periocular model with a documented capacity for ocular-lineage
differentiation, they were evaluated in their multipotent undifferentiated state rather than being pre-
differentiated into corneal epithelial cells or mature functional keratocytes. Consequently, the observed
kinetics may partially reflect general stem cell stress responses rather than isolated corneal stromal
dynamics. Second, the prominent transcriptional upregulation of TGFβ1 and TGFβR1 following LST
treatment appears paradoxical to the canonical mechanisms of an AT1 receptor blocker. While we
hypothesize this to be an acute compensatory cellular mechanism or a negative feedback loop tied to
the concurrent SIRT1 hyper-activation, the precise intracellular feedback network remains speculative.
Lastly, with the exception of the TGFβ1 ELISA assay, our findings rely heavily on quantitative real-time
PCR transcript profiles. Given that mRNA expression does not always correlate linearly with functional
translational changes, further validation at the protein level via Western Blot—specifically evaluating
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downstream Smad2/3 phosphorylation and mature LOX cross-linking enzyme activity—is required to
definitively substantiate these molecular pathways.

Collectively, these results demonstrate that LST exerts a comprehensive, multi-layered antifibrotic and
cytoprotective effect on hOA-MSCs subjected to oxidative stress. The synchronized reduction of ROS,
downregulation of LOX, preservation of SIRT1, upregulation of the AT2/cGMP axis, and the establishment
of a highly favorable anti-scarring TGFβ3/TGFβ1 ratio collectively define a potent molecular network
through which LST mitigates fibrogenesis. Further mechanistic verification focusing on miRNA
interventions and Smad phosphorylation kinetics will be valuable to fully validate these intersecting
pathways.

CONCLUSION
This study aimed to elucidate the molecular pathways by which the antifibrotic effects of LST may
operate on hOA-MSCs. To this end, the expression levels of fibrosis-related genes LOX, PRKG1, TGFβR1,
and AT2R, the angiogenesis-related gene LOX-associated VEGF, as well as SIRT1, which influences cell
proliferation and antifibrotic pathways, were examined in stressed hOA-MSCs to assess the effect of LST
on their expression. The findings indicate that the effects of LST on hOA-MSCs vary with concentration
and time. LST increased the expression of SIRT1, AT2R, and PRKG1, while downregulating LOX expression
Interestingly, LOX and VEGF exhibited an inverse relationship compared with that reported in the
literature. It is recommended that future studies investigate the potential role of miRNAs that regulate
the LOX-VEGF interaction.

In conclusion, this in vitro study indicates that Losartan (LST) exerts antifibrotic effects in human orbital
adipose–derived mesenchymal stem cells (hOA-MSCs) through the modulation of LOX, PRKG1, AT2R,
and SIRT1 expression. These findings suggest that LST may inhibit ROS-associated fibrosis by regulating
these key antifibrotic and cytoprotective pathways in hOA-MSCs. Ultimately, identifying which of these
pathways drive the antifibrotic response could point to targets for more selective anti-scarring therapies,
offering an alternative to the broad, systemic effects of a drug like losartan. Confirming such targets,
however, will require the protein-level validation noted above.
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Figures

Figure 1
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Isolation and characterization of hOA-MSCs. A) On day 7 of primary culture, cells migrating from the
explant tissue were observed around the tissue fragment (Scale bar = 200 μm). B) At passage 1 (P1),
hOA-MSCs obtained by the explant method predominantly displayed spindle-shaped and stellate
fibroblast-like morphology. (Scale bars = 500 μm and 200 μm, respectively). C) A representative phase-
contrast micrograph depicts the morphology of hOA-MSCs on day 3 of culture at passage 3 (P3) D)
Phase-contrast inverted microscopic image of hOA-MSCs after 8 days of adipogenic induction, showing
their morphological transition into adipocyte-like cells (Scale bar = 50 μm). E) Adipogenic differentiation
was confirmed by the presence of neutral lipid vacuoles stained with Oil Red O (ORO) (Scale bar = 50
μm). F) Double immunofluorescence labeling with Adiponectin (red) and DAPI (blue) revealed lipid
droplet accumulation under adipogenic induction (Scale bar = 20 μm). G) Osteogenic differentiation was
demonstrated by the visualization of calcium-rich extracellular matrix deposits under phase-contrast
microscopy (Scale bar = 200 μm). H) Mineral nodules were stained positively with Alizarin Red S staining
(Scale bar = 200 μm). I) Osteogenic differentiation was demonstrated by immunofluorescence staining
for osteocalcin (green) and DAPI (blue) (Scale bar = 200 μm).

Figure 2

Immunophenotypic analysis of hOA-MSCs by flow cytometry in the third passage. CD73 (99.95%), CD90
(99.72%), CD105 (98.09%), CD44 (99.99%), and CD29 (99.92%) are positive while CD69 (4.60%), CD34
(0.29%), CD45 (0.07%), CD25 (0.07%), CD19 (1.84%), HLA-DR (0.00%), and CD14 (4.74%) are negative. On
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the histogram, target antibodies are shown in blue and isotype antibodies (negative control) are shown in
purple.

Figure 3

A) The cytotoxic effect of LST at concentrations of 0.1, 0.5, 1, 2, 5, 10, 20, 50, and 100 nM was
determined by the MTT assay after 24, 48, and 72 hours of treatment. B) Cell viability analysis using MTT
to establish an oxidative stress model with H2O2 concentrations of 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 μM. C) After establishing the oxidative stress model in hOA-MSCs, the therapeutic effect of LST was
determined by cell viability analysis using MTT after exposure to concentrations of 0.1, 0.5, 1, 2, 5, 10, 20,
50, and 100 nM for 24, 48, and 72 hours (*p<0.05, **p<0.01, ***p<0.001).
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Figure 4

A) After establishing the oxidative stress model in hOA-MSC, the therapeutic effect of LST was
determined by measuring the levels of reactive oxygen species (ROS) after exposure to concentrations
of 2, 10, 20, and 50 nM of LST for 24, 48, and 72 hours (PC: Positive Control, NC: Negative Control). B)
TGFβ1 protein analysis in samples obtained from the supernatants collected at 24, 48, and 72 hours
after applying H2O2 and LST at concentrations of 2 nM, 10 nM, 20 nM, and 50 nM to hOA-MSC (*p<0.05,
**p<0.01, ***p<0.001).
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Figure 5

After establishing the oxidative stress model in hOA-MSC, the effect of LST was determined by analyzing
the expression of A) LOX, B) PRKG1, C) AT2R, D) TGFβR1, E) SIRT1, F) TGFβ1, G) TGFβ3, and H) VEGF

genes after exposure to concentrations of 2 nM, 10 nM, 20 nM, and 50 nM for 72 hours (*p<0.05,
**p<0.01, ***p<0.001).
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