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ABSTRACT

Introduction: Hepatic injury is a known side effect of the antiarrhythmic drug amiodarone. The re-
search aimed to assess the possible protective effects of nicorandil and bone marrow-derived mes-
enchymal stromal cells (MSCs) in amiodarone-induced liver injury. Methods: Thirty-six male adult
albino rats were divided into the following six groups: 1) normal control; 2) nicorandil group (which
received oral nicorandil at 10 mg/kg/day); 3) bone marrow mesenchymal stromal cells (BM-MSCs)
group (which received 3x10° cells/ml of BM-MSCs suspended in 0.2 ml of phosphate buffered saline
(PBS) administered via tail vein injection); 4) amiodarone-induced liver toxicity group (which re-
ceived oral amiodarone at 25 mg/kg/day once daily); 5) nicorandil-treated group (which received
both amiodarone and nicorandil); and 6) MSCs-treated group (which received both amiodarone
and BM-MSCs). The fibrotic biomarker transforming growth factor beta-1 (TGF-31), as well as the
inflammatory biomarkers interleukin-6 (IL.-6) and tumor necrosis factor alpha (TNF-a), were assessed
by quantitative polymerase chain reaction (qPCR). The oxidative stress markers superoxide dismu-
tase (SOD) and malondialdehyde (MDA) were assessed by enzyme-linked immunosorbent assay
(ELISA). Liver function tests, including aspartate transaminase (AST), alanine transaminase (ALT),
and albumin, were assessed using colorimetric methods. In support of these analyses, histopatho-
logical examination utilizing hematoxylin and eosin (H&E) and Masson's trichrome stains was per-
formed. Results: Nicorandil and MSCs efficiently reduced hepatic fibrosis and improved liver func-
tion biomarkers. Serum TNF-q, IL-6, TGF-B1, and MDA values were restored to nearly normal levels.
Conclusion: Nicorandil and MSCs are promising hepatoprotective agents against amiodarone-

induced hepatic toxicity through their antioxidant and anti-inflammatory potentials.
Key words: MSCs, Nicorandil, TNF-a, IL-6, TGF, MDA, SOD

INTRODUCTION

Amiodarone (AMD), a prevalent antiarrhythmic
agent, is implicated in liver injury in up to 50% of
patients receiving long-term treatment. The hepa-
totoxic effects of AMD are attributed to its disrup-
tion of lipid bilayers and interference with lysosomal
and mitochondrial function. These alterations may
result in microvesicular steatosis, hepatocellular bal-
looning, and Mallory body formation—ultimately
culminating in hepatic fibrosis .

Amiodarone functions as a potent inhibitor of phos-
pholipase A, leading to the accumulation of lipid-
rich material within lysosomes. Another proposed
mechanism underlying AMD-induced steatohepati-
tis involves the induction of endoplasmic reticulum
(ER) stress.
sure to AMD triggers ER stress and augments lipol-

Studies indicate that repeated expo-

ysis in adipose tissue, concurrently fostering a lipo-
toxic hepatic environment. These findings suggest
that AMD-related liver injury arises from cumula-

tive damage to both hepatic and adipose tissues?.

Nicorandil is a well-established antianginal agent
indicated for chronic stable angina. Multiple mech-
anisms contribute to the protective effects of nico-
randil across various pathologies, mediated through
either the opening of adenosine triphosphate-
sensitive potassium (Karp) channels or nitric oxide
(NO) donation?. The predominance of these mech-
anisms is influenced by the administered dose and
the specific anatomical site of the pathology. In ex-
perimental models of myocardial and pulmonary fi-
brosis, renal injury, and glomerulonephritis, the pro-
tection afforded by nicorandil is mainly attributed
to Katp channel opening; in contrast, NO donation
predominates as the primary mechanism of protec-
tion in hepatic fibrosis and inflammatory bowel dis-
eases?.

Mesenchymal stromal cells (MSCs) are multipotent
cells sequestered in various tissues, including bone
marrow, adipose tissue, umbilical cord, and den-
tal pulp. The functional properties of MSCs, no-
tably their differentiation capacity and immunoreg-
ulatory effects, diverge depending on the tissue
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source. MSCs have been extensively studied as a
novel therapeutic for liver diseases due to their ro-
bust self-renewal potential, low inherent immuno-
genicity, and immunomodulatory profile, in addi-
tion to their inherent capacity for migration and
homing to damaged tissues®. In this study, we fo-
cused on bone marrow-derived MSCs (BM-MSCs)
due to their well-established isolation and culture
protocols, as well as their proven ability to pro-
mote tissue regeneration and modulate immune re-
sponses in liver injury models.

Given that amiodarone is frequently administered
to elderly patients with comorbid cardiac disease,
the development of effective prophylactic strategies
to mitigate its hepatotoxic effects is imperative. This
study aims to evaluate the hepatoprotective effi-
cacy of nicorandil and mesenchymal stromal cells
in ameliorating amiodarone-induced toxicity in a rat
model.

MATERIAL - METHODS

Isolation and preparation of bone marrow-
derived MSCs

The tibiae and femurs of six-week-old male al-
bino rats were flushed with phosphate-buffered
A den-
sity gradient (Ficoll-Paque, Pharmacia Ltd., Upp-

saline (PBS) to extract bone marrow.

sala, Sweden) was employed to isolate mononu-
clear cells, which were subsequently resuspended
in a culture medium comprising Dulbecco’s Modi-
fied Eagle’s Medium (DMEM, GIBCO/BRL), 10% fe-
tal bovine serum (GIBCO/BRL), and 1% penicillin—
streptomycin (GIBCO/BRL). Cells were incubated at
37°C in a 5% humidified atmosphere until reach-
ing 80-90% confluence. Subsequently, cells were
detached using 0.25% trypsin in 1 mM EDTA
(GIBCO/BRL) and centrifuged at 2400 rpm for 20
minutes. BM-MSCs were cultured and expanded to
passage 3 before being collected and stored at —-80°C.
Prior to administration, cell viability was assessed
via trypan blue exclusion staining; only preparations
with exceeding 95% viability were utilized”.

Experimental animals and ethical ap-
proval

This study (trial number: CU/III/F/16/21) was con-
ducted using 36 male Sprague Dawley albino rats
housed in the animal house unit following ethical
approval from the Institutional Animal Care and Use
Committee (CU/III/F/16/21). The study adhered to
the ARRIVE guidelines. The sample size was deter-
mined using G-Power software, with liver function

improvement designated as the primary outcome.
Based on Tao et al.8, an effect size of 0.66, an error
of 0.05, and a statistical power of 80% were utilized
for the calculation.

All animals were housed under standard laboratory
conditions throughout the study. Rats were main-
tained in polypropylene cages with clean bedding
under a controlled temperature of 22 + 2°C, relative
humidity of 50-60%, and a 12:12-hour light/dark cy-
cle. Animals had ad libitum access to standard com-
mercial chow and water. Health status and behavior

were monitored daily.

Experimental design and grouping

After a one-week acclimatization period, rats were
randomized into six study groups (n = 6 per group).

+ Group 1(Normal Control): Received PBS vehi-
cle daily via oral gavage for 8 weeks.

+ Group 2 (Nicorandil): Received nicorandil (10
mg/kg/day) dissolved in water via oral gavage
for 8 weeks. This dose was selected based on
its established protective effects in various rat
models® .

+ Group 3 (BM-MSCs): Received cells/mL BM-
MSCs suspended in 0.2 mL PBS intravenously
via the tail vein at weeks 2, 4, and 6. This re-
peated administration schedule was designed
to promote tissue repair and maximize engraft-
ment”.

+ Group 4 (Amiodarone): Received amiodarone
(25 mg/kg/day) via oral gavage for 8 weeks.
The dose was calculated according to dose con-
version guidelines between animals and hu-
mans 2 and previous experimental models of
organ toxicity 314,

Group 5 (AMD + Nicorandil): Received amio-

darone and nicorandil concurrently at the

dosages and routes described above.

Group 6 (AMD + MSCs): Received both amio-
darone and MSCs at the dosages and sched-

ules described above.

At the conclusion of the 8-week period, blood sam-
ples were collected from the retro-orbital venous
plexus. Rats were subsequently anesthetized us-
ing urethane (0.7 mL/100 g, i.p.)'3. All animals sur-
vived the treatment period without adverse effects.
Euthanasia was performed via urethane overdose.
Liver tissues were immediately preserved in PBS for
biomolecular analysis and 10% neutral buffered for-

malin for histopathological examination.
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Histological analysis

Liver samples were fixed in 10% buffered formalin
for 24 hours. Paraffin sections (5 pm thickness) were
stained with hematoxylin and eosin (H&E) to assess
pathological changes and Masson’s Trichrome (MT)
to evaluate the extent of fibrosis. Histopathologi-
cal lesions—including microsteatosis, macrosteato-
sis, inflammatory infiltration, Kupffer cell hyperpla-
sia, and sinusoidal dilatation—were graded on a nu-
merical scale (0: minimal/none; 1: mild; 2: moderate;
3: severe) across six random fields per slide.

Biochemical and oxidative stress assays

levels of ALT, AST, and albumin were
quantified using commercial kits (Spectrum, Han-

Serum

nover, Germany) per the manufacturer’s instruc-
tions. These enzymatic assays utilize substrate con-
version (e.g., L-alanine or L-aspartate) to produce
colored hydrazones, with absorbance measured at
520 nm. °

Serum malondialdehyde (MDA) and superoxide dis-
mutase (SOD) levels were determined via ELISA
(MyBioSource and LifeSpan BioSciences, respec-
tively). Target quantitation was achieved using spe-
cific antibodies to capture the antigens, followed by
enzymatic reaction-induced signaling proportional
to the marker concentration '°.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from homogenized liver
tissue using the TRI reagent and Direct-zol™ RNA
Miniprep Kit (ZYMO Research, USA). Reverse tran-
scription and qRT-PCR were performed in a sin-
gle step using the TransScript Green One-Step qRT-
PCR SuperMix kit on a StepOne instrument (Ap-
plied Biosystems, USA). The thermal cycling profile
included cDNA synthesis (45°C for 15 min), inactiva-
tion (95°C for 10 min), and 45 cycles of amplification
(95°C for 10 s, 60°C for 30 s, and 72°C for 30 s). A
melt-curve analysis was conducted to verify prod-
uct specificity. Relative gene expression was calcu-
lated using the method, with GAPDH serving as the
internal housekeeping gene.

Primer sequences:

« TGF-: F: 5-TGCTAATGGTGGACCGCAA-3’, R:
5-CACTGCTTCCCGAATGTCTGA-3’

o TNF-: F: 5-CCAGGAGAAAGTCAGCCTCCT-
3’, R: 5’-TCATACCAGGGCTTGAGCTCA-3’

o IL-6: F: 5>-GCCCTTCAGGAACAGCTATGA-3’,
R: 5>-TGTCAACAACATCAGTCCCAAGA-3’

« GAPDH: F: 5-
CATGTTCGTCATGGGGTGAACCA-3’, R:
5-AGTGATGGCATGGACTGTGGTCAT-3’

Statistical Analysis

Data were analyzed using SPSS (version 26) and
are expressed as mean * standard deviation (SD).
Comparisons between groups were performed via
ANOVA followed by Tukey’s post-hoc test. His-
tological injury scores were analyzed using the
Kruskal-Wallis test followed by the Mann-Whitney
U test, presented as median (interquartile range).
Statistical significance was defined as p < 0.05.

RESULTS

MSCs isolation and identification

Cultured bone marrow-derived MSCs exhibited the
characteristic fusiform, fibroblast-like morphology
under phase contrast microscopy (Figure 1). Flow
cytometric analysis confirmed the immunopheno-
type of MSCs, demonstrating positive expression of
the mesenchymal surface markers CD105 (Figure 1)
and CD90 (Figure 1), while showing negative expres-
sion for the hematopoietic marker CD34 (Figure 1).
Cell viability prior to administration exceeded 95%

as assessed by trypan blue exclusion.

Nicorandil and MSCs significantly im-
proved liver function parameters

Amiodarone administration for eight weeks resulted
in marked hepatic injury, as evidenced by signifi-
cant elevations in serum liver enzymes compared to
the control group. The amiodarone-treated group
showed a greater than three-fold increase in ALT
levels (62.17 + 8.13 U/L) and approximately 2.5-fold
increase in AST levels (56.50 + 8.14 U/L) relative to
controls (19.50 + 5.79 U/L and 21.83 + 2.79 U/L, re-
spectively; p < 0.001). Concurrent treatment with
either nicorandil or MSCs significantly attenuated
these elevations. ALT levels decreased to 33.00 + 4.2
U/L in the nicorandil-treated group and 31.00 + 4.43
U/L in the MSC-treated group (p < 0.001 vs. amio-
darone group). Similarly, AST levels were reduced to
28.67 £ 2.73 U/L and 32.67 + 2.73 U/L following nico-
randil and MSC treatment, respectively (p < 0.001
vs. amiodarone group). No significant differences in
ALT or AST levels were observed between the nico-
randil and MSC treatment groups (p = 0.9; Table 1).
Serum albumin levels were significantly decreased
in the amiodarone group (3.57 + 0.39 g/dL) com-
pared to controls (5.13 + 0.64 g/dL; p < 0.001). Both
treatment interventions significantly restored albu-
min levels, with values of 4.33 + 0.27 g/dL in the
nicorandil group (p = 0.003 vs.
4.53 + 0.25 g/dL in the MSC group (p = 0.026 vs.

amiodarone) and
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Figure 1: Characterization of bone marrow-derived mesenchymal stromal cells (BM-MSCs). (a) Phase-
contrast photomicrograph showing cultured MSCs at passage 3 exhibiting characteristic fusiform, fibroblast-like
morphology (scale bar = 100 pm). (b-d) Flow cytometric analysis of MSC surface markers demonstrating positive
expression of (b) CD105 and (c) CD90, and (d) negative expression of the hematopoietic marker CD34.

amiodarone). Notably, albumin levels in the MSC-
treated group approached control values. No sig-
nificant difference in serum albumin was detected
between the nicorandil and MSC groups (p = 0.9;
Table 1). The control groups receiving nicorandil
or MSCs alone showed no significant alterations in
liver function parameters compared to the normal
control group (p > 0.05).

Nicorandil and MSCs restored hepatic ox-
idative stress balance

Amiodarone administration induced significant ox-
idative stress, as demonstrated by a marked increase
in serum MDA levels (40.80 + 9.92 ng/mL) compared
to controls (13.30 + 1.29 ng/mL; p < 0.001), accom-
panied by a substantial reduction in SOD activity
(2.89 = 0.85 ng/mL vs. 7.76 + 0.52 ng/mL in con-
trols; p < 0.001). Treatment with either nicorandil or
MSCs effectively reversed these alterations. MDA
levels decreased significantly to 21.55 + 2.64 ng/mL
in the nicorandil group and 24.67 + 4.77 ng/mL in the
MSC group (p < 0.001 vs. amiodarone group). Con-
currently, SOD levels increased to 6.46 + 0.99 ng/mL
and 6.52 * 1.77 ng/mL following nicorandil and MSC
treatment, respectively (p < 0.001 vs. amiodarone
group). No significant differences in MDA or SOD
levels were observed between the nicorandil and
MSC treatment groups (p = 0.8 and p = 0.9, respec-
tively). The nicorandil and MSC control groups ex-

hibited oxidative stress markers comparable to the

normal control group (p > 0.05; Table 1).

Nicorandil and MSCs attenuated hepatic
inflammation and fibrotic gene expression

Gene expression analysis revealed significant up-
regulation of inflammatory and fibrotic mediators
in the livers of amiodarone-treated rats. Relative
to controls, the amiodarone group showed approxi-
mately 4.5-fold increase in IL-6 expression, 5-fold in-
crease in TNF-a expression, and 4-fold increase in
TGF-B expression (p < 0.001 for all; Figure 2).
Treatment with nicorandil significantly reduced the
expression of all three markers. [L-6 expression
decreased by approximately 60% compared to the
amiodarone group, while TNF-a and TGF-$ showed
reductions of approximately 65% and 60%, respec-
tively (p < 0.001). Similarly, MSC treatment resulted
in significant downregulation of IL-6 (approximately
75% reduction), TNF-a (approximately 70% reduc-
tion), and TGF-B (approximately 65% reduction) rel-
ative to the amiodarone group (p < 0.001; Figure 2).
Notably, a significant difference in IL-6 expression
was observed between the treatment groups, with
MSC-treated animals showing lower levels than
nicorandil-treated animals (p = 0.02). However, no
significant differences were detected between the
nicorandil and MSC groups regarding TNF-a (p =
0.1) or TGF-P (p = 0.8) gene expression (Figure 2).
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Table 1: Effect of nicorandil and MSCs on the liver enzymes (ALT, AST), albumin, and oxidative stress markers in

the different studied groups

Control NICO (10 MSCs AMIO (25 AMIO (25 AMIO +
(n=6) mg/kg) (n=6) (n=6) mg/kg) (n=6) mg/kg) + MSCs (n=6)
NICO (10
mg/kg) (n=6)

ALT (U/L) 19.50+5.79 15.50+2.43 16.00+2.83 62.17+8.13* 33.00+4.2%# 31.00+4.43%#

AST (U/L) 21.83+2.79 22.33+3.88 21.67+£4.63 56.50+8.14* 28.67+2.73# 32.67+2.73%#

Albumin 5.13+0.64 5.28+0.31 5.32+0.40 3.57+0.39 * 4.33+0.27%# 4.53+0.25"#
(gm/dl)

MDA 13.30+1.29 11.53+1.06 12.25+1.44 40.80+9.92* 21.55+2.64# 24.67+4.77°#
(ng/ml)

SOD 7.76£0.52 9.02+0.67 8.43£1.09 2.89+0.85 6.46+0.99# 6.52+1.77#
(ng/ml)

Abbreviations: AMIO: amiodarone, NICO: nicorandil, MSCs: mesenchymal stromal cells, ALT: Alanine transaminase,
AST: Aspartate transaminase, NICO: Nicorandil, AMIO: Amiodarone, MSCs: Mesenchymal stromal cells, MDA: Malon-
dialdehyde, SOD: Superoxide Dismutase; * significant difference versus the control group; # significant difference versus

the amiodarone group

Genes expression relative to GAPD

Nicorandil MSCs

Control

Amiodarone Amiodarone+Nicorandil  Amiodarone+MSCs

®IL6 =TNF @ TGF

Figure 2: Effect of nicorandil and MSCs on hepatic inflammatory and fibrotic gene expression. Relative
mRNA expression levels of (a) interleukin-6 (IL-6), (b) tumor necrosis factor-alpha (TNF-a), and (c) trans-
forming growth factor-beta1 (TGF-B1) in liver tissues of the different study groups, normalized to GAPDH
and expressed as fold change relative to the control group. Data are presented as mean + SD (n=6 per group).
*p < 0.05 versus control group; #p < 0.05 versus amiodarone group; @p < 0.05 versus nicorandil-treated group

Histopathological findings confirmed the
hepatoprotective effects of nicorandil and
MSCs

H&E staining

Histological examination of liver sections from the
control, nicorandil-only, and MSC-only groups re-
vealed preserved hepatic architecture with normal
central veins, radially arranged cords of polygonal
hepatocytes exhibiting acidophilic cytoplasm and
large vesicular nuclei, occasional binucleation, and
normal portal areas containing portal veins, hepatic
arteries, and bile ducts (Figure 3).

In contrast, the amiodarone-treated group exhib-
ited marked histopathological alterations, including
central vein congestion, widespread microvesicular

and macrovesicular hepatic steatosis, nuclear py-
knosis, prominent inflammatory cellular infiltration,
and periportal Kupffer cell hyperplasia (Figure 3).
The median liver injury score was significantly ele-
vated in the amiodarone group compared to controls
(p < 0.007; Figure 3).

Treatment with nicorandil markedly ameliorated
these changes, with liver sections showing preserved
hepatic structure, only slight central and portal vein
congestion, and mild Kupffer cell hypertrophy (Fig-
ure 3). The liver injury score was significantly re-
duced compared to the amiodarone group (p <0.001;
Figure 3).

The MSC-treated group demonstrated substantial
improvement in liver architecture, with intact cen-
tral and portal areas and only minimal periportal

8227



Biomedical Research and Therapy 2026, 13(02):8223-8233

Kupffer cell hyperplasia (Figure 3). The liver injury
score was significantly lower than both the amio-
darone group (p < 0.001) and the nicorandil-treated
group (p < 0.05; Figure 3).

Masson’s trichrome staining

Masson’s trichrome staining revealed minimal
periventalar and periportal collagen deposition in
the control, nicorandil-only, and MSC-only groups,
consistent with normal hepatic architecture (Fig-
ure 4). The amiodarone-treated group exhibited
extensive fibrosis, characterized by dense colla-
gen bundles surrounding dilated central veins and
within portal areas, accompanied by dilated pro-
liferating bile ducts and congested hepatic arter-
ies. Quantitative analysis confirmed a significant in-
crease in the area percentage of collagen deposition
in the amiodarone group compared to controls (p <
0.007; Figure 4).

Nicorandil treatment significantly reduced collagen
deposition, with only minimal collagen fibers ob-
served in central and periportal regions (p <0.001 vs.
amiodarone group; Fig. 4a-b). Similarly, MSC treat-
ment attenuated hepatic fibrosis, showing moderate
collagen deposition around central veins and por-
tal structures, with a significant reduction in the fi-
brotic area compared to the amiodarone group (p <
0.0071; Figure 4).

DISCUSSION

The present study demonstrates, for the first time,
the comparative hepatoprotective effects of nico-
randil and bone marrow-derived mesenchymal stro-
mal cells (BM-MSCs) against amiodarone-induced
liver fibrosis in rats. Our findings reveal that both
interventions effectively attenuated hepatic injury
through complementary mechanisms involving an-
tioxidant defense, anti-inflammatory action, and
antifibrotic activity, with MSCs showing superior ef-
ficacy in reducing hepatic inflammation and histo-
logical injury.

Amiodarone-induced hepatotoxicity represents a
significant clinical challenge, particularly in elderly
patients requiring long-term antiarrhythmic ther-
apy".
dysfunction, phospholipidosis, and oxidative stress,

The pathogenesis involves mitochondrial

ultimately progressing from steatosis to irreversible

cirrhosis 1319,

In our experimental model, eight
weeks of amiodarone administration produced clas-
sic features of hepatic injury, including elevated
transaminases, hypoalbuminemia, oxidative stress,
and marked fibrotic changes—consistent with previ-

ous reports 120,

The significant elevation of ALT and AST observed
in amiodarone-treated rats reflects hepatocellular
membrane disruption and enzyme leakage?’, while
the concomitant reduction in serum albumin indi-
cates impaired synthetic function secondary to hep-
atocyte degeneration'. Both nicorandil and MSCs
effectively reversed these abnormalities, with MSCs
restoring albumin to near-normal levels. This func-
tional improvement was accompanied by restora-
tion of the oxidant/antioxidant balance, as evi-
denced by reduced MDA and increased SOD activ-
ity.

The antioxidant properties of nicorandil likely in-
volve dual mechanisms: direct hydroxyl radical
scavenging via its nicotinamide moiety?' and in-
direct effects through mitochondrial K ATP chan-
nel opening, which reduces mitochondrial mem-
brane potential and subsequent ROS generation??.
These findings align with previous studies demon-
strating nicorandil’s ability to attenuate hepatic ox-
idative stress in various injury models?=2°. Simi-
larly, MSCs exert antioxidant effects through both
direct free radical scavenging and indirect upregu-
lation of endogenous antioxidant defenses, includ-
ing GSH and SOD2%?”. The comparable antioxidant
efficacy of both interventions suggests that oxida-
tive stress represents a central, targetable pathway
in amiodarone-induced hepatotoxicity.

The marked upregulation of pro-inflammatory cy-
tokines (IL-6 and TNF-a) in amiodarone-treated rats
implicates inflammatory signaling in the pathogen-
esis of AMD-induced liver injury. Both nicorandil
and MSCs significantly suppressed these media-
tors, consistent with their established immunomod-
242528 Notably, MSCs demon-

strated superior IL-6 suppression compared to nico-

ulatory properties

randil, suggesting enhanced anti-inflammatory effi-
cacy that may reflect the complex paracrine signal-
ing networks employed by MSCs, including secre-
tion of TSG-6, PGE2, and other immunomodulatory
factors 2822,

Hepatic fibrosis represents the culmination of
chronic injury and inflammation, driven primarily
by TGF-B-mediated activation of hepatic stellate
cells and excessive ECM deposition®°. The substan-
tial reduction in TGF-P expression following both in-
terventions correlated with marked histological im-
provement, including reduced collagen deposition
on Masson’s trichrome staining and lower injury
scores on H&E examination.

Nicorandil’s antifibrotic effects have been previ-
ously documented in bile duct ligation models,
where treatment downregulated a-SMA expression
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g Control  NICO MSCs AMIO AMIO-NICO AMIO-MSCs

Figure 3: Representative photomicrographs of hematoxylin and eosin (H&E)-stained liver sections (scale
bar = 50 pm) and quantitative histological injury scores. (a) Control group showing normal hepatic archi-
tecture with central vein (CV), cords of hepatocytes with acidophilic cytoplasm and vesicular nuclei (N), occa-
sional binucleation (arrowheads), sinusoids lined by Kupffer cells (k), and normal portal area containing portal
vein (PV), hepatic artery (H), and bile duct (CBD). (b) Nicorandil-only group and (c) MSC-only group showing pre-
served hepatic structure comparable to controls. (d) Amiodarone-treated group exhibiting central vein conges-
tion, widespread microvesicular and macrovesicular steatosis, nuclear pyknosis, inflammatory infiltration (circle),
and periportal Kupffer cell hyperplasia (k). (e) Amiodarone + nicorandil group showing preserved hepatic archi-
tecture with mild central/portal congestion and mild Kupffer cell hypertrophy (k). (f) Amiodarone + MSCs group
demonstrating improved liver architecture with intact central and portal areas and minimal periportal Kupffer cell
hyperplasia. (g) Liver injury scores presented as median with interquartile range (n=6). *p < 0.05 versus control
groups; #p < 0.05 versus amiodarone group; @p < 0.05 versus nicorandil-treated group.
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Central area

Control

MSCs

AMIO

AMIO-NICO

_h? AMIO-MSCs

masson area percent

*

Control NICO MSCs AMIO AMIO-NICO AMIO-MSCs

Figure 4: Assessment of hepatic collagen deposition by Masson’s trichrome staining. (a) Representative
photomicrographs of liver sections stained with Masson's trichrome (scale bar = 50 um). Control, nicorandil-only,
and MSC-only groups show thin uniform collagen fibers around central veins and portal areas. The amiodarone-
treated group reveals dense collagen bundles around a dilated central vein and portal area, with dilated proliferat-
ing bile duct (BD) and congested hepatic artery (A). The amiodarone + nicorandil group shows minimal collagen
deposition in central and periportal regions. The amiodarone + MSCs group demonstrates moderate collagen
deposition around central veins, bile ducts, and portal veins. Arrows indicate collagen deposits. (b) Quantitative
analysis of the area percentage of collagen deposition. Data are presented as mean + SD (n=6). *p < 0.05 versus

control group; #p < 0.05 versus amiodarone group.

3031 These ef-

fects are attributed to K ATP channel opening and

and improved hepatic architecture

NO donation, which collectively suppress stellate
cell activation and promote vasodilation, improving
hepatic microcirculation. Our findings extend these
observations to a clinically relevant model of drug-
induced fibrosis.

MSCs modulate fibrosis through multiple mech-
anisms, including differentiation into hepatocyte-
like cells, direct inhibition of hepatic stellate cell
activation, and paracrine-mediated modulation of
the TGF-B/SMAD signaling pathway 4273233 The
superior histological improvement observed with

MSCs—particularly the reduction in Kupffer cell hy-
perplasia and inflammatory infiltration—likely re-
flects their capacity for sustained immunomodula-
tion and tissue integration.

While both interventions demonstrated signifi-
cant hepatoprotection, subtle differences emerged.
MSCs showed enhanced efficacy in reducing IL-6
expression and histological injury scores, suggesting
that cell-based therapy may offer advantages for se-
vere inflammatory injury. However, nicorandil—an
orally administered, well-tolerated drug with estab-
lished cardiovascular indications—presents a more
immediately accessible prophylactic strategy for pa-
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tients requiring amiodarone therapy. The compara-
ble effects on liver enzymes, oxidative stress mark-
ers, and TGF-f expression suggest that nicorandil
could serve as a practical adjunctive therapy, while
MSCs may be reserved for cases of established or
progressive fibrosis.

This study has several limitations. First, the pro-
phylactic administration protocol (concurrent treat-
ment with amiodarone) does not address the thera-
peutic efficacy of these interventions in established
liver fibrosis. Future studies should investigate
treatment following fibrosis development to assess
regenerative potential. Second, while we demon-
strate antioxidant, anti-inflammatory, and antifi-
brotic effects, the precise molecular mechanisms—
particularly regarding differential signaling path-
way activation (e.g., PI3K/AKT, Nrf2, autophagy)—
require further elucidation through targeted in-
hibitors or knockout models. Third, variability in
MSC sources and isolation protocols may influ-
ence therapeutic efficacy and limit generalizability.
Fourth, the sample size, while statistically justified,
was relatively small, and assessments were not per-
formed blinded to group allocation, introducing po-
tential bias. Finally, as a preclinical model, these
findings require validation in human studies, al-
though the translational relevance is supported by
the use of clinically relevant doses and administra-
tion routes.

CONCLUSION

Nicorandil and BM-MSCs effectively attenuate
amiodarone-induced liver fibrosis in rats through
coordinated antioxidant, anti-inflammatory, and
antifibrotic mechanisms. Both interventions nor-
malized liver function tests, restored oxidative bal-
ance, suppressed pro-inflammatory and profibrotic
mediators, and improved histological architecture.
These findings support further investigation of
nicorandil as an accessible prophylactic strategy
and MSCs as a potential therapeutic option for
amiodarone-induced hepatotoxicity, with the goal
of improving the safety profile of this essential an-

tiarrhythmic medication.
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