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Abstract

Introduction. Hepatotoxicity is primarily-caused by oxidative stress and mitochondrial dysfunction; and, it is the
principal factor that restricts the clinical efficacy of cyclophosphamide (Cpd), which is a chemotherapeutic drug that is
frequently-used. The antioxidant capabilities have been demonstrated by dapagliflozin (Dapa), which is an inhibitor of
sodium-glucose co-transporter-2 (SGLT2). Silymarin (Sil) is a chemical that is extracted from milk thistle. Researches have
demonstrated that silymarin has hepatoprotective and antioxidant properties.

Aim. This study aimed to compare the hepatoprotective effects of dapaglifiozin to silymarin in a rat model of Cpd-induced
liver injury.

Material and methods. Negative control, vehicle (2% aqueous sodium carboxy methylcellulose CMC), Cpd (30 mg/kg/
day, Intraperitoneal (ip), Dapa + Cpd (3 mg/kg/day, oral), and Sil + Cpd (200 mg/kg/day, oral) were the five groups that
were randomly assigned to fifty rats. Each group consisted of ten rats. Following a period of ten days, evaluation the levels of
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in the serum; while, malondialdehyde (MDA), reduced
glutathione (GSH), and superoxide dismutase (SOD) enzyme were all measured in liver tissues; and histological inspection
was also performed on the samples.

Results and discussion. Levels of ALT, AST, and MDA were each considerably-increased by Cpd, while the levels of GSH
and SOD were decreased (P < 0.05). Treatment with either Dapa or Sil each with Cpd resulted in a significant amelioration
of these alterations (P < 0.05 compared to controls). The results of the study demonstrate that Dapa was more effective than
Sil in lowering MDA levels and increasing of GSH and SOD levels (P < 0.05). In the Dapa (Group V), the histological
examination revealed that the hepatic architecture had been intact, and there was only slight increase in vascular congestion.
Conclusion. Both dapagliflozin and silymarin each confer comparable hepatoprotective effects against Cpd-induced liver
injury, possibly through attenuation of oxidative stress and preservation of hepatocyte integrity. The study adds to current
evidence supporting the use of each of these agents in hepatic injury models. However, unlike the study of Satyam et al
(2024) which investigated their combined effect, this study highlights their individual efficacy in a cyclophosphamide-specific
toxicity model.
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Peslome

BBegeHue. lenatoToKCMYHOCTL UnKnodocdammaa B nepByio ouepedb 06yCnoBneHa BAUAHMEM ero MeTabonmToB, B TOM yucre
aKkponenHa. AHTMOKCMAAHTHble CBOWMCTBa 6biNM NpoAeMOHCTpUpoBaHbl AanarnudnosmHom (Dapa), UHIMOUTOPOM HaTpwuii-
IMIOKO3HOro KoTpaHcnopTepa-2 (SGLT2). CunmumapuH (Sil) — 3To XMmyeckoe BelecTBO, U3BNIEKaEMOE M3 PACTOPOMNLLUM NATHUCTOM.
WccnepoBaHma nokasanu, 4to CUAMMapyiH 0611agaeT renatonpoTeKTOPHBIMU U @aHTMOKCAAHTHBIMU CBOACTBaMMU.

Lenb. Llenblo gaHHOro mnccnefoBaHusa 6bi1o CpaBHEHUE FenaTonpoTeKTOPHbIX 3PPEKTOB Aanarnndnio3nHa 1 CUnMMapuHa Ha
MoZenun nopakeHna neyeHw, BbiasaHHoro LG/, y Kpbic.

MaTtepuanbl n mertoabl. B KauecTBe OTpULATENIbBHOrO KOHTPOJA MCMOMb30BannNch: pactBopuTenb (2%- BOAHbIA pacTBOP
KapbokcumeTtunuenmonosbl Hatpusa, KMLU), umknodochamup (30 Mr/Kkr/geHb, BHYTPUOPIOWNHHO), AanarnmdnosvH +
uuknodochamua (3 mr/Kr/geHb, nepopanbHO) U CUNUMapWH + uuknodpochamua (200 mr/Kr/aeHb, nepopanbHo). 50 KpbiC Gbinu
CylyyaiHO pacnpeaeneHbl Ha 5 rpynn no 10 XMBOTHBIX B KaXXAoW. Yepes fecATb AHeN oLeHMBaAu YpoBHMW anaHUH-aM1HOTpaHchepasbl
(ALT) n acnapTat-amuHoTpaHcdepasbl (AST) B CbIBOPOTKE KPOBM; B TKAHAX MeYEHN M3MepAnu YPOBHU MafoHOBOro AmManbaernaa
(MDA), BoccTaHoBneHHoOro rnyTtatmoHa (GSH) n cynepokcngamcmyTasbl (COLl); Takxke NpOBOAMAN MMCTONOrNYECKoe nccneqoBaHue
06pasLos..

PesynbTtatbl n o6cyxpaeHue. YposHu ALT, AST n MDA 3HauuTenbHO MOBbIWANWCL Nop AelictBuem uuknodochammuaa, B 10
BpemsA Kak ypoBHW GSH n COJl cHuxanucb (P < 0,05). JleueHne pganarnndnosnHOM ManM CUAMMApPUHOM Ha (OHe NpuMeHeHuA
L®[ nprBeno K 3HauMTesIbHOMY YNyULEHUIO 3TUX M3MeHeHun (P < 0,05 No cpaBHEHUIO C KOHTPOJIbHONM rpynnow). PesynbraThl
nccnefoBaHMA nokasbiBatoT, yto Dapa 6bin 6onee 3ddekTBeH, yem Sil, B cHuxeHnn ypoBHa MDA 1 NOBbIWEHWN YPOBHA
GSH 1 SOD (P < 0,05). B rpynne Dapa (rpynna IV) rucronornyeckoe ncciegoBaHne nokasano, YTo CTPOeHMe MevyeHn ocTanochb
Hen3MeHHbIM, 1 HabloAaNnoCh NULLb HE3HaUYNTEeNIbHOE yBENNYeHNe COCY[NCTOro 3acTos.

3aknoyveHmne. U pganarnudnosviH, U CUIMMapVH OKa3blBalOT COMOCTaBMMOE TrenaTornpoTEKTOPHOE [eNCTBMe NpOTHB
BbI3BAHHOMO UuKnodochammaom nopaxeHusa neyeHy, BO3MOXKHO, 3a cYeT 0CabneHnsa OKNCINTENbHOMO CTpecca U COXpaHeHus
LenocTHOCTM renatounToB. [aHHOe uccnefoBaHve AOMOMHAET MMewmeca AaHHble, NoATBep»KAalolme KCnosb3oBaHme
Ka)XAoro u3 3Tux npenapaToB B MoAenax nopakeHua nevyeHn. OfHako, B oTnuume oT uccnepgosaHma Catbama u ap. (2024),
B KOTOPOM WM3Yy4yanocCb WX KOMOWHUPOBAHHOE [eNCTBUE, AaHHOEe WCCnefoBaHMe MoAYEPKUBAET UX WHAUBUAYANbHYIO
30 PEKTUBHOCTb B MOAENN TOKCUYHOCTY, cneunduyHon ans umknodochammaa.

Kniouesbie cnoBa: unknodpocbamng, ganarnndnosmvH, CUAMMapmuH, OKUCIUTENbHbIN CTpecc

KoH$nuKT uHTepecoB. ABTOpbl JEKNApUPYIOT OTCYTCTBUE ABHbLIX M MOTEHUMANbHbIX KOHGIMKTOB WMHTEPECOB, CBA3AHHbIX C
ny6nmKaumen HacTosLLen cTaTbu.

Bknap aBTopoB. O6a aBTopa paspaboTtanu, CNaaHMPOBaIMN NCCIe[0BaHMNE Y HAMMUCANIN TEKCT CTaTby.

BnarogapHocTb. HayuHomy pykoBoguTenio 1 Bcem npenogaBaTteniaM B pamkax obyyeHus B acnvpaHType GpapmaLeBThYeCcKoro
dakynbteTa bargagckoro yHusepcuTterta.

Ona yntupoBanua: Xnann A. T, Anb-laBn H. H. CpaBHUTEeNbHOE nccnefoBaHue renatoTPoONHOro AencTBmA ganarnndnosmnHa
M CMNMMapuHa Ha mogenu uuknodbochamua-mHAYLUPOBAHHOTO MOPAXKEHWA MeYeHu Yy Kpbic. Paspabomka u pezucmpauyus
niekapcmeeHHblx cpedcma. 2026;15(1):227-239. https://doi.org/10.33380/2305-2066-2026-15-1-2146




INTRODUCTION

Cyclophosphamide (Cpd), an oxazaphosphorine
of nitrogen mustard derivative, is utilized in the treat-
ment of various human cancers, including solid tum-
ors, lymphomas, and leukemia [1]. It is also extensively-
employed to manage non-neoplastic conditions such
as rheumatoid arthritis (RA) and systemic lupus erythe-
matosus [2].

A limitation of Cpd in clinical settings is the risk of
therapeutic doses causing liver damage; researchers in-
dicate that alterations in cellular nucleic acids accompa-
ny oxidative stress (OS), which is commonly associated
with Cpd-induced hepatotoxicity and may significantly
contribute to its etiology [3]. This consequently disturbs
the intracellular oxidant/antioxidant equilibrium in the
liver by diminishing the functions of endogenous anti-
oxidant proteins and enzymes (such as ALT and AST),
resulting from Cpd’'s detrimental effects on the mito-
chondria and compromised cellular respiration [4, 5].

Dapagliflozin is the inaugural sodium-glucose co-
transporter-2 (SGLT2) inhibitor sanctioned by the EMA
for the treatment of type 2 diabetes. It functions by in-
hibiting the kidneys’ capacity to reabsorb filtered glu-
cose, hence augmenting urine glucose excretion and
reducing blood glucose levels. This medicine has obtai-
ned FDA approval for treating type 2 diabetes in adults,
focusing on reducing blood glucose levels and minimi-
zing the risk of heart failure hospitalization in indivi-
duals with type 2 diabetes with a history of cardiovas-
cular disease (CVD) or other CVD risk factors, including
smoking, hypertension, or dyslipidemia; and is intended
to be used alongside a healthy lifestyle [6]. Dapagliflo-
zin, has just been licensed as a potential preventive
treatment against organ toxicity induced by radiation
therapy, particularly in conjunction with doxorubicin and
cisplatin. Dapagliflozin mitigated oxidative stress and
apoptosis in diabetic rat models by inhibiting doxoru-
bicin-induced apoptosis and the generation of reactive
oxygen species (ROS), resulting in decreased heart fib-
rosis and enhanced cardiac function [7]. This effect is
accompanied with the alleviation of oxidative stress
pathways in the endoplasmic reticulum (ER). Dapagli-
flozin mitigated Electrocardiographic abnormalities and
doxorubicin-induced reductions in ejection fraction in
non-diabetic rats. Histopathological analyses indicated
that those administered dapagliflozin exhibited reduced
myocardial injury [8]. The expression of antioxidant
enzymes was enhanced, while markers of heart hypert-
rophy and fibrosis were diminished following the sti-
mulation of the PI3K/AKT/Nrf2 signaling pathway by
dapagliflozin. The modulation contributes to its capa-
city to safeguard the heart. It exhibits hepatoprotective
properties alongside its cardioprotective benefits [8, 9].

In addition it enhanced histological liver architectu-
re and reduced elevated liver enzymes (ALT, AST) in Wis-
tar rats following cisplatin treatment. The advantages of
dapagliflozin and silymarin combination in rehabilitating
liver function and architecture were noted. Dapagliflozin
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mitigated renal fibrosis, renal dysfunction, and glomerular
shrinkage induced by doxorubicin, as indicated by
research findings. It may be beneficial in preventing
nephrotoxicity in patients treated with doxorubicin, as
it diminished ROS production and apoptosis in renal
tissues [10, 11].

Silymarin, a flavonolignan complex obtained from
the seeds of Silybum marianum (milk thistle), has been
thoroughly examined for its beneficial effects on liver
health; Mutlu Deger et al. (2022) shown that Dapagliflo-
zin safeguarded the kidneys of mice against cyclospo-
rine A-induced nephrotoxicity [12]. The therapeutic po-
tential and mechanisms of action against several hepa-
totoxins have been further investigated from 2022 to
2025 [13].

Silymarin demonstrates significant antioxidant pro-
perties by neutralizing reactive oxygen species (ROS)
and preventing lipid peroxidation. Yang et al. (2022)
and H.M. Jaffar et al.( 2024) discovered that silymarin
mitigated acetaminophen-induced hepatic injury by re-
ducing glutathione levels and diminishing the synthe-
sis of deleterious metabolites via the downregulation
of CYP2E1 enzyme expression and activity [14,15].

The anti-inflammatory attributes of silymarin are
realized through the suppression of NF-kB and the re-
duction of pro-inflammatory cytokines such as TNF-a
and IL-6. El-Kot et al. (2023) shown that rats administered
silymarin alongside CCl, exhibited markedly reduced
inflammatory markers and improved liver histology [16].

Silymarin safeguards the hepatic tissue from oxi-
dative stress-induced damage by regulating enzyme
activity. It specifically augments the concentration of
intrinsic antioxidant enzymes, including catalase and su-
peroxide dismutase (SOD) [17]. Okiljevi¢ et al. (2024) re-
port that administering silymarin to mice subjected to
paracetamol-induced oxidative stress resulted in en-
hanced antioxidant enzyme activity and reduced liver
damage [18].

Several hepato-toxins have been investigated con-
cerning silymarin’s putative protective properties; whe-
re, Silymarin can mitigate acetaminophen-induced he-
patotoxicity by augmenting antioxidant defenses and
inhibiting CYP2E1-mediated bioactivation. In carbon tet-
rachloride (CCl,) liver injury models, it mitigates inflam-
mation and oxidative stress, thereby enhancing liver
function and histological outcomes [19].

Research conducted by B. Okiljevi¢, et al (2024) in-
dicated that silymarin exhibited hepatoprotective pro-
perties against acetaminophen-induced toxicity by re-
ducing serum liver enzyme levels and enhancing liver
histology in rats model [20].

Objectives of the Study

The purpose of this study was to compare dapag-
liflozin to silymarin in terms of its effect on oxidative
stress parameters, serum enzyme levels (alanine and
aspartate aminotransferases), and histological investi-
gations in male rats against cyclophosphamide-indu-
ced hepatotoxicity.
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MATERIALS AND METHODS
Ethical approval

Approval Number: REC062463A was granted on
2-3-2024 by the Local Research Ethics Committee of
the College of Pharmacy, University of Baghdad, Iraq,
for the processes pertaining to animal care and research.

Materials

Carboxymethylcellulose sodium salt was acquired
from HiMedia Laboratories Pvt. India, cyclophosphamide
was obtained from Baxter, Germany, and dapagliflozin
was sourced from Sigma company, USA. Silymarin was
procured from MACKLIN Company, China. AST and
ALT kits were acquired from LINEAR CHIMICALS, S.L.U.
in Spain, while ELIS/A kits for GSH, SOD, and MDA were
sourced from Elabscience in the USA.

Animals

Fifty (50) male Wistar albino rats, aged five to six-
weeks-old, weighing 150-180 grams, were obtained
from the University of Baghdad's local animal facility,
which is part of the Department of Pharmacology and
Toxicology. The standard laboratory lighting conditions
of a 12:12 hour light: dark cycle and a temperature of
25 £ 2 °C were applied to all of the rats. One week befo-
re the trial started, all of the animals were acclimated.
Each of the five groups consisted of ten rats, which
were randomly assigned to the groups. Negative cont-
rol: (I). Rats were administered distilled water (DW) oral-
ly and provided with a standard diet. (ll). Rats were sup-
plied a 2 % aqueous solution of sodium-carboxymethyl-
cellulose (Na+-CMC) orally via gavage daily for 10 days,
based on the weight of each animal [21]. (lll). (Induc-
tion): Rats were administered 30 mg/kg/day of Cpd via
intraperitoneal injection for duration of 10 consecutive
days [22]. (IV) Rats were supplied Dapa (3 mg/kg/day
B.W) orally, dissolved in Na+-CMC, for 10 days, alongside
an intraperitoneal injection of the cpd (30 mg/kg/day)
for 10 consecutive days, dosed according to the
weight of each rat [23]. (V) Rats were supplied with Sil
(200 mg/kg) orally, dissolved in Na+-CMC, for 10 days,
alongside a 30 mg/kg/day Cpd injected intraperitoneal-
ly for 10 consecutive days, adjusted according to the
weight of each rat [24].

Twenty-four hours post the final administered
dose (i.e., on day 11), following euthanasia (Rats were
anesthetized via intraperitoneal administration of
80 mg/kg of ketamine and 10 mg/kg of xylazine; upon
achieving complete anesthesia, the rats were eutha-
nized via cervical dislocation), the liver of each rat was
promptly-isolated post-mortem and washed with ice-
cold phosphate-buffered saline (PBS) at pH 7.4 to mini-
mize degradation [25].

Preparation of Serum Samples

Following the euthanasia of rats, blood was collec-
ted from the neck and transferred to a standard tube;
the clot was disrupted with a glass rod and subsequent-
ly centrifuged at 3000 rpm for 15 minutes. Serum was
stored at -20 °C until it was used for the evaluation of
alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) [26].

Liver Tissue Homogenate Preparation

Subsequent to euthanization of each rat/Group,
the liver was removed and rinsed with an ice-cold phos-
phate-buffered saline (PBS) solution (pH=7.4) to eli-
minate residual blood. The sample was prepared at a ra-
tio of 1 g of liver tissue to 9ml of PBS, which was subse-
quently-homogenized using a homogenizer. The mixtu-
re was then centrifuged for 10minutes in a chilled cent-
rifuge, and the supernatant was collected (26). Liver tis-
sue homogenate was utilized to evaluate the levels of
specific oxidative stress parameters (MDA, GSH, and SOD)
via Enzyme-Linked Immunosorbent Assay (ELISA) [27].

Biochemical tests

Serum samples obtained post-sacrifice of the ani-
mals were utilized to assess ALT and AST levels, as per
the kit methodology. All reagents, samples, and stan-
dards were prepared. Hundred (100 uL) of either the
standards or serum samples was added to each well of
the ELISA plate, which had been pre-coated with the spe-
cific antibody. The plate was subsequently-incubated
at 37 °C for one hour, without performing a wash step,
with 100 pL of the resultant solution. Detection Rea-
gen A, a biotin-conjugated antibody, was added to each
well. The plate was thereafter incubated at 37 °C for
one hour. Subsequent to incubation, the wells were
aspirated and subjected to three rinses with a 1x Wash
Solution utilizing a spray bottle. The excess liquid was
removed by flipping the dish onto absorbent paper.
Subsequently, 100 pL of the prepared Detection Reagent
B (avidin conjugated to horseradish peroxidase, HRP)
was added to each well, and the plate was incubated
for 30 minutes at 37 °C.The wells were then aspirated
and rinsed five times as previously described. Subse-
quently, 90 pL of the Substrate Solution containing tet-
ramethylbenzidine (TMB) was added to each well, and
the plate was incubated for 10 to 20 minutes at 37 °C.
Subsequently, 50 pL of the Stop Solution (sulfuric acid)
was added to each well to terminate the reaction. The
absorbance of each well was thereafter measured imme-
diately [28].

Histological examination

A portion of hepatic tissue from each rat group
was fixed in 10 % formalin prepared in PBS and stored
at 4 °C for one week for histological analysis. Hepatocel-



lular necrosis was assessed by sectioning formalin-fixed
liver tissues into 5 um slices and staining them with he-
matoxylin and eosin (H&E) and viewed under a light mic-
roscope [29].

Statistical Analysis

All data are expressed as means = standard devia-
tion (SD). Statistical significance was evaluated using
one-way analysis of variance (ANOVA) with GraphPad
Prism version 9.5.1, supplemented by the Post Hoc Tu-
key test for inter-group comparisons. A P-value below
0.05 was considered significant [30].

RESULTS

Effects of Dapagliflozin and Silymarin against
Cyclophosphamide-Induced Hepatotoxicity:

Effects on the serum ALT level

Data analysis revealed no statistically-significant
change (P>0.05) in serum ALT levels between the
CMC-treated rats (Group Il) and the negative control
(Group 1), as illustrated in Figure 1. A notable elevation
(P> 0.05) in serum ALT level was detected in rats admi-
nistered Cpd intraperitoneally (30 mg/kg/day, Group llI)
relative to both the negative control (Group 1) and the
CMC (Group ). Group Il exhibited serum ALT level of
47.14 £1.351, compared to 25.49+0.6817 in Group |
and 25.56 + 1.868 in Group Il, respectively. Furthermo-
re, results depicted in Figure 1 indicated a substantial re-
duction (P<0.05) in serum ALT level in Group IV rats,
which received oral administration of Dapa with Cpd
for 10 days, in comparison to the serum level in rats of
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Figure 1. The Serum Levels of Alanine aminotransferase
(ALT) according to Rats’ Group (Data are expressed as
Mean + SD, n = 10; ****: The highest Significant (P < 0.0001);
ns: Non Significant)
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the induction Group Ill/Cpd. Values were (31.54 + 0.8265)
compared to (47.14+1.351). Furthermore, data pre-
sented in Figure 1 indicated a substantial drop (P < 0.05)
in serum ALT levels in rats of Group V, which were oral-
ly-supplied silymarin with Cpd for 10 days, compared
to the serum levels in rats of Group lll (the induction
Group). The relative levels are (32.13 £ 1.436) and (47.14 +
1.351). Moreover, data depicted in Figure 1 indicated
that there were no significant variations (P > 0.05) in se-
rum ALT levels between Group IV rats and Group V
rats. Levels were (31.54 +0.8265) and (32.13 + 1.436),
respectively.

Effects on the serum AST level

Data analysis indicated non-significant changes (P >
0.05) in serum AST levels between the CMC/Group Il
rats and the negative control/Group | rats, with respec-
tive levels of (14.33 +1.227) and (13.86 + 0.7663), (Figu-
re 2). Furthermore, a substantial rise (P < 0.05) in serum
AST levels in Cpd/Group Il rats compared to the serum
levels of the negative control/Group |; where, values
were respectively, (46.7 +2.519) compared to (13.86
0.7663). In addition, the data depicted in Figure 2 indi-
cated a substantial reduction (P <0.05) in serum AST
levels in Group IV, which received oral administration
of Dapa with Cpd for 10 days, compared to the serum
levels in rats of the induction, IP Cpd (Group lll). Levels
were respectively, (24.62+2.4) compared to (46.7 +
2.519). Furthermore, a substantial rise (P <0.05) in serum
AST levels in Group IV rats, which were orally provided
Dapa with Cpd for 10 days, compared to the serum
levels in Group V rats, which received Sil with Cpd for
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Figure 2. The Serum Levels of Aspartate aminotrans-
ferase (AST) according to Rats’ Group (Data are expressed
as Mean £SD, n=10; ****; The highest Significant (P <
0.0001); **: Highly-Significant (P <0.01); ns: Non Signifi-
cant (P > 0.05))
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the same duration. The levels are (24.62 + 2.4) compa-
red to (21.79 £1.221). Besides, the outcomes depicted
a significant reduction (P < 0.05) in serum AST level in
rats of Group V, which were orally-administered sil with
Cpd for 10 days, compared to the serum levels in rats
of Group lll (the induction); the respective levels were
(21.79 £ 1.221) versus (46.7 = 2.519).

Impact on Tissue Malondialdehyde (MDA)
Concentration

Data analysis indicated that there were no signifi-
cant differences (P > 0.05) in tissue MDA levels between
the CMC/Group Il rats and the negative control/Group |
rats (Figure 3).

Furthermore, Figure 3 demonstrated a substantial
rise (P>0.05) in tissue MDA levels in Cpd/Group Il
animals compared to the tissue levels in the negative
control/Group |. Values were (804.1 = 111) compared to
(241.8 £39.63).

Moreover, results depicted in Figure 3 indicated a
substantial reduction (P < 0.05) in tissue MDA levels in
Group IV rats fed Dapa orally with Cpd for 10 days, in
comparison to the equivalent tissue levels in the in-
duction Group lll animals treated with Cpd. Levels are
(161.7 £30.36) compared to (804.1 £111), respective-
ly. Moreover, a significant reduction (P < 0.05) in tissue
MDA levels in Group V rats, which were supplied silyma-
rin orally with IP injection of Cpd for 10 days, compared
to the equivalent tissue levels in Group lll rats, the in-
duction group. Values were (260.3 +14.52) compared
to (804.1 £ 111). In addition, there was a significant re-
duction (P < 0.05) in tissue MDA levels in Group IV rats
administered Dapa orally with Cpd for 10 days, com-
pared to the tissue levels in Group V rats administered
silymarin with Cpd for the same duration, measuring
(161.7 £ 30.36) versus (171.3 + 16.29).
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Figure 3. The Hepatic tissue Levels of malondialdehyde
(MDA) according to Rats’ Group (Data are expressed
as Mean +SD, n=10; ****: The highest Significant (P<
0.0001); **: Highly-Significant (P <0.01); ns: Non Signifi-
cant (P > 0.05))

Effects on the Reduced Glutathione (GSH)
in Rats’ Liver Tissue

Data analysis of Figure 4 revealed that, there were
non-significant differences (P> 0.05) in tissue GSH le-
vel in rats of CMC/Group Il compared to the corre-
sponding tissue level in negative control/Group | rats.
Moreover, a substantial drop (P <0.05) in tissue GSH
levels in Cpd/Group lll animals in comparison to the
negative control/Group |, with values of 16.31+2.763
versus 34.87 +0.6828, respectively. Furthermore, a sub-
stantial elevation (P < 0.05) in tissue GSH levels in the
Dapa orally supplied with Cpd for 10 days (Group IV)
compared to the comparable tissue levels in the induc-
tion group (Group Ill) receiving Cpd. The relative le-
vels are (47.2+1.318) and (16.31 + 2.763). Besides, the
data represented in Figure 4 indicated a substantial
rise (P <0.05) in tissue GSH levels in rats from Group V
which received oral silymarin with Cpd for 10 days,
compared to the comparable tissue levels in rats from
Group llI, the induction group receiving only Cpd. The
values were (44.69 + 3.68) compared to (16.31 +2.763),
respectively. Besides, a substantial elevation (P < 0.05)
in tissue GSH levels in the group of rats that received
oral Dapa with Cpd for 10 days (Group IV) compared
to the levels in Group Il rats that were supplied CMC
orally. Levels are accordingly 47.2 + 1.318 versus 33.7 £
3.65. Moreover, there were no significant changes
(P>0.05) in tissue GSH levels between Group IV rats
and Group V rats. In addition, there was a substantial
rise (P<0.05) in GSH tissue levels in the group of rats,
which were orally supplied sil with Cpd for 10 days
(Group V) compared to the comparable tissue levels
in Group Il rats that received CMC orally. Levels are
(44.69 * 3.68) compared to (33.7 + 3.65).

ke ke

60

40

Tissue GSH (umol/g)
N
o

L]
cMC Cpd +Dapa Cpd +Sil

Control

Cpd

Figure 4. The Tissue Reduced Glutathione (GSH) Levels
according to Rats’ Group (Data are expressed as Mean * SD,
n=10; ****: The highest Significant (P < 0.0001); ns: Non
Significant (P > 0.05))



Effects on Hepatic Tissue Superoxide
Dismutase level (SOD)

Figure 5 indicated that there were no significant
differences (P> 0.05) in tissue SOD levels between the
CMC/Group I rats and the similar tissue levels in the
negative control/Group | rats.

Moreover, Figure 5 indicated a substantial decrease
(P<0.05) in tissue SOD levels in the Cpd/Group Il rats
compared to the negative control/Group | tissue levels.
The levels were (7.936 +0.4482) compared to (64.88 +
4.466). Furthermore, data presented in Figure 5 indica-
ted a substantial elevation (P < 0.05) in tissue SOD le-
vels in Group IV rats fed Dapa orally with Cpd for 10 days,
compared to the equivalent tissue levels in the induc-
tion Group Ill animals receiving Cpd. The levels were
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Figure 5. The Superoxide Dismutase (SOD) Tissue Levels
according to Rats’ Group
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(75.16 £4.096) and (7.936 + 0.4482), respectively. Fur-
thermore, results depicted in Figure 5 indicated a sig-
nificant increase (P < 0.05) in tissue SOD levels in rats
of Group V, which were orally administered Sil with Cpd
for 10 days, compared to the corresponding tissue le-
vels in rats of Group lll, the induction group; where the
levels were (65.35+4.05) versus (7.936 + 0.4482), re-
spectively. Additionally, there were significant increase
(P<0.05) in tissue SOD level in Group IV rats/Dapagliflo-
zin orally-administered with Cpd compared to such tis-
sue level in rats orally-administered silymarin with
Cpd/ Group V. (75.16 £ 4.096) versus (65.35 + 4.05).

Histological Examination
of Rats’ Hepatic Tissues

The hepatic tissue segment of the experimentally
healthy male rats (Group I/Negative Control) which
were supplied distilled water orally, exhibited a normal
histological architecture of the liver; additionally, there
was an absence of congestion, inflammation, and a
normal duct was observed (Figure 6).

The liver section of Group ll/Positive Control male
rats, which orally-administered 2% aqueous solution
of a CMC via rats oral gavage daily for 10 days showed
that, there were - no congestion in the central vein or
in sinusoids; but, there were mild inflammatory cells
infiltrate were seen (Figure 7).

Besides, in liver tissue sections of male rats IP in-
jected with Cpd 30 mg/kg/day for 10 consecutive days
(Group llI/Induction group) showed that, there were
mild-congestion with mild-inflammatory cell infiltrate;
and, with feathery degenerative changes in hepato-
cytes (@ form of hepatocyte death that associated with
cholestasis); moreover, there were proliferation of the
bile duct, (Figure 8).

Furthermore, the section of liver tissue of male rats
of Group IV/ [orally-administered Dapa (3 mg/kg/day
B.W) dissolved in CMC for 10 days with Cpd (30 mg/kg/
day) IP for 10 consecutive days], showed mild conges-
tion (black arrow) with no inflammatory cell infiltrate. In
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Figure 6. Hepatic section of Group | rats (Negative Control/Distilled water). Hematoxylin and Eosin stain; showed normal
histological architecture of the liver mice. No congestion, no inflammation and normal duct; A: 1X, B: 40X
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Figure 7. The effect of carboxymethyl cellulose (CMC) pretreatment on the histological architecture. No congestion in all
sections in central vein or in sinusoids (blue arrows). Mild inflammatory cell infiltrate (yellow arrow), A: 10X; B: 20X; C: 40X

Figure 8. Photomicrographs showed the effect of intraperitoneal injection of cyclophosphamide (Cpd) 30 mg/kg/day for
10 days on the histological architecture. A: Mild congestion is seen (blue arrows). Mild inflammatory cell infiltrate (yellow
arrow). B: Feathery degenerative changes in hepatocytes (black arrow) and bile duct proliferation (head-blue arrow), 40X

addition, the hepatocytes are normal with normal bile
duct, (Figure 9).

In addition, sections of liver tissue of male rats of
Group V Rats, which orally-administered [sil (200 mg/kg)
dissolved in CMC with Cpd (30 mg/kg/day) IP injected
for 10 consecutive days], there was mild congestion
in the central vein (blue arrows); mild inflammatory cell
infiltrate (yellow arrow) with normal hepatocytes (black
arrow) were also seen (Figure 10).

DISCUSSION

Administration of Cpd (Group Ill) resulted in a mar-
ked increase in serum ALT and AST levels, signifying
hepatocellular damage. Cpd metabolites (phosphora-
mide mustard, acrolein) generate reactive oxygen spe-
cies (ROS) that compromise hepatocyte membrane in-
tegrity, resulting in cytosolic leakage of these enzy-
mes [31, 32]. Treatment with dapagliflozin (Group V)
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Figure 9. The effect of dapagliflozin pretreatment on the histological architecture. Mild congestion is seen (black arrow)/
(photomicrograph, no inflammatory cell infiltrate, the hepatocytes are normal with normal bile duct, 40X)

and silymarin (Group V) each with Cpd significant-
ly reduced these enzyme levels compared to the Cpd/
Group Il rats, indicating strong hepatoprotective effects.
Notably, no statistically-significant difference (P> 0.05)
was observed between dapagliflozin and silymarin in
improving these parameters. These results are consis-
tent with those of prior studies documenting the hepa-
toprotective effects of dapagliflozin and silymarin. For
example, dapagliflozin has been shown to markedly
decrease ALT and AST levels in a cisplatin-induced he-
patotoxicity model [33], while silymarin has demonstra-
ted consistent efficacy in reducing liver enzymes across
various types of hepatic injury [34].

With regard to oxidative stress markers (MDA, GSH,
and SOD), Cpd exposure led to elevated MDA and
decreased GSH and SOD levels, reflecting enhanced
oxidative stress [35]. Treatment with either dapagliflo-
zin or silymarin each significantly-mitigated these chan-
ges, restoring antioxidant enzyme levels and reducing
lipid peroxidation. These outcomes confirm the antioxi-
dant properties of both agents, aligning with previous
research [36]. Dapagliflozin has been reported to eleva-
te antioxidant enzyme activity and decrease oxidative
stress in diabetic rat models. For instance, El-Sawy et al.
(2024) demonstrated that dapagliflozin reduced oxida-

tive stress and boosted antioxidant defenses in a do-
xorubicin-induced nephrotoxicity model [37]. Similarly,
the antioxidant effects of silymarin have been wide-
ly demonstrated. Recent studies reported that silymarin
increased GSH and SOD while lowering MDA levels,
thus alleviating oxidative injury [38]. A 2024 and 2025
meta-analysis confirmed that silymarin significantly re-
duced MDA (SMD: —1.69; p < 0.001) and increased SOD
levels (SMD: 3.39; p=0.001) [39, 40]. Other investiga-
tions further validated its protective efficacy in nephro-
toxicity and salinomycin-induced toxicity models, with
consistent antioxidant modulation [41].

Histopathological analysis revealed that Cpd-indu-
ced hepatic injury was characterized by congestion, in-
flammatory cell infiltration, and hepatocyte degenera-
tion, as confirmed by recent studies [42]. In our experi-
ment, treatment with dapagliflozin or silymarin allevia-
ted these histological abnormalities and helped preser-
ve normal hepatic architecture. This protective effect is
supported by previous research confirming both drugs’
ability to reverse histological damage in liver injury
models [43]. For dapagliflozin, Zhao et al. (2023) sho-
wed that it improved liver histology in diabetic mice
with NAFLD through downregulation of dipeptidyl pep-
tidase-4 (DPP4), reducing hepatic steatosis and insu-
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Figure 10. The effect of silymarin [(200 mg/kg) dissolved in CMC] and administered with IP injection of Cpd
(30 mg/kg/day) for 10 consecutive days on the histological architecture. A: Mild congestion is seen in central vein (blue
arrows). B: Mild inflammatory cell infiltrate (yellow arrow) with normal hepatocytes (black arrow). C: 40X. All the results

summarized in the below graphical abstract

lin resistance [44]. Sayour et al. (2025) demonstrated
that dapagliflozin mitigates steatosis, inflammation, and
fibrosis, highlighting its multifaceted hepatoprotective
action [45].

Silymarin, a flavonoid complex extracted from milk
thistle, has been extensively evaluated for its hepatop-
rotective potential [46]. A 2024 systematic review by
Amjad et al. involving 26 randomized controlled trials
reported that silymarin significantly reduced ALT and
AST levels, with improved hepatic steatosis in histolo-
gy [47]. A global consensus in 2022 further endorsed
silymarin’s use for a range of liver disorders, including
alcoholic liver disease, NAFLD, and drug-induced he-
patotoxicity, attributing its efficacy to its antioxidant,
anti-inflammatory, and antifibrotic effects [48].

Unlike the research conducted by Satyam et al.
(2024), which investigated the synergistic hepatopro-
tective effects of dapagliflozin and silymarin in a car-
bon tetrachloride-induced hepatotoxicity model with an
emphasis on the modulation of the Nrf2/HO-1 signa-
ling pathway, the current study is the inaugural ef-
fort to comparatively assess the distinct hepatoprotec-
tive effects of dapagliflozin and silymarin against cyclo-
phosphamide-induced hepatic injury in rats. Our model
features a unique mechanism of liver injury—primarily

through acrolein-induced oxidative stress and inflam-
mation-offering a new framework for evaluating hepa-
toprotection. Furthermore, our study incorporates a
thorough biochemical, oxidative stress, and histological
analysis to evaluate the protective efficacy of each me-
dicine independently, rather than collectively. This me-
thodology provides novel insights into the potential of
dapagliflozin and silymarin as therapeutic alternatives
instead of synergistic drugs, thereby addressing a the-
rapeutically pertinent concern overlooked by prior stu-
dies [38]. Satyam et al. investigated the synergistic be-
nefits of a combination therapy (dapagliflozin + silyma-
rin) in a CCls-induced liver injury model; however, their
study presented several drawbacks.

1. Absence of Individual Assessment: They did not
assess the individual hepatoprotective efficacy of
dapagliflozin and silymarin. The efficacy of each me-
dication individually vs the superiority of their com-
bination remains ambiguous.

2. Model-Specific Limitations: The research was per-
formed using a carbon tetrachloride (CCl;) model,
which primarily produces hepatic injury through
free radical production and lipid peroxidation. This
does not comprehensively depict the mechanism
of hepatotoxicity caused by chemotherapeutic me-



dicines such as cyclophosphamide (CPd), which
produces acrolein and phosphoramide mustard,
resulting in direct oxidative stress, mitochondrial
malfunction, and inflammation.

3. Insufficient Clinical Relevance for Chemotherapy-In-
duced Injury: Their model failed to replicate the he-
patotoxicity commonly seen by cancer patients un-
dergoing chemotherapy (e.g., CPd-induced hepatic
damage). Consequently, the relevance to oncology
or chemotherapy contexts is restricted.

How Our Research Addresses This Gap:

1. A head-to-head comparison of dapagliflozin and si-
lymarin as monotherapies is conducted to elucidate
their individual efficacy.

2. We employ a CPd-induced liver injury model that
more accurately represents chemotherapy-asso-
ciated hepatotoxicity, yielding clinically relevant
insights.

3. Our study provides a thorough assessment of hepa-
toprotection through biochemical, oxidative stress,
and histological analyses.

4. Dapagliflozin alone demonstrates comparable effi-
cacy to silymarin, indicating its potential repurpo-
sing as a standalone hepatoprotective agent in che-
motherapy protocols.

CONCLUSION

This study demonstrates that both dapagliflozin and
silymarin possess substantial hepatoprotective proper-
ties against cyclophosphamide-induced hepatic dama-
ge in rats. Each of these medicines significantly dimi-
nished hepatic enzyme increases, reduced oxidative
stress, and improved histopathological changes. Our
data indicate no statistically significant difference in
hepatoprotection between the two agents, suggesting
that dapagliflozin — a medicine typically utilized for dia-
betes — may be equally effective as the established
hepatoprotective agent silymarin. In contrast to the stu-
dy by Satyam et al. (2024), which examined the syner-
gistic effects of combination therapy in a CCl,-induced
model, our research provides the inaugural direct com-
parison of the individual efficacy of dapagliflozin and si-
lymarin in a cyclophosphamide-induced hepatotoxici-
ty model. This additional scenario underscores the the-
rapeutic potential of dapagliflozin as an independent
drug for alleviating chemotherapy-induced liver da-
mage and broadens its applicability beyond glycemic
regulation.
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