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ABSTRACT

Objective(s): Paclitaxel (PTX) is a commonly used chemotherapeutic . @ent that causes cardiotoxicity
characterized by oxidative stress, inflammation, and mitochondrial ‘'vsfunction, which disrupts
autophagy and apoptosis in cardiomyocytes. This study investiga. d thie therapeutic potential of
eugenol (EUQ), a natural anti-oxidant and anti-inflammato. + conipound, against PTX-induced
cardiac damage.

Materials and Methods: Thirty-six male Wistar rats were rando nly assigned to six groups: Control,
EUG5, EUG25, PTX, PTX+EUG5, and PTX+EUG25. }'amov., ~zmic parameters (systolic and diastolic
blood pressure and heart rate), serum cardiaz pic 1ark rs (troponin T and brain natriuretic peptide),
histopathological alterations, and immunor. *ock.emica expression of autophagy-related proteins
(mTOR, ULKT, and Atg13) were evaluated.

Results: PTX administration significan.. ‘reduced a “zrial blood pressure and increased serum cardiac
injury biomarkers, accompanied by mar* 4 myocardial structural damage. Histopathological analysis
revealed myocardial degeneration, inflan. nation, edema, and tissue disorganization in the PTX
group. In PTX-exposed rats treated wit. EUC(,, arterial blood pressure was higher, and serum cardiac
injury biomarkers were lower tkar in tiic PTX group, accompanied by reduced histopathological
scores. PTX exposure was «ssoc ated wvith decreased mTOR expression and increased ULK1 and
Atg13 immunoreactivity, whii. EUG-ueated PTX groups showed values closer to those of the control
group for these autophagy-.elate ' markers.

Conclusion: EUG admil istration was associated with reduced biochemical and histopathological
indicators of cardiec 1..jur, . PTX-exposed rats, along with changes in autophagy-related markers.
These findings dem 2nstrate that EUG treatment coincided with attenuation of PTX-induced cardiac

injury at the bi~chen.’

. and histopathological levels, suggesting its potential experimental value in

models of ck cmc *herapy-associated cardiotoxicity.
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Introduction

Paclitaxel (PTX) is one of the most successful and widely
used anticancer drugs, significantly improving survival rates
in cancer patients through its unique antitumor mechanism
(1). As a landmark plant-derived chemotherapeutic agent,
PTX acts as a tubulin-binding drug that disrupts mitosis and
induces apoptosis (2). However, the exposure of healthy cells
to this chemotherapeutic agent leads to severe side effects
due to organ toxicity. Among these complications, PTX-
induced cardiotoxicity manifests as ischemia, hypertension,
arrhythmias, and structural and functional alterations in
cardiomyocyte myofibrils (3, 4).

PTX contributes to cardiotoxicity through several
interrelated mechanisms, with oxidative stress playing a
central role. By increasing reactive oxygen species (ROS)

production, PTX disrupts redox balance, promotes
mitochondrial dysfunction, and induces cardiomyocyte
apoptosis, ultimately leading to impaired cardiac
function (5). In addition to oxidative stress, PTX induces
inflammation by upregulating pro-inflammatory cytokines
such as Tumor necrosis factor-alpha (TNF-a), interleukin-1
beta (IL-1B), and interleukin-6 (IL-6), which further
contribute to myocardial damage. Apoptosis is also a key
process in PTX-induced cardiotoxicity, triggered through
both intrinsic and extrinsic pathways (5, 6). Moreover, PTX
has been shown to disrupt autophagy, a crucial mechanism
for maintaining cellular homeostasis. While autophagy can
be protective under stress, its dysregulation may exacerbate
cardiomyocyte injury under chemotherapeutic conditions
(5,6).
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Eugenol (EUG), the primary active component of clove
oil, has been traditionally used in Chinese medicine as a
carminative, antispasmodic, antibacterial, and antiparasitic
agent (7). It is particularly well known in dentistry for its
local anesthetic and analgesic properties (8). Additionally,
EUG has been reported to possess anti-oxidant,
antimicrobial, antiseptic, anti-inflammatory, anticancer,
and anti-stress properties (9, 10). By modulating multiple
intracellular signaling pathways, EUG is suggested to confer
potential benefits against non-communicable diseases
such as cardiac, metabolic, renal, and hepatic disorders,
primarily by reducing oxidative stress and inflammation
(11-13). EUG exerts its protective effects primarily through
its potent xidant capacity, which scavenges ROS and inhibits
lipid peroxidation, thereby preventing cellular damage and
inflammation. Following cellular entry, EUG particularly
targets mitochondria, where it mitigates oxidative stress and
inflammation while regulating mitochondrial bioenergetic
processes (14).

Autophagy is a fundamental self-protective and defensive
mechanism that enables the removal of harmful or toxic
substances from the cell (15). It plays a crucial role in clearing
ROS, misfolded proteins, and pro-inflammatory processes,
thereby maintaining cellular homeostasis (16). mTOR is a
key regulator of cell growth, protein synthesis, metabolic
processes, and survival mechanisms. One of the classical
pathways regulating autophagy is the phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT)/mechanistic target
of rapamycin (PI3K/AKT/mTOR) signaling pathway. PI3K/
AKT signaling activates mTOR, which inhibits autophagy by
reducing autophagic activity through phosphorylation (17).
Unc-51-like autophagy activating kinase 1 (ULK1) plays an
important role in the initiation of autophagy by forming
a regulatory complex with autophagy-related protein’.?
(Atg13) and focal adhesion kinase family interacting procein
of 200 kDa (FIP200). Its activity is tightly regula.~d b7
AMP-activated protein kinase (AMPK) and mTOR through
phosphorylation; AMPK activates ULK1 uude: n»irient
starvation and stress, whereas mTOR inh»it. ULK1 under
nutrient-rich conditions, thereby supp. ‘ssing autophagy
initiation (18). The AMPK/mTOR/ ™ K1 signaling axis
governs multiple cellular prucesces, including energy
homeostasis, cell growth, ad autophag, (19).

PTX induces cardioto: city through various cellular
mechanisms,  primarily ~ ‘nvolving  mitochondrial
dysfunction, increased reactive oxygen species (ROS)
production, and apoptosis mediated by the Bax/Bcl-
2 pathways (3, 6, 20). EUG, a natural xidant and anti-
inflammatory agent, has been reported to protect
cardiomyocytes by reducing oxidative damage and
modulating cardiac electrophysiology (15, 21). However, its
specific role in alleviating PTX-induced cardiotoxicity via
autophagy-related signaling, particularly the mTOR-ULKI1-
Atgl3 pathway, remains poorly understood. Therefore, this
study aims to investigate the therapeutic potential of EUG
in alleviating PTX-induced cardiac damage, with a focus on
its modulation of autophagic mechanisms.

Materials and Methods
Ethical approval of animal use

The experiments followed the ARRIVE guidelines
(Animal Research: Reporting of In Vivo Experiments). All
experimental protocols were approved by the Local Ethic
Committee of Animal Experiments of Kirsehir Ahi Evran
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University (approval no. 2025/06-1) in Turkiye.

Animals and experimental groups

The study was started with eight- to ten-week-old male
Wistar albino rats weighing 200-250 g. The rats were kept
in a 25 °C room with a 12-hr light/dark cycle, free access
to water, and a standard diet from the Experimental and
Clinical Research Center at Kirsehir Ahi Evran University
in Kirsehir, Turkey. The adult rats were randomly divided
into six groups :

Six distinct groups of rats were established for the study
1- Control group (Control): Animals received physiological
saline (vehicle) via oral gavage for 10 consecutive days.

2- Eugenol 5 group (EUG5): Animals received no treatment
during days 1-5 and were then administered eugenol at a
dose of 5 mg/kg/day via oral gavage for 10 consecutive days,
starting on day 6 (days 6-15).

3- Eugenol 25 group (ETG25): Animals received no
treatment during days 1- and were then administered
eugenol at a dose of 25 mg/: »/day via oral gavage for 10
consecutive days, starting < day 5 (days 6-15).

4- Paclitaxel group (I'TX): Animals received paclitaxel
(TAKSEN® Kogak Fa. na, 20 mg/5 ml vial) at a dose of 2
mg/kg/day via int -aperitoneal injection for 5 consecutive
days (dave-1-20 (22, .3). No eugenol or eugenol solvent was
admir’stere | to v»is group during days 6-15.

5- Pacli. ~el + Eugenol 5 group (PTX+EUGS5): Animals
1xceived pa itaxel (2 mg/kg/day, IP) for 5 days (days 1-5),
fol. wed by eugenol at a dose of 5 mg/kg/day via oral gavage
for 16 Hays (days 6-15).

6- Mociitaxel + Eugenol 25 group (PTX+EUG25): Animals
received paclitaxel (2 mg/kg/day, IP) for 5 days (days 1-5),
.ollowed by eugenol at a dose of 25 mg/kg/day via oral
gavage for 10 days (days 6-15) (12, 13).

Preparation and administration of eugenol

Eugenol (Sigma-Aldrich, E51791) was freshly prepared
daily by dissolving it in physiological saline (0.9% NaCl) to
achieve a final concentration of 1 mg/100 ul. The solution
was gently mixed immediately before oral gavage.

Blood pressure parameters evaluation

Noninvasive tail-cuff blood pressure measurements were
performed in rats using a volume-pressure recording method
(MAY-NIBP250, Tirkiye). Cuffs were routinely checked
for patency before experiments. Animals were habituated
to the restraint and tail-cuft procedure for 7 consecutive
days. All measurements were conducted in a designated
quiet area (22 * 2 °C), and rats were acclimatized for 1 hr
prior to recording to minimize stress-related sympathetic
activation. Animals were gently guided into restraint tubes
to minimize movement. The occlusion cuff was placed at the
base of the tail, and the sensor cuff was positioned adjacent
to it. A heating chamber maintained at 32 °C was used, and
rats were warmed for 5 min before and during recordings.
Blood pressure was measured by inflating the occlusion
cuff to 250 mmHg and deflating it over 15 sec, while the
sensor cuft detected volume changes in the tail. Rats were
habituated for at least 7 consecutive days before baseline
measurements. For each animal, five measurements were
taken at 1-min intervals. The highest and lowest values
were excluded, and the mean of the remaining three
measurements was used to obtain systolic pressure, diastolic
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pressure, heart rate, and mean arterial pressure data. Mean
arterial pressure was calculated using the formula: Mean
Arterial Pressure = Diastolic Pressure + (Systolic Pressure —
Diastolic Pressure)/3. MAP was calculated using the formula:
MAP = DBP + (SBP - DBP) / 3 (24).

Serum biomarker analysis (cTnT and BNP) analysis

On the 16th day of the study, animals were deeply
anesthetized with xylazine (10 mg/kg, IP) and ketamine (60
mg/kg, IP). Adequate depth of anesthesia was confirmed
by the absence of withdrawal and corneal reflexes. After
confirming surgical anesthesia, cardiac blood samples
were collected, after which animals were euthanized and
the hearts were rapidly excised for further analyses. The
collected blood in tubes was allowed to stand for 30 min and
then centrifuged at 3000 rpm for 10 min. Non-hemolyzed
serum samples were aspirated into an Eppendorf tube and
kept at -80 °C until needed for biochemical testing. The
ELISA technique was used to measure cardiac troponin
T (cTnT) (Finetest Lot no: ER1396) and brain natriuretic
peptide (BNP) (Finetest ER0775) levels (24).

Histopathological analysis

The heart tissues were fixed in 10% neutral formalin for
72 hr, treated with ethanol, and then embedded in paraffin
blocks for histological examinations. Sections 6 um thick
were cut from a paraffin block (Leica, Autocut, 14051956472,
Germany) and stained with hematoxylin and eosin (H&E)
(Bio-Optica 05-06004/L Harris’ Hematoxylin & Bio-Optica
05-10002/L, Eosin Y %1) and with iron hematoxylin to
examine the general histomorphological structure of heart
tissues. Standard light microscopy (Nikon, Eclipse Ni-
U, 940728, equipped with a camera) was used to analyze
heart tissue under blinded conditions. Histopathologica’
alterations were semi-quantitatively scored for myocardial
degeneration, cardiomyocyte hypertrophy, edema, nuclear
damage (pyknosis/karyolysis), myofibrillar disorgani st =
and vacuolization. Each parameter was graded on-a scale
from 0 (absent) to 3 (severe) in 15 randomly s ‘ectec Z.elds
per section by a blinded observer. The total bistop« hological
injury score was calculated by summu 2 individual
parameter scores (24, 25).

Hematoxylin and eosin (H&E) sta'ning was used for
general histopathological eva uation of myocardial injury,
including edema, hemorrhage = cellulzr degeneration, and
nuclear alterations (25). Iron henmawxylin staining was also
used to assess myofibrillar organization, actin-myosin striation
patterns, and cardiomyocyte structural integrity (24).

Immunohistochemistry

The immunohistochemical staining kit (Lab VisionTM
UltraVisionTM Large Volume Detection System: anti-
polyvalent, HRP, TA-125-HL) was used in conjunction with
the streptavidin-biotin-peroxidase method. This method
was used to assess the expression of mTOR, ULK1, and
Atgl3 in heart tissue. Five-micron-thick cross-sections of
heart tissue blocks were cut, deparaffinized, rehydrated,
and washed at room temperature in phosphate-buffered
saline (PBS). To prevent endogenous peroxidase activity,
3% hydrogen peroxide was applied for 5 min. They were
rewashed with PBS and incubated in 10% sodium citrate
buffer (pH 6.0) for 10 min at 600W in a microwave oven.
They were subsequently allowed to rest at room temperature
for 20 min and then washed with phosphate-buffered saline
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(PBS). To inhibit endogenous peroxidase activity, a hydrogen
peroxide solution was applied for 10 min. After washing
the tissues with PBS, a blocking solution was applied for
10 min. Primary antibodies mTOR (Proteintech, Cat No.
66888-1-Ig, 1/1000), ULK1 (Proteintech, Cat No. 20986-1-
AP, 1:100), Atgl3 (Proteintech; Cat No. 18258-1-AP, 1:250),
were treated with the sections for an over night at 4 °C. After
incubation, the tissues were washed with PBS, followed by
a 30-min incubation with a secondary antibody compatible
with the primary antibody. Finally, the tissues were washed
again with PBS and incubated with Streptavidin Peroxidase
(Thermo Scientific SHRP248-B) for 20 min at room
temperature in a humidified chamber, and then placed in
PBS. After applying Diaminobenzidine (DAB) solution, the
tissues were observed under a light microscope until the
signal was detected, followed by simultaneous washing of
all groups with tap water. The sections were counterstained
with Mayer’s hematoxylin, passed through PBS and distilled
water, and then mounted with an appropriate mounting
solution. The immunohistochemically stained sections
were examined using a light m. “coscope (Nikon Eclipse Ni-
U, 940728), and images were ca; ‘ured from 20 randomly
selected fields per sectiocn. 1.ymunoreactivity intensities
of mTOR, ULK1, and Atg 3 were quantified using Image]
(NIH, Bethesda, MDD, U.A), and the resulting data were
used for statistical un. 'vsis (25, 26).

Statisticu. anc .yses

The resui. of the analyses were evaluated using GraphPad
Pris.2 9.0. The Shapiro-Wilk test was performed to assess
the nc mality of the data distribution. For comparisons
inv lving multiple groups, one-way analysis of variance
(~ANGvA) and the Kruskal-Wallis test were utilized. Post
hoc analyses were conducted using the Bonferroni test for
ANOVA and the Dunn’s multiple comparisons test for the
Kruskal-Wallis test. A P-value below 0.05 was considered
statistically significant for all analyses.

Results
Evaluation of systolic and diastolic blood pressure

After all treatments were completed, systolic blood pressure
(SBP) and diastolic blood pressure (DBP) were measured in the
experimental groups. The PTX group (P<0.05) and the EUG25
group (P<0.01) showed significantly lower SBP values than
the control group. However, the EUG5 group had significantly
higher SBP values than the EUG25 group (P<0.01). Although
PTX administration reduced SBP relative to the control group,
no significant changes were observed in the PTX groups treated
with either EUG5 or EUG25 (Figure 2a). Similarly, the PTX
group exhibited significantly lower DBP values than the control
group (P<0.01). Although PTX treatment decreased DBP, the
PTX groups that received EUG (EUG5 or EUG25) showed no
significant changes in DBP (Figure 2b).

Evaluation of mean arterial blood pressure and heart rate

Following completion of all experimental procedures,
mean arterial pressure (MAP) and heart rate were measured
across all study groups. PTX administration significantly
decreased MAP values compared to the control group
(P<0.001). Both PTX+EUG5 and PTX+EUG25 treatment
groups showed significantly higher MAP values than the
PTX group (P<0.05), though no significant difference was
observed between these two treatment groups (Figure 2c¢).
Regarding heart rate measurements, the PTX group showed
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Treatment
Groups Paclitaxel Eugenol  pay Administration Route

CONTROL 2 ml/kg/day 6-15 day 0.6..
e Smglkg/day 6 15 qay 0.6.

F4 ! EUG25 25mg/kg/day  6-15 day 0G
PT 2 mg/kg/day 1-5day LP
PT+EUGS  2mg/kg/day Smg/kg/day  pPT.1-5day EUG: 6-15day  LP+0.G
PT+EUG25 2M9/kgiday  25mg/kg/day  pT:1-5day EUG; 6-15day  LP+0.G.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 day

PT treatment

]
Systolic pressure cTNT
Diastolic pressure BNP

Mean arteria pressure
Heart Rate

Figure 1. Schematic representation of the experimental design

IP: Intraperitoneal administration, ¢TnT: Cardiac troponin T, BNP: Brain Natriuretic Peptide; mTOR: Mechanistic target of rapa nycin; «

Sacrification

ST T ——
EUG treatmen

H&E
Iron Hematoxilen
IHC

-mTOR, -ULK1, -Atg13

LK1: Unc-51 like autophagy activating

kinase 1; Atg13: Autophagy-related protein 13; H&E: Hematoxylin and eosin; IHC: Immunohistochemical staining

significantly lower values than controls (P<0.01). While the
EUG25 group demonstrated a significant increase in heart
rate relative to the PTX group (P<0.001), the PTX+EUG5
and PTX+EUG25 groups showed non-significant increases
in heart rate compared to PTX treatment (Figure 2d).
Compared with the PTX group, PTX+EUG5 showed a
18.9% increase in MAP, and PTX+EUG25 showed a 19.3%
increase, indicating significant recovery toward normal
hemodynamic values. These results suggest that EUG may
attenuate PTX-induced hypotension in a dose-responsiv:
manner, with higher doses of EUG25 providing marginally
greater restoration of MAP than lower doses of EUGS5.

Assessment of serum cTnT and BNP levels

c¢InT and BNP levels were assessed fouow =z all
experimental applications. PTX administratia s, mificantly
increased both ¢TnT and BNP levels comparc 1 to the control
group (P<0.001). In contrast, EUG trcau. »nt significantly
reduced these cardiac injury raarxers In tie PTX+EUGS5
and PTX+EUG25 groups, ¢'(nT levels ere significantly
lower than those in the PTX' roup (P=0.021 and P<0.001,
respectively), while BNP levels  ore <iso markedly reduced
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Mean Arterial Pressure (mmHg)

in both groups (P<0101). Compared with the PTX group,
both EUG-treat' 1 grcops showed reductions in cardiac
injury b’oma <ers.. PTX+EUG5 was associated with a
10.02% de. wease in'cTnT and a 32.99% decrease in BNP
levols, while + TX+EUG25 resulted in reductions of 17.18%
and :.7 67%, respectively (Figure 3a-b).

Tatercotingly, ¢TnT and BNP levels in the EUG-only
5ot e vere lower than those observed in the control
group. Although this finding may appear unexpected
« uer physiological conditions, it likely reflects the potent
«idant and anti-inflammatory properties of EUG, which
may reduce basal oxidative and inflammatory tone even in
healthy myocardium. Importantly, this reduction should
not be interpreted as an improvement in cardiac function,
but rather as a biochemical modulation within physiological
limits, as no functional cardiac assessments were performed
in the present study.

Histomorphological analysis

H&E staining
H&E-stained heart sections from the control and EUG-

d)

Heart rate (bpm)

o
FEG ESS
i:.d;\ * qd:‘d“#

Figure 2. Levels of blood pressure parameters in rat control and treated groups in paclitaxel (PTX) toxicity

Data are presented as mean + SD (n = 6 per group; biological replicates). Blood pressure was measured five times per animal; the highest and lowest values were excluded, and the
average of the remaining three values was calculated for each animal. a) Comparison of systolic blood pressure among study groups in PTX-induced toxicity. Data are represented
as meanzstandart deviation. b) Comparison of diastolic blood pressure among study groups in PTX-induced toxicity. Data are represented as mean+standart deviation. c)
Comparison of mean arterial pressure among study groups in PTX-induced toxicity. d) Comparison of heart rate among study groups in PTX-induced toxicity.

Data are represented as mean+standart deviation and the statistical differences were analyzed by one-way ANOVA. * <0.05, ** <0.01 , ***<0.001. EUG: Eugenol; PT: ???
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Experimental c-TnT levels BNP levels

groups (mean+5D) {mean*SD)

CONTROL 637,1£33,14 748,4 £ 49,85
PT 952,4 +40,93 2134 £406,2
EUG5 627,7 71,98 393,4 £47,29
EUG25 391,6 £47,28 2525 £73,62
PT+EUGS 857,0 + 33,20 1430 + 240,8
PT+EUG25 788,8 + 52,62 988,7 £105,0

Figure 3. Serum cardiac troponin T (cTnT) and brain natriuretic peptide (BNP) levels in control and rat experimental groups following paclitaxel (PTX)

administration and eugenol (EUG) treatment

Data are presented as mean + SD (n = 6 rats per group; three technical replicates per sample). Statistical analysis was performed using one-way ANOVA. *P<0.05, **P<0.01, ***P<0.001.

only groups exhibited a largely preserved myocardial
architecture, characterized by normal cardiomyocytes
with centrally located nuclei. Mild interstitial edema was
occasionally observed in the EUG25 group. In contrast,
heart tissues from the PTX group showed pronounced
histopathological alterations, including cardiomyocyte
degeneration and hypertrophy, interstitial edema,
hemorrhage, pyknotic nuclei, and vacuole formation
between cardiomyocytes.

Inthe PTX+EUG25 group, PTX-induced histopathological
changes were markedly attenuated. The myocardial
architecture in this group was largely preserved and closely
resembled that of the control and EUG5 groups. In the
PTX+EUGS group, a partial protective effect was observed,
with reduced hemorrhage, edema, and cardiomyocyte
hypertrophy compared with the PTX group (Figure 4).

Iron hematoxylin staining

Iron hematoxylin-stained sections from the contral yxoup
demonstrated well-preserved actin-myosin strie ‘ons <
normal nuclear morphology. In contrast, caraiom,ncytes
in the PTX group exhibited hypertrophy. kar olytic and

~ONTROL

pyknotic nuclei, and a marked lo<s of myofibrillar striations,
indicating disruption of acti -myosin organization.
Prominent interstitial edema was als. evident in this group.

In the PTX+EUG treatme.t ‘groups, particularly
PTX+EUG25, these ultra vuctural alterations were
substantially attenuated./ Carc 'omyocytes showed preserved
nuclear morphologyv; ci arer’ myofibrillar striations, and
reduced intersuc ! ‘ed~ma, indicating partial restoration of
myofibrillai ¢ ~an.zatior, following EUG treatment (Figure 5).

Histop..*hologica. scoring of myocardial injury

Semri-q antitative histopathological scoring based on
hemat« xylin ‘and eosin (H&E) staining revealed marked
myccariar injury in the PTX group, characterized by
signifi<antly higher scores for cardiomyocyte degeneration/
_vpertrophy, edema, hemorrhage, vacuolization, nuclear
damage, and myofibrillar disorganization compared with
the control and EUG-only groups (P<0.05).

Evaluation of iron hematoxylin-stained sections further
confirmed severe myocardial structural disorganization in
the PTX group, particularly with respect to nuclear damage
and myofibrillar integrity.

EUG5_

Figure 4. Histopathological assessment of PTX-induced myocardial injury and its modulation by eugenol treatment in rats. Cardiac tissue sections (n = 6 per
group) stained with Hematoxylin and Eosin (H&E) were analyzed at x200 magnification (Nikon Eclipse Si, Tokyo, Japan). Scale bar: 100 um

The control and EUG groups exhibit normally branched and anastomosed cardiomyocytes with centrally located oval nuclei (triangle). In contrast, the PTX group displays
hemorrhage between cardiomyocytes (blue star), interstitial edema (black star), pyknotic nuclei ( yellow arrow), hypertrophic fibrils (black arrow), and vacuoles (blue arrow). In
the PTX+EUGS group, reduced hemorrhage, edema, and hypertrophic fibrils were observed, whereas the PTX+EUG25 group showed a histological appearance closer to that of

the control group.
EUG: Eugenol; PTX: Paclitaxel
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Figure 5. Histological analysis of rat heart...... sections (n = 6 per group) stained with fron-Hematoxylin at x200 magnification (Nikon Eclipse Si, Tokyo, Japan; scale bar: 100

pm)

The control and EUG groups exhibit normal histoarchitecture, with centrally located oval nuclei (black arrowhead) and striated muscle fibers. In the PTX group, hypertrophic
myocardial fibers with large and irregular shapes are observed, along with karyolytic nuclei (black arrow), pyknotic nuclei (yellow arrowhead), and interstitial edema (yellow arrow).

In contrast, rats treated with eugenol after PTX exposure
exhibited significantly lower histopathological scores in both
H&E and iron-hematoxylin assessments. Both PTX+EUG5
and PTX+EUG25 groups showed a substantial reduction
in myocardial edema, vacuolization, nuclear damage, and
myofibrillar disorganization compared with the PTX group
(P<0.05).

No significant histopathological differences were
observed between the control and EUG-only groups
under either staining modality, whereas the myocardial
histoarchitecture of the PTX+EUG25 group was largely
comparable to that of the control group across most
evaluated parameters (Table 1).

Immunohistochemical analysis

The THC staining images of heart tissue are presented
in Figure 6, while the immunoreactivity results are showr.
in Figure 7. mTOR is a protein that inhibits autophagv-Ty
phosphorylating ULK1. Therefore, its expression was r.ore
intense in the control group. In the PTX group, a/de_tea.-
in mTOR expression was detected, whereas an - ‘nurease in
expression was observed in the PTX+EUG5 and 1 "X+EuUG25
groups following EUG administration. U™ K1 ai 1 Atgl3,
which play critical roles in autophagy act=tic. . showed low
expression levels in the control g¥~up. Howe ver, in the PTX
group, these proteins showed more intc <e/staining. In the
PTX+EUGS5 and PTX+EUG2. groups, the intensity of ULK1
and Atgl3 expression was redu. 1 (Figure 6).

Induction of the autophagic process by PTX
administration led to a significant decrease in mTOR

Table 1. Semi-quantitative histopathological scoring of rat myocardial injury

mTOR ULK1 Argl3d
F ¥ = F

Figure 6. Immunohistochemical analysis of rat heart sections (n = 6 per
group) (Nikon Eclipse Si, Tokyo, Japan. X400: Scale bar; 100 pum)

Levels of autophagy markers in the hearts of the control and treated groups. EUG
treatment modulated the expression of mTOR, ULKI, and Atgl3 in the hearts of
PTX-treated rats. Avidin-biotin peroxidase technique.

mTOR: Mammalian target of rapamycin; ULKI1: Unc-51-like kinase, Atgl3:
Autophagy-related protein 13; EUG: Eugenol; PTX: Paclitaxel

Myocardial Injury Histoscorring (0-3) Control EUG5 EUG25 PTX PTX+EUG5 PTX+EUG25
H&E staining (general myocardial injury parameters)
Cardiomyocyte degeneration/hypertrophy 0 [0-0]* 0 [0-0]* 0 [0-0]* 2[2-3]¢ 1[0.5-2]° 1[0-1.5]°
Edema 0[0-1] 0[0-1] 0[0-1] 3[1-3] 2[0-3] 1[0-3]°
Hemorrhage 0[0-1]* 0[0-1]* 0[0-2]* 3[1-3]¢ 2 [0-3]> 1[0-2]°
Vacuolization 0[0-1]* 0[0-1]* 0[0-1]2 2 [1-3]¢ 1[0-2]° 1[0-2]°
Iron hematoxylin staining (myofibrillar and nuclear integrity)
Nuclear damage 0[0-1]* 0[0-1]* 0[0-1]* 3[1-3]¢ 2 [0-2]° 1[0-2]°
Myofibrillar disorganization 0[0-1]* 0[0-1]* 0[0-1]* 3[2-3]¢ 1[0-2]° 1[0-1]°

Data are expressed as median [min-max]. Histopathological scoring was performed separately for H&E and iron-hematoxylin-stained sections. Statistical analysis was performed using the
Kruskal-Wallis test followed by Dunn’s post hoc test. Different superscript letters (a-c) indicate statistically significant differences between groups within the same staining modality and
parameter; groups sharing the same letter are not significantly different from each other, whereas groups with different letters differ significantly (P<0.05). EUG: Eugenol; PTX: Paclitaxel
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Figure 7. Inmunoreactivity intensity of rat autophagy proteins

Impact of EUG mTOR, ULK1, and Atgl3 in the heart tissue of rats treated with PTX. Data are represented as mean+SD (n = 6 per group. For each animal, more than 20
representative images were analyzed) and the statistical differences were analyzed by one-way ANOVA. *<0.05, **<0.01, ***<0.001.
EUG: Eugenol; PTX: Paclitaxel; mTOR: Mammalian target of rapamycin; ULK1: Unc-51-like kinase,

expression, which was highly expressed in the control group
(P<0.01).Inthe EUG5and EUG25 groups, mTOR expression
was relatively high compared to control; however, in the
PTX+EUG5 and PTX+EUG25 groups, where PTX was
administered followed by treatment, a significant increase
in mTOR expression was observed (P<0.001) (Figure 7a).
The autophagy-related proteins ULK1 and Atgl3 showed
a significant increase in expression in the PTX group
compared to the control group (P<0.001). ULKI expression
was significantly reduced in the PTX+EUGS5 (P<0.05) and
PTX+EUG25 groups (P<0.001) (Figure 7b). Similarly, Atg13
expression showed a significant decrease in the PTX+EUG5
and PTX+EUG25 (P<0.001) groups (Figure 7c).

Discussion

In the present study, PTX administration resulted
in marked myocardial injury, as evidenced by
elevated biochemical injury markers and pronounced
histopathological alterations in cardiac tissue. These findings
indicate that PTX exposure is associated with stress-relatec
myocardial damage rather than primary impairment.~f
cardiac function. The observed structural changes and tissue
injury patterns are consistent with pathological pic esc
commonly linked to oxidative stress and inflavimatory
activation, as reported in previous studies.

Treatment with EUG significantly a®tenua.~d PTX-
induced myocardial injury, as reflectea by  reduced
histopathological scores and imprrovement in biochemical
parameters. These protective effects 1. v ke attributed to
EUG’s known xidant and ¢ ati-inflaramatory properties,
which have been shown to  nitigat: cellular stress and
structural damage in cardiac ussue. Importantly, the
reductions observed in injury markers and histopathological
scores in the EUG-treated groups represent attenuation
of myocardial injury rather than restoration of cardiac
function, which was not directly assessed in this study.
Although the higher EUG dose demonstrated more
pronounced protective effects in some parameters, the
overall findings do not indicate a consistent dose-dependent
response across all evaluated outcomes.

PTX is a highly effective chemotherapeutic agent, but
its clinical use is limited by cardiotoxic effects resulting
from microtubule disruption, oxidative stress, and altered
cardiomyocyte signaling (27). Although some studies have
reported preserved hemodynamic parameters following
PTX exposure, these findings are often accompanied by
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subclinical myocardial or autonomic alterations rather
than overt cardiac dysfunction (28, 29). In this context,
the reductions in arterial blood pressure and heart rate
observed in the present study may reflect disturbances in
cardiovascular regulation induced by PTX. The partial
attenuation of these changes by EUG suggests a modulatory
effect on PTX-related cardiova ‘ular stress, likely mediated
by its xidant and anti-inflamma.ary properties. However,
in the absence of direct tu. cticnal assessments, these
findings should be interpr« *ed a; indicative of physiological
regulation rather than de. nitive functional recovery.

Consistent wi.a **his ' cautious interpretation, EUG
treatment £0. »w1. 7 PTX exposure significantly influenced
only aric fal slooa pressure parameters in the present
study, wherc s heart rate remained largely unaffected. This
lini, »d hemoc ;namic response contrasts with reports of
brosac: cardiovascular effects of EUG observed in non-
PT.” exp.iimental settings, suggesting that the therapeutic
euicac, of EUG in PTX-induced cardiac injury may depend
on *ae underlying mechanism of injury and the duration
of treatment. Importantly, PTX-induced cardiotoxicity
1s strongly associated with microtubule-stabilization-
dependent disturbances in intracellular Ca®* signaling,
including enhanced spontaneous Ca®* oscillations mediated
by NCS-1 and InsP; receptor interactions (4, 30). In this
context, the modest cardiovascular improvement observed
with short-term EUG administration may reflect partial
modulation of PTX-induced oxidative and Ca**-dependent
stress rather than full restoration of cardiac autonomic
or contractile function. Consistent with recent evidence
highlighting the role of EUG in attenuating chemotherapy-
related oxidative and calcium-mediated myocardial
stress (31), prolonged EUG exposure may be required to
counteract PTX-driven intracellular Ca®>* dysregulation and
its downstream cardiovascular consequences.

Troponin T and BNP are well-recognized early
biomarkers of cardiotoxicity and myocardial stress (3). In the
present study, PTX administration significantly increased
both ¢InT and BNP levels, confirming PTX-induced
myocardial injury. In contrast, EUG treatment administered
after PTX exposure significantly reduced these biomarkers
in both PTX+EUG groups. Although cTnT levels did not
differ significantly between EUG doses, BNP levels were
significantly lower in the PTX+EUG25 group than in the
PTX+EUGS group, suggesting a more pronounced effect of
the higher dose on ventricular stress-related biochemical



Tozak yildiz et al. IJ =

signaling rather than a uniform dose-dependent response.

The observed reduction in cardiac biomarkers is likely
related to EUG’ established cardiovascular actions.
EUG has been shown to lower systemic blood pressure
by endothelium-dependent vasorelaxation, mediated
by TRPV4 channel activation and inhibition of voltage-
dependent Ca®* influx, thereby reducing myocardial
workload (32, 33). When administered following
established PTX-induced injury, these hemodynamic and
cellular effects may attenuate ongoing myocardial stress and
limit further cardiomyocyte damage, resulting in reduced
circulating levels of cTnT and BNP. Consistent with previous
reports describing PTX-induced elevations in cardiac injury
biomarkers (27) and evidence supporting the ability of
EUG to ameliorate biochemical indicators of cardiotoxicity
(31-33), the present findings support a therapeutic rather
than prophylactic role of EUG in mitigating PTX-induced
myocardial injury at the biochemical level, without implying
full restoration of cardiac function.

PTX, a microtubule stabilizer, is known to induce
myocardial  histopathological alterations, including
cardiomyocyte degeneration, edema, hemorrhage, and
structural disorganization (24, 34). Consistent with these
reports, our histopathological scoring showed severe
myocardial injury in the PTX group, characterized
by increased edema, hemorrhage, nuclear damage,
vacuolization, and myofibrillar disorganization.

In contrast, EUG treatment markedly attenuated PTX-
induced myocardial structural damage, as reflected by
significantly reduced histopathological injury scores in both
PTX+EUG groups, with near-normal histoarchitectura.
features observed at the higher dose. These findings
suggest that EUG does not merely reverse established i’ ssue
damage but rather limits early stress-mediated structural
disruption initiated by PTX. PTX-induced cardiov = ity is
known to involve oxidative stress, inflamm .toy - activation,
and mitochondrial dysfunction, wh.h collectively
contribute to cardiomyocyte degeneraticn a.d interstitial
disorganization. In line with tius me hani¢m, xidant-based
interventions have been shiown to, pieserve myocardial
histological integrity in PT. treated experimental models
by interrupting oxidative and 1..” =Zimatory injury cascades.
Previous studies have demonstrated that EUG effectively
suppresses inflammatory signaling and oxidative damage
in cardiac tissue (12, 14, 31), while recent PTX-specific
models report comparable histopathological protection
with agents such as melatonin, resveratrol, and misoprostol
(34-36). Collectively, these data indicate that EUG exerts a
therapeutic injury-attenuating effect at the histological level
by constraining PTX-driven myocardial stress and structural
injury, rather than restoring overt cardiac function.

Under cellular stress conditions, autophagy is rapidly
activated as an adaptive response, with an early increase
in autophagic flux occurring within min to hours,
followed by a more sustained transcriptionally regulated
phase mediated by autophagy-related genes (25). Energy
stress—-induced inhibition of mTOR is a central trigger
for this process, facilitating the activation of ULK1, a key
initiator of mammalian autophagy. ULK1 functions by
forming a multiprotein complex with Atgl3, Atgl01, and
FIP200, thereby initiating autophagosome formation
under stress conditions (37, 38). In the present study,
PTX exposure was associated with suppression of mTOR
expression accompanied by increased ULK1 and Atgl3
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immunoreactivity, suggesting a shift toward stress-driven
autophagy initiation rather than a balanced cytoprotective
response. Excessive or dysregulated autophagy has been
implicated in chemotherapy-induced cardiomyocyte
injury. Notably, post-treatment with EUG, particularly at
the higher dose, partially restored mTOR expression while
reducing ULK1 and Atgl3 levels, indicating modulation of
early autophagy signaling. These findings suggest that EUG
does not abolish autophagy but may recalibrate the mTOR-
ULK1-Atgl13 axis toward a more controlled cellular stress
response, thereby limiting autophagy-associated myocardial
injury under PTX-induced cardiac stress.

Conclusion

This study demonstrates that EUG attenuates PTX-
induced cardiac injury in a rat model. Post-treatment with
EUG, particularly at 25 mg -3, reduced histopathological
damage and improved biochen.'~al markers of myocardial
injury, including decreas¢d ci. ~ulating ¢cTnT and BNP levels,
and partially normalized  ~terial blood pressure parameters.
Mechanistically, thise e.Tects appear to be associated with
modulation of “atophugy-related signaling, involving
regulatioz <~ the mTOR/ULK1/Atgl3 axis, in parallel with
EUG’sc. ablished - idant and anti-inflammatory properties.
Although . rrther studies are required to comprehensively
as.>ss autopls .gic flux and long-term functional outcomes,
the | vesent findings suggest that EUG may exert a
thorapectic, injury-attenuating effect in chemotherapy-
mducced cardiac damage and support its potential role as an
ad’unctive strategy to limit PTX-associated cardiotoxicity.
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First, although the therapeutic effects of EUG (5 and 25
mg/kg) were evaluated during the subacute phase of PTX-
induced cardiac injury, longer-term outcomes and potential
cumulative effects were beyond the scope of the present
design. Second, the exclusive use of male rats and reliance
on a noninvasive tail-cuff method for blood pressure
assessment may limit the generalizability and resolution of
hemodynamic measurements; however, this approach was
supported by rigorous animal habituation and standardized
measurement protocols. Third, the treatment groups were
not fully matched in handling procedures and vehicle
administration, as the PTX solvent was not administered to
all groups during the initial phase, and the eugenol vehicle
was not given during the subsequent phase; therefore,
the potential confounding effects of repeated oral gavage
stress or vehicle exposure could not be fully controlled.
Importantly, although our findings indicate modulation
of the mTOR/ULK1/Atgl3 signaling axis, the absence of
direct autophagic flux assessments (such as LC3-II and
p62 turnover) and ultrastructural confirmation precludes
definitive conclusions regarding dynamic autophagy
activity. Future studies incorporating both sexes, extended
treatment periods, invasive hemodynamic monitoring, and
comprehensive autophagic flux analyses will be valuable for
further strengthening the mechanistic understanding and
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translational relevance of EUG.
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