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ABSTRACT

Atherosclerosis (ATS) and myocardial infarction (MI) are closely interconnected cardiovascular disorders driven by
dyslipidemia, oxidative stress, inflammation, and endothelial dysfunction. As these conditions frequently coexist in
clinical practice, therapies targeting multiple pathological pathways are required. This study investigated the
cardioprotective potential of Rosmarinic acid (RA) in an experimental comorbid model of ATS and MI. A comorbid
condition of ATS and MI was induced in Wistar rats by sequential administration of Triton X-100 followed by
isoproterenol. RA was administered orally at doses of 25 and 50 mg/kg, while rosuvastatin (1 mg/kg, p.o.) served as the
standard. Serum lipid profile, atherogenic indices, cardiac biomarkers, inflammatory and hepatic markers, cardiac
antioxidant enzymes, electrocardiographic alterations, and histopathological changes were systematically evaluated. The
comorbid model produced marked cardiovascular dysfunction characterized by a significant reduction in heart rate
(254.00 £ 1.23 to 200.33 £ 0.57 bpm), severe dyslipidemia with increased total cholesterol (163.5 + 0.18 mg/dL),
triglycerides (161.3 = 0.34 mg/dL), LDL-C (111.8 £ 0.25 mg/dL), and reduced HDL-C (19.5 + 0.47 mg/dL). Cardiac
injury biomarkers were markedly elevated, including CK-MB (13.2 + 0.6 to 35.0 = 0.5 IU/L) and LDH (19.5 + 0.2 to
174.2 £ 0.7 U/L), together with increased CRP (2.83 + 0.29 to 25.83 + 0.34 mg/L), SGOT (49.7 £ 0.5 t0 93.0 £ 0.4 U/L),
SGPT (48.2 + 0.4 to 100.3 £ 0.3 U/L), and BUN (8.7 = 0.4 to 10.8 = 0.3 mg/dL). Myocardial oxidative stress was
evidenced by depletion of GSH (30.00 £ 0.52 to 11.67 + 0.58 pg/g), CAT (34.50 = 0.44 to 13.67 £ 0.61 U/g), and SOD
(22.50 = 0.44 to 7.83 £ 0.37 U/g), accompanied by ECG abnormalities with ST-segment depression and severe
histopathological injury (total myocardial injury score 8.90 = 0.10). RA treatment significantly improved these
pathological changes in a dose-dependent manner. At 50 mg/kg, RA restored heart rate to 238.83 £ 0.53 bpm, reduced
total cholesterol to 123.5 £ 0.86 mg/dL, triglycerides to 125.3 + 0.62 mg/dL, LDL-C to 68.0 + 1.64 mg/dL, while
increasing HDL-C to 30.5 + 0.55 mg/dL. It also decreased CK-MB to 20.3 + 0.4 IU/L, LDH to 131.7 + 1.1 U/L, CRP to
15.83 + 0.17 mg/L, restored GSH (19.83 + 0.43 ng/g), CAT (23.00 + 0.36 U/g), and SOD (16.50 + 0.36 U/g), improved
ECG morphology, attenuated ST-segment depression, and markedly reduced the total myocardial injury score to 3.00 +
0.20, indicating substantial preservation of myocardial architecture. RA exerted significant cardioprotective effects
against experimental ATS-associated MI through multitarget mechanisms involving lipid regulation, antioxidant
enhancement, anti-inflammatory activity, and preservation of myocardial structural and functional integrity. These
findings suggest that RA is a promising natural therapeutic candidate for the management of complex cardiovascular
comorbidities and warrant further mechanistic and clinical investigations.
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1. INTRODUCTION socioeconomic burden on healthcare systems 2. Among
Globally, cardiovascular diseases (CVDs) represent the the various cardiovascular disorders, coronary artery
principal cause of morbidity and mortality, with annual disease is the predominant cause of myocardial infarction
deaths exceeding 20 million and imposing a substantial (MI) and contributes significantly to premature mortality
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and disabilities 3. The growing incidence of CVDs is

closely allied with ageing, urbanization, unhealthy dietary
habits, physical inactivity, obesity, diabetes mellitus,
hypertension, and hyperlipidemia, all of which collectively
accelerate vascular injury and disease progression %,

Atherosclerosis (ATS) is the primary pathological process
underlying most ischemic cardiovascular disorders. It is a
chronic inflammatory disease characterized by lipid
buildup, endothelial function impairment, exposure to
oxidative stress, long-standing inflammatory cell
infiltration, and progressive plaque formation within the
arterial walls ®. Plaque progression narrows the vascular
lumen, whereas plaque rupture triggers thrombus
formation and acute coronary occlusion, culminating in
myocardial ischemia and infarction 7. In addition to lipid
accumulation, persistent oxidative stress and chronic
inflammation amplify vascular injury, making these
interconnected pathways attractive therapeutic targets 8°.

MI is the terminal consequence of prolonged myocardial
ischemia and remains a major cause of cardiovascular
mortality worldwide '®!!. Despite considerable advances
in pharmacological management and secondary prevention
strategies, MI continues to impose a considerable clinical
burden owing to persistent oxidative stress, continuous
inflammation, endothelial function alterations,
mitochondrial injury, and dysregulated lipid metabolism,
which continue to promote adverse cardiac remodelling
and recurrent ischemic events '>7'4. As these pathological
mechanisms are uncontrollably involved throughout
disease progression, most of the current therapies directed
at a single or two molecular targets often provide only
partial protection.

The current management of ATS-associated MI largely
depends on combinations of lipid-lowering agents,
antiplatelets, anticoagulants, B-blockers, ACE inhibitors,
and other cardioprotective medications. Although these
therapies effectively reduce mortality and recurrent
cardiovascular events, long-term multidrug treatment is
frequently associated with adverse effects, drug—drug
interactions, increased healthcare costs, and poor patient
adherence, particularly in individuals with multiple
comorbidities '°~'7. Moreover, currently available therapies
primarily control disease progression rather than
comprehensively addressing the multiple pathological
mechanisms responsible for vascular and myocardial
injuries '®1°. These limitations have stimulated interest in
identifying multitarget therapeutic agents capable of
concurrently modulating oxidative imbalance, activation
of inflammatory pathways, dyslipidemia, endothelial
dysfunction, and myocardial damage.

Natural products have arisen as valuable sources of
multitarget therapeutic agents because they contain
bioactive molecules that can simultaneously modulate
multiple  signalling  pathways 2.  Numerous
phytoconstituents have demonstrated antioxidant, anti-
inflammatory, antihyperlipidemic, anti-atherosclerotic, and
vasoprotective activities in investigational models of

21,22

CVDs Unlike many synthetic drugs that
predominantly act on individual molecular targets, plant-
derived bioactive compounds often exhibit pleiotropic
pharmacological actions, enabling the concurrent
regulation of endogenous lipid metabolism, oxidative
stress, ongoing inflammatory signalling, endothelial
function, and cellular survival pathways®>?*. Such
multitarget mechanisms may promise greater protection
against the complex pathophysiology of ATS-associated
myocardial injury.

Rosmarinic acid (RA) is a bioactive polyphenolic ester
widely distributed in medicinal herbs and has received
considerable attention for its broad spectrum of
cardiovascular pharmacological effects. Many previous
investigational studies have demonstrated that RA exerts
suppression of oxidative stress, anti-inflammatory,
hypolipidemic, anti-atherogenic, and endothelial
protective effects by modulating multiple molecular
pathways 2?’. These complementary mechanisms
distinguish RA  from conventional single-target
pharmacological interventions and highlight its potential
as a promising cardioprotective phytoconstituent.

Existing studies suggest that RA exerts significant
cardiovascular protective effects; its therapeutic efficacy in
the clinically relevant comorbid condition of
hyperlipidemia-associated ATS complicated by MI
remains inadequately characterized. Many previous
experimental investigational studies have focused on
isolated models of dyslipidemia or myocardial injury,
whereas the integrated pathological interactions between
these conditions have received limited attention.
Therefore, the current investigational study was designed
to evaluate the cardioprotective potential of RA in
experimental ATS—comorbid MI models by integrating
biochemical, lipid profile, antioxidant,
electrocardiographic, and histopathological assessments of
the heart. This method may provide additional
understanding into the multitarget therapeutic potential of
RA in complex CVDs.

2. MATERIAL AND METHODS

2.1. General

Rosmarinic Acid was bought from JK Botanicals. All
chemicals were acquired from different vendors:
Isoproterenol Hydrochloride (TCI), Cholesterol Kit
(Transasia Bio-Medicals Ltd.), High-Q SGPT (Pariksha
Biotech Pvt Ltd.), and High-Q CK-MB (Pariksha Biotech
Pvt Ltd.). Digital Physiograph (Meditech Technologies
India Pvt. Ltd.) and microscope ( Labomed).

2.2. Experimental Animals

Fully-grown Male Wistar rats (150-200 g) were acquired
from the central animal facility. Animals were kept in
polypropylene cages under precise environmental
conditions (temperature 22 £ 2 °C, 12-hour light/dark
cycle, 50-60% humidity) with free access to standard
pellet diet and water ad libitum. Before experimentation,
the animals underwent a 7-day acclimatization period in a
laboratory environment 2. The present study protocol was
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permitted by the IAEC of the University of Hyderabad
(Approval No. UH/IAEC/SK/2023-1/23), and all
procedures obeyed with CPCSEA guidelines (Govt. of
India, 2018) and ARRIVE 2.0 reporting guidelines. Efforts
were made to lessen animal suffering by providing
acclimatization, gentle handling, and daily monitoring for
signs of distress.

2.3. Experimental design

The current study evaluated the cardioprotective effects of
RA in a rat model of ATS and MI induced by Triton X-100
and ISO, respectively. A 30 healthy adult Male Wistar rats
(150-200 g) were randomly separated into five groups (n
= 6 per group), as shown in Table 1. Group I was labelled
as the normal control, while Group II represented the
disease control, receiving Triton X-100 and ISO to induce
comorbid conditions. Group III received standard

treatment (rosuvastatin), and Groups IV and V received
low and high doses of RA, respectively %°.

The selected doses of RA were based on earlier studies
indicating significant antioxidant and cardioprotective
activities of RA within this range in rodent models. 33!

2.4. Experimental Induction of Comorbid

Healthy male Wistar rats (200-350 g) were acclimatized
and computer-randomized into five experimental groups
(n = 6). Following an 18 h fast, ATS was induced by
intraperitoneal administration of Triton X-100 (200 mg/kg
on day 1, followed by 50 mg/kg on alternate days). The
respective  treatments (rosuvastatin or RA) were
administered orally according to the experimental design.
MI was induced by subcutaneous administration of ISO at
5.25 mg/kg on days 20 and 21, followed by 8.5 mg/kg
once daily from days 22-28.

Table 1: Experimental Treatment Schedule for Evaluating the Protective Effect of RA in Comorbid Rat Models

Group Treatment
Group I .
(Normal Control) INormal saline (1 mL/kg, p.o.) from Day 1 to Day 28.
Group II Triton X-100 (200 mg/kg, i.p., Day 1; 50 mg/kg, i.p., on alternate days)
(Comorbid) + ISO (5.25 mg/kg, i.p., Days 20-21; 8.5 mg/kg, s.c., Days 22-28).
Group III . . .
—28) +
(Standard) Rosuvastatin (1 mg/kg, p.o), once daily (Days 1-28) + Comorbid
Group IV . .
(Low Dose) RA (25 mg/kg, p.o.) once daily (Days 1-28) + Comorbid
Group V . .
(High Dose) RA (50 mg/kg, p.o.) once daily (Days 1-28) + Comorbid
Note: LP: Intraperitoneal; S.C: subcutaneous; ISO:  Serum was used to estimate cardiac biomarkers (CK-MB

Isoproterenol; RA: Rosmarinic Acid; P.O: Per os

2.7. Electrocardiographic Recording and Analysis

At the termination of the treatment period, ECG copies
were obtained using a digital physiograph (Polygraph
Digital-3 Channel; RMS, India). Rats were anesthetized
with ketamine (60 mg/kg i.p) and xylazine (9 mg/kg).
After confirming full anesthesia, subcutaneous needle
electrodes were placed in the left upper and lower chest
and right upper and lower limbs according to the standard
limb-lead configuration. ECG signals were recorded to
assess key cardiac electrical parameters, including the RR
interval (s), PR interval (s), QRS duration (s), QT interval
(s), P-wave amplitude (mV), R-wave amplitude (mV), and
heart rate (beats/min), which have been widely validated
in rodent cardiotoxicity studies 32.

2.5. Estimation of Biochemical Parameters

After ECG recording, blood samples were obtained from
each animal using retro-orbital blood collection. The
procedure was performed using sterile capillary tubes, and
gentle pressure was applied to achieve hemostasis and
minimize discomfort, following CPCSEA (2018) and
ARRIVE 2.0 guidelines 33, The collected blood was
allowed to clot at normal temperature for 20 min and
centrifuged at 2500 rpm for 15 min to get serum, which
was preserved at —20 °C till next biochemical analysis 3.

and LDH), lipid profiles (TC, TG, HDL-C, LDL-C, and
VLDL-C), liver and renal function markers (AST, ALP,
and BUN), and atherogenic indices 3¢. Following
euthanasia, the hearts of all rats were carefully excised and
washed with ice-cold saline solution. One half was
homogenized to estimate cardiac oxidative stress markers
(SOD, CAT, and GSH), whereas the remaining half was
fixed in 10% neutral- buffered formalin for
histopathological examination 3.

2.6. Estimation of Cardiac Antioxidant Parameters

The excised cardiac tissues were washed with ice-cold
saline to remove residual blood and immediately
homogenized in phosphate buffer (pH 7.4) using a
homogenizer. The obtained homogenate solution was
centrifuged at 3000 rpm for 10 min at 4 °C, and the
resulting supernatant was used for the biochemical
estimation of endogenous antioxidant enzymes. The
myocardial levels of glutathione (GSH), superoxide
dismutase (SOD), and catalase (CAT) were estimated
spectrophotometrically using commercial diagnostic Kkits,
as per the manufacturer's directions and standard validated
analytical protocols under appropriate quality-controlled
laboratory conditions 3. All assays were performed in
triplicate. Antioxidant enzyme activities were normalized
to the protein content of the myocardial homogenates and
indicated as units per milligram protein. Total Protein
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quantification was determined by the Lowry method
against a bovine serum albumin (BSA) standard curve *.

2.8. Assessment
Parameters

The apical portion of the left ventricle was fixed in a
solution of 10% neutral buffered formalin, and then
paraffin-embedded, sectioned at 4-5 pum thickness, and
marked with application of hematoxylin and eosin (H&E)
for histopathological examination. Myocardial injury was
assessed using a blinded, semi-quantitative scoring system
based on interstitial oedema, myocyte necrosis, and
inflammatory cell infiltration (0 = none, 1 = mild, 2 =
moderate, and 3 = severe), in accordance with established
experimental cardiology criteria *°. Four non-overlapping
microscopic arenas per section were evaluated at 400%
magnification, and the cumulative injury score (0-9) was
calculated for mean + SEM for each experimental group.

of Cardiac Tissue Histological

2.9. Statistical Analysis

Data are denoted as mean = SEM (n = 6). Statistical
calculations were performed using GraphPad Prism
version 8.0 (GraphPad Software Inc., San Diego, CA,
USA). Group comparisons were conducted using one-way
ANOVA, followed by Dunnett's post hoc assessment for
multiple comparisons, against the comorbid control group.
In the figures, ns indicates non-significant; ¥, 1, and §
denote p < 0.05, p < 0.01, and p < 0.001, respectively,
compared with the NC group, whereas a, b, and ¢ denote p
< 0.05, p < 0.01, and p < 0.001, respectively, compared
with the Comorbid Control group.

3. RESULTS AND DISCUSSION

3.1 Effect of RA on Electrocardiographic parameters in
rats with comorbidities

The representative ECG tracings shown in Graph 1
demonstrate the effect of RA on cardiac electrical activity

=
=

AT B Twcl

ST segment ST segment

in rats with comorbidities. Group I (Normal Control)
exhibited a regular ECG pattern with a normal sinus
rhythm and well-defined P waves, QRS complexes,
normal ST segment, and T waves, indicating normal
cardiac function. In contrast, Group II (Comorbid Control)
showed marked electrocardiographic — abnormalities
characterized by an irregular rhythm, altered QRS
morphology, prominent ST-segment depression, and
reduced T-wave amplitude, findings consistent with
myocardial ischemic injury induced by Triton X-100-
mediated hyperlipidemia and ISO administration. The
pronounced ST-segment depression and prominent change
in T amplitude serve as characteristic indicators of MI and
confirm successful induction of myocardial injury*'.
Group III (standard) displayed a near-normal ECG pattern
with restoration of regular rhythm and normalization of
the QRS complex, ST segment, and T-wave morphology,
indicating significant cardioprotection. Group IV (RA,
low-dose) showed partial improvement in ECG
morphology, with attenuation of ST-segment depression,
improved T-wave morphology, and restoration of a more
regular rhythm compared with Group I with comorbidities.
Group V (RA, high-dose) demonstrated a more
pronounced restoration of normal ECG architecture,
exhibiting a regular rhythm with near-normal QRS
complexes, minimal ST-segment depression, and
improved T-wave morphology, indicating dose-dependent
protection against myocardial injury. These findings
suggest that RA effectively attenuates myocardial
electrical  disturbances associated ~with  comorbid
conditions, with a higher dose providing greater
cardioprotective efficacy.

D ST segment E ST segment

ST segment

Graph 1. Effect of RA on ECG Tracings of Comorbid Rats A) Group I B) Group II C) Group III D) Group IV E) Group

The ECG parameters presented in Table 1Tables 2
andTable 3 revealed marked alterations in the comorbid
control group (Group II) compared with the normal group
(Group I), confirming significant impairment of cardiac
electrical ~activity following Triton X-100-induced
hyperlipidemia and ISO-induced myocardial injury. HR
decreased significantly from 254.00 = 1.23 to 200.33 +
0.57 bpm (p < 0.001), while P-wave, R-wave, and T-wave

amplitudes increased from 0.04 + 0.04, 0.24 + 0.02, and
0.04 +£ 0.04 to 0.19 £ 0.02, 1.03 + 0.01, and 0.32 £ 0.004,
respectively (p < 0.001). In contrast, QT, QRS, and QTc
intervals were significantly reduced from 0.35 £ 0.004,
0.13 = 0.002, and 0.07 + 0.003 to 0.13 = 0.004, 0.05 £
0.009, and 0.03 £ 0.002, respectively (p < 0.001), whereas
the RR interval increased significantly (0.23 £+ 0.033 to
0.27 £ 0.019, p < 0.05). These changes, together with ST-
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segment depression, indicate impaired cardiac conduction
and myocardial electrical instability.

Rosuvastatin (Group III) significantly restored the altered
ECG parameters, increasing heart rate to 243.33 + 0.96
bpm (p < 0.01), normalising P-wave (0.04 = 0.011), R-
wave (0.26 £ 0.038), QRS (0.09 + 0.017), QT (0.25 +
0.072), and QTc (0.06 £ 0.008) intervals, with only
nonsignificant changes in RR and PR intervals.

RA treatment also improved the ECG abnormalities in a
dose-dependent pattern. The low dose (Group IV)
increased the heart rate to 222.00 £ 0.55 bpm and
significantly reduced P-wave (0.15 + 0.024), R-wave (0.90

+ 0.028), and T-wave (0.24 = 0.057) amplitudes while
improving QT (0.16 £ 0.023), QRS (0.07 £+ 0.012), and
QTc (0.04 £ 0.016) intervals (p < 0.05-0.01). The high
dose (Group V) produced greater cardioprotection,
increasing the heart rate to 238.83 + 0.53 bpm and
restoring P-wave (0.12 + 0.028), T-wave (0.17 = 0.080),
QRS (0.09 £+ 0.025), and QTc (0.12 + 0.196) toward
normal values, with concurrent improvement in the
remaining ECG parameters. Overall, RA effectively
attenuated ECG abnormalities and ST-segment depression
with increasing doses, although rosuvastatin produced the
greatest restoration of normal cardiac electrical activity.

Table 2: Effect of RA on ECG Parameters (QT, RR, PR, QRS, and QTc Intervals) in rats with comorbidities.

Groups

QT Intervals
Sec.

RR Intervals
Sec.

PR Intervals
Sec.

QRS
Intervals
Sec.

QTec Intervals
Sec.

Group-I

0.35+0.004

0.23+0.033

0.1+0.066

0.13+0.002

0.07+0.003

Group-II

0.13£0.0049

0.27+0.019F

0.14+0.083"™

0.05+0.0098

0.03+0.0028

Group-I1I

0.25+0.072%

0.23+0.018™

0.11+0.04™

0.09+0.017¢

0.06+0.008°¢

Group-1V

0.16+0.023°

0.26+0.015"

0.09+0.079™

0.07+0.012*

0.04+0.016*

Group-V

0.20+0.025

0.254+0.012

0.13+0.005

0.09+0.025°

0.12+0.196°

Table 3: Impact of RA on ECG P, R, T Amplitude and Heart rate in comorbid rats.

Groups

Heart rate (HR)
Beats/Min

P Amplitude
mV

R Amplitude
mV

Amplitude

T

mV

Group-I1

254.00+1.234

0.04 +£0.040

0.24+0.021

0.04+0.036

Group-II

200.33+0.5718

0.19+0.0193

1.03+£0.0143

0.32+0.0043

Group-III

243.33+0.955°

0.04+0.011°¢

0.26+0.038*

0.06+0.013

Group-1V

222.00+0.549*

0.15+0.024*

0.90+0.028°

0.24+0.057°

238.83+0.533%

0.12+0.028°

0.61+£0.124

0.17+0.080°

Group-V

3.2 Effect of RA on Serum Lipid Parameters in
Comorbid Rats

The influence of RA on the serum lipid profile and cardiac
risk indices in Triton-induced ATS combined with ISO-
induced MI is presented in Table 4Error! Reference
source not found. and Figure 1. The comorbid control
group (Group II) exhibited a significant (p < 0.001)
increase in serum TC (163.5 = 0.18 mg/dL), TG (161.3 +
0.34 mg/dL), VLDL (32.3 + 0.15 mg/dL), LDL (111.8 +
0.25 mg/dL), AIP (0.9 + 0.04), CRR (8.7 + 0.2), and AC
(7.7 £ 0.3), together with a marked reduction in HDL
cholesterol (19.5 + 0.47 mg/dL) compared with the Group
I. As shown in Table 4, these findings confirm the
successful induction of dyslipidemia and enhanced
cardiovascular risk linked with the comorbid ATS-MI
model.

Treatment with the standard drug (Group III) significantly
(p < 0.001) restored the altered lipid profile, producing
substantial reductions in TC, TG, VLDL, LDL, AIP, CRR,
and AC, while markedly increasing HDL levels toward
normal values. As illustrated in Table 4, the standard-
treated group exhibited near-normal lipid parameters,

demonstrating  its  effectiveness in  attenuating
hyperlipidemia and reducing cardiovascular risk.

Administration of RA also significantly improved serum
lipid parameters compared with Group I. As shown in
Table 4Error! Reference source not found. and Figure 1,
RA treatment reduced TC, TG, VLDL, and LDL levels
while significantly elevating HDL cholesterol. The
response was dose-dependent, with the higher-dose RA-
treated group (Group V) showing greater normalization of
lipid parameters than the lower-dose group (Group IV).
Group V exhibited significantly lower TC (123.5 £ 0.86
mg/dL), TG (125.3 + 0.62 mg/dL), VLDL (22.9 + 0.28
mg/dL), LDL (68.0 £ 1.64 mg/dL), and higher HDL
cholesterol (30.5 + 0.55 mg/dL), indicating superior
antihyperlipidemic activity.

Similarly, the elevated cardiovascular risk indices detected
in the comorbid group were significantly mimimized after
RA administration. As depicted in Figure 1, both RA doses
significantly decreased AIP, CRR, and AC, with the higher
dose producing greater reductions than the lower dose. As
these indices are recognized predictors of ATS progression
and cardiovascular events, their improvement indicates
that RA effectively reduces the overall cardiovascular risk
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related with combined hyperlipidemia and myocardial

Table 4: Effect of RA on Serum Lipid Parameters in Comorbid Rat Groups

injury.

Groups

Total CH
mg/dL

TG
mg/dL

HDL
mg/dL

VLDL
mg/dL

LDL
mg/dL

Group-I

102.8+0.49

73.8+0.28

46.5+0.19

14.84+0.12

41.5+£0.71

Group-II

163.5+0.18%

161.3+0.34%

19.5+0.47%

32.3+0.15%

111.8+0.25%

Group-III

116.3+0.28°

79.5+0.21°

41.3£0.13°

15.9+0.09°

59.3£0.36°

Group-1V

135.5+0.85°

135.8+0.44*

25.8+£0.61*

27.2+0.20%

82.5+0.78°

Group-V

123.5+0.86°

125.3£0.62°

30.5+0.55%

22.9+0.28°

68.0+1.64°

Note: TC = Total Cholesterol; TG = Triglycerides; HDL = High-Density Lipoprotein; LDL = Low-Density Lipoprotein;

VLDL = Very-Low-Density Lipoprotein.

1.59

1.0

AlIP
o

0.5+

0.0-

Treatment

Note: AIP = Atherogenic Index of Plasma; CRR = Cardiac
Risk Ratio; AC = Atherogenic Coefficient.

3.3 Effect of RE on Serum Biochemical Markers

The serum biochemical parameters shown in Table 5
revealed significant alterations in the comorbid control
group (Group II) compared with those in Group I. Serum
CK-MB levels were raised significantly from 13.2 = 0.6
IU/L in Group 1 to 35.0 = 0.5 TU/L in Group II (p < 0.001),
while LDH levels were raised from 19.5 + 0.2 U/L to
174.2 £ 0.7 U/L (p < 0.001), indicating severe myocardial
injury. Similarly, BUN levels were also raised modestly
but significantly from 8.7 + 0.4 mg/dL to 10.8 + 0.3 mg/dL
(p < 0.05), suggesting mild renal impairment. The hepatic
enzymes SGOT and SGPT were markedly elevated from
49.7 £ 0.5 to 93.0 + 0.4 mg/dL and from 48.2 + 0.4 to
100.3 £+ 0.3 mg/dL, respectively (p < 0.001), indicating
hepatocellular injury, which may be related to lipid
accumulation and oxidative stress in the liver.
Furthermore, the CRP levels increased significantly from
2.83 £ 0.29 mg/L to 25.83 + 0.34 mg/L (p < 0.001),
confirming the existence of systemic inflammation.

Treatment with the standard rosuvastatin (Group III)
significantly restored all biochemical parameters to normal

Treatment
Figure 1:. Effect of RA on Cardiac Risk Indices in Comorbid Rats:(A) CRR, (B) AIP, and (C) AC.

Treatment

values. CK-MB and LDH levels decreased to 14.2 + 0.5
IU/L and 69.8 + 0.8 U/L, respectively (p < 0.001), and
BUN decreased to 8.2 + 0.3 mg/dL (p < 0.05). SGOT and
SGPT levels were significantly decreased to 52.7 = 0.5
mg/dL and 55.2 + 0.2 mg/dL, respectively (p <0.001), and
CRP declined to 10.00 + 0.27 mg/L (p < 0.001) compared
with the comorbid control group.

RA  treatment also  produced  dose-dependent
improvements. The lower dose (Group IV) significantly
reduced CK-MB (27.2 = 0.5 IU/L, p < 0.05), LDH (146.0
+ 1.0 U/L, p < 0.05), SGOT (80.2 + 0.5 mg/dL, p < 0.05),
SGPT (88.5 + 0.3 mg/dL, p < 0.01), and CRP (20.67 +
0.32 mg/L, p <0.01) levels, whereas the reduction in BUN
(9.0 £ 0.1 mg/dL) was non-significant. In contrast, the
higher dose of RA (Group V) produced greater protection,
significantly decreasing CK-MB to 20.3 + 0.4 IU/L (p <
0.01), LDH to 131.7 £ 1.1 U/L (p < 0.01), BUN to 8.5 +
0.3 mg/dL (p < 0.05), SGOT to 71.5 + 0.6 mg/dL (p <
0.001), SGPT to 74.7 = 0.5 mg/dL (p < 0.001), and CRP to
15.83 £ 0.17 mg/L (p < 0.001) compared to the comorbid
group.
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Table 5: Effect of RA on serum cardiac biomarkers (CK-MB, LDH), renal marker (BUN), hepatic enzymes (SGOT,
SGPT), and inflammatory marker (CRP) in rats with comorbidities.

Groups CK MB LDH BUN SGOT SGPT CRP
IU/L U/L mg/dL. | mg/dL mg/dL mg/L
Group-I | 13.2+£0.6 | 19.5+0.2 | 8.7+0.4 | 49.7+0.5 | 48.2£0.4 | 2.83+0.29
Group-II |35.0£0.5%|174.2+0.7% | 10.8+0.37[93.0+0.4% | 100.3£0.3% | 25.83+0.343
Group-III | 14.2+0.5°| 69.8+0.8¢ | 8.2+0.3* |52.7+0.5°| 55.2+0.2¢ [10.00+0.27¢
Group-1V|27.240.5*| 146.0£1.0* | 9.0£0.1™ |80.2+0.5%| 88.5+0.3% |20.67+0.32°
Group-V [20.3£0.4°|131.7+1.1°| 8.5£0.3% | 71.5+0.6°| 74.7+0.5° | 15.83+0.17°

Note: CK-MB, Creatine Kinase-MB; LDH, Lactate
Dehydrogenase; BUN, Blood Urea Nitrogen; SGOT,
Serum Glutamate Oxaloacetate Transaminase (AST);
SGPT, Serum Glutamate Pyruvate Transaminase (ALT);
CRP, C-Reactive Protein.

3.4 Effect of RA on Cardiac Antioxidant Markers in
Comorbid Rats:

The cardiac antioxidant parameters presented in
TableTable 6 revealed a significant decline in the
comorbid control group (Group II) compared with Group
I, indicating increased oxidative stress in the myocardial
tissue. Cardiac GSH levels decreased significantly from
30.00 + 0.52 pg/g in Group I to 11.67 + 0.58 pg/g in
Group II (p < 0.001). Similarly, CAT activity declined
from 34.50 = 0.44 U/g to 13.67 + 0.61 U/g (p < 0.001),
and SOD activity decreased from 22.50 + 0.44 U/g to 7.83
+ 0.37 U/g (p < 0.001). These findings indicate severe
depletion of endogenous antioxidant defences due to
excessive ROS generation associated with hyperlipidemia
and ISO-induced myocardial injury.

Treatment with the standard drug rosuvastatin (Group III)
significantly restored cardiac antioxidant status. GSH

levels increased to 27.50 = 0.45 pg/g (p < 0.001), CAT
activity increased to 30.00 + 0.23 U/g (p < 0.001), and
SOD activity increased to 19.67 + 0.22 U/g (p < 0.001)
compared with the comorbid control group, approaching
normal values.

RA treatment also improved the antioxidant defence
system in a dose-dependent way. Compared with the
comorbid group, the lower dose (Group IV) significantly
increased GSH to 15.00 £ 0.49 pg/g (p < 0.05), CAT to
17.67 £ 0.42 U/g (p < 0.05), and SOD to 12.50 + 0.20 U/g
(p < 0.01). The higher dose (Group V) produced a more
pronounced restoration, with GSH increasing to 19.83 =+
0.43 pg/g (p <0.01), CAT to 23.00 + 0.36 U/g (p < 0.01),
and SOD to 16.50 + 0.36 U/g (p < 0.01) compared with
the comorbid group. Although the antioxidant enzyme
levels remained lower than those in the normal and
standard-treated groups, the significant dose-dependent
improvement demonstrated that RA effectively enhanced
endogenous antioxidant defenses, thereby mitigating
oxidative stress-induced myocardial damage in rats with
comorbidities.

Table 6: Effect of RA on cardiac antioxidant parameters

CAT
U/mg tissue

SOD
U/ mg tissue

34.50+0.44 | 22.50+0.44

13.67+£0.61% | 7.83+0.37}

30.00+0.23¢| 19.67+0.22°

17.67+0.428 | 12.50+0.2°

Groups GSH .
pmol/mg tissue
Group-I 30.00£0.52
Group-II | 11.67+0.58%
Group-III| 27.50+0.45°¢
Group-IV| 15.00+0.49*
Group-V | 19.83+0.43°

23.00+0.36° | 16.50+0.36°

Note: Glutathione (GSH); Catalase (CAT); Superoxide
Dismutase (SOD).

3.5 Effect of RA on Histopathological Changes in the
Myocardial Tissue of Comorbid Rats

Histopathological examination of cardiac tissue showed
distinct morphological alterations among the experimental
groups. Group I (Normal Control; Figure 2A) exhibited
normal myocardial histoarchitecture with intact cardiac
muscle fibers, clear tiny centrally located nuclei, and well-
defined longitudinal and transverse (cross) striations,
without any evidence of pathological lesions. In contrast,
Group II (Comorbid Control; Figure 2B) demonstrated
severe myocardial injury characterised by extensive loss of
cross-striations (yellow circle), myocardial necrosis (green
arrow), splitting and waviness of cardiac muscle fibres

(red arrows), interstitial oedema, and prominent
inflammatory cell infiltration (black arrow), whereas
longitudinal striations and a few nuclei remained
discernible. The histopathological scores for edema (2.95
+ 0.05), necrosis (3.00 + 0.00), inflammatory infiltration
(2.95 + 0.05), and total myocardial injury (8.90 £ 0.10)
were significantly higher in Group II than in Group I (P <
0.001).

Treatment with rosuvastatin (Group IIT) markedly restored
myocardial architecture, with preservation of cardiac
muscle fibers, reduced edema and inflammatory
infiltration, and significantly lower scores for edema (1.15
+ 0.10), necrosis (1.20 + 0.15), inflammatory infiltration
(1.05 + 0.10), and total injury (3.40 £ 0.30) (p < 0.001 vs.
comorbid control). Group IV (RA, 25 mg/kg; Figure 2D)
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showed partial refurbishment of the myocardial
architecture with reduced degeneration and inflammatory
changes, although mild waviness of muscle fibers
persisted, which was reflected by moderate reductions in
edema (1.85 £ 0.10), necrosis (2.00 + 0.10), inflammatory
infiltration (1.90 £ 0.12), and total injury score (5.75 =+
0.25). Group V (RA, 50 mg/kg, Figure 2E) exhibited near-
normal myocardial architecture with prominent centrally
located nuclei, restoration of longitudinal and transverse

striations, minimal edema and inflammatory infiltration,
and significantly reduced histopathological scores for
edema (0.95 £ 0.08), necrosis (1.00 + 0.10), inflammatory
infiltration (1.05 £+ 0.09), and total injury (3.00 = 0.20) (p
< 0.001 vs. comorbid control group). These findings
demonstrate a dose-dependent cardioprotective effect of
RA against myocardial injury induced by comorbid
conditions.

Table 7: Histopathological Scoring of Myocardial Tissue in Experimental Groups

. Inflammatory -
Groups E(:l}gr;a Nfgﬁg;ls inﬁ(l;rg;ion Total 1&)]11;)}7 score
Group-I 0.00 + 0.00 0.00+0.00 0.00 £ 0.00 0.00 £ 0.00
Group-II 2.95+ 0.05% 3.00 + 0.00% 2.95 +0.05% 8.90+0.10%
Group-I1I 1.15+0.10¢ 1.20+£0.15¢ 1.05+0.10° 3.40+0.30°
Group-IV 1.85+0.10° 2.00 +0.10° 1.90 +0.12° 5.75+0.25¢%
Group-V 0.95 + 0.08° 1.00 £ 0.10° 1.05+0.09¢ 3.00+ 0.20¢

4. SUMMARY

Cardiovascular diseases (CVDs) remain the leading cause
of morbidity and mortality worldwide, with their growing
prevalence attributed to multiple metabolic and lifestyle-
related risk factors “>*3. The increasing incidence of CVD

Group V o
Figure 2: Histopathological Evaluation of Myocardial Tissue in Comorbid Rats Following RA Treatment: A (A) Group I
(NC), (B) Group 11 (DC), (C) Group III (STD), (D) Group IV (RA-25), and (E) Group V (RA-50).

among younger individuals further highlights the need for
effective preventive and therapeutic strategies “*. Among
CVDs, ATS and MI are closely interconnected disorders
that play a key role in a substantial proportion of
cardiovascular morbidity and mortality. Atherosclerotic
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plaque progression and instability predispose to coronary
thrombosis, culminating in myocardial ischemia and
irreversible cardiomyocyte injury “°. Enhanced oxidative
damage, persistent inflammatory signalling, endothelial
functional alterations, mitochondrial damage, and adverse
ventricular remodelling are common pathological
mechanisms underlying disease progression 474,

The coexistence of ATS and MI represents a clinically
important comorbid state associated with dyslipidaemia,
chronic inflammatory signalling, increased oxidative
stress, failure of endothelial function, and accelerated
cardiovascular injury, resulting in poorer clinical outcomes
5051 Although current pharmacological interventions
improve prognosis, they primarily target individual disease
pathways and often require combination therapy, which
may increase treatment burden and adverse effects 32.

Natural products have attracted extensive interest as
multitarget therapeutic agents owing to their antioxidant,
anti-inflammatory, lipid-lowering, endothelial-protective,
and cardioprotective properties. However, their efficacy
against complex cardiovascular comorbidities requires
further validation in well-designed experimental models
before clinical translation.

The Triton X-100-induced ATS and ISO-induced MI
model successfully established a clinically relevant
comorbid cardiovascular state, as evidenced by severe
dyslipidaemia, increased atherogenic indices, myocardial
injury, oxidative stress, electrophysiological disturbances,
and characteristic histopathological alterations. The
marked elevation of serum TC, TG, LDL-C, CK-MB,
LDH, CRP, hepatic enzymes, and BUN, together with
depletion of endogenous antioxidant enzymes (GSH, CAT,
and SOD), confirmed the successful induction of
hyperlipidemia-associated myocardial injury and systemic
inflammation.

Rosuvastatin  significantly restored these pathological
changes, validating the experimental model, whereas RA
produced  dose-dependent  antihyperlipidaemic  and
cardioprotective effects. The higher dose markedly
improved the lipid profile, reduced atherogenic indices,
attenuated myocardial injury biomarkers, restored
endogenous antioxidant defences, normalised ECG
abnormalities, and preserved myocardial histoarchitecture.

The observed antihyperlipidaemic effect of RA is
consistent with previous reports, representing the
development of reverse cholesterol transport through
upregulation of SR-B1, LDL-R, ABCG5/ABCGS8, and
CYP7AL, together with stimulation of the AMPK—CPT1A
pathway, thereby promoting fatty acid B-oxidation and
reducing lipid accumulation and atherosclerotic
progression.>. The significant reduction in CK-MB, LDH,
CRP, and hepatic injury markers further supports the
cardioprotective potential of RA, which has been
attributed to inhibition of NF-kB, JNK, and STAT3
signalling pathways, resulting in suppression of pro-
inflammatory cytokine production and inflammatory cell
infiltration. In addition, RA has been reported to attenuate

NHE-1 overactivation, thereby preventing intracellular
sodium and calcium overload and protecting heart tissue
against ischemia-induced injury®* 3.

Restoration of GSH, CAT, and SOD activities indicates
that RA effectively counteracted oxidative stress, a major
contributor to both ATS and MI. These results are
reinforced by previous studies showing stimulation of the
Nrf2/ARE signalling pathway, leading to enhanced
antioxidant enzyme expression, reduced ROS generation,
and inhibition of lipid peroxidation 3¢. The improvement in
ECG parameters and preservation of myocardial
architecture further corroborate the biochemical findings
and suggest attenuation of myocardial electrical instability
and structural damage. Consistent with earlier
investigations, the histological protection afforded by RA
may also involve inhibition of RIPKI1/RIPK3/MLKL-
mediated necroptosis, suppression of MMP-2/MMP-9
activity, and limitation of adverse ventricular remodelling
following MI %78,

Considering all together, these results with previous
reports demonstrate that RA exerts comprehensive
cardioprotective  effects  against  hyperlipidaemia-
associated myocardial injury through multitarget
mechanisms involving lipid regulation, antioxidant
defence, anti-inflammatory activity, preservation of
myocardial integrity, and inhibition of adverse cardiac
remodelling, highlighting its therapeutic potential for the
management of complex cardiovascular comorbidities.

CONCLUSION

The current study successfully established a clinically
relevant comorbid rat model of ATS and MI using Triton
X-100 and ISO, which reproduced key pathological
features of human cardiovascular disease, including severe
dyslipidaemia, enhanced atherogenic risk, myocardial
injury, oxidative stress, inflammation, electrophysiological
abnormalities, = and  histopathological  alterations.
Rosmarinic acid (RA) produced significant dose-
dependent cardioprotective effects, with the higher dose
demonstrating greater efficacy in improving the lipid
profile, reducing atherogenic indices, attenuating cardiac
biomarker release, restoring endogenous antioxidant
enzymes, normalising ECG abnormalities, and preserving
myocardial histoarchitecture. These findings indicate its
pharmacological activity.

The overall cardioprotective effect of RA is likely
mediated through multiple corresponding mechanisms,
including positive modulation of lipid metabolism,
enhancement of antioxidant defence, suppression of
inflammatory signalling, preservation of myocardial cell
integrity, and attenuation of adverse cardiac remodelling.
Such multitarget actions make RA a promising therapeutic
candidate for the management of complex cardiovascular
comorbidities where oxidative stress, inflammation,
dyslipidaemia, and myocardial injury coexist.

Although the current model results provide strong
preclinical evidence supporting the cardioprotective
potential of RA, supplementary studies are essential to
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elucidate its molecular targets, pharmacokinetic profile,
long-term safety, and efficacy in clinically relevant disease
models and human trials before its therapeutic application
can be established.

REFERENCES

1.

Nasirova Aziza Akbarovna A, Shirinova K.
Generation Cardiovascular Risk Assessment Through
Wearable Digital Biomarkers and Explainable
Artificial Intelligence: Toward  Continuous,
Personalized, and  Predictive  Cardiovascular
Medicine. European Journal of Prosthodontics and
Restorative Dentistry. 2026;(4S):171-88.
doi:10.1922/ejprd.v34i4s.1445/EJPRD

Di Cesare M, McGhie DV, Perel P, Mwangi J, Taylor
S, Pervan B, et al. The Heart of the World. Glob
Heart. 2024;19(1):11. doi:10.5334/GH.1288 PubMed
PMID: 38273998.

lleri C, Ozben B, Dogan Z, Sunbul M, Bulutl B,
Tigen K, et al. Predictors of Concomitant Coronary
Artery Disease and Major Cardiovascular Events in
Patients with Acute Ischemic Stroke. Neurol India.
2021 Jul  1;69(4):916-22.  doi:10.4103/0028-
3886.323893 PubMed PMID: 34507412.

Meer M, Meer M, Mumtaz M, Jawed U. Role of
Genetics in Early-Onset Cardiovascular Disease.

Cureus. 2025 Jun 14;17(6):¢85988.
doi:10.7759/CUREUS.85988  PubMed  PMID:
40662044.

Qiu L, Wang W, Sa R, Liu F. Prevalence and Risk
Factors of Hypertension, Diabetes, and Dyslipidemia
among Adults in Northwest China. Int J Hypertens.
2021;2021:5528007. doi:10.1155/2021/5528007
PubMed PMID: 33936811.

Ciaccio M, Agnello L, Lo Sasso B, Giglio RV,
Ciaccio AM. Dyslipidemia. Clinical and Laboratory
Medicine  Textbook. 2024 Mar 4;145-61.
doi:10.1007/978-3-031-24958-7_14 PubMed PMID:
32809726.

Bjorkegren JLM, Lusis AJ. Atherosclerosis: Recent
developments. Cell. 2022 May 12;185(10):1630-45.
doi:10.1016/J.CELL.2022.04.004 PubMed PMID:
35504280.

Pahwa R, Goyal A, Jialal I. Chronic Inflammation.
Pathobiology of Human Disease: A Dynamic
Encyclopedia of Disease Mechanisms. 2023 Aug
7;300—14. doi:10.1016/B978-0-12-386456-7.01808-6
PubMed PMID: 29630225.

Gao Y, Wang M, Wang R, Jiang J, Hu Y, Wang W, et
al. The predictive value of the hs-CRP/HDL-C ratio,
an inflammation-lipid composite marker, for
cardiovascular disease in middle-aged and elderly
people: evidence from a large national cohort study.
Lipids Health Dis. 2024 Dec 1;23(1):66.

10.

11.

12.

13.

14.

15.

16.

17.

doi:10.1186/S12944-024-02055-7 PubMed PMID:
38429790.

Heusch G. Myocardial ischemia/reperfusion:
Translational pathophysiology of ischemic heart
disease. Med. 2024  Jan 12;5(1):10-31.
doi:10.1016/J.MEDJ.2023.12.007 PubMed PMID:
38218174.

Okorigba EM, Okahia TW, Manafa CC, Oguntuase
FO, Ariahu N, Asamoah-Twum AS, et al. Global
Trends in Mortality From Ischemic Heart Disease
and the Expansion of Interventional Cardiology
Procedures: An Analysis Using the Global Burden of
Disease (GBD) Dataset. Cureus. 2026
Jan;18(1):¢102070.  doi:10.7759/CUREUS.102070
PubMed PMID: 41728574.

Dhalla NS, Patel CA, Beladiya J V., Mehta AA,
Gandhi TR. Pathophysiology and pharmacotherapy
of cardiovascular complications in metabolic
syndrome. J Mol Cell Cardiol. 2026 Jun 1;215:52—
65. doi:10.1016/J.YIMCC.2026.04.007

Bahit MC, Korjian S, Chi G, Daaboul Y, Castro
Molina A, Jiang G, et al. Understanding the Burden
of Myocardial Infarction and Patient Preferences for
Treatment: A Real-World Study Assessing Patients’
Perspectives via an Online Survey. J Patient Cent Res
Rev. 2025 Sep 30;12(4):234. doi:10.17294/2330-
0698.2146 PubMed PMID: 41064042.

Sachdeva P, Kaur K, Fatima S, Mahak F, Noman M,
Siddenthi SM, et al. Advancements in Myocardial
Infarction Management: Exploring Novel
Approaches and Strategies. Cureus. 2023 Sep
20;15(9):e45578. doi:10.7759/CUREUS.45578
PubMed PMID: 37868550.

Sabbour H, Bhatt DL, Elhenawi Y, Aljaberi A,
Bennani L, Fiad T, et al. A Practical Approach to the
Management of Residual Cardiovascular Risk:
United Arab Emirates Expert Consensus Panel on the
Evidence for Icosapent Ethyl and Omega-3 Fatty
Acids. Cardiovasc Drugs Ther. 2024 Oct
1;39(5):1135. doi:10.1007/S10557-023-07519-Z
PubMed PMID: 38363478.

Zhang J, Hu J, Zheng Y, Dai T. Factors affecting
medication adherence in patients with chronic
diseases: A systematic literature review. Chinese
General Practice Journal. 2025 Sep 1;2(3):100072.
doi:10.1016/J.CGPJ.2025.100072

Nizam WA, Ahmad W, Murugan DD, Radu AF, Radu
A, Bungau GS, et al. Polypharmacy and Drug—Drug
Interaction Architecture in Hospitalized
Cardiovascular Patients: Insights from Real-World
Analysis. Biomedicines 2026, Vol 14, Page 218.
2026 Jan 20;14(1):218.
doi:10.3390/BIOMEDICINES 14010218

1JDDT, Volume 16 Issue 7, 2026

Page: 8 2



18.

19.

20.

21.

22.

23.

24.

25.

26.

Protective Role of Rosmarinic Acid in Isoproterenol-Induced Myocardial Infarction Associated with Triton X-100-Induced
Atherosclerosis in Comorbid Rat Models

Patel S, Huang M, Miliara S. Understanding
Treatment Adherence in Chronic Diseases:
Challenges, Consequences, and Strategies for

Improvement. Journal of Clinical Medicine 2025, Vol
14, Page 6034. 2025 Aug 26;14(17):6034.
doi:10.3390/JCM14176034

Faro DC, Di Pino FL, Monte IP. Inflammation,
Oxidative Stress, and Endothelial Dysfunction in the
Pathogenesis of Vascular Damage: Unraveling Novel
Cardiovascular Risk Factors in Fabry Disease. Int J

Mol Sci. 2024 Aug 1;25(15).
doi:10.3390/1IMS25158273 PubMed PMID:
39125842.

Marchev AS, Mihaylova NM. Special Issue “Natural
Products as Multitarget Agents in Human Diseases.”

Int J Mol Sci. 2026 Jan 1;27(2):644.
doi:10.3390/1JMS27020644 PubMed PMID:
41596296.

YADAV S, YADAV BS, CHAUDHARY N, KUMAR
R, YADAV R, PANDEY S. A REVIEW ARTICLE
ON CURRENT PHARMACOLOGICAL STATUS
OF CARDIOPROTECTIVE PLANT. Current
Research in Pharmaceutical Sciences. 2023 Apr
8;13(1):27-43. doi:10.24092/CRPS.2023.130103

Papakyriakopoulou .-M;, Skaltsa P;, Valsami H;,
Kadoglou G;, Tomou EM, Papakyriakopoulou P, et
al. Bio-Actives from Natural Products with Potential
Cardioprotective Properties: Isolation, Identification,
and Pharmacological Actions of Apigenin, Quercetin,
and Silibinin. Molecules 2023, Vol 28, Page 2387.
2023 Mar 5;28(5):2387.
doi:10.3390/MOLECULES28052387 PubMed
PMID: 36903630.

Samson AO, Dimeji IY, Aduke SO, Murtala N.
Lipids, Oxidative Stress, Inflammation, and
Cardiometabolic Disorders: An Integrated Approach.
Trends in Medical Research. 2025 Oct 20;20(1):50-
63. doi:10.3923/TMR.2025.50.63

Ward K, Haas L, Leeling C, Morgan L, Jacobs P,

Pathak S, et al. Role of natural products in
cardiovascular diseases. Health Sciences Review.
2026 Mar 1;18:100259.

doi:10.1016/J.HSR.2026.100259

Hu FJ, Tang YM, Hu BY, Yang FN, Jin W, Miao YF,
et al. Mechanistic insights into the multi-target anti-
atherosclerotic actions of rhubarb: a traditional
remedy revisited. Chin Med. 2025 Dec 1;20(1):173.
doi:10.1186/S13020-025-01231-W PubMed PMID:
41102853.

do Nascimento RF, de Oliveira Formiga R, Machado
FDF, de Sales IRP, de Lima GM, Alves Janior EB, et
al. Rosmarinic acid prevents gastric ulcers via
sulthydryl groups reinforcement, antioxidant and
immunomodulatory effects. Naunyn Schmiedebergs
Arch Pharmacol. 2020 Dec 1;393(12):2265-78.

27.

28.

29.

30.

31.

32.

33.

34.

35.

doi:10.1007/S00210-020-01894-2 PubMed PMID:
32642876.

Sun T, Luo Q, Liu T, Lv X, Lin L, Liao D, et al.
Rosmarinic Acid Targets AKRIB1 to Ameliorate
Atherosclerosis via Vascular Endothelial Cell Energy
Metabolism Regulation. Biomolecules. 2026 Mar
1;16(3).  doi:10.3390/BIOM16030403  PubMed
PMID: 41897339.

Metta S, Sahoo SK. Characterization and safety
assessment of Hydroxypropyl Musa paradisiaca
starch for pharmaceutical applications. J Appl Pharm
Sci. 2024 Jul 5;14,(7):111-23.
doi:10.7324/JAPS.2024.174568

Sheeba DAH, Gandhimathi R. Exploring the Anti-
hyperlipidemic Potential of Rivea hypocrateriformis
(Desr) Leaf Extracts: A Study on Triton-induced
Hyperlipidemia Rat Model and Oxidative Stress.
International Journal of Pharmaceutical Quality
Assurance. 2024 Jan 1;15(1):178-85.
doi:10.25258/1JPQA.15.1.28

Sundaram R, Muthu K. Rosmarinic acid alleviates
the cardiac abnormalities in high fat diet induced
hypercholesterolemic rats. Prostaglandins Other
Lipid  Mediat. 2025 Jan 1;176:106936.
doi:10.1016/J.PROSTAGLANDINS.2024.106936
PubMed PMID: 39615784.

Al-Hunaiti A, Thiab TA, Zihlif M, Abdul Majid
AMS, Imraish A, Batarseh Y, et al. Rosmarinic acid
attenuates doxorubicin-induced cardiotoxicity: bio-
nanocarrier system development and an in vitro study
using H9¢2 rat cardiomyocytes. Nanoscale Adv. 2025
Nov  18;7(23):7588-97. doi:10.1039/D5SNA00585J
PubMed PMID: 41089341.

Warhol A, George SA, Obaid SN, Efimova T, Efimov
IR. Differential cardiotoxic electrocardiographic
response to doxorubicin treatment in conscious
versus anesthetized mice. Physiol Rep. 2021 Aug
1;9(15). doi:10.14814/PHY2.14987 PubMed PMID:
34337891.

Jo EJ, Bae E, Yoon JH, Kim JY, Han JS. Comparison
of murine retroorbital plexus and facial vein blood
collection to mitigate animal ethics issues. Lab Anim
Res. 2021 Dec 1;37(1):12. doi:10.1186/S42826-021-
00090-4 PubMed PMID: 33958002.

Percie du Sert N, Hurst V, Ahluwalia A, Alam S,
Avey MT, Baker M, et al. The ARRIVE guidelines
2.0: Updated guidelines for reporting animal
research. Br J Pharmacol. 2020 Aug 1;177(16):3617—
24.  doi:10.1111/BPH.15193  PubMed PMID:
32662519.

Lew K. Blood sample collection and handling.
Comprehensive Sampling and Sample Preparation.
2025 Jan 1;V3:26-V3:55. doi:10.1016/B978-0-443-
15978-7.00013-8

1JDDT, Volume 16 Issue 7, 2026

Page: 83



36.

37.

38.

39.

40.

41.

42.

43.

Protective Role of Rosmarinic Acid in Isoproterenol-Induced Myocardial Infarction Associated with Triton X-100-Induced
Atherosclerosis in Comorbid Rat Models

Zhang Y, Song Y, Lu Y, Liu T, Yin P. Atherogenic
index of plasma and cardiovascular disease risk in
cardiovascular-kidney-metabolic syndrome stage 1 to
3: a longitudinal study. Front Endocrinol (Lausanne).
2025 Feb 4;16:1517658.
doi:10.3389/FENDO.2025.1517658/ TEXT

Iftikhar N, Hussain Al, Fatima T, Haji EM, Alotaibi
H, Alanezi AA, et al. Polyphenol-rich Cucurbita
formulation mitigates doxorubicin-induced
cardiotoxicity in rats: biochemical, histological, and
molecular docking insights. Scientific Reports 2026
16:1. 2026 Feb 26;16(1):11143-.
doi:10.1038/s41598-026-40941-5 PubMed PMID:
41748784.

Mansouri RA, Aboubakr EM, Alshaibi HF, Fouda
WM, Banjabi AA, Al-Bazi MM, et al. Calcium
Carbonate-Stabilized ~ Nano-Caffeine ~ Emulsion
Attenuates Diabetic Cardiomyopathy via
Antioxidant, Anti-Inflammatory, and Anti-Fibrotic
Pathways in Type 2 Diabetic Rats with HPLC-
Quantified Cardiac Caffeine Levels. Int J
Nanomedicine. 2026;21:573949.
doi:10.2147/1IN.S573949 PubMed PMID: 42023080.

Szymczak B, Pozzo L, Zmorzynski S, Wilczynska A,
Vornoli A, Lutnicka M, et al. Lisosan G as a
Modulator of Serum Lipid/Lipoprotein Changes,
Lipid Metabolism and TGF-f1 Level in Neoplastic
and Non-Neoplastic Liver Injury: A Rat Model
Study. Biology (Basel). 2026 Feb 1;15(3):284.
doi:10.3390/BIOLOGY 15030284 PubMed PMID:
41677755.

Michaud K, Basso C, de Boer HH, Fracasso T, de
Gaspari M, Giordano C, et al. Ischemic and non-
ischemic myocardial injuries at autopsy- an overview
for forensic pathologists. Int J Legal Med. 2025 Jul
1;139(4):1579. doi:10.1007/S00414-025-03479-1
PubMed PMID: 40172635.

Namjouyan K, Sejdi¢ E, Link MS, Pelliccia A,
Glicksberg B, Trayanova N, et al. Precision Medicine

for  Electrocardiogram  Interpretation:  Clinical
Relevance, Challenges, and Advances. Rev
Cardiovasc  Med. 2025 Dec 1;26(12):47007.

doi:10.31083/RCM47007 PubMed PMID: 41524056.

Joseph P, Lanas F, Roth G, Lopez-Jaramillo P, Lonn
E, Miller V, et al. Cardiovascular disease in the
Americas: the epidemiology of cardiovascular
disease and its risk factors. The Lancet Regional
Health - Americas. 2025 Feb 1;42:100960.
doi:10.1016/J.LANA.2024.100960 PubMed PMID:
40034110.

Song J, Yuan K, Huang Y, Chen Z, Wang X, Wang Z,
et al. Global, regional, and national burden of
ischemic heart disease in young and middle-aged
population from 1990 to 2021. Sci Rep. 2025 Dec

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

1;15(1):41982. doi:10.1038/S41598-025-26248-X
PubMed PMID: 41290905.

Rakam K, Dayanand P, Chepuri S. Early-Onset
Coronary Artery Disease in Young Adults: A
Systematic ~ Review.  European  Journal  of
Cardiovascular Medicine. 2025 Sep 11;15:301-9.
doi:10.61336/EJCM/25-09-48

Guo JW, Ning H, Allen NB, Perak AM, Walker JM,
Pettee Gabriel K, et al. Cardiovascular Health
Changes in Young Adults and Risk of Later-Life
Cardiovascular Disease. JAMA Netw Open.
2025;8(10):¢2535573.
doi:10.1001/JAMANETWORKOPEN.2025.35573
PubMed PMID: 41051778.

Verboova L, Nedoroscik A, Kiskova-Simkova T,
Smirjakova A, Bohus P, Kollar M, et al
Atherosclerosis: A Pathologist’s Perspective. J
Cardiovasc Dev Dis. 2026 Feb 1;13(2):85.
doi:10.3390/JCDD13020085 PubMed PMID:
41745332,

Batty M, Bennett MR, Yu E. The Role of Oxidative
Stress in  Atherosclerosis. Cells. 2022 Dec
1;11(23):3843. doi:10.3390/CELLS11233843
PubMed PMID: 36497101.

He J, Liu D, Zhao L, Zhou D, Rong J, Zhang L, et al.
Myocardial ischemia/reperfusion injury: Mechanisms
of injury and implications for management (Review).

Exp Ther Med. 2022 May 6;23(6):430.
doi:10.3892/ETM.2022.11357  PubMed  PMID:
35607376.

Mehu M, Narasimhulu CA, Singla DK. Inflammatory
Cells in Atherosclerosis. Antioxidants 2022, Vol 11,
Page 233. 2022 Jan 26;11(2):233.
doi:10.3390/ANTIOX11020233

Ceasovschih A, Banjanin N, Bednarek A, Beqiraj A,
Cherska M, Ejubovic M, et al. Atherosclerotic
features in patients with heart failure. Arch Med Sci.
2025;21(4):1107. do0i:10.5114/A0OMS/208372
PubMed PMID: 41078932.

Reiner PZ. Pathophysiology and Classification of
Cardiovascular Diseases Caused by Atherosclerosis.
EJIFCC. 2003 Jul;14(2):44. PubMed PMID:
30302072.

Mavridis A, Viktorisson A, Leosdottir M,
Sunnerhagen KS. Medication adherence after
myocardial infarction: Predictors, mortality and
cardiovascular outcomes. Atherosclerosis. 2026 Mar
1;414:120664.
doi:10.1016/J.ATHEROSCLEROSIS.2026.120664

Nyandwi JB, Ko YS, Jin H, Yun SP, Park SW, Kim
HJ. Rosmarinic acid exhibits a lipid-lowering effect
by modulating the expression of reverse cholesterol
transporters and lipid metabolism in high-fat diet-fed
mice. Biomolecules. 2021 Oct 1;11(10):1470.

1JDDT, Volume 16 Issue 7, 2026

Page: 84



54.

55.

56.

Protective Role of Rosmarinic Acid in Isoproterenol-Induced Myocardial Infarction Associated with Triton X-100-Induced
Atherosclerosis in Comorbid Rat Models

doi:10.3390/BIOM11101470/S1
34680102.

Toutounchi NS, Afrooziyan A, Rameshrad M,
Rezabakhsh A, Vaez H, Hamedeyazdan S, et al.
Cardioprotective effects of rosmarinic acid on
isoproterenol-induced myocardial infarction in rats.
Pharmaceutical Sciences. 2017 Jun 1;23(2):103-11.
doi:10.15171/PS.2017.16

Lee H, Jeong GH, Lee SS, Lee KB, Park S, Kim TH,
et al. Rosmarinosin A Inhibits Inflammatory
Response in Lipopolysaccharide-Induced RAW
264.7 Macrophages via Suppressing NF-xB and
MAPK Signaling Pathway. Molecules. 2025 Sep
1;30(18):3752.
doi:10.3390/MOLECULES30183752/S1
PMID: 41011645.

Chen C, Ma J, Ren L, Sun B, Shi Y, Chen L, et al.
Rosmarinic Acid Activates the Nrf2/ARE Signaling

PubMed PMID:

PubMed

57.

58.

Pathway via the miR-25-3p/SIRT6 Axis to Inhibit
Vascular Remodeling. J Agric Food Chem. 2024 Feb
28;72(8):4008-22. doi:10.1021/ACS.JAFC.3C02916
PubMed PMID: 38373191.

Quan W, Liu H xian, Zhang W, Lou W juan, Gong Y
ze, Yuan C, et al. Cardioprotective effect of
rosmarinic acid against myocardial
ischaemia/reperfusion injury via suppression of the
NF-kB inflammatory signalling pathway and ROS
production in mice. Pharm Biol. 2021;59(1):220.
doi:10.1080/13880209.2021.1878236 PubMed
PMID: 33600735.

Yu X. Promising Therapeutic Treatments for Cardiac
Fibrosis: Herbal Plants and Their Extracts. Cardiol
Ther. 2023 Sep 1;12(3):415. doi:10.1007/S40119-
023-00319-4 PubMed PMID: 37247171.

1JDDT, Volume 16 Issue 7, 2026

Page: 8 5



