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Abstract

This study aimed to investigate the electrocardiographic (ECG) and biochemical
changes induced by azithromycin administration in rats and to evaluate the
potential protective effect of L-carnitine. Twenty-four male Wistar Albino rats
were randomly divided into four groups (n=6): Control, Azithromycin (30 mg/kg/
day, orally, 14 days), Azithromycin + L-Carnitine (100 mg/kg/day, i.p., 14 days),
and L-Carnitine. ECG recordings were obtained and serum high-sensitivity cardiac
troponin T (hs-cTnT), conventional cardiac enzymes (aspartate aminotransferase
[AST], creatine kinase [CK], and lactate dehydrogenase [LDH]) and lipid profile
(total cholesterol, triglycerides, high-density lipoprotein [HDL], and low-density
lipoprotein [LDL]) were measured. In contrast to the prevailing view in the
literature, significant shortening of QT and corrected QT (QTc) intervals was
detected in the azithromycin group compared to the control group (78.00+6.07 ms
and 175.08+16.37 ms, respectively; p<0.001). ST segment elevation was observed
in 100% of the azithromycin group, while L-carnitine co-administration reduced
this rate to 50% (p<0.05). Biochemically, hs-cTnT levels in the azithromycin
group showed approximately a 6-fold increase compared to the control group
(3861.50+2087.96 pg/mL; p<0.05); L-carnitine treatment significantly suppressed
this elevation. No significant difference was found between groups in conventional
enzymes and lipid profile (p>0.05). Azithromycin has been linked to an increased
risk of adverse cardiac events, including potential myocardial injury, which—
in the acute period—is characterized by QT shortening and ST elevation rather
than QT prolongation. L-carnitine appears to confer partial protection against
this cardiotoxicity by preserving myocardial integrity. hs-cTnT was found to be a
more sensitive marker in reflecting myocardial damage compared to conventional
enzymes and lipid parameters.
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INTRODUCTION

Azithromycin, a macrolide antibiotic, is a particularly
widely prescribed agent for respiratory tract infections,
soft tissue infections, and certain sexually transmitted
diseases (Duran and Amsden 2000). Despite being
frequently preferred in clinical practice due to its
broad antimicrobial spectrum, long tissue half-life, and
relatively good tolerability profile, significant concerns
regarding its cardiac safety have emerged in recent
years (Ray et al 2012, Svanstrom et al 2013). In the
American Heart Association's 2020 scientific statement,
azithromycin, clarithromycin, and erythromycin are
listed among drugs with known QT-prolonging effects

and torsades de pointes (TdP) potential (Tisdale et
al 2020). Furthermore, the CredibleMeds® database
conducted by the Arizona Center for Education and
Research on Therapeutics classifies azithromycin in the
"Known Risk of TdP" category (CredibleMeds 2023).

The primary mechanism underlying the cardiac
electrophysiological effects of azithromycin is the
inhibition of the rapid delayed rectifier potassium
current (I ), which plays a critical role in myocardial
repolarization, and its molecular counterpart, hERG
channels (Kannankeril et al 2010). Human ether-a-
go-go-related gene (hERG) channel blockade causes
prolongation of action potential duration and marked
increase in QT interval, predisposing to polymorphic

This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
BY NC


https://eurasianjvetsci.org
http://XX.XX

Ekici et al

Eurasian ] Vet Sci, 42, 0480

ventricular tachycardia and TdP (Tisdale et al 2020).
However, it has also been reported that azithromycin
may have unique proarrhythmic mechanisms that
cannot be explained solely by classical hERG blockade
(Yang et al 2017).

Clinical ~pharmacoepidemiological studies have
shown that azithromycin use may increase short-term
cardiovascular mortality risk, especially in individuals
with cardiovascular risk factors (Ray et al 2012).
However, a large population-based Danish cohort study
reported that this risk was lower and emphasized that
the results might be related to patient profile (Svanstrom
et al 2013). This heterogeneity underscores the need for
mechanistic studies in controlled experimental models.
Experimental studies indicate that the harmful effects
of azithromycin on cardiomyocytes may be associated
with oxidative stress and cellular damage. A study in
a rat model reported that azithromycin administration
led to an increase in oxidative stress markers and
histopathological cardiac changes (Atli et al 2015). The
use of high-sensitivity cardiac troponins (hs-cTnTs) as
early and specific markers of drug-induced myocardial
damage is widely accepted today (McCarthy et al 2017).

Energy metabolism and oxidative stress are of
central importance in maintaining myocardial
integrity. L-carnitine plays a fundamental role in
B-oxidation and adenosine triphosphate (ATP)
production by transporting long-chain fatty acids into
mitochondria—a function supported by experimental
evidence demonstrating preserved mitochondrial
integrity, reduced oxidative stress, and suppressed
cardiomyocyte apoptosis (Emran et al 2021). This
critical role in maintaining metabolic flexibility and
organelle health has also been emphasized in recent
reviews (Virmani and Cirulli 2022). However, the
metabolism of L-carnitine can lead to the formation
of trimethylamine-N-oxide (TMAO) via the intestinal
microbiota, a pathway potentially associated with
elevated cardiovascular risk (Koeth et al 2013, Tang
et al 2021). Consequently, the therapeutic application
of L-carnitine warrants careful evaluation regarding
optimal dosing and duration.

The selection of outcome measures in the present study
was guided by their established relevance in detecting
and characterizing drug-induced cardiotoxicity.
Electrocardiographic  parameters—including heart
rate (HR), RR, PR, QRS, QT, and corrected QT (QTc)
intervals, as well as R- and T-wave amplitudes—were
evaluated to capture both chronotropic effects and
subtle alterations in ventricular depolarization and
repolarization. While QT/QTc prolongation remains
the most widely recognized marker of proarrhythmic

risk associated with macrolide antibiotics (Tisdale
et al 2020), emerging evidence suggests that changes
in QRS morphology and ST-segment deviation may
reflect direct myocardial injury or ischemia-like events,
even in the absence of classical QT prolongation (Yang
et al 2017). Accordingly, a comprehensive analysis of
surface ECG was undertaken to identify potential
azithromycin-induced electrophysiological signatures
beyond repolarization delay.

Biochemical assessments were similarly selected to
provide amulti-tiered evaluation of myocardial integrity
and systemic metabolic status. hs-cTnT was chosen as
the primary biomarker of cardiomyocyte injury due
to its superior sensitivity and near-absolute cardiac
specificity compared with conventional enzymes such
as aspartate aminotransferase (AST), creatine kinase
(CK), and lactate dehydrogenase (LDH) (McCarthy et
al 2017). The inclusion of these conventional markers,
alongside a standard lipid profile (total cholesterol,
triglycerides, high-density lipoprotein (HDL), low-
density lipoprotein (LDL)), allowed for the assessment
of potential extracardiac contributions to enzyme
elevations and the exclusion of confounding metabolic
disturbances. Together, this panel of electrophysiological
and biochemical endpoints was designed to provide an
integrated assessment of azithromycin-induced cardiac
alterations and the potential modulatory effects of
L-carnitine.

The present study was designed to assess azithromycin-
induced ECG and biochemical alterations in an
experimental rat model and to determine whether
L-carnitine exerts a protective effect against these
changes. The central hypothesis proposed that
azithromycin administration would lead to significant
modifications in cardiac conduction parameters,
including HR, RR interval, PR interval, QT and QTc
intervals, QRS duration, and R- and T-wave amplitudes,
along with an elevation in myocardial injury biomarkers,
particularly hs-cTnT. It was further hypothesized
that co-administration of L-carnitine would partially
or completely ameliorate these effects by preserving
mitochondrial function and reducing oxidative stress,
based on the known antioxidant properties of this
compound (Emran et al 2021, Virmani and Cirulli
2022).

MATERIAL AND METHODS

Experimental Animals

The study included 24 male Wistar Albino rats aged 8-10
weeks, with body weights ranging between 160 and 180
g. The animals were maintained under standardized
laboratory conditions, including a 12-h light/12-h dark
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cycle, ambient temperature of 21-23°C, relative humidity
of 35-60%, and adequate ventilation. Throughout the
experimental period, rats had unrestricted access to
standard pellet chow and drinking water.

Experimental Groups and Applications

After one week of adaptation, rats were randomly divided
into four equal groups (n=6/group):

Control Group: 10 mL/kg distilled water was administered
orally for 14 days. One hour after each administration, 1
mL/kg sterile saline was given intraperitoneally.

Azithromycin Group (Az): Azithromycin (Azitro®, Deva
Holding AS, Turkey) was administered at a dose of 30
mg/kg/day by oral gavage for 14 consecutive days (Atli
et al 2015). One hour after each administration, 1 mL/kg
sterile saline was given intraperitoneally.

Azithromycin + L-Carnitine Group (Az + Lcar): One
hour after 30 mg/kg/day oral azithromycin administration
for 14 days, 100 mg/kg/day L-carnitine (Lekarnitin
ampoule 1 g/5 cc, Pharmada, Istanbul, Turkey) was given
intraperitoneally.

L-Carnitine Group (Lcar): One hour after 10 mL/kg
distilled water administration for 14 days, 100 mg/kg/day
L-carnitine was given intraperitoneally (Wang et al 2020,
Emran et al 2021, Mansour et al 2021).

The study was terminated 24 h after the last drug
administration. Body weights of all rats were measured
at the beginning and end of the study and evaluated as
percentage change.

Electrocardiographic Recordings

Twenty-four hours after the last drug administration,
rats were anesthetized with a combination of ketamine
(90 mg/kg) and xylazine (3 mg/kg) administered
intraperitoneally. Anesthesia depth was confirmed by loss
of pedal withdrawal reflex, and spontaneous respiration
was monitored during recording. To prevent temperature
changes from affecting electrophysiological parameters,
animals were kept on a thermostat-controlled heating pad
at 37+0.5°C.

The specific ECG parameters quantified in this study—
HR, RR interval, PR interval, QRS duration, QT interval,
R-wave amplitude, and T-wave amplitude—were selected
to provide a comprehensive profile of impulse generation,
atrioventricular conduction, ventricular depolarization,
and repolarization, consistent with established guidelines
for preclinical cardiac safety evaluation in rodents
(Farraj et al 2011). ECG recordings were performed
using a digital veterinary ECG device Televet II (Kruuse,
Germany) (Ozdemir and Ekici 2024). Before recording,
extremity foot pads were cleaned with 70% ethyl alcohol
to reduce electrode contact resistance and minimize
movement artifacts. Alligator-type extremity electrodes

with electrode gel/paste were placed in appropriate
anatomical localizations according to Einthoven's triangle.
Recordings were obtained continuously for 5 min in
standard Einthoven system lead II, at 50 mm/s speed and
10 mm/mV gain. During recording, animal position was
kept constant, and appropriate grounding was provided
to reduce environmental electrical interference. Analysis
of digital data was performed using the manufacturer's
analysis software Televet 100 Version 7.0.0. HR (bpm),
RR interval (ms), PR interval (ms), QRS duration (ms),
QT interval (ms), R wave amplitude (mV), and T wave
amplitude (mV) were measured manually at three different
times and averaged. Corrected QT interval was calculated
using Bazett's formula (QTc = QT/VRR). Segments
containing artifacts were excluded from analysis, and the
average of stable consecutive complexes was evaluated for
each animal.

Serum Sample Collection and Processing

Blood samples were collected by cardiac puncture under
anesthesia after ECG recordings. Blood was transferred
to serum tubes with gel and allowed to clot at room
temperature. Samples were then centrifuged at 3000 rpm
for 15 min to separate serum. Obtained sera were stored
at -20°C until analysis.

Biochemical Analyses

Conventional cardiac enzymes (AST, CK, and LDH)
and a standard lipid profile were measured to assess
potential extracardiac contributions to enzyme release
and to rule out underlying metabolic disturbances that
might confound the interpretation of myocardial injury
markers (O'Brien et al 2006). Serum AST, CK, LDH,
total cholesterol, HDL, LDL and triglyceride levels were
measured on a fully automated biochemistry analyzer
Roche cobas ¢ 702 (Roche Diagnostics, Mannheim,
Germany) using the manufacturer's original reagents.
AST, CK, and LDH analyses were performed by kinetic
UV method based on the International Federation of
Clinical Chemistry (IFCC) reference method. Total
cholesterol and triglyceride were measured by enzymatic
colorimetric method. HDL and LDL were measured by
homogeneous enzymatic colorimetric method.

Cardiac hs-cTnT Measurement

hs-cTnT was employed as the primary biochemical
indicator of myocardial injury, given its well-documented
superiority over conventional enzymes in detecting subtle,
subclinical cardiomyocyte damage in both clinical and
experimental settings (Herman et al 2011, McCarthy et
al 2017). Serum hs ¢TnT concentrations were determined
using the Elecsys Troponin T hs electrochemiluminescence
immunoassay (ECLIA) on a Roche cobas e 801 analyzer
(Roche Diagnostics, Mannheim, Germany) in accordance
with the manufacturer's instructions. The test employs
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two monoclonal antibodies specifically directed against
human cardiac troponin T, forming a sandwich complex.
The assay has a limit of detection of 3 ng/L and a 99th
percentile upper reference limit of 14 ng/L as established
by the manufacturer.

Statistical Analysis

A priori sample size estimation was conducted using
the G*Power 3.1 software based on Cohen’s f effect size
framework, as previously reported by Atli et al (2015).
For a one-way analysis of variance (ANOVA) design, the
parameters were specified as effect size f= 1.2, significance
level (a) = 0.05, statistical power (1-f) = 0.99, and four
independent groups. The analysis indicated that a total of
24 animals were required, corresponding to 6 subjects per
group.

All statistical evaluations were carried out using IBM
SPSS Statistics version 26. The normal distribution of
continuous variables was assessed using the Shapiro—
Wilk test, while homogeneity of variances was tested
with Levene’s test. When the assumptions for parametric
testing were satisfied, intergroup comparisons were
performed using one-way ANOVA. In cases where
the overall ANOVA indicated statistical significance,
Duncan’s multiple comparison procedure was applied as
a post hoc test. Categorical variables were analyzed using
the Pearson chi-square test. All analyses were conducted
using a two-sided approach, and a p-value below 0.05 was
considered statistically significant. Data were expressed as
mean + standard deviation.

RESULTS
Body Weight Changes

There was a significant intergroup difference regarding
the percentage change in body weight (one-way ANOVA,
F(3,20) = 14.86, p<0.001). Post hoc evaluation using
Duncan’s multiple comparison test indicated that the
L-carnitine group exhibited significantly greater values
compared to the remaining groups, whereas the Az

Table 1. Comparison of percentage change in body weights
according to groups.

Group n Mean + SD
Control (n=6) 6 19.11+1.77°
Az (n=6) 6 17.38+2.02b¢
Az+Lcar (n=6) 6 15.04+2.19¢
Lcar (n=6) 6 24.02+3.73°

F (3,20) 14.86

p <0.001

Values are expressed as mean + standard deviation (SD). Different
superscript letters (a, b, ¢) within the same column indicate statistically
significant differences according to Duncan's multiple comparison
test (p<0.05). One-way ANOVA was used for statistical analysis. Az:
Azithromycin; Lear: L-carnitine.

A. Control- Normal sinus rhythm

B. Az-ST segment elevation and atrial fibrillation

||"\~_- \‘w--ln\_Jf\_J\\_J!\_..J‘\-_._."\

C. Az-ST sepment elevation and inverted P wave

8" B RER S 3 R i

—

D. Az + Lcar-Normal sinus rhythm with low R wave amplitude
\..T\w.,ﬁ‘\._ujr \-.....,_q“ﬁ,_)’\ \...,._"'\_» »_4[\-«4‘\-“-- 4
E. Az + Lcar-Nommal sinus rhythm with deep S waves
ulﬂ\“!',P__{r\___‘J’\_J _lf’\._..-.uJT\____\_‘)-._h__‘v
F. Lcar-Normal sinus rhythm with deep S waves
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Figure 1. Representative ECG recordings obtained from experimental
groups. Control animals exhibited normal sinus rhythm with regular
P waves and isoelectric ST segments (A). Azithromycin-treated group
showed atrial fibrillation accompanied by marked ST elevation (B)
and ST segment elevation with inverted P waves (C). Combined
azithromycin+L-carnitine treatment partially ameliorated ST
changes but showed altered QRS morphology (D) and deep S wave
abnormalities (E). L-carnitine alone preserved ECG morphology close
to normal with deep S wave (F). Az: Azithromycin, Lcar: L-carnitine.
ECG recordings were performed at 50 mm/s speed and 10 mm/mV
gain using Televet IT (Kruuse, Germany).

+L-carnitine group demonstrated the lowest mean
percentage change (Table 1).

ECG Findings

Representative =~ ECG  recordings obtained from
experimental groups are shown in Figure 1. Control
animals exhibited normal sinus rhythm with regular
P waves and isoelectric ST segments. Notably, atrial
fibrillation with ST elevation and inverted P waves was
observed in a single animal from the azithromycin-
treated group (Table 3). While combined treatment
with azithromycin and L-carnitine partially ameliorated
the ST-segment changes, it was associated with altered
QRS morphology and the persistence of deep S waves.
In contrast, treatment with L-carnitine alone preserved
near-normal ECG morphology, although deep S waves
remained evident.

One-way ANOVA demonstrated significant intergroup
differences in QT interval, QTc, and QRS duration
(p<0.05). In contrast, no statistically significant differences
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Table 2. Statistical analysis results of ECG parameters according to groups.
Parameter Control (n=6) Az (n=6) Az+Lcar (n=6) Lcar (n=6) F(3,20) p (ANOVA)
RR (ms) 204.22+5.12 199.33+13.00 207.67+21.67 206.33+14.00 0.373 0.773
HR (bpm) 292.94+6.95 302.17+20.65 291.33+28.72 291.83+20.36 0.365 0.779
PR (ms) 62.89+7.15 58.33+6.62 59.33+5.16 64.33+4.08 1.409 0.269
QT (ms) 96.67+7.94° 78.00£6.07° 79.00+8.74* 93.67£5.57° 10.907 <0.001
QTc (Bazett) (ms) | 214.03+18.37° 175.08+16.37° 173.73£18.97 206.38+12.20° 9.420 <0.001
Ramp (mV) 0.617+0.212 0.528+0.157 0.443+0.100 0.512+0.176 1.110 0.368
QRS (ms) 21.00£1.17° 16.33+2.66° 17.00+1.67* 17.33+3.50* 4.487 0.015
T amp (mV) 0.261+0.051 0.210+0.032 0.208+0.035 0.240+0.060 1.823 0.175
Data are presented as mean + standard deviation. Comparisons between groups were made with one-way ANOVA. Different superscript letters (a, b) in
the same row indicate statistically significant difference according to Duncan multiple comparison test (p<0.05). Az: Azithromycin; Lcar: L-carnitine.

were observed among groups with respect to RR interval,
heart rate (HR), PR interval, R-wave amplitude, or T-wave
amplitude (p>0.05). Post hoc analysis indicated that QT
intervals were significantly shorter in the azithromycin-
treated groups compared to the control and L-carnitine
groups. Similarly, QTc values were significantly reduced
in the azithromycin-administered groups relative to the
control and L-carnitine groups. Regarding QRS duration,
the control group exhibited significantly higher values
than the other experimental groups (Table 2).

The distribution of ECG morphological findings according
to groups is presented in Table 3. Normal morphology was
observed in 100% of control animals, while no normal
morphology was detected in the azithromycin group.
Azithromycin+L-carnitine group showed 33.3% and
L-carnitine group 66.7% normal morphology (p<0.05). ST
segment elevation was observed in 100% of azithromycin
group, while azithromycin+L-carnitine and L-carnitine
groups showed 50% and 33.3% respectively (p<0.05). No
significant differences were found in inverted P wave,
atrial fibrillation, and deep S wave findings between
groups.

Biochemical Findings

No statistically significant differences were observed
between groups for AST, total cholesterol, CK, triglyceride,
HDL, LDH, or LDL levels (p>0.05). However, significant
differences were found in hs-cTnT levels between groups

significantly elevated in the Az group (3861.50+2087.96
pg/mL) relative to both the Control and Lcar groups. The
addition of L-carnitine (Az+Lcar) markedly reduced this
elevation (1845.50+£1656.89 pg/mL); however, these levels
remained significantly higher than those observed in the
Control (633.08+438.14 pg/mL) and Lcar (845.34+647.09
pg/mL) groups, which did not differ significantly from
one another (Table 4).

Di1sCcuUsSION

This study evaluated the cardiac effects of azithromycin,
a frequently prescribed macrolide antibiotic, in an
experimental rat model through ECG and biochemical
parameters and investigated the potential protective effect
of L-carnitine. The findings revealed that azithromycin
administration caused a marked increase in hs-cTnT
levels, a specific marker of myocardial damage, induced
ischemia-like ECG morphological deteriorations (ST
segment elevation), and contrary to the general literature,
resulted in shortening of QT/QTc intervals. L-carnitine
co-administration significantly alleviated biochemical
damage markers and ECG morphological abnormalities.

The cardiovascular safety of azithromycin has been
a subject of debate for years, particularly due to its
potential to prolong the QT interval and increase torsades
de pointes risk (Ray et al 2012). In the American
Heart Association's 2020 scientific statement and the

(F(3,20)=6.92, p<0.05). Serum hs-cTnT levels were CredibleMeds® database, azithromycin is classified
Table 3. Distribution of ECG morphological findings according to groups.
Morphological Findings Control (n=6) Az (n=6) Az+Lcar (n=6) Lcar (n=6) X (df=3) p

Normal morphology 6 (100%) 0(0%) 2(33.3%) 4 (66.7%) 13.33 0.004
ST segment elevation 0 (0%) 6 (100%) 3 (50%) 2 (33.3%) 12.59 0.006
Inverted P wave 0 (0%) 2 (33.3%) 1(16.7%) 0(0%) 4.19 0.242
Atrial fibrillation 0 (0%) 1 (16.7%) 1 (16.7%) 1 (16.7%) 1.14 0.767
Deep S wave 0 (0%) 0 (0%) 1(16.7%) 1 (16.7%) 2.18 0.536

Data are presented as n (%). Pearson Chi-Square test was used for comparisons between groups. Statistically significant p-values are indicated in bold

(p<0.05). Az: Azithromycin; Lcar: L-carnitine.
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Table 4. Biochemical parameters according to groups.
Biochemical Parameters Control (n=6) Az (n=6) Az+Lcar (n=6) Lcar (n=6) F (3,20) P

AST (U/L) 94.35+15.60 123.25+26.36 101.07£12.99 120.04+23.38 2.71 0.064

Total Cholesterol (mg/dL) 44.67+3.98 49.67+8.69 51.00+3.22 51.20+4.60 1.68 0.192

CK (U/L) 757.00+216.47 1012.48+668.33 799.17+437.85 | 1402.20+701.06 1.63 0.215

Triglycerides(mg/dL) 82.33+13.47 65.83+29.73 75.50+16.79 73.40+27.26 0.53 0.660

HDL (mg/dL) 25.13£3.33 27.47+6.35 28.27+2.53 28.32+4.36 0.67 0.576

LDH (mg/dL) 601.50 + 262.38 698.33+447.28 590.17+420.71 749.94+533.84 0.19 0.905

LDL (mg/dL) 9.08+1.03 11.07+2.44 10.67+1.31 10.24+2.42 1.23 0.320

hs-cTnT (pg/mL) 633.08+438.14* | 3861.50+2087.96° | 1845.50+1656.8° | 845.34+647.09* 6.92 0.004
Results are expressed as mean + standard deviation (SD). Intergroup comparisons were performed using one-way analysis of variance (ANOVA).
Within the same row, differing superscript letters (a, b, c) denote statistically significant differences based on Duncan’s post hoc multiple comparison test

(p<0.05). Statistically significant p-values are highlighted in bold. Az: Azithromycin; Lcar: L-carnitine.

among QT-prolonging drugs in the "Known Risk of
TdP" category (Tisdale et al 2020, CredibleMeds 2023).
Multiple studies have demonstrated that this drug delays
repolarization and prolongs the QT interval via hERG
potassium channel blockade (Kannankeril et al 2010).
Unexpectedly, we observed significantly shorter QT and
QTc intervals in the azithromycin group compared to
controls. While this finding diverges from the classical
expectation of QT prolongation, it aligns with the 'unique
proarrhythmic syndrome’ characterized by QT shortening
and ST elevation, as described by Yang et al (2017). Yang
et al stated that azithromycin not only causes hERG
blockade but may also lead to atypical electrophysiological
changes by affecting sodium currents (INa) or disrupting
intracellular calcium homeostasis. Furthermore, the ST
segment elevations observed in 100% of the azithromycin
group in our study are strong indicators of myocardial
ischemia and acute damage. In acute ischemia conditions,
shortening of the repolarization phase may cause
a paradoxical decrease in the QT interval, which is
consistent with the QT shortening finding in our study.

Beyond repolarization parameters, the present study also
evaluated other electrocardiographic indices that provide
insight into the broader electrophysiological impact of
azithromycin. Notably, heart rate (HR) and RR interval
did not differ significantly among groups, indicating
that the observed QT/QTc shortening was not merely
a rate-dependent phenomenon but rather reflected a
primary alteration in ventricular repolarization kinetics.
Similarly, PR interval—a marker of atrioventricular nodal
conduction—remained unchanged across all groups,
suggesting that azithromycin at the administered dose
does not appreciably impair atrial impulse propagation
or nodal refractoriness in this model. These findings are
consistent with the known safety profile of macrolides
at therapeutic concentrations, where significant PR
prolongation or high-grade atrioventricular block is
uncommon in the absence of pre-existing conduction
disease (Tisdale et al 2020).

In contrast, QRS duration was significantly shortened in
the azithromycin-treated groups relative to controls. While
QRS prolongation is classically associated with sodium
channel blockade and widened ventricular depolarization,
modest QRS shortening has been documented in
experimental models of acute myocardial ischemia and
is thought to reflect accelerated transmural conduction
due to gap junction remodeling or changes in intracellular
resistivity (Farraj et al 2011). Given the concomitant
ST-segment elevation and hs-cTnT rise observed in our
azithromycin-exposed animals, the reduced QRS duration
may represent an early electrophysiological signature of
ischemic injury rather than a direct ion channel effect.
Supporting this interpretation, similar QRS narrowing
has been reported in rodent models of coronary artery
ligation during the hyperacute phase of infarction.

R- and T-wave amplitudes were also assessed as
surrogate markers of ventricular mass and repolarization
heterogeneity, respectively. The absence of significant
intergroup differences in R-wave amplitude argues against
gross structural remodeling or hypertrophy within the 14-
day treatment window. However, the trend toward reduced
T-wave amplitude in the azithromycin and combination
groups—though not reaching statistical significance—
merits attention, as T-wave flattening or inversion is a
well-recognized correlate of subendocardial ischemia and
may accompany the ST-segment deviations documented
in our morphological analysis (Yang et al 2017).
Collectively, these electrocardiographic observations
delineate a phenotype characterized predominantly by
altered repolarization (QT/QTc shortening, ST elevation)
and accelerated ventricular conduction (QRS narrowing),
with relative sparing of chronotropic and nodal function.

In the biochemical evaluation of myocardial damage, hs-
cTnT is accepted as the gold standard today (McCarthy
et al 2017). The approximately 6-fold increase in hs-cTnT
levels in the azithromycin group compared to the control
group proves that the drug causes direct myocyte damage.

6
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Similarly, Atli et al (2015) reported that azithromycin uses
in rats increased creatine kinase-MB (CK-MB) and LDH
enzyme levels and led to histopathological myocardial
degeneration. Interestingly, no statistically significant
difference was found in conventional enzymes such as
AST, CK, and LDH in our study (p>0.05). These findings
underscore the superior sensitivity of hs-cTnT in detecting
myocardial injury, particularly its capacity to identify early-
stage damage that might otherwise remain subclinical.
Given the limited specificity of conventional cardiac
enzymes and their potential release from extracardiac
sources, subtle drug-induced cardiotoxicity—such as that
associated with azithromycin—may be overlooked in the
absence of high-sensitivity assays.

Equally instructive were the biochemical parameters
that did not exhibit significant change. Serum levels of
AST, CK, and LDH—conventional enzymes frequently
employed in preclinical cardiotoxicity screening—
remained statistically indistinguishable among the four
experimental groups. This lack of elevation stands in stark
contrast to the marked rise in hs-cTnT and underscores
the limited diagnostic sensitivity of these markers in
detecting subtle, subclinical myocardial injury. Unlike hs-
cTnT, which is released almost exclusively from damaged
cardiomyocytes, AST, CK, and LDH are abundantly
expressed in skeletal muscle, liver, and other extracardiac
tissues; their serum concentrations can be influenced by
minor procedural trauma, hemolysis, or variations in
physical activity unrelated to cardiac pathology (O'Brien et
al2006). Thefactthatazithromycin-induced cardiotoxicity
was detectable only via hs-cTnT measurement reinforces
the notion that reliance on conventional enzyme panels
alone may substantially underestimate the true incidence
of drug-related cardiac injury, particularly in preclinical
models where histopathological confirmation is not
always feasible.

The lipid profile—comprising total cholesterol,
triglycerides, HDL, and LDL—was similarly unperturbed
by either azithromycin or L-carnitine administration over
the 14-day study period. While L-carnitine is an essential
cofactor in fatty acid oxidation and has been investigated
for its potential hypolipidemic effects in certain metabolic
disorders (Virmani and Cirulli 2022), the absence of
any acute alteration in circulating lipids suggests that the
cardioprotective actions observed in the Az+Lcar group
were not mediated through systemic changes in lipoprotein
metabolism. Instead, the protective effect of L-carnitine
is more plausibly attributed to direct mitochondrial
stabilization and antioxidant mechanisms within the
myocardium itself, as discussed below. Furthermore,
the stability of the lipid profile across groups effectively
excludes the possibility that intergroup differences in hs-
cInT or ECG findings were confounded by underlying

dyslipidemia or divergent metabolic states at baseline.

L-carnitine functions as a critical cofactor in the
mitochondrial B-oxidation of long-chain fatty acids and
exhibits well-documented antioxidant and anti-apoptotic
effects (Virmani and Cirulli 2022). In the present study,
hs-cTnT concentrations were markedly lower in the Az +
Lcar group compared with the Az-alone group, suggesting
a protective role of L-carnitine in maintaining myocardial
structural integrity. Supporting this observation, Emran
et al (2021) demonstrated that L-carnitine attenuated
isoproterenol-induced myocardial infarction by reducing
oxidative stress and downregulating pro-inflammatory
cytokines, including TNF-a and IL-1p. While the present
study did not directly measure oxidative stress parameters,
the observed reduction in hs-cTnT levels in the Az+Lcar
group is consistent with the well-documented antioxidant
and mitochondrial protective properties of L-carnitine.
Prior experimental studies have demonstrated that
L-carnitine reduces oxidative stress markers, preserves
mitochondrial membrane integrity, and suppresses pro-
inflammatory cytokine production in various models
of myocardial injury (Emran et al 2021, Mansour et
al 2021, Virmani and Cirulli 2022). In the context of
azithromycin toxicity specifically, published evidence
indicates that this macrolide induces reactive oxygen
species formation, lipid peroxidation, and inflammatory
cytokine release in cardiac tissue (Atli et al 2015, El-
Shitany and El-Desoky 2016, Salimi et al 2016).
Therefore, it is plausible—though not directly proven by
our data—that the partial cardioprotection afforded by
L-carnitine in this study may be mediated through the
mitigation of azithromycin-induced oxidative stress and
the preservation of mitochondrial function. When ECG
morphological findings are examined, the reduction of ST
segment elevation observed in 100% of the Az group to
50% with L-carnitine treatment is noteworthy. This may
reflect better preservation of myocardial tissue integrity
or membrane stabilization associated with L-carnitine
treatment.

Notably, the significantly greater weight gain observed in
the L-carnitine group relative to the other groups reflects
the metabolic efficiency-enhancing properties of this
compound. Caution is warranted, however, as L-carnitine
can be converted by the intestinal microbiota to
trimethylamine-N-oxide (TMAO), a metabolite linked to
increased long-term atherosclerotic risk (Koeth et al 2013,
Tang et al 2021). These findings serve as a reminder that
while L-carnitine exerts acute cardioprotective effects, its
dose and duration must be carefully managed to mitigate
potential long-term cardiovascular consequences.

Several limitations of the present study warrant
consideration. First, although the observed ECG
alterations and hs-cTnT elevation provide robust
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evidence of azithromycin-induced myocardial injury,
direct measurements of oxidative stress markers (e.g.,
malondialdehyde, superoxide dismutase, catalase, or
glutathione), inflammatory cytokines (e.g., TNF-a or IL-
1B), or mitochondrial functional parameters were not
performed. Consequently, the mechanistic interpretations
offered in this discussion—particularly those relating
to oxidative damage, mitochondrial dysfunction, and
inflammatory signaling—are necessarily inferential and
must be grounded in the published literature rather than
in direct experimental evidence from this study. Second,
the relatively short 14-day treatment duration precludes
assessment of whether the observed cardiotoxic changes
are reversible upon drug discontinuation or whether
they progress to chronic structural remodeling. Third,
although the rat model employed here has been widely
used for preclinical cardiotoxicity screening, species-
specific differences in cardiac electrophysiology and
drug metabolism may limit direct extrapolation to
human patients. Fourth, the absence of histopathological
examination of cardiac tissue represents an additional
limitation, as it precludes direct morphological
confirmation of the biochemical and electrocardiographic
findings. Futurestudiesincorporatingdirect measurements
of oxidative stress biomarkers, inflammatory mediators,
and detailed histopathological and ultrastructural
analyses would be valuable in further elucidating the
precise molecular pathways underlying azithromycin-
induced cardiotoxicity and the protective mechanisms of
L-carnitine.

CONCLUSION

This study indicates that azithromycin administration
is associated with evidence of myocardial injury and
electrophysiological alterations in the acute period, as
reflected by changes in QT/QTc intervals, ST-segment
elevation, and increased hs-cTnT levels. L-carnitine
treatment partially attenuated these effects, suggesting
a potential protective role at both the biochemical and
morphological levels. The observed findings, considered
together with prior experimental evidence that
azithromycin induces oxidative stress and inflammatory
responses in cardiac tissue (Atli et al 2015, Dogan et
al 2025), raise the possibility that azithromycin-related
cardiotoxicity may involve mechanisms extending beyond
classical repolarization abnormalities, such as direct
myocardial injury or ischemia-like processes. However,
as oxidative stress and inflammatory markers were not
directly measured in the present study, this interpretation
remains inferential and requires confirmation in future
investigations. Nevertheless, these results should be
interpreted with caution, and further investigation
is required to elucidate the underlying molecular

mechanisms and to better define the contribution of
mitochondrial function to these effects.
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