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ARTICLE INFO ABSTRACT
Keywords: Exertional heatstroke (EHS) is a life-threatening condition with potential for tissues and organs
L-carnitine injury, including heart. Effective drug strategies to treat patients with EHS are warranted to
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unlock the therapeutic potential. Considering the cardioprotective effects of L-carnitine (LC), this
study aimed to investigate the effects of LC on EHS-induced myocardial injury in rats and to
explore the underlying mechanisms. Here, we found that LC exerted a greater protective effect on
EHS-induced cardiac dysfunction and mortality, which also significantly attenuated certain
negative effects, including increased myocardial apoptosis, pathological changes, and ultra-
structural impairment, enhanced activity levels of such serum enzymes as AST, LDH, CK, and CK-
MB, reduced BCL-2 expression, increased the expression of cleaved caspase-3 and the critical
endoplasmic reticulum stress (ERS) indices like CHOP and GRP78 in EHS rats. Besides, pre-
treatment of EHS rats with PBA (4-Phenyl butyric acid), a chemical chaperone that attenuates
ERS, restored BCL-2 expression, reduced the protein levels of cleaved caspase-3, CHOP, and
GRP78. Furthermore, thapsigargin (TG), which induces ERS, enhanced the expression of BAX,
cleaved caspase-3, CHOP, and GRP78, attenuated BCL-2 expression, and enhanced mitochondrial
impairment in EHS + LC rats. Mechanismly, the protective effects of LC were mediated, at least
partly, by inhibiting the activation of PERK pathway against ERS-associated myocardial damage.
These results indicate that supplementation of LC might be a potential strategy to reduce
myocardial injury by affecting ERS via inhibiting the PERK pathway against EHS.
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1. Introduction

Exertional heatstroke (EHS) is a life-threatening medical emergency that considered as the most serious manifestation of exertional
heat injury. Global studies suggest an increasing trend of incidence of EHS during recent decades [1]. The pathophysiology of EHS is
related to severe hyperthermia and follow-on tissue damage or multi-organ injury [2]. The heart, being a vulnerable organ in heat
injury, functions as one of the key organ for thermoregulation, cardiovascular function, and tissue perfusion [3]. Notably, the cardinal
pathologic features of EHS involves thermoregulatory and cardiovascular overload, both associated with cardiac output. Indeed,
clinical evidence has revealed that EHS patients with myocardial injury had more severe clinical conditions, such as increased 90-day
mortality and shortened survival time [4]. In addition, prior heatstroke was associated with an increased incidence of cardiovascular
diseases [5]. It is widely accepted that beneficial strategies against EHS may be largely attributable to the cardioprotective response.

Clinical features and treatment of EHS can mimic many other illnesses including sepsis, ischemic stroke, and toxicologic emer-
gencies, in the absence of the efficacy of targeted strategies [6]. Generally, EHS patients may present with multi-organ dysfunction that
is managed conventionally [7]. Abnormalities in the pro-inflammatory and anti-inflammatory balance, cardiomyocyte death, and
metabolic dysregulation are among the factors involved in heatstroke-induced myocardial injury [3]. It is therefore conceivable that
the critical interventions against cardiovascular dysfunction in EHS may be multi-faceted, and require elucidation of the mechanism of
EHS-induced myocardial injury. Certain studies have shown that heatstroke can induce apoptosis through different mechanisms, such
as endoplasmic reticulum stress (ERS) [8], mitochondrial apoptosis pathway [9], and death receptors [10].

ERS is intricately linked to proteostasis that deal with the misfolded and unfolded proteins, and is crucial in the pathology of various
heart diseases, including heat stress-induced cardiac dysfunction [11]. Current evidences emphasize the accumulation of heat-induced
ERS in other tissues, such as cerebellum [12], cortex [13], and intestines [8]. Moreover, it has been proposed that ERS accompanied
with mitochondrial damage, and oxidative damage following heat stress [14]. Theoretically, multi-targeted biological effects of
pharmacologic compounds have become important research focus in the prevention and treatment of EHS.

L-carnitine (LC), a compound conditionally synthesized from the amino acids lysine and methionine, possesses anti-oxidative, anti-
inflammatory, anti-proteolytic, and anti-apoptotic properties [15,16]. There is growing evidence that LC provide beneficial effects in
various pathological conditions, including myocardial injury [17], lung injury [18], traumatic brain injury [19], skin tissue injury
[20]. Noteworthy, recent studies indicate that LC supplementation might protect cardiomyocytes from oxidative stress-related damage
[21,22]. Although the underlying mechanisms have not been clearly elucidated, the aforementioned data suggest that LC ability to
counteract ERS [23]. To this end, the aim of our study was to investigate whether ERS involved in EHS-induced myocardial injury in
rats, and to clarify the advantages and potential mechanisms of LC treatment for myocardial protection in EHS.

2. Materials and methods
2.1. Animals

Adult male Sprague-Dawley rats (8 weeks old, weighing 220-250 g) were purchased from the Experimental Animal Center of Army
Medicine University, Chongqing, China. The rats were housed on a 12-h/12-h light/dark cycle at a comfortable temperature (23+1 °C)
and 5545 % relative humidity (RH) with adequate ventilation and provided food and water ad libitum unless otherwise specified. All
experiments were approved by the Institutional Animal Ethics Committee of the Army Medical University with the approval number:
AMUWEC2020078, and performed in accordance with the Guide for the Care and Use of Laboratory Animals — Chinese Version (1996).
The 8-week-old rats were randomly divided into 8 groups (n = 10-15 per group): Con, the sham-treated control group; LC, the 1-
carnitine (LC)-treated group; EHS, the exertional heatstroke (EHS) group; EHS + LC, the LC-pretreated EHS group; 4-PBA, the 4-Phenyl
butyric acid (4-PBA, a potent ERS inhibitor)-treated group; EHS+4-PBA, the 4-PBA-pretreated EHS group; TG, thapsigargin (TG, a
known ERS activator)-treated group; and EHS + LC + TG, the TG plus LC-pretreated EHS group.

2.2. Drug administration

LC was purchased from Macklin Biochemical Technology (Shanghai, CN). 4-PBA and TG were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The LC group and EHS + LC group animals were treated with L-carnitine in dose of 100 mg/kg for 7 consecutive days.
The 4-PBA solution was prepared by titrating equimolar amounts of 4-PBA and sodium hydroxide to pH 7.4. The 4-PBA group and
EHS+4-PBA group animals were administered 4-PBA via intraperitoneal injection at a dose of 100 mg/kg/d for 7 consecutive days. The
rats in the EHS model and control groups were injected with 5 mL/kg/d of 0.9 % saline for 7 consecutive days. TG was freshly mixed in
a container and administered intraperitoneally as a mixture in a single injection. Rats were injected with TG (0.5 mg/kg) or vehicle
alone (5 % DMSO, 40 % PEG 300, 5 % Tween 80, 50 % saline). On the eighth day of the experiment, the rats in each group were
anaesthetized by an intraperitoneal injection of sodium pentobarbital (40 mg/kg).

2.3. EHS model

For familiarization with the running mode, the rats were given an adaptive treadmill training, at a speed of 12 m/min with slope
0 for 10 min/day for 5 consecutive days in 25 °C and 55 + 3 % RH conditions, followed by two rest days to avoid impacts of training, in
a large environmental simulation chamber (GFQ5500, HOTO Oxygen Industrial, Yantai, CN). In the EHS protocol used in the current
study, animals were exposed to environmental temperature of 39.5 + 0.5 °C at 55 + 3 % RH while exercising on a forced treadmill.
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Running speed was set at a constant speed of 12 m/min with slope 0. The rats were encouraged to run using light electrical stimulation
(0.8 mA). The rectal temperature of rats was monitored at 8-min intervals or shorter intervals when approaching the high-temperature
threshold using a thermometer (SE309, Center Technology Corp., Taiwan, CN). The study design considered rectal temperature of
42.3 °C or suffered from fatigue status as the onset of heatstroke, which mirrors many of the pathophysiological outcomes observed in
human EHS, including loss of consciousness, severe hyperthermia. Then, the rat was removed from the chamber immediately for
recovery in ambient temperature. At the same time, the rat in the pharmacological intervened group with a maximal temperature rise
was matched in pairs and removed from the chamber.

2.4. Analysis of survival rate

The rats were randomly assigned to two experimental groups, EHS and EHS + LC. After EHS, rats were removed from the heat, and
placed back into the cage with ad libitum food and water for undisturbed recovery at 25 + 2 °C. Animals were monitored for signs of
morbidity everyl5 min after EHS. Animals were euthanized if they displayed morbid symptoms of imminent death, including reduced
locomotion, no response to tail pinch, paralysis, ataxia, and altered breath frequency. Time to death was recorded based on the humane
euthanasia of LC-treated and non-treated rats after EHS. Survival data were calculated as percent survival versus time immediately
after EHS.

2.5. Echocardiography

Echocardiography was conducted at the threshold 2-h recovery time after the onset of EHS (2 h after EHS onset) using a small
animal high resolution ultrasound imaging system (Vevo 2100, VisualSonics, Toronto, Canada). Briefly, the rats were anaesthetized by
3 % isoflurane, and the hair on the chest was carefully removed. M-mode echocardiography indices of left ventricular end-diastolic
diameter (LVEDD) and left ventricular end-systolic diameter (LVESD) over the course of at least three consecutive cardiac cycles
were obtained and analyzed for the left ventricular ejection fraction (LVEF) and left ventricular fraction shortening (LVFS). LVFS was
calculated as (LVEDD-LVESD)/LVEDD x 100 %; left ventricular end diastolic volume (LVEDV) was calculated as 7.0 x LVEDD3/
(2.44+LVEDD); left ventricular end systolic volume (LVESV) was calculated as 7.0 x LVESD3/(2.4+LVESD); LVEF was calculated as
(LVEDV-LVESV)/LVEDV x 100 %. All measurements were conducted by an experienced sonographer who was blinded to the
experimental design and the group assignments. Considering the similarity in rat and human echocardiography, and the heterogeneity
in different studies, rats with LVEF <60 % and LVFS <35 % were considered as left ventricular dysfunction.

2.6. Serum levels of AST, LDH, CK, and CKMB detection

The rats were anaesthetized by intraperitoneal injection of sodium pentobarbital (40 mg/kg). The blood was collected from the
abdominal aorta immediately, then serum was separated via centrifugation at 3000 rpm for 15 min at 4 °C and stored at —80 °C until
use for detection. The levels of aspartate aminotransferase (AST), lactate dehydrogenase (LDH), creatine kinase (CK), and creatine
kinase myocardial band (CKMB) in the serum of each group were detected according to the MNCHIP kit instructions, and analyzed on a
chemistry analyzer (Pointcare M4, MNCHIP, Tianjin, CN).

2.7. Histological examination

Myocardium tissues of sacrificed rats was quickly removed from chest cavity at 2 h after EHS onset. Tissue samples were fixed in 4
% pre-cooled paraformaldehyde and embedded in paraffin. Paraffin-embedded tissues were serially sectioned into histological sections
(5 pm thick). Sections were deparaffinized in xylene, and hydrated in ethanol followed by hematoxylin and eosin (H&E) staining.
Images were visualized under a slide scanner (VS200, Olympus, Tokyo, Japan).

2.8. TUNEL staining

To detect apoptosis, the sections were performed as previously described [24], and then were stained with a terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) fluorescence kit (Roche Diagnostics Corp, Switzerland) according
to the manufacturer’s instructions. After staining, all sections were observed and photographed using a microscope (DM2000 LED,
Leica, Wetzlar, Germany).

2.9. Transmission electron microscopic (TEM) examination

Freshly isolated cardiac samples were rinsed quickly in cold PBS, and then cut into smaller pieces (approximately 3 x 3 mm) to
allow for optimal submersion fixation in a mixture of 2 % formaldehyde and 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.4, for 3 h at room temperature and left overnight at 4 °C. TEM examination were performed as previously described [24]. After
polymerization, the ultrathin sections were counterstained with 3 % uranyl acetate and 2.7 % lead citrate. Finally, these sections were
viewed using transmission electron microscopy (TEM; FEI TECNAI10, Philips Electron Optics, Eindhoven, Netherlands).



B.-Y. Zhang et al. Heliyon 10 (2024) e40502

2.10. Immunoblot analysis

The samples were washed with ice-cold PBS and homogenized in RIPA lysis buffer (Beyotime, Nantong, Jiangsu, CN) containing
protease and phosphatase inhibitors (Roche, Penzberg, Germany) for 30 min on ice. The lysates were centrifuged at 12,000 rpm for 10
min at 4 °C. The protein samples (80 pg/lane) were separated on 6 or 10 % SDS-polyacrylamide gels and then transferred onto PVDF
membranes (BioRad, Hercules, CA, USA). The membranes were blocked in PBS with 5 % non-fat milk for 1 h and then incubated with
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Fig. 1. The protective role of LC against EHS-induced cardiac dysfunction and mortality. Rats aged 8 weeks old were selected and then subjected to
EHS with or without LC pretreatment. (A) Rectal temperature during EHS. (B) Survival curves of EHS rats and LC pre conditioned EHS rats. (C)
Representative echocardiographic images from each group at 2 h after EHS onset. (D) Quantitative analysis of left ventricular ejection fraction
(LVEF) among the different groups. (E) Quantitative analysis of left ventricular fraction shortening (LVFS) among the different groups. Serum
aspartate aminotransferase (AST) (F), lactate dehydrogenase (LDH) (G), creatine kinase (CK) (H), and creatine kinase myocardial band (CK-MB) (I)
levels at 2 h after EHS onset in control and various treatment groups of rats. The data are representative of three independent experiments using 15
rats per group for (A) and (B), using 6 rats per group for (C). For (D)-(I), the data are presented as the means + SEMs of three independent ex-
periments using 6 rats per group. *P < 0.05 vs the sham-treated control group; *P < 0.05 vs the EHS group.
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the following primary antibodies purchased from Cell Signaling Technology: B-cell lymphoma-2 (BCL-2), BCL-2-associated X (BAX),
cleaved caspase-3, C/EBP homologous protein (CHOP), phosphorylated protein kinase RNA-like endoplasmic reticulum kinase (p-
PERK) Thr980, phosphorylated eukaryotic translation initiation factor 2o (p-eIF2a) Ser51, and spliced X-box binding protein 1 (XBP-
1s) (all used at 1:1000 dilution; Danvers, MA, USA), and antibodies obtained from Abcam: glucose regulatory protein 78 (GRP78) and
activating transcription factor 6 (ATF6) (both used at 1:2000 dilution, Cambridge, MA, USA). Afterwards, the membranes were washed
and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Zhongshan Goldenbridge Biotechnology
(Zsbio), Beijing, China) for 1 h at room temperature. After incubation, the membranes were reacted with enhanced chemiluminescence
reagent (Bio-Rad, Hercules, CA, USA), and the signal was detected using a ChemiDoc MP gel imaging system (Bio-Rad). Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH, 1:1000, Cell Signaling Technology) was used as an internal control. Relative band
densities were determined by densitometric analysis using Image Lab software (Bio-Rad).

2.11. Statistical analysis

All experiments and data analyses were conducted in a blinded manner. Statistical analyses were performed using IBM SPSS
Statistics software (Version 22.0, IBM Corp., Armonk, NY, USA). The data are expressed as the means + SEMs. The normality of the
data was verified by the Kolmogorov-Smirnov test before further analysis. Significant differences between the groups were assessed by
one- or two-way ANOVA followed by Tukey’s test. Statistical significance was established at P < 0.05.

3. Results
3.1. LC improves cardiac dysfunction and mortality in a rat model of EHS

To determine the effects of LC on rectal temperature (Tre), mortality, echocardiographic indices, and myocardial enzymes,
Sprague-Dawley normal control rats and LC-pretreated rats were subjected to EHS or the sham treatment. A biphasic Tre profile
characterized by hypothermia transition was observed in EHS rats, whereas all LC-pretreated rats exhibited a steady decline of Tre to
the baseline value with no observable hypothermia phase (Fig. 1 A). After 24 h of recovery, the mortality rate was as low as 26.7 % (4/
15) for the EHS + LC group and 46.7 % (7/15) for the EHS group (Fig. 1 B). The threshold 2-h recovery time after the onset of EHS (2 h
after EHS onset) with prominent pathophysiological outcomes was employed in the present study. Echocardiographic examination
showed LC pretreatment dramatically reversed the decreased LVEF (Fig. 1C and D) and LVFS (Fig. 1C and E) 2 h after EHS onset. In
contrast, rats treated with LC alone showed no significant changes in the levels of LVEF and LVFS, compared with the control rats
(Fig. 1C-E). Serum levels of AST (Fig. 1 F), LDH (Fig. 1 G), CK (Fig. 1H), and CK-MB (Fig. 1 I) were markedly increased in EHS rats,
compared with the control rats. Moreover, the increased levels of AST, LDH, CK, and CK-MB were significantly reversed by LC
treatment (Fig. 1F-I). These results indicate that LC can effectively improve cardiac dysfunction and mortality in the present rat model
of EHS.

3.2. LC protects against cardiac injury and cardiomyocyte apoptosis in EHS rats

A thorough cardiac assessment requires a correlation between clinical and histopathological findings [25]. Besides the application
of echocardiography and the measurement of myocardial enzymes, pathological examination showed that EHS treatment resulted in
an irregular shape or unclear boundary of cardiac myocytes, congested blood vessel, and infiltration of the injured myocardium with
lymphocytes (Fig. 2 A). Moreover, LC treatment significantly improved histopathological signs of myocardial injury 2 h after EHS onset
(Fig. 2 A). Meanwhile, the myocardial histopathological scores also showed similar trends of changes (Fig. 2C). To determine whether
apoptosis mechanisms contribute to this injury caused by EHS, myocardial sections were labeled with TUNEL. TUNEL staining showed
that the number of TUNEL-positive cells in EHS rats was increased compared with the control rats (Fig. 2 B). In addition, statistical
analysis revealed that the numbers of TUNEL-positive cells were significantly lower in the EHS + LC rats than that in the EHS rats
(Fig. 2 D). Furthermore, immunoblotting analyses revealed a significant increase in the expression of BAX (Fig. 2E and F) and cleaved
caspase-3 (Fig. 2 E and H), and a significant decrease in BCL-2 expression (Fig. 2 E and G) in EHS rats. As expected, the expression of
BCL-2 and cleaved caspase-3 was significantly reversed in EHS + LC rats (Fig. 2 E, G, and H). In contrast, the expression of BAX was not
significantly reversed (Fig. 2 E and F). Collectively, these results indicate that the inhibition of cardiomyocyte apoptosis may be linked
to the protection of LC against EHS-induced cardiac injury.

3.3. LC alleviates endoplasmic reticulum stress and ultrastructural damage in EHS rats

Considering the detected alterations of apoptosis effector caspase-3 and the apoptosis-associated proteins BAX and BCL-2, we
assessed the effects of LC treatment on the expression of ERS-related apoptosis modulator and sensor, such as CHOP and GRP78. It was
also found that EHS treatment significantly increased the expression of GRP78 and CHOP (Fig. 3A-C). As expected, no differences were
found for the expression of GRP78 and CHOP between control rats and LC-treated rats (Fig. 3A-C). Consistent with the alterations in
the expression of cleaved caspase-3 and BCL-2 (Fig. 2E-G, and H), LC treatment significantly inhibited the upregulation of GRP78 and
CHOP protein expression 2 h after EHS onset (Fig. 3A-C). Clearly, TEM examination showed that rats subjected to EHS exhibited
ultrastructural damage manifested by disorganized ER, extremely swollen or vacuolated mitochondria with broken crista, and altered
connection of ER and mitochondria (Fig. 3 D). In contrast, compared with the EHS-treated rats, ultrastructural alterations in the
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Fig. 2. The protective role of LC against EHS-induced cardiac injury and cardiomyocyte apoptosis. Rats aged 8 weeks old were selected and then
subjected to EHS with or without LC pretreatment. (A) Representative HE staining of cardiac sections at 2 h after EHS onset. (B) Representative
photomicrographs from TUNEL-stained cardiac sections at 2 h after EHS onset. (C) Semi-quantitative myocardial histopathological scores were
calculated from (A). (D) Quantification of TUNEL-positive (TUNEL+) cells was calculated from (B). (E) The expression of BAX, BCL-2, and cleaved
caspase-3 in total cardiac lysates were detected using Western blotting at 2 h after EHS onset. The densitometric analysis was performed for BAX (F),
BCL-2 (G), and cleaved caspase-3 (H). For (A) and (B), the data are representative of three independent experiments using 6 rats per group, 8-10
sections per heart. Scale bar = 50 pm. For (C)-(H), the data are presented as the means + SEMs of three independent experiments using 6 rats per
group. *P < 0.05 vs the sham-treated control group; “P < 0.05 vs the EHS group.
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Fig. 3. Effects of LC on endoplasmic reticulum stress and ultrastructural damage in EHS rats. Rats aged 8 weeks old were selected and then
subjected to EHS with or without LC pretreatment. (A) The expression of GRP78 and CHOP in total cardiac lysates were detected using Western
blotting at 2 h after EHS onset. The densitometric analysis was performed for GRP78 (B) and CHOP (C). (D) Representative TEM images of cardiac
cellular structures of rats at 2 h after EHS onset. The data are presented as the means + SEMs of three independent experiments using 6 rats per
group. For (D), scale bar = 1 pm. For (B) and (C), *P < 0.05 vs the sham-treated control group; *P < 0.05 vs the EHS group.

cardiac tissues of rats were attenuated by LC treatment (Fig. 3 D). These results indicate that LC can regulate ERS and ultrastructural
damage in response to EHS-induced myocardial injury.

3.4. LC attenuates myocardial apoptosis and ultrastructural damage via inhibiting ERS

To validate the effects of ERS on myocardial apoptosis and mitochondrial damage, rats were pretreated with or without an ERS
antagonist 4-PBA and then subjected to EHS. It was found that 4-PBA pretreatment reversed not only the altered expression of cleaved
caspase-3 and BCL-2 caused by EHS (Fig. 4A-C, and D), but also the changed expression of GRP78 and CHOP (Fig. 4A-E, and F).
Additionally, 4-PBA treatment was found to attenuate the ultrastructural changes of ER and mitochondria (Fig. 4 G). These results
confirmed that pharmacological inhibition of ERS contributed to the attenuation of myocardial apoptosis and mitochondrial damage.
Considering the similar protective roles of LC and 4-PBA in EHS-induced myocardial injury, we further determined whether LC reduces
apoptosis and attenuates ultrastructural damage via regulating ERS. TG, which was used to specifically induce ERS, was employed in
this study. Western blotting analysis showed that protein expression levels of GRP78 (Fig. 5 A and E), CHOP (Fig. 5 A and F), cleaved
caspase-3 (Fig. 5 A and D), and BAX (Fig. 5A and B) were enhanced by TG, while the expression of BCL-2 (Fig. 5 A and C) was decreased
by TG in EHS + LC rats. Moreover, TEM examination indicated that the attenuation effect of LC on EHS-induced ultrastructural damage
was dramatically prevented by TG (Fig. 5 G).

3.5. LC alleviates ERS via inhibiting PERK signaling pathway

The aforementioned findings showed that LC attenuates myocardial apoptosis and ultrastructural damage through alleviating ERS.
As with the gradually reported effects of heat stress on ER stress pathways [11-13], subsequently, the representative signaling
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Fig. 4. Effects of ERS inhibition on myocardial apoptosis and ultrastructural damage in EHS rats. Rats aged 8 weeks old were selected and then
subjected to EHS with or without 4-Phenyl butyric acid (4-PBA, a potent ERS inhibitor) pretreatment. (A) The expression of BAX, BCL-2, cleaved
caspase-3, GRP78, and CHOP in total cardiac lysates were detected using Western blotting at 2 h after EHS onset. The densitometric analysis was
performed for BAX (B), BCL-2 (C), cleaved caspase-3 (D), GRP78 (E), and CHOP (F). (G) Representative TEM images of cardiac cellular structures of
rats at 2 h after EHS onset. The data are presented as the means + SEMs of three independent experiments using 6 rats per group. For (G), scale bar
= 1 pm. For (B)-(F), *P < 0.05 vs the sham-treated control group; *P < 0.05 vs the EHS group.

effectors, p-PERK, p-elF2a, ATF6, and XBP-1s, were determined using the Western blotting analysis to further reveal the preventive
mechanism of LC underlying EHS-induced cardiac injury and cardiomyocyte apoptosis. Western blotting analysis showed that the
expression of p-PERK and p-elF2a was significantly increased in EHS rats (Fig. 6A-C). LC treatment dramatically suppressed the
upregulation of p-PERK and p-elF2a 2 h after EHS onset (Fig. 6A-C), showing similar affected pattern to CHOP (Fig. 3 A and C). In
contrast, the other two ERS-response effectors, ATF6 and XBP-1s, showed different changes by LC treatment in EHS rats. Compared
with the control rats, a significant increase in XBP-1s expression, but slightly increased ATF6 expression, were found in EHS rats (Fig. 6
A, D, and E). However, EHS-induced expression of ATF6 and XBP-1s was not affected by LC in the sham or EHS rats (Fig. 6 A, D, and E).
Overall, these data suggest that PERK-eIF2a-CHOP pathway may be the predominant therapeutic target of LC against EHS-induced
cardiac injury and cardiomyocyte apoptosis, resulting in the improvement of cardiac dysfunction and mortality in EHS.

4. Discussion

Regulation of ERS play a crucial role in pharmacological intervention of cardiomyocyte apoptosis and cardiac injury for a number
of cardiovascular diseases [26]. In the present study, we observed a biphasic Tre profile, a relatively high mortality rate, and structural
and functional impairments of the heart in the present rat model of EHS. Notably, as a beneficial intervention, LC treatment signifi-
cantly attenuated histopathological and ultrastructural alterations of myocardial injury via inhibiting the upregulation of ERS-related
apoptosis modulator and sensor. Experiments on the effects of pharmacological induction and inhibition of ERS provided further
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Fig. 5. Effects of ERS induction on myocardial apoptosis and ultrastructural damage in EHS rats with LC preconditioning. Rats aged 8 weeks old
were selected and then subjected to LC + EHS with or without thapsigargin (TG, a known ERS activator) pretreatment. (A) The expression of BAX,
BCL-2, cleaved caspase-3, GRP78, and CHOP in total cardiac lysates were detected using Western blotting at 2 h after EHS onset. (B) The densi-
tometric analysis was performed for BAX (B), BCL-2 (C), cleaved caspase-3 (D), GRP78 (E), and CHOP (F). (G) Representative TEM images of
cardiac cellular structures of rats at 2 h after EHS onset. The data are presented as the means + SEMs of three independent experiments using 6 rats
per group. For (G), scale bar = 1 pm. For (B)-(F), *P < 0.05 vs the sham-treated control group; *P < 0.05 vs the LC-pretreated EHS group.

evidence that LC reduces myocardial apoptosis and attenuates ultrastructural damage of ER and mitochondria via partially regulating
ERS. These data are consistent with previous finding demonstrating that LC prevents myocardial apoptosis [17]. Moreover, LC
treatment dramatically suppressed the upregulation of p-PERK, p-elF2a, and CHOP, but not the expression of ATF6 and XBP-1s in EHS
rats. Taken together, these results indicate that LC reverses EHS-induced myocardial apoptosis and ultrastructural damage via the
regulation of PERK, not ATF6 and XBP-1s, linking to the potential for therapeutic intervention.

Despite effective treatment strategies of EHS are still limited, emerging evidence now supports the deleterious effect of heat on the
heart and the exploration of cardioprotection in heatstroke management [3,27]. Several clinical and experimental studies have shown
that EHS can induce cardiovascular overload and myocardial injury [28,29]. Recent experimental data further support myocardial
structure and functional alterations such as EHS-induced myocardial damage, pathological echocardiography, myocardial fibrosis, and
hypertrophy, in a preclinical model of EHS [28]. Consistently, in this study, we observed histopathological signs of myocardial injury,
echocardiographic indices of cardiac dysfunction, and a high mortality rate in the present rat model of EHS. Notably, although a dearth
of clinical validation exists regarding the cardioprotective therapies for EHS management, regulation of cellular apoptosis, oxidative
stress, and inflammation in animal models of heatstroke has been clearly reported to possess potential cardioprotective capabilities
using numerous active compounds, including myricetin [30], salidroside [31], melatonin [32], and quercetin [33]. Consequently, we
also found a similar protective effects of L-carnitine (LC), a quaternary ammonium compound, on myocardial structure and function in
EHS rats. However, there has been no head-to-head estimated pharmacological effects of different interventions and the possible
mechanistic differences. In agreement with numerous studies, we focused our study on the biological consequences in the realm of
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Fig. 6. Effects of LC on endoplasmic reticulum stress pathways in EHS rats. Rats aged 8 weeks old were selected and then subjected to EHS with or
without LC pretreatment. (A) The phosphorylation of PERK and elF2a and the expression of ATF6 and XBP-1s in total cardiac lysates were detected
using Western blotting at 2 h after EHS onset. The densitometric analysis was performed for the phosphorylation of PERK (B) and elF2a (C) and the
expression of ATF6 (D) and XBP-1s (E). The data are presented as the means 4+ SEMs of three independent experiments using 6 rats per group. For
(B)-(E), *P < 0.05 vs the sham-treated control group; #P < 0.05 vs the EHS group.

animal studies, which needed further clinical validation. Here, our results combined with previous studies suggest that besides the
basic and advanced cardiac life support, specific pharmacologic cardioprotective interventions may be helpful for preventing and
managing EHS.

It is well known that LC plays an important role in averting a wide range of cardiac problems by exerting anti-oxidative, anti-
inflammatory, and anti-apoptotic effects [34]. Several experimental and clinical models indicate that LC has a significant car-
dioprotective action against cardiac dysfunction [35], cardiomyocytes apoptosis [36], inflammatory response [37], oxidative stress
[38], mitochondrial dysfunction [39], contractile dysfunction [40]. In line with these findings, elevated serum enzymes such as AST,
LDH, CK, and CK-MB were significantly increased in the present rat model of EHS, reflecting impairment in cardiac function. Although
AST and LDH enzymes were ubiquitously expressed in a wide variety of tissues and lacked specificity for myocardial injury, they could
serve as decent systems biomarker candidates when combined with other lab results [41]. In addition, the elevated serum levels of CK
and CK-MB further improve specificity for the initial evaluation of cardiac damage [42]. Moreover, abnormal diastolic echocardio-
graphic indices along with the presence of simultaneous alterations of AST, LDH, CK, and CK-MB after EHS, enhanced the detection of
myocardial injury and cardiac dysfunction. Remarkably, we delineated the strong modulatory capabilities of LC against echocar-
diographic abnormalities and the aforementioned enzymes evoked by EHS in adult male rats. Similar to our findings, decreased serum
markers and increased LVEF were observed following LC treatment during myocardial ischaemia-reperfusion injury in patients with
rheumatic valvular heart disease under cardiopulmonary bypass surgery [35]. Notably, the choice of dosage of LC is comparable to the
one recommended for infant/adult (standard reference material 1849 nutritional formula) (136+14 mg/kg), and also based on the use
of LC (100 mg/kg) in rat models of disease management [15], herein, displaying a greater effect in rescuing EHS-induced myocardial
injury. A meta-analysis showed that LC supplementation reduce one-year mortality in septic patients, whose end-stage clinical features
closely resemble that of heatstroke, however, the clinical implications of similar dosages of LC as 6-18 gr over a 12-h period limits the
possibility of determining the effective dose of LC [43]. In addition, no estimates based on safety and considerable differences in the
strength of design and performance of clinical trials, have been made of the possible dose-dependent impact of LC supplementation on
the potential risk factors in patients with EHS. Therefore, it is possible that LC with an optimal therapeutic range identified in further
experiments may provide critical aid to ameliorate myocardial injury and cardiac dysfunction in EHS.

Theoretically, aggravation of apoptosis, inflammatory response, oxidative stress, and autophagy may be associated with the un-
derlying mechanisms of myocardial injury and cardiac dysfunction [44-46]. Among these, apoptosis, a major form of cell death, is
considered to be the most prominent affliction of cardiomyocytes, which may have more deleterious effects on myocardial injury and
cardiac dysfunction [47]. Indeed, we found that increased number of TUNEL-positive cells, increased expression of cleaved caspase-3
and BAX, and decreased BCL-2 expression were observed in the myocardium of EHS rats. In an appropriately extended sense, the
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inhibition of apoptosis promises to be an extraordinarily important target for therapeutic intervention [48]. Recently, Mansour et al.
indicated that LC abrogated cardiac damage and apoptosis induced by imatinib, a tyrosine kinase inhibitor used to treat chronic
myeloid leukemia and gastrointestinal stromal tumors [49]. Moreover, LC is considered to have good therapeutic potential for
myocardial infarction, which is probably attributable to the inhibition of BAX/BCL-2-mediated apoptosis [17]. In the present study, LC
treatment was found to decrease TUNEL-positive cells, attenuate the expression of cleaved caspase-3 but not BAX, and increased BCL-2
expression in EHS rats. Our results combined with previous studies, suggest, in partial, the involvement of apoptosis inhibition in the
cardioprotective effects of LC against EHS-induced myocardial injury.

Various mechanisms of apoptosis induction are related to the plasma membrane and membrane organelles, such as endoplasmic
reticulum (ER), mitochondria, Golgi apparatus, lysosomes, and nucleus [50]. Among these, ER is the largest organelle in the cell and is
rapidly respond to environment sensing, which is critical for stress-induced damage. Over the past few decades, a strong ER stress
response in different animals and tissues has been observed in several studies of various fields, such as heat stress, heavy metal toxicity,
and ischemic stroke [11,51,52]. In this study, pathological examination showed irregular shape or unclear boundary, and TEM ex-
amination showed disorganized ER, extremely swollen or vacuolated mitochondria with broken crista, and altered connection of ER
and mitochondria in EHS rats, indicating the crucial roles of ER, mitochondria, and their communication in controlling apoptosis [53].
Meanwhile, EHS significantly increased the expression of ERS-related apoptosis modulator and sensor, CHOP and GRP78. Moreover,
LC treatment significantly reversed these alterations induced by EHS. Notably, therapeutic strategies targeting ERS have attracted
significant research interest [54]. Previous studies have reported that LC reduces ERS and cell apoptosis in different types of cells,
including renal tubular cells [23] and in neuroblastoma SH-SY5Y cells [55]. Subsequently, our data also showed that pharmacological
inhibition of ERS by 4-PBA significantly reversed not only the alterations of regulatory proteins for apoptosis and ERS, but also the
ultrastructural changes of ER and mitochondria, exhibiting similar cardioprotective properties of LC under EHS conditions. In contrast,
pharmacological induction of ERS by TG dramatically abolished the cardioprotective effects of LC on EHS-induced ultrastructural
damage and ERS- and apoptosis-related proteins. Thus, these results suggest a potent regulation of ERS-associated apoptosis by the
action of LC in EHS rats.

Mechanismly, apoptosis is closely associated with the ERS pathway involving activation of PERK, ATF6, and XBP-1s (an IRE1
executioner) [56]. In this study, we found that EHS significantly increased the expression of p-PERK, p-eIF2a, and XBP-1s, but slightly
increased ATF6 expression in adult rats. Conversely, LC treatment dramatically suppressed the upregulation of p-PERK and p-elF2a but
not XBP-1s and ATF6 in EHS rats. Our observation is supported by the latest report demonstrated the involvement of the PER-
K/elF2a/CHOP signaling pathway in apoptosis and neuronal damage following heat stress [57]. Similarly, ursolic acid, a natural
compound, prevented lung dysfunction by inactivating PERK-eIF2a-CHOP pathway but not ATF6 and IRE-la pathways, in mice
sacrificed 2 h after heat stress [58]. In addition, a recent study reported that LC eliminated the upregulation of IREla (as a repre-
sentative biomarker of ER stress) in the renal tubular cells treated with perfluorooctanesulfonate for 24 h [59]. Thus, the heteroge-
neous regulation of ER stress response pathways by LC may be largely attributed to the different parameters and recovery periods of
stress-state, as well as the different roles of ER stress pathways in cell survival and cell death. These studies also inspire future research
attention that aim to explore the molecules that function as inhibitors of apoptotic ER stress response pathway. Regardless of the
detailed mechanism, the data presented in this study may assist future studies that aim to determine the therapeutic potential of LC
against EHS.

5. Conclusion

Our preliminary results indicate that L-carnitine exhibit a cardioprotective property at least in part via PERK/elF2a/CHOP
signaling pathway in the regulation of ERS-associated apoptosis in the present rat model of EHS. L-carnitine might be a therapeutic
option to ameliorates myocardial injury for EHS and other cardiovascular diseases.
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