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Abstract. Heat stroke often leads to multiple organ dysfunc-
tion syndrome (MODS) with a neurological morbidity of 30%. 
Current studies suggested that pathophysiological responses 
to heat stroke may be due to a systemic inflammatory response 
syndrome and a series of peptidergic nerve reactions. The 
mechanisms underlying the high neurological morbidity in 
heat stroke have remained largely elusive. In recent years, 
calcitonin gene‑related peptide (CGRP) has been considered 
to have a positive role in central nervous system injury. The 
present study investigated the influence of CGRP on brain 
injury induced by heat stroke. A rat model of heat stroke was 
established in a pre‑warmed artificial climate chamber with a 
temperature of 35.5±0.5˚C and a relative humidity of 60±5%. 
The rectal core temperature (Tc) was monitored. Heat stress 
was halted at a Tc of no more than 41˚C A bolus injection of 
CGRP was administered to each rat in the HS+CGRP group 
and a bolus injection of CGRP8‑37 was administered to each 
rat in the HS+CGRP8‑37 group after heat stress. After 2 h, 
electroencephalograms were recorded and the pathological 
morphology of brain tissue as well as brain cell apoptosis 
and caspase‑3 protein levels in the brain were measured. The 
EEG of rats in the HS+CGRP group was characterized by a 
short‑ to long‑term α‑wave and low‑voltage β‑waves as well 

as a large amount of intermittent δ‑ and θ‑waves. Compared 
with the HS group, the θ‑wave decreased and the α‑wave 
increased significantly (P<0.05). Slight pathological damage 
of nerve cells appeared in the HS+CGRP group. Greater 
damage was observed in HS+CGRP8‑37 group with neural 
cell shrinkage, volume reduction, nuclear pyknosis, disap-
pearance of part of the nuclear membrane and cell necrosis. 
In the HS+CGRP group, apoptotic cells and caspase‑3 protein 
in the brain were significantly decreased when compared 
with those in the HS group (P<0.05), while they were signifi-
cantly increased in the HS+CGRP8‑37 group (P<0.05 vs. HS 
group). The results of the present study reflected that CGRP 
has a protective effect on early‑stage brain injury induced by 
heat stroke in rats.

Introduction

Heat stroke is a life‑threatening acute condition characterized 
by a rapidly increasing core body temperature and central 
nervous system injury. Brain damage is a common mani-
festation of heat stroke and the high neurological morbidity 
observed in heat stroke has been considered secondary to 
multiple organ dysfunction syndrome (MODS)  (1,2). The 
mechanism is complex and involves a series of peptidergic 
nerve reactions (3). Calcitonin gene‑related peptide (CGRP) 
is a novel endogenous neural active peptide, which was iden-
tified by a gene recombination technique. It not only has an 
important role in vasodilation and nerve conduction, but is 
also closely associated with the occurrence and development 
of brain injury (4,5). Previous studies have demonstrated that 
CGRP significantly increases the cerebral blood flow and 
reduces injury of ischemic neurons in hypoxic‑ischemic brain 
injury (6). After scald and cold stimulation, ultraviolet irra-
diation and water immersion stress, the expression of CGRP 
was also significantly increased (7‑9). Therefore, the present 
study hypothesized that CGRP also has a protective role in 
brain injury induced by heat stroke. However, to date, only 
few results have been reported in this field. The present study 
aimed to explore the effects of CGRP on brain injury induced 
by heat stroke by constructing a model of heat stroke and 
injecting CGRP and its antagonist through the carotid artery.
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Materials and methods

Animals. Male Wistar rats (n=20, weight, 200‑230 g; age, 
10‑12  weeks; Southern Medical University, Guangzhou, 
China) were maintained under controlled environmental 
conditions (12‑h light/dark cycle; humidity, 35±5%; temper-
ature, 25˚C) at the Experimental Animal Center of Southern 
Medical University (Guangzhou, China) and were given 
free access to standard laboratory chow and water. Animal 
procedures were approved by the Animal Care and Use 
Committee of Southern Medical University (Guangzhou, 
China) and the experiment was performed according to the 
Guidelines for Animal Care of Southern Medical University 
(Guangzhou, China).

Preparation of the heat stroke model and intervention. A 
total of 20 rats, housed for 6 h at an ambient temperature of 
25±0.5˚C with a humidity of 35±5%, were randomly divided 
into four groups of 5 animals each: Control group; HS group, 
heat stroke; HS+CGRP group, heat stroke and injection of 
CGRP (Abcam, Cambridge, MA, USA); HS+CGRP 8‑37 
group, heat stroke and injection of CGRP8‑37 (Sigma‑Aldrich; 
Merck KGaA; Darmstadt, Germany), a specific antagonist 
of CGRP receptor. Prior to establishment of the model, an 
intraperitoneal injection of sodium pentobarbital (50 mg/kg; 
Sigma‑Aldrich; Merck KGaA) was applied to abolish the 
corneal reflex and pain reflex. The carotid artery of the rat 
was cannulated with a trocar (24‑gauge) for drug injection. A 
unipolar lead with scalp acupuncture was used for electroen-
cephalogram (EEG) examination. Acupuncture needles were 
inserted in the epicranium of rat's bilateral temples. Rats in 
the control group were maintained at 25±0.5˚C and a humidity 
of 35±5%. Rats from the other three groups were placed in a 
pre‑warmed incubator at 35.5±0.5˚C and a relative humidity 
of 60±5% in the absence of food and water. The rectal core 
temperature (Tc) was continuously monitored with a rectal 
thermometer. Rats were removed from the incubator and 
allowed to cool at an ambient temperature of 25±0.5˚C when 
the Tc reached 41˚C. Each rat in the HS+CGRP group received 
a bolus injection of CGRP (2 µg/ml, 0.5 ml; Abcam) through 
carotid artery trocar after heat stress. In the HS+CGRP8‑37 
group, each rat received a bolus injection of CGRP8‑37 
(30 nmol/kg, 0.5 ml; Sigma‑Aldrich; Merck KGaA) after heat 
stress. Rats in the HS group and control group received a bolus 
injection of normal saline (0.5 ml). At 2 h after heat stress, 
all rats received scalp EEG examination (duration, 30 mm/s; 
gain, 0.5 cm=50 µV) and were then subjected to further histo-
pathological analysis and index detection.

Brain tissue sampling. Rats were anesthetized by intraperito-
neal injection of urethane and then sacrificed by decollation. 
Brain tissues were obtained during immediate autopsy in all 
animals. Tissues for hematoxylin and eosin (H&E) staining 
and terminal deoxynucleotidyltransferase-mediated deoxyuri-
dine triphosphate nick end labelling (TUNEL) were fixed in 
10% formalin and embedded into paraffin blocks. Brain tissue 
sections (3 mm) were collected for western blot analysis.

Histopathological analysis. Paraffin‑embedded tissues 
were sectioned at 3‑µm thickness and stained with H&E for 

microscopic evaluation at a magnification of x400. The extent 
of brain injury was evaluated by two certified pathologists in 
a blinded manner.

TUNEL assay. Paraffin‑embedded tissues were sliced into 
frozen sections using a freezing microtome (Leica Micro
systems, Wetzlar, Germany). The sections on the slides were 
conventionally de‑waxed with xylene, rehydrated with graded 
ethanol and incubated in 3% hydrogen peroxide methanol at 
room temperature for 20 min, washed with PBS for 30 min, 
permeabilized with 0.1% Triton X‑100 for 2 min at 4˚C, washed 
twice with PBS, and then incubated with TUNEL staining 
mixture (Nanjing KeyGen Biotech, Nanjing, China) at 37˚C 
in the dark for 1 h. Subsequently, samples were incubated with 
3,3'‑diaminobenzidine in the dark for 2 min. The samples were 
then washed three times with PBS, counterstained with hema-
toxylin and mounted with glycerol. Apoptosis was observed 
using a microscope (Olympus, Tokyo, Japan) and three visual 
fields of view were randomly selected to count the cells with 
positive staining.

Western blot analysis. Brain sections were lysed with 
radioimmunoprecipitation assay buffer, which contained 
50 mM Tris‑HCl, 150 mM NaCl, 1% Nonidet P‑40, 0.25% 
Na‑deoxycholate and 1 mM EDTA. Protein concentrations 
were determined using the bicinchoninic acid protein assay 
and samples were diluted to a concentration of 2 µg/µl. Protein 
samples (40 µg) were then separated by 12% SDS‑PAGE. 
The separated proteins were transferred onto polyvinylidene 
difluoride membranes and then blocked with confining liquid 
(5% skimmed milk powder and 0.1% Tween‑20 in PBS) at 
room temperature for 2 h, and incubated overnight at 4˚C with 
primary antibody: Rabbit anti‑caspase‑3 and β‑actin antibodies 
(004F and ab8226, 1:1,000 dilution; Abcam) in hybridization 
solution. The following day, the membranes were incubated 
with secondary antibody (goat‑anti‑rabbit immunoglobulin G, 
S001F, 1:2,000 dilution; Abcam) in hybridization solution at 
room temperature for 2 h. Blots were visualized by enhanced 
chemoluminescence (EMD Millipore, Billerica, MA, USA) 
was used for signal detection. Images were quantified using 
the Quantity One software (v4.62; Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Values are expressed as the optical 
density ratio of the target protein to β‑actin.

Statist ical analysis. Values are expressed as the 
mean ± standard deviation and were analyzed using SPSS 19.0 
statistical software (IBM Corp., Armonk, NY, USA). The 
data were analyzed by one‑way ANOVA and further analyzed 
by Dunnett's T3 test for multiple comparisons. A two‑tailed 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

CGRP affects EEG in rats after heat stroke. Compared with 
the control group, a rapid suppression of the rat EEG was 
observed in the HS group. A representative slow wave pattern 
appeared. The amplitude of the θ‑wave increased significantly 
(P<0.05) and the amplitude of the α‑wave decreased signifi-
cantly (P<0.05). Administration of CGRP produced a rapid 
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recovery of the EEG. The EEG was characterized by short‑ to 
long‑term α‑waves and low‑voltage β‑waves as well as a large 
amount of intermittent δ‑ and θ‑waves. Compared with that 
in the HS group, the θ‑wave decreased significantly (P<0.05) 
while the α‑wave increased significantly in the CGRP group 
(P<0.05). CGRP8‑38 produced a great suppression in the 
duration of the EEG. The characteristics of the EEG were a 
long‑term frequency θ‑wave, inclusion of a partial δ‑wave and 
a significant reduction in the α‑wave. Compared with those 
in the control group, the θ‑ and δ‑wave increased signifi-
cantly (P<0.05), while the α‑wave decreased significantly 
(P<0.05). However, these differences did not achieve any 
statistical significance when compared with the HS group 
(Table I; Fig. 1).

CGRP alleviates brain tissue damage after heat stroke. 
Histopathological investigation revealed that no significant 
abnormalities were present in the brains of control rats. By 
contrast, the brain exhibited moderate edema, characterized 
by vacant spaces surrounding the neurons and capillaries in 
HS rats. Pathological aberrations in the brains of rats in the 
HS+CGRP group were significantly alleviated. Nerve cells 
only exhibited slight swelling and the gaps between the nerves 

and blood vessels were displayed. Severe damage was observed 
in the HS+CGRP8‑37 group. Neural cell shrinkage, volume 
reduction, hyperchromatic nuclei, nuclear pyknosis, disap-
pearance of part of the nuclear membrane and cell necrosis 
were observed in the HS+CGRP8‑37 group (Fig. 2).

CGRP reduces heat stroke‑induced neuronal cell apoptosis. 
As presented in Figs. 3 and 4, heat stroke significantly enha
nced neuronal cell apoptosis as compared with that in the 
control group (P<0.05). The heatstroke‑induced upregula-
tion of cell apoptosis was significantly weakened after 
administration of CGRP. The number of TUNEL‑positive 
cells in the HS+CGRP group was significantly lower than 
that in the HS group (P<0.05). By contrast, CGRP8‑37 
enhanced neuronal cell apoptosis. The results indicated a 
significantly enhanced number of TUNEL‑positive cells in 
the CGRP8‑37 group compared with that in the HS group 
(P<0.05). As indicated by these data, GRP and CGRP8‑37 
affected neuronal cell apoptosis. It may be deduced that 
CGRP contributed to the inhibitory effects of neuronal cell 
apoptosis induced by heat stroke.

CGRP inhibits heat stroke‑induced expression of 
caspase‑3 protein in the brains of rats. Western blot 

Table I. Comparison of electroencephalogram parameters (µV) for rats in different group.

Group	 δ‑wave	 θ‑wave	 α‑wave	 β‑wave

Control	 44.40±12.50	 30.20±3.49	 35.60±6.84	 8.80±3.56
HS	 60.80±6.90	 54.00±10.86a	 17.40±4.45a	 10.80±4.15
HS+CGRP	 52.00±8.37	 35.50±5.70b	 28.80±4.82b	 9.00±2.24
HS+CGRP8‑37	 65.00±7.91a	 70.00±11.73a	 20.40±2.61a	 10.00±2.45

aP<0.05 vs. control group; bP<0.05 vs. HS group. Values are expressed as the mean ± standard deviation (n=5/group). CGRP, calcitonin 
gene‑related peptide; HS, heat stroke.

Figure 1. EEG waves of rats in each group. (A) Control group, normal number of short‑term fast waves. (B) HS group, large number of long‑term slow waves. 
(C) HS+CGRP group, rapid recovery of EEG. (D) HS+CGRP8‑37 group, great suppression in the duration of EEG. EEG, electroencephalogram; HS, heat 
stroke; CGRP, calcitonin gene‑related peptide.
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analysis demonstrated that all rats subjected to heat stroke 
demonstrated a significant increase in the protein levels of 
caspase‑3 when compared with those in the control group 
(P<0.05). Administration of CGRP significantly prevented 

the increase of caspase‑3 protein expression. The protein 
levels of caspase‑3 in the HS+CGRP group significantly 
decreased compared with those in the HS group (P<0.05). 
By contrast, there was an apparent increase in the expression 

Figure 2. Hematoxylin and eosin staining of rat brain tissue in each group (magnification, x400). (A) Control group, normal morphology of neurons. (B) HS 
group, moderate neuronal swelling and widening of peri‑cellular spaces. (C) HS+CGRP group, slight neuron swelling and vacant spaces surrounding the 
neurons and capillaries. (D) HS+CGRP8‑37 group, obvious neuron shrinkage. HS, heat stroke; CGRP, calcitonin gene‑related peptide.

Figure 3. Apoptosis of rat brain tissue in each group measured by TUNEL (magnification, x200). (A) Control group, small amount of TUNEL‑positive cells. 
(B) HS group, significant amount of TUNEL‑positive cells. (C) HS+CGRP group, TUNEL‑positive cells significantly decreased compared with those in B. 
(D) HS+CGRP8‑37 group, significant amount of TUNEL‑positive cells. TUNEL, terminal deoxynucleotidyltransferase-mediated deoxyuridine triphosphate 
nick end labelling; HS, heat stroke; CGRP, calcitonin gene‑related peptide.
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of caspase‑3 protein in the brains of rats in the CGRP8‑37 
group compared with those in the HS group (P<0.05; Fig. 5). 
It was revealed that CGRP8‑37 significantly enhanced the 
protein levels of caspase‑3 in brain tissues. These results 
indicated that the expression of caspase‑3 protein induced 
by heat stroke was considerably downregulated by CGRP 
protein in the brains of rats.

Discussion

According to its pathophysiological responses, heat stroke 
may be defined as a form of hyperthermia, associated with 

a systemic inflammatory response, leading to a syndrome 
of multi‑organ dysfunction in which central nervous system 
injury dominates (10,11). Heat‑associated illnesses develop 
when the pathological effects of heat load are not prevented. 
Syndromes vary from less severe, such as heat syncope, to 
severe forms, such as lethal heat stroke. Knowledge of the 
pathological changes of the central nervous system is essential 
for understanding the mechanisms of heat stroke. However, at 
present, little information regarding the occurrence of brain 
lesions is available. Bouchama et al (12) demonstrated that 
tissue damage of varying degree was present in the brain after 
heat stroke. In a rat model of heat stroke, injury to the brain 
appeared even at 39˚C, which was further aggravated with 
increases in temperature, regardless of cooling treatment (13). 
However, the mechanism of brain injury in heat stroke still 
remain elusive, and effective methods to prevent the progres-
sion of brain injury in the clinic are currently lacking. CGRP, 
a newly identified endogenous neural active peptide, is widely 
distributed in the nervous system and has been considered to 
have a positive role in central nervous system injury in this 
decade (14‑16). Increasing evidence has indicated that CGRP 
has a protective effect on non‑septic brain injury, such as cere-
bral infarction, subarachnoid hemorrhage and traumatic brain 
injury. In a rat model, CGRP reduced the degree of cerebral 
ischemia/reperfusion injury and improved the tolerance of 
nerve cells to hypoxia (6). Animal and clinical experiments 
have indicated that CGRP also relieves cerebral vasospasm 
after subarachnoid hemorrhage, improves the blood supply 
of the brain and regulates the circulation of the brain (17). 
Previous studies have indicated a sharp release of CGRP from 
the brain tissue into the serum after traumatic brain injury (5). 
Growing evidence has also suggested that CGRP is an impor-
tant mediator in septic and sepsis‑like brain injury. Studies 
have demonstrated that the expression of central CGRP 
was significantly increased in a sepsis model and a scald 
model (18,7). Considering that the mechanism of brain injury 
after heat stroke is similar to that of sepsis, the present study 
hypothesized that CGRP is also a potential protective factor 
in brain injury after heat stroke. To the best of our knowledge, 
no studies are available that explored the protective effects of 
CGRP on brain injury induced by heat stroke.

To observe the potential protective effect of CGRP against 
brain injury in heat stroke, CGRP and CGRP8‑37 were 
respectively injected into the rats after heat stroke through 
the carotid artery trocar. The results indicated that brain 
injury was present at an early stage after heat stroke and 
CGRP exerted a protective effect on brain injury at the same 
time‑point, as directly evidenced by techniques such as EEG 
and histopathology. EEG examination has the characteristics 
of high sensitivity and fastness. In the present study, changes 
in the EEG were examined in an attempt to observe the effect 
of CGRP on brain injury after heat stroke. An extensive slow 
wave is the typical change in the EEG after diffuse brain 
injury. The degree of the slow wave is linked to the severity of 
brain damage (19). In the present study, heat stroke evidently 
induced an abnormal EEG, which manifested as a large 
quantity of representative slow waves, increased amplitude of 
θ‑wave and decreased amplitude of α‑wave. Administration 
of CGRP produced a rapid recovery of the electroencepha-
logram. The appearance of a reverse tendency after bolus 

Figure 4. Comparison of apoptosis in rat brain tissue in each group. 
TUNEL‑positive cells were decreased in CGRP group. The apoptosis was 
highest in HS+CGRP8‑37 group. *P<0.05 vs. control group; #P<0.05 vs. HS 
group. HS, heat stroke; TUNEL, terminal deoxynucleotidyltransferase-
mediated deoxyuridine triphosphate nick end labelling; CGRP, calcitonin 
gene‑related peptide.

Figure 5. Expression of caspase‑3 in brain tissue of rats from each group 
measured by western blot analysis. (A) Representative western blot analysis.
(B) Quantified expression of caspase‑3 relative to β‑actin in each group. 
Expression of caspase‑3 protein was inhibited by CGRP, while elevated by 
CGRP8‑37 as compared with HS group. *P<0.05 vs. control group; #P<0.05 
vs. HS group. CGRP, calcitonin gene‑related peptide; HS, heat stroke.
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injection of CGRP8‑37 further confirmed the brain‑protective 
effect of CGRP. H&E staining results further evidenced the 
protective effects of CGRP on brain injury. Compared with 
those in the HS group, pathological brain damage was signifi-
cantly alleviated in the HS+CGRP group and enhanced in the 
HS+CGRP8‑37 group, which indicated that CGRP may have 
a marked protective effect in heat stroke. In fact, CGRP is the 
most potent microvascular neuropeptide vasodilator known 
to date (20,21). Previous studies have demonstrated that exog-
enous CGRP significantly increased the cerebral blood flow, 
prevented blood‑brain barrier injury and protected ischemic 
neurons in cerebrovascular disease (22,6). The results of the 
present study were consistent with those of studies on isch-
emic brain injury, which suggested the presence of common 
mechanisms. Associated studies have reported that heat stress 
exerts cardioprotection, which is due to the synthesis and 
release of CGRP via activation of capsaicin receptor (vanilloid 
receptor subtype 1) on capsaicin‑sensitive sensory neurons. 
The endothelial cell‑derived CGRP is considered as one of the 
key factors exerting protective effects (23). It remains elusive 
whether a similar mechanism may explain the protective effect 
of CGRP on the central nervous system in sepsis‑like heat 
stroke.

Clinical and laboratory studies have confirmed that 
neuronal apoptosis is one of the important causes of brain 
damage in various types of brain injury. Apoptosis has a dual 
effect: While it may clear aging cells and exert a protective 
effect on tissues and organisms, excessive apoptosis may 
lead to massive neuronal loss and then damage the nervous 
function, causing secondary damage to the brain. With the 
continuous deepening of the understanding of the damage 
heat stroke causes to the body, an increasing number of studies 
have indicated that heat stroke also induces apoptosis of 
brain neurons (13,24). Whether the effect of CGRP in brain 
damage induced by severe heat stroke is associated with its 
regulation of the apoptosis of cells of the central nervous 
system had remained to be determined. For this reason, the 
present study assessed neuronal cell apoptosis in rats. The 
results revealed that the heat stroke‑induced upregulation of 
cell apoptosis was significantly weakened after administration 
of CGRP. Conversely, treatment with CGRP8‑37 enhanced 
neuronal cell apoptosis. From these results, it may be deduced 
that CGRP exerted an inhibitory effect on neuronal cell 
apoptosis induced by heat stroke. CGRP is known to activate 
signal transduction pathways through the G protein‑coupled 
receptor. Subsequently, the accumulation of intracellular 
cyclic adenosine monophosphate leads to changes of cell func-
tion, including apoptosis mediated through complex signaling 
pathways. Caspase‑3 protein has a key role in the process of 
apoptosis and it is the most common downstream effector of 
apoptotic pathways (25,26). Associated studies have indicated 
that the cytoprotective role of CGRP (i.e., its anti‑apoptotic 
effect) after ischemia/reperfusion injury of the heart, brain 
and gastrointestinal system is exerted via downregulation of 
caspase‑3 by modulating nitric oxide production (27,28). The 
present study explored the possible molecular mechanisms of 
the effect of CGRP. It was examined whether CGRP regulated 
caspase‑3 protein levels in rats after heat stroke. The results 
indicated that the level of caspase‑3 in rats with heat stroke 
was significantly decreased following a bolus injection of 

CGRP, while it was apparently increased after administration 
of CGRP8‑37. It was therefore suggested that CGRP exerted 
its inhibitory effects on apoptosis in rat brains interfering with 
caspase‑3 signaling. The present results are comparable with 
those of previous studies. However, it remains elusive which 
upstream signaling proteins are directly affected to promote 
this downregulation of caspase‑3 and additional research is 
required to clarify the exact mechanism.

Overall, the results of the present study demonstrated 
that CGRP has a protective effect on early‑stage brain injury 
induced by heat stroke in rats. Furthermore, it was demon-
strated that the underlying mechanism of the protective effect 
of CGRP includes inhibition of neuronal cell apoptosis via 
downregulation of caspase‑3. The present study provided 
novel insight into the role of CGRP in heat stroke, but had 
certain limitations. The damage in the brain was detected at a 
single time‑point after heat stroke, and no longer‑term obser-
vation was performed. Due to unpredictability, administration 
of CGRP is less practical in the clinic; therefore, further study 
is required to explore safer methods. In brief, the exact mecha-
nism via which CGRP reduces central nervous system injury 
after heat stroke remains to be assessed to provide a theoretical 
basis for the treatment of heat stroke by CGRP.
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