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ABSTRACT: Heat stroke (HS) is a potentially fatal acute condition caused by an interplay
of complex events including inflammation, endothelial injury, and coagulation abnormalities
that make its pharmacological treatment a challenging problem. The traditional Chinese
medicine Xuebijing injection (XBJ) has been shown to reduce inflammatory responses and
prevent organ injuries in HS-induced mice. However, the underlying mechanism of XBJ in
HS-induced brain injury remains unclear. In this study, HS-induced rat models and cell
models were established to elucidate the effects and underlying mechanisms of XBJ injection
on HS-induced brain injury in vivo and in vitro. The results revealed that XBJ injection
improved the survival outcome of HS rats and attenuated HS-induced brain injury in a
concentration-dependent manner. Subsequently, the reduction in viability and proliferation
of neurons induced by HS were reversed by XBJ treatment, while the HS-induced increased
ROS levels and neuron death were also inhibited by XBJ injection. Mechanistically, HS
activated PARP-1/AIF signaling in vitro and in vivo, inducing the translocation of AIF from
the cytoplasm to the nucleus, leading to PARP-1-dependent cell death of neurons.
Additionally, we compared XBJ injection effects in young and old age rats. Results showed that XBJ also provided protective effects
in HS-induced brain injury in aging rats; however, the treatment efficacy of XBJ injection at the same concentration was more
significant in the young age rats. In conclusion, XBJ injection attenuates HS-induced brain injury by inhibiting oxidative stress and
Parthanatos via the PARP-1/AIF signaling, which might provide a novel therapeutic strategy for HS treatment.

■ INTRODUCTION
Heat stroke (HS) is a fatal heat-associated disease that results
from exposure to a hot environment or strenuous exercise and
is reported with an increased incidence rate in recent years due
to global warming and widespread heat waves.1,2 This disease
is characterized by a core body temperature over 40.5 °C and
is associated with a generalized inflammatory response that
results in multiple organ dysfunction or failure, with central
nervous system (CNS) disorders such as seizures, delusion,
and loss of consciousness predominating.3,4 HS is often
accompanied by multiorgan dysfunction and life-threatening
risks.5 Systemic inflammatory response syndromes (SIRS) and
CNS collapse are implicated in this disorder,6 and the elders
are particularly vulnerable to HS with 82−92% of increased
mortality due to weakened thermoregulatory function and
health conditions or complications with other diseases.7 In
particular, the management and treatment of heat-stroke-
induced brain injury are still limited due to the inadequate
understanding of the pathological mechanisms of HS.
Therefore, it is important to shed light on the molecular
mechanisms involved in brain injury induced by HS, which will
provide a novel insight into the pharmacological treatment of
brain injury.

Previous studies have revealed that HS induces oxidative
stress and increases the accumulation of reactive oxygen
species (ROS), lipid peroxidation, and DNA damage, leading
to subsequent cell death.8 ROS is reported to induce
Parthanatos, a novel type of programmed cell death in
response to excessive activation of poly (ADP-ribose) (PAR)
polymerase-1 (PARP-1). PARP-1 is one of the DNA damage
response PARPs for its critical role in DNA damage repair and
cell survival.9,10 Emerging evidence has also demonstrated that
Parthanatos is implicated in multiple neurological diseases such
as stroke, brain trauma, and Parkinson’s disease.11−14

Xuebijing (XBJ) injection is an intravenous Chinese herbal
therapeutic derived from Radix Paeoniae Rubra (Chishao),
Radix Angelica Sinensis (Danggui), Rhizoma Chuanxiong
(Chuanxiong), Flos Carthami (Honghua), and Radix Salviae
Miltiorrhizae (Danshen).15,16 It is widely used to inhibit
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hyperactive inflammation, prevent oxidative stress, neutralize
endotoxins, improve microcirculation, and is applied in the
treatment of various inflammatory diseases such as sepsis, lung
infections, and liver injury.17−19 Moreover, XBJ injection is
demonstrated to attenuate organ injury and inflammation
response in the HS mouse model.20 XBJ injection is also
demonstrated to reduce the oxidative stress and inflammatory
cytokine levels in HS-induced lung injury, leading to the
improved survival of HS rats.21 XBJ plays a protective role in
the treatment of HS by decreasing ROS levels and improving
microcirculation functions.22−25 However, the effect and
underlying mechanisms of XBJ in HS-induced brain injury
are rarely investigated.
In the present study, we aimed to investigate the function

and explicit mechanism of XBJ injection in HS-induced brain
injury in young and old rats. HS-induced rat models and cell
models were established to elucidate the effects and underlying
mechanisms of XBJ injection both in vivo and in vitro. We
hypothesized that XBJ alleviates HS-induced brain injury by
reducing the ROS levels and inhibiting the activation of the
PARP-1-dependent cell death. The findings of our study will
underscore the potential of XBJ injection for the therapy of
HS-induced brain injury.

■ MATERIALS AND METHODS
Animals and Treatments. All procedures of the animal

experiments were approved by the Institutional Animal Care
and Use Committee of The First Affiliated Hospital of
Guangzhou University of Chinese Medicine. Adult male
Sprague−Dawley rats (SD, Grade SPF, young group: n =
104, 10 weeks old; aging group: n = 104, ≥ 20 months) were
provided by the Vital River (Beijing, China) and kept at a
constant temperature (24 ± 1 °C) and 12/12-h light/dark
cycle with free access to food and water. Rats in the young
group and aging group were randomly divided into a
normothermic group (Sham), a vehicle-treated HS group
(HS), a low dose XBJ-treated HS group (HS + XBJ low), and a
high dose XBJ-treated HS group (HS + XBJ high) (26 rats per
group). The animals in the Sham and HS groups received a
dose of vehicle (1 mL of phosphate-buffered saline/kg of body
weight) daily for 3 days. Contrarily, rats in the HS + XBJ low
group were intravenously injected with XBJ (Tianjin Chase
Sun Pharmaceutical Co., Ltd., Tianjin, China) at a
concentration of 4 mg/mL or 10 mg/mL in the HS + XBJ
high group daily for 3 days before the experiment. Heat stroke
was induced by placing the rats in an artificial climate chamber
without food and water at 43 °C, 60 ± 5% humidity for 70
min. The establishment of a successful HS model was
considered when mean arterial pressure significantly reduced
from the peak to 25 mmHg with a rectal temperature of > 42
°C.26 Six rats from each group were sacrificed 6 h after heat
stroke induction using an overdose of pentobarbital (200 mg/
kg) to assess biochemical and inflammation markers as well as
histological and ultra-microstructural changes. The remaining
rats were used for survival assessment. To determine the time-
course of serum IL-6, S100β, and glial fibrillary acidic protein
(GFAP) concentrations after heatstroke induction, animals
were sacrificed at 0, 2, 6, and 12 h after heatstroke induction.
Histological Examination. Rat brain (hippocampus)

tissues in each group were sectioned, fixed in 10% formalin,
embedded in paraffin, and sectioned into 4 μm slices. Then,
the sections were subjected to hematoxylin (2 g/L) for 5 min
and eosin (1%) staining (Beyotime, Shanghai, China) for 3

min or Nissl’s staining solution (C0117, Beyotime) for 5 min,
followed by observation and imaging under a Nikon Eclipse
E800 microscope. According to the results of hematoxylin and
eosin staining, the degree of cell shrinkage and nucleus
condensation, the integrity of cell membrane, and cell swelling
were observed to assess the brain histopathology score. The
score was composed of a 0−12 score range. Each classification
was further divided into 0 as normal, 1 as mild, 2 points as
moderate, 3 points as severe, and 4 points as extremely severe.
Assessing Brain Water Content. The brain edema was

determined by measuring brain water content as described
briefly.27 Briefly, the brain of anesthetized animals was
removed and placed in pre-weighed glass vials and then
weighed (wet weight). The vials were put into an incubator
(Memmert, Germany) at 100 °C for 48 h, and then, the brains
were weighed again (dry weight). The water content was
calculated using a formula: (Wet weight of brain − Dry weight
of brain)/Wet weight of brain.
Transmission Electron Microscopy (TEM). Rat brain

(hippocampus) tissues were fixed with 2.5% glutaraldehyde
(Sigma-Aldrich, Shanghai, China) for 1 h. The tissues were
dehydrated and then embedded in epon (Sigma-Aldrich);
microtome was applied for the ultra-thin section which was
then put on the copper electron microscopy grids, followed by
staining with 5% uranyl acetate for 5 min and Reynold’s lead
citrate for 2 min. Finally, a TEM (Hitachi H7500 TEM,
Tokyo, Japan) instrument was applied to photograph the
micrographs.
Cell Culture and Treatment. Rat hippocampal neuronal

cells were provided by the Procell Life Science & Technology
Co., Ltd. (#CP-R107, Wuhan, China). Cells were incubated in
RPMI 1640 medium containing 5% FBS and 1/100 penicillin/
streptomycin in a humidified incubator with 5% CO2 at 37 °C.
To mimic HS environment in vitro, cells were moved into an
incubator with fresh medium and the bottom of the culture
dish was put in a circulating water bath at 42 ± 0.5 °C with 5%
CO2 for 3 h, followed by incubation in a normal environment
with 5% CO2 at 37 °C. For the XBJ injection administration,
cells were pretreated with XBJ injection for 24 h at 10, 25, or
50 mg/mL concentrations.
Cell Viability. The viability of neuronal cells after indicated

treatments was assessed using Cell Counting Kit-8 (CCK-8)
assay following the manufacturer’s protocols (Dojindo, Japan).
Cells were grown in 96-well plates (5 × 103 cells per well) and
cultured for 0, 12, 24, and 48 h. Then, 10 μL CCK-8 solution
was supplemented and cocultured for another 4 h. Finally, the
viability of cells was determined with a microplate analyzer
(NanoDrop, USA) at 450 nm.
5-Ethynyl-2′-deoxyuridine (EdU) Assay. The prolifer-

ation potential of neuronal cells was measured using an
ethynyldeoxyuridine (EdU) detection kit (RiboBio, Guangz-
hou, China). Neurons after indicated treatments were plated
into 24-well plates (0.5 × 106 cells per well). Then, the EdU
labeling media (50 μM) was added into the plates and cultured
at 37 °C for 2 h. Then, the cells were treated with 4%
paraformaldehyde and 0.5% Triton X-100, stained with Apollo
fluorescent dye, and nuclei were stained with DAPI for 30 min
at ambient temperature. Finally, the cells were mounted and
photographed with a confocal microscope (EVOS M5000,
Thermo Fisher).
RT-qPCR. The TRlzol reagent (Sigma-Aldrich) was applied

for RNA isolation from rat brain (hippocampus) tissues and
neuronal cells. The extracted RNA was reverse-transcribed
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using the ProtoScript M-MuLV First Strand cDNA Synthesis
Kit (New England Biolabs, MA, US). Then, PCR was
performed using SYBR Green qPCR SuperMix (Invitrogen,
USA) on the ABI PRISM7500 Sequence Detection System
following the manufacturer’s protocol. The 2− ΔΔCt method
was used for gene expression calculation, and GAPDH served
as the internal reference control. The primer sequences are
shown in Table 1.

Western Blot. A Total Protein Extraction Kit (Beyotime)
was used to extract the total protein from rat brain
(hippocampus) tissues and neuronal cells according to the
manufacturer’s instructions, and the protein concentration was
assessed by an Enhanced BCA Protein Assay Kit (Beyotime).
The protein samples (20 μg) were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel and then transferred onto nitrocellulose mem-
branes. Next, 5% BSA (Thermo Fisher) was applied to block
the membranes for 60 min. Then, the membranes were
cultured with the primary antibodies against IL-6 (ab9324,
1:1000, Abcam), S100β (ab52642, 1:1000, Abcam), GFAP
(ab68428, 1:1000, Abcam), PARP-1 (ab191217, 1:1000,
Abcam), Cleaved PARP-1 (ab32064, 1:1000, Abcam), AIF
(apoptosis-inducing factor) (ab32516, 1:1000, Abcam), PAR
(ab218106, 1:1000, Abcam), and GAPDH (ab8245, 1:2000,
Abcam) as the internal reference. After incubating with the
corresponding secondary antibodies (ab6721, 1:2000, Abcam),
the protein signal was visualized with enhanced chemilumi-
nescence (Pierce, Rockford, IL, USA) and analyzed with the
ImageJ software (version 6.0; National Institutes of Health).
Flow Cytometry. The reactive oxygen species (ROS)

levels in rat brain (hippocampus) tissues and cells were
assessed with an ROS assay kit (Beyotime). Cells after
indicated treatments were harvested, washed, and resuspended
in serum-free DMEM. The collected samples and cells were
stained with 10 μM dichlorofluorescein diacetate (DCFH-DA,
Thermo Fisher) in dark for 30 min. Finally, flow cytometry
(FACSCanto II; BD Biosciences, San Jose, CA, USA) was used
to determine the fluorescence intensity, and the results were
analyzed by FlowJo software.
Biochemical Measurement. The supernatant from rat

brain tissues and neuronal cells was collected to determine the
level of oxidative-stress-related enzymes such as superoxide
dismutase (SOD), malondialdehyde (MDA), and nitric oxide
(NO) using commercially available kits (Beyotime Biotech,
Shanghai, China) following the manufacturer’s instructions.
Immunohistochemical (IHC) Staining. The expression

of PARP-1 in rat brain tissues was also measured using IHC
staining. Briefly, the paraffin-embedded rat brain tissues were
dried, deparaffinized with xylene (Sigma-Aldrich) for 20 min
twice, and then soaked in 100, 95, 85, and 80% ethyl alcohol.
Then, the sections were washed, incubated with 3% H2O2 in
methanol for 10 min, and sealed with 5% BSA for 60 min.
Next, these sections were cultured with anti-PARP-1
(ab191217, 1:1000, Abcam) at 4 °C overnight, followed by

culturing with the secondary antibody (ab6721, 1:1000,
Abcam) for 60 min at ambient temperature. Then, the
sections were dyed using a DAB immunohistochemistry color
development kit (Sangon Biotech, China), and hematoxylin (2
g/L) was applied to stain the nuclei for 4 min according to the
manufacturer’s instructions and mounted and imaged using a
microscope.
Immunofluorescence (IF) Staining. IF staining of rat

brain tissues and neuronal cells was performed to explore the
nuclear translocation of AIF. Briefly, 4% paraformaldehyde was
applied to fix the rat brain paraffin-embedded tissue sections
and rat neuronal cells, and 10% normal goat serum was used
for blockage. After incubating at 4 °C overnight, the sections
were incubated with the primary antibody anti-AIF (ab32516,
1:500, Abcam). Subsequently, the sections were cultured with
the corresponding secondary antibody (ab6728, 1:1000,
Abcam) for 2 h. Then, 1 μg/mL DAPI (4′, 6-diamidino-2-
phenylinedole, Solarbio, Beijing, China) was used for nucleus
staining for 3 min, and the images were taken under
fluorescence microscopy and analyzed with Image-Pro Plus
6.0 software.
NAD+ Measurement. Rat neuronal cells were grown in a

10 cm2 plate at 1 × 107 cells per well. After indicated
treatments, cells were harvested and resuspended in 100 μL of
NAD+ extraction buffer (Abcam). After heating the extracts at
60 °C for 5 min, assay buffer (20 μL) was added, followed by
vortex and centrifugation at 13,000 rpm for 5 min. The
supernatant was collected and supplemented into the working
reagent containing assay buffer (Bioassay Systems). Finally, a
microplate analyzer was applied to determine the optical
density at 565 nm.
Comet Assay. Neuron DNA damage was detected using

comet assay as previously described.28 Briefly, neuronal cells (5
× 105 cells/mL) were grown in a 6-well culture plate for 1 day
and treated with sevoflurane for 12 h with or without NAC.
Next, cell suspension with 0.5% low-melting agarose (Thermo
Fisher) was loaded on 1% agarose-precoated slides, which were
then soaked in lysing solution for 90 min at 4 °C without light
exposure. After electrophoresing the slides in an electro-
phoresis tray containing TBE buffer (Thermo Fisher) for 25
min, slides were immersed in an alkaline solution (300 mM
NaOH, 1 mM Na2EDTA; pH > 13) for 60 min followed by
electrophoresis for 25 min. Then, 0.4 M Tris was used for
neutralization and 0.03 mg/mL ethidium bromide (EB, Sigma-
Aldrich) was added to treat the cells for 20 min in dark. Then,
the slides were rinsed with PBS thrice and observed and
imaged using a fluorescence microscope (Olympus IX71,
Tokyo, Japan).
Enzyme-Linked Immunosorbent Assay Detection.

Serum was obtained from blood (3 mL) by centrifugation at
3500 r/min, 4 °C for 10 min). Serum levels of various
inflammatory cytokines at different time points were measured
by using commercially available kits (IL-6, S100β, and GFAP,
Lianshuo Biological Technology, Shanghai, China) following
the manufacturer’s protocol.
Statistical Analysis. The results were analyzed by

GraphPad Prism 8 software (San Diego, CA, USA) and
expressed as the mean ± standard deviation from at least 4
independent replicates. Each biological sample was run in
triplicate. Multiple comparisons were performed with a one-
way analysis of variance followed by a post hoc test. *p < 0.05
indicates statistical significance.

Table 1. Primer Sequences Used in the Study

gene sequence (5′-3′)
PARP-1 (F) TGGTGGACATTGTGAAAGG
PARP-1 (R) AGATCCAATACCTGCTCTCC
GAPDH (F) AACTCCCATTCTTCCACCT
GAPDH (R) TTGTCATACCAGGAAATGAGC
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■ RESULTS
XBJ Injection Alleviates Heat Stroke-Induced Brain

Injury In Vivo. Heat stroke (HS) rat models were established
to probe into the function of XBJ injection on HS-induced
brain injury. The mean survival time of rats in the sham, HS,
HS + XBJ low (4 mg/mL), and HS + XBJ high (10 mg/mL)
groups was measured. We found that the survival time of rats
exposed to a high temperature environment was significantly
reduced compared with the sham group, while XBJ injection
was revealed to improve the survival outcome of HS rats in a
dose-dependent fashion (Figure 1A; p < 0.001). The brain
water content was also measured, and it exhibited a significant
increase in the HS group relative to the sham group, while the
administration of XBJ injection rescued this increase in a
concentration-dependent way (Figure 1B; p < 0.05).
Furthermore, according to the results of histological staining,
rat brain tissues in the sham group showed no pathological
changes, and those in the HS group exhibited significant
abnormalities with edema, vacant spaces around the neurons
and nuclear condensation and loose arrangement of the
neurons, which was moderately alleviated by the injection of
low concentrations of XBJ, and significantly alleviated in the
HS+ XBJ high group (Figure 1C,D; p < 0.001). We also
observed the morphology of rat brain tissues with a

transmission electron microscope (TEM). The HS-induced
shrinkage, nucleus condensation, and loss of cell membrane
integrity without cell swelling were reversed by XBJ treatment
in a dose-dependent way (Figure 1E). Furthermore, we also
observed that, after HS injury, the neurons exhibited irregular
loosened arrangement and decreased density, and such effects
were rescued by XBJ (Figure 1F). Collectively, XBJ injection
alleviated heat stroke-induced brain injury in rats.
XBJ Injection Attenuates HS-Induced Neuron Cell

Injury In Vitro. The HS in vitro cell models were established
by incubating neuron cells in an incubator at 42 ± 0.5 °C with
5% CO2 for 3 h. To examine the effects of XBJ injection on
HS-induced brain cell injury, rat neuronal cells were pretreated
with 10, 25, and 50 mg/mL XBJ injection for 24 h. The
viability of rat neuronal cells was reduced in the HS group (p <
0.001), and the XBJ injection at concentrations of 10 and 25
mg/mL did not significantly affect the viability of rat neurons
exposure to hot ambient temperature, while the XBJ at 50 mg/
mL significantly rescued the reduction in cell viability induced
by HS (Figure 2A; p < 0.001). Thus, XBJ at the concentration
of 50 mg/mL was applied in the following assays. As revealed
by CCK-8 and EdU assays, the proliferation potential of rat
neuronal cells was significantly reduced in the HS group (p <
0.01 and p < 0.001), and XBJ injection was demonstrated to
improve the cell proliferation potential compared with the HS

Figure 1. XBJ injection alleviates heat stroke-induced brain injury in vivo. (A) Mean survival time of rats in the sham, HS, HS + XBJ low, and HS +
XBJ high groups. (B) Brain water content of rats in indicated groups. (C, D) H&E staining was used to examine the pathological changes of rat
brain tissues in indicated groups 6 h after heatstroke induction. Scale bar: 200 μm. (E) Representative TEM images of rat brain tissues in indicated
groups 6 h after heatstroke induction. Scale bar: 2 μm. (F) Representative Nissl staining images of the hippocampus tissues of rats. Scale bar: 50
μm. #p < 0.05, ##p < 0.01 vs Sham group, *p < 0.05, ***p < 0.001 vs HS group.
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group (Figure 2B,C; p < 0.01 and p < 0.001). Furthermore, HS
is reported to induce oxidative stress and elevate ROS levels.8

We therefore next investigated whether XBJ injection could
affect the oxidative stress levels of HS-induced cells. We found
that HS induced a significant increase in ROS levels in rat
neuronal cells (p < 0.001), which was revealed to be decreased
with the treatment of XBJ injection (Figure 2D; p < 0.001).
The levels of ROS indicators such as MDA, SOD, and nitric
oxide (NO) in rat neurons were detected, and XBJ injection
was demonstrated to partially offset the HS-induced elevation
in the MDA and NO levels, while upregulated SOD levels in
rat neurons (Figure 2E; p < 0.05, p < 0.01 and p < 0.001).
Neuron cell death occurs during pathology, and our previous
work has revealed that the death rate of neuron cells after HS is
approximately 25−30%, which indicates other potential
mechanisms of cell death besides apoptosis and autopha-
gy.29−31 ROS is reported to induce PARP-1-dependent cell
death, also named Parthanatos, which is potentially involved in
HS-induced brain injury.32,33 We, therefore, detected the
involvement of PARP-1 in HS-induced neuron cells. Our
results demonstrated that HS induced an increase in PARP-1
mRNA and protein levels, which was counteracted by the
treatment of XBJ injection, suggesting that XBJ injection
mitigates the HS-induced Parthanatos of neurons by inhibiting
the activation of PARP-1 (Figure 2F,G; p < 0.001).

Collectively, XBJ injection alleviated heat-stroke-induced
Parthanatos of neurons in rats.
XBJ Injection Mitigates ROS Levels and Inflammation

Response Induced by HS In Vivo. The effects of HS on
ROS and neuroinflammation levels were explored in vivo. We
found that HS induced a significant elevation in ROS levels, an
upregulation in the levels of MDA, and NO, as well as a
downregulation in the level of SOD (Figure 3A,B; p < 0.01 and
p < 0.001). Accordingly, the protein levels of inflammation and
brain injury markers such as IL-6, S100β, and GFAP were also
found to be significantly increased in the rat brain tissues of the
HS group (Figure 3C; p < 0.01 and p < 0.001), which
indicated that HS induces oxidative stress and inflammation
response to aggravate the brain injury. Notably, the XBJ
injection treatment was revealed to reduce the HS-induced
increase in ROS levels, inflammation factor expression, and
brain injury maker levels in a concentration-dependent manner
(Figure 3A−C; p < 0.05, p < 0.01, and p < 0.001). Collectively,
XBJ injection alleviated heat stroke-induced oxidative stress
and inflammation response in rats.
XBJ Injection Inhibits Neuron Parthanatos via the

PARP-1/AIF Cell Signaling In Vitro. Parthanatos is a type of
cell death involved in neuropathological diseases, which is
accompanied with PARP-1 overactivation by various stimuli,
including DNA damage as well as ROS production.13 Since we
have demonstrated that HS-induced a necrotic morphology

Figure 2. XBJ injection attenuates the HS-induced neuron cell injury. (A) Viability of rat neuronal cells was measured by CCK-8 assays at indicated
time points. For XBJ injection treatment, neurons were pretreated with 10, 25, and 50 mg/mL XBJ injection for 24 h before inducing heat stroke.
(B, C) Proliferation of rat neuronal cells in the control, HS, HS + XBJ (50 mg/mL) groups was measured using CCK-8 and EdU assays. Scale bar:
100 μm. (D) ROS measurement in neuronal cells in the indicated groups. (E) Levels of MDA, SOD, and NO in rat neuronal cells under indicated
treatments. (F, G) RT-qPCR and western blot assays were performed to assess the PARP-1 mRNA and protein levels in rat neuronal cells in
indicated groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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and promoted the cell death of neurons, we further explored
whether HS triggered this type of cell death in vitro. According
to the results of immunofluorescence assays, HS promoted the
AIF translocation from cytoplasm to the nucleus, which was
demonstrated to be suppressed with XBJ injection treatment
(Figure 4A). The results of western blot analysis revealed that
the protein levels of cleaved PARP-1 and AIF were significantly
elevated in the HS group, which was reversed with XBJ

injection treatment (Figure 4B). Moreover, the cellular content
of NAD+ in neuron cells was demonstrated to be decreased
after HS, however; treatment with XBJ significantly elevated
NAD+ levels in neuron cells relative to the HS group (Figure
4C; p < 0.001). Collectively, XBJ injection inhibited heat
stroke-induced neuron Parthanatos via the PARP-1/AIF
signaling pathway in vitro.

Figure 3. XBJ injection mitigates the ROS levels and inflammation response induced by HS in vivo. (A) Flow cytometry was used to measure the
ROS levels in rat brain tissues in indicated groups. (B) Expression of ROS markers in rat brain tissues in different groups. (C) Protein levels of IL-6,
S100β, and GFAP in rat brain tissues in the indicated groups. All these parameters were measured at 6 h after heatstroke induction. ##p < 0.01,
###p < 0.001 vs Sham group, *p < 0.05, **p < 0.01, ***p < 0.001 vs HS group.

Figure 4. XBJ injection downregulates neuron Parthanatos by inhibiting the activation of the PARP-1/AIF signaling in vitro. (A)
Immunofluorescence assays were conducted to explore the AIF nuclear translocation. Scale bar: 50 μm. (B) Protein levels of cleaved PARP-1 and
AIF in neurons after the indicated treatment. (C) Cellular content of NAD+ in neuron cells in the indicated groups. ***p < 0.001.
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XBJ Injection Inhibits Neuron Parthanatos by
Suppressing the PARP-1/AIF Cell Signaling Activation
In Vivo. We further verified the involvement of Parthanatos
signaling in vivo. The levels of PARP-1 in rat brain tissues were
measured using RT-qPCR, western blot and immunohisto-
chemical staining, and we found that HS-induced significant
elevation of PARP-1 expression in brain tissues (p < 0.001),
which was moderately mitigated by the treatment of low
concentrations of XBJ injection (4 mg/mL) (p < 0.01) and
significantly reduced by the administration of high concen-
trations of XBJ injection (10 mg/mL) (p < 0.001) (Figure
5A−C). Besides, we also found that PARylation of PARP1 was
increased after HS induction, which then decreased by XBJ
injection in a dose-dependent way (Figure 5B). The
translocation of AIF from the cytoplasm to the nucleus was
also increased in the HS group, and XBJ injection was revealed
to inhibit the AIF nuclear translocation in a concentration-
dependent manner (Figure 5D). Similarly, immunofluores-
cence staining suggested that HS induced the AIF trans-
location to the nucleus, which was moderately inhibited by the
administration of low concentration of XBJ injection and
significantly reduced by high concentrations of XBJ injection
treatment (Figure 5E). Moreover, the DNA damage was also
measured using comet assays. The results indicated that XBJ
injection alleviated the HS-induced DNA damage in a
concentration-dependent manner (Figure 5F). Taken together,

XBJ injection inhibited heat stroke-induced neuron Parthana-
tos via the PARP-1/AIF signaling pathway in vivo.
Protective Effects of XBJ in Aging Rats with Heat

Stroke. Age is one of the main risk factors for HS, and patients
over 60 years of age are faced with 82−92% of excess mortality
risks.7,34 We therefore next explored the effects of XBJ
injection on the HS-induced brain injury in elder rats. As
shown in Figure 6A, the overall survival rates of the rats in the
aging groups were significantly lower than those in the young
group (p < 0.01). Moreover, the effect of XBJ injection in
attenuating HS-induced survival showed better efficacy in the
young group relative to the aging group (p < 0.01). As
expected, H&E staining revealed that XBJ injection in elder
rats attenuated the HS-induced edema, vacant spaces around
the neurons, nuclear condensation, and loose arrangement of
the neurons in hippocampus (Figure 6B; p < 0.01 and p <
0.001). These results were further confirmed by TEM images,
which revealed that the HS-induced shrinkage, nucleus
condensation, and loss of cell membrane integrity were
reversed by XBJ (Figure 6C). Furthermore, we measured the
levels of inflammation and brain injury markers such as IL-6,
S100β, and GFAP in the serum of aging rats. We found that
the content of IL-6, S100β, and GFAP was elevated in the HS
group (p < 0.001), and XBJ injection was demonstrated to
reduce the levels of these factors in a dose-dependent way (p <
0.05 and p < 0.01) (Figure 6D). Collectively, XBJ injection
inhibited heat stroke-induced heart injury in aging rats.

Figure 5. XBJ injection inhibits neuron Parthanatos by suppressing the PARP-1/AIF signaling activation in vivo. (A−C) mRNA and protein levels
of PARP-1 in rat brain tissues in indicated groups were measured by RT-qPCR (A), western blot (B), and immunohistochemical staining (C)
assays. In addition, PARsylation was shown by western blot (B). Scale bars: 50 μm. (D−E) Translocation of AIF from the cytoplasm to the nucleus
was measured using western blot and immunofluorescence staining. Scale bar: 50 μm. (F) DNA damage was measured by comet assays. Scale bar:
50 μm. All these indexes were measured at 6 h after heatstroke induction ###p < 0.001 vs Sham group, **p < 0.01, ***p < 0.001 vs HS group.
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■ DISCUSSION
In this study, we found that XBJ injection alleviated the HS-
induced brain injury in vivo and in vitro by relieving the
oxidative stress and inhibiting Parthanatos via regulating the
PARP-1/AIF cell signaling. XBJ injection was demonstrated to
exert a neuroprotective effect against HS-induced brain injury
in a dose-dependent way and showed improved efficacy in
younger rats compared with aging rats.
CNS maintains body temperature during environmental

temperature changes and alters body temperature in response
to the declined energy homeostasis in the inflammatory
conditions.35,36 All patients have CNS injury during the early
stages of HS, and more than 30% of patients progress to long-
term CNS dysfunction.37−39 The hippocampus is particularly
vulnerable to HS, which can induce high mortality or
irreversible neurological sequelae. Thus, CNS dysfunction is
a primary factor during HS.40 Alleviating brain injury,
especially in the hippocampus region, can improve the survival
of HS-stimulated rodents.41−43 Our research revealed that XBJ
alleviated the HS-induced injury in hippocampus and
improved survival rate in rats.
HS induces CNS dysfunction, and the increased temper-

ature leads to brain morphological changes in HS animal
models.44 The expression of pro-inflammatory factors such as
IL-6, TNF-α, and IL-1β is demonstrated to increase in HS,
which indicates that HS induces immune response and
promotes severe pathology.45 Increasing evidence also
indicates that the neuroinflammation contributes to the brain

injury during heat stroke.46,47 Previously, it has been shown
that XBJ injection has anti-inflammatory effects in HS-induced
organ injuries including the liver, heart, and kidney injuries.20

In agreement with previous publications, we also found that
XBJ injection improved the survival outcome of rats with HS.
The HS-induced pathological changes and injury in rat brain
were revealed to be mitigated by the treatment of XBJ injection
in a concentration-dependent manner.
HS is indicated to induce the oxidative stress and stimulate

ROS production.8,48 Several lines of evidence have shown that
at the onset of HS, the extent of MDA, and nitric oxide (NO)
levels are increased while SOD is reduced.49,50 In line with the
results of these studies, in our study, we also found that HS
induced a significant increase in oxidative stress and ROS
production. Interestingly, XBJ injection inhibited the HS-
induced increase in oxidative stress and ROS production.
Moreover, inflammatory injury following exposure to a high-
temperature environment is a main pathological feature of
HS.51 We found that the treatment of XBJ reduces the levels of
inflammation and injury factors in HS cell and rat models,
which suggested the neuroprotective effect of XBJ injection to
attenuate the inflammation response and brain injury of HS
rats.
PARP-1 excessive activation causes depletion of cellular

NAD+ and ATP, PAR polymer accumulation, as well as
mitochondria-nucleus translocation of AIF. This PARP-1-
dependent cell death is caspase-independent cell death, which
is different from autophagy, apoptosis, and necrosis.52,53

Figure 6. Protective effects of XBJ in aging rats with heat stroke. (A) Overall survival rate of the rats in the aging and young groups after indicated
treatments. (B, C) HE staining and TEM were used to explore the effect of XBJ injection on the HS-induced brain injury in aging rats 12 h after
heatstroke induction. (B) Scale bar: 200 μm. (C) Scale bar: 500 nm. (D) Levels of inflammation and brain injury markers such as IL-6, S100β and
GFAP in the serum of aging rats at indicated time points. ##p < 0.01, ###p < 0.001 vs Sham group, *p < 0.05, **p < 0.01, ***p < 0.001 vs HS
group.
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Increasing evidence has revealed that ROS promotes the DNA
damage and PARP-1 excess activation, leading to PARP-1-
dependent cell death.54,55 In our study, we found that the
treatment of XBJ injection exerted a suppressive effect on the
PARP-1/AIF signaling activation and DNA damage induced
by HS in a concentration-dependent way in vitro and in vivo.
Clinically, it has been demonstrated that the elderly patients

are more vulnerable to HS and mortality from HS among the
elderly is over 50%.56,57 Thus, in this study, we explored the
protective effect of XBJ injection on the treatment of aging rats
with HS. The overall survival of aging rats was significantly
lower after HS modeling relative to the young rat group.
Moreover, XBJ injection was more effective in the treatment of
young rats with HS than aging rats. The high concentration of
XBJ injection also mitigated the HS-induced brain injury in
aging rats. These results underscore the necessity on HS
treatment in aging patients with decreased immune function
and complication with other diseases in future studies.

■ CONCLUSIONS
In summary, we found for the first time that XBJ injection
could inhibit the oxidative stress and inflammation response
and improve neuron cell survival by blocking the PARP-1-
dependent cell death to alleviate HS-induced brain injury in
vivo and in vitro. The findings of our study may deepen our
understanding of the effect and underlying mechanisms of XBJ
injection in the treatment of HS-induced brain injury and
provide a theoretical basis for clinical trial and a promising
sight for HS-induced brain injury treatment.
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