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Introduction: Longxuetongluo Capsule (LTC) is wildly applied to treat ischemic stroke in clinical practice in
China. However, the pharmacological mechanism of LTC on ischemic stroke is still unstated.
Objective: Our research was designed to study the protective effect of LTC against cerebral ischemia–
reperfusion (I/R) injury and reveal the underlying mechanism both in vivo and in vitro.
Methods: PC12 cells treated with glucose deprivation/reperfusion (OGD/R) were used to simulate in vitro
ischemia/reperfusion (I/R) injury. The cell viability, apoptosis rate, and protein expressions of PC12 cells
were evaluated. In vivo validation of the protective effect of LTC was carried out by middle cerebral artery
occlusion (MCAO)/reperfusion treatment, and the underlying mechanism of its anti-apoptosis ability was
further revealed by immunohistochemistry staining and Western blotting.
Results: In the current study, we observed that LTC effectively inhibited oxygen-glucose deprivation/
reperfusion (OGD/R) induced apoptosis of PC12 cells through suppressing the cleavage of poly ADP-
ribose polymerase (PARP), caspase-3, and caspase-9. Further investigation revealed that OGD/R insult
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remarkably triggered the endoplasmic reticulum stress responses (ER stress) to induce PC12 cell apopto-
sis. LTC treatment alleviated OGD/R induced ER stress by inhibiting the activation of protein kinase RNA
(PKR)-like ER kinase (PERK)/eukaryotic translation initiation factor 2 (eIF2a) and inositol requiring
enzyme 1 (IRE1)/tumor necrosis factor receptor-associated factor 2 (TRAF2) pathways. Additionally,
LTC also restrained the OGD/R-induced PC12 cell apoptosis by reversing the activated mitogen-
activated protein kinase (MAPK) through IRE1/TRAF2 pathway. Animal studies demonstrated LTC signif-
icantly restricted the infarct region induced by middle cerebral artery occlusion (MCAO)/reperfusion, the
activation of ER stress and apoptosis of neuronal cells had also been suppressed by LTC in the penumbra
region.
Conclusion: LTC protects the cerebral neuronal cell against ischemia/reperfusion injury through ER stress
and MAPK-mediated mechanisms.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Strokes are caused by inadequate blood supply, which conse-
quently leads to the immediate oxygen and glucose depletion in
brain tissue; ischemic stroke stands the proportion of approxi-
mately 70% among all strokes [1]. Timely restoration of blood flow
and re-oxygenation is the only widely accepted approach although
considerable advances have been made in the treatment of cere-
bral ischemia [2]. However, the ischemia/reperfusion (I/R) injury
will possibly occur after the restoration of blood circulation to in
ischemic brain which strongly affects neurons and leads to apopto-
sis of neurons eventually [3].

During I/R, increased hypoxia and free radicals exposure in the
brain cells disrupted homeostasis in the endoplasmic reticulum
(ER), resulting in ER stress [4]. Because ER stress reduces the pro-
tein folding capacity of the ER, unfolded proteins are accumulated
and aggregated in the ER. In order to resist the destructive effects
of ER stress, cells activate an adaptive cellular response – the
unfolded protein response (UPR) to withstand the destructive
effects of ER stress [5]. When the accumulation of unfolded pro-
teins happens, the UPR is activated and triggered by the two ER
receptors: inositol-requiring enzyme 1 (IRE1) and protein kinase
RNA (PKR)-like ER kinase (PERK) [6]. However, when the adaptive
response fails or the stress condition is prolonged, cell apoptosis
will consequently emerge. That is to say, PERK and IRE1 in UPR sig-
naling play the central role in ER stress-induced apoptosis [7,8].
During the process of apoptosis, the mitochondria-mediated
intrinsic pathway activates caspase-9, which interacts with Bax
in the mitochondrial membrane [9,10]. Subsequently, effectors’
caspases are activated and cleaved in a cascade-like manner to dis-
mantle the neurons [11,12].

Chinese dragon’s blood is the red resin of Dracaena cochinchi-
nensis (Lour.) S. C. Chen, which is known to stop bleeding, relieve
pain, alleviate blood stasis, and improve perfusion [13].
Researches in recent years have revealed its pharmacological
activities as the analgesic [14], wound healing [15], anti-
bacterial [16], and anti-atherosclerosis [17]. In June 2013, Longx-
uetongluo Capsule (LTC) was authorized by China Food and Drug
Administration to treat ischemic stroke. The total phenolic extract
of the Chinese dragon’s blood is its main active ingredient [18].
The protective activity of the Chinese dragon’s blood against focal
cerebral ischemia injury has been demonstrated in extensive clin-
ical trials. The constituents and the effective components of LTC
had also been comprehensively studied in our previous researches
[19,20]. However, the mechanism of its protective effect against
cerebral I/R injury is still unclear. Here, we investigate whether
LTC confers resistance to reperfusion injury after cerebral ische-
mia. Our observations indicate that LTC exerts the protective
effect in the context of I/R injury through ER stress and activated
mitogen-activated protein kinase (MAPK)-mediated apoptotic
actions on the neuron.
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Materials and methods

Medicinal materials

LTC provided by Jiangsu Kanion Pharmaceutical Co. Ltd.
(Jiangsu, China), in which the quantitative and qualitative charac-
terization of chemical components in LTC has been studied in our
previous research [19,21].

Oxygen-glucose deprivation/reperfusion (OGD/R) treatment, MTT
assay, and lactate dehydrogenase (LDH) assay

The PC12 cell was gifted by Prof. K.W. Zeng (Peking University
Health Science Center, Beijing, China). Cells were cultured in
DMEM containing 10% fetal bovine serum in an atmosphere of
5% CO2 at 37 �C. Before OGD insult, PC12 cells were seeded into
the 96-well plate and kept on culturing for 24 h. The culture med-
ium of PC12 cells was replaced with Earle’s balanced salt solution
(Solarbio, Beijing, China), which was applied to initiate glucose
deprivation before the treatment. Then, the plates were incubated
anaerobically for 2–6 h with the AnaeroPack system (Mitsubishi
GAS CHEMICAL, Tokyo, Japan) to initiate the OGD insult. Fresh
complete medium with or without LTC was added after OGD insult
was terminated. Cells were then kept on culturing for an additional
period of time under the normoxic condition. After OGD treatment
as described above, the OGD insult was terminated and PC12 cells
were treated with different concentrations of LTC or curcumin
(2 lm/ml) under the normoxic condition for an additional 24 h.
MTT and LDH kit were applied to measure cell viability and LDH
release, respectively [22].

Annexin V-FITC/PI flow cytometry and AO/EB staining

PC12 cells were treated with the combined reagent of AO/EB
(Solarbio, Beijing, China) following the manufacturer’s instruction
to perform AO/EB staining after OGD/R and LTC treatment (2.5
and 5 lg/ml). The confocal laser scanning microscope was applied
to visualize and capture images of the cells. Furthermore, flow
cytometry was adopted for the detection of PC12 cell apoptosis
after the cells were labeled with Fluorescein Isothiocyanate (FITC)
Annexin V and PI staining reagent (BD Bioscience, San Jose, USA).
As described previously, PC12 cells were treated with LTC for
12 h after OGD/R insult. After 15 min incubation with FITC Annexin
V and PI in the dark, the apoptosis of PC12 cells was detected by
flow cytometry.

Western blot assay

PC12 cells were subjected to OGD/R insult and LTC treatment as
described previously or subjected to thapsigargin (TG, MedChem-
express, New Jersey, USA) treatment with the presence of LTC.
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The same amount of total protein in cells or rat brain tissue was
resolved by 4–15% SDS-PAGE. The protein in the PAGE gel was then
transferred to PVDF membranes. After blocked in 5% non-fat milk,
the membranes were incubated with primary antibodies (1:1000)
at 4 �C overnight. Then further incubation with the secondary anti-
bodies (1:2000) proceeded for 1 h at room temperature. The tar-
geted proteins were visualized using the ECL chemiluminescence
detection kit. Primary antibodies of P-IRE1, IRE1, tumor necrosis
factor type 2 receptor associated protein 2 (TRAF2), and heavy
chain binding protein (Bip) were obtained from abcam (Cambridge,
UK), the others were purchased from Cell Signaling Technology
(Danvers, MA, USA). Secondary antibodies were obtained from Cell
Signaling Technology (Danvers, MA, USA).
Ischemia-reperfusion brain injury model and LTC treatment

Seventy male Sprague-Dawley (SD) rats weighing around 300 g,
age from 7 to 8 weeks, were obtained from SPF Biotechnology Co
(Beijing, China). The protocol adopted in this study had been
approved by the medical animal experiment ethics committee of
the Beijing University of Chinese Medicine (Approval Number:
BUCM-4-2018050601-2072). Rats were kept at 24 ± 2 �C and rela-
tive humidity of 50–60% with a light/dark cycle of 12/12 h. The
middle cerebral artery occlusion (MCAO)/reperfusion model was
performed following the previous protocol with modification
[23]. After a midline ventral neck incision was made, the internal
carotid artery and the pterygopalatine artery were divided and
ligated firstly. The external carotid artery was inserted with a
0.25-mm nylon thread and the origin of the middle cerebral artery
was blocked consequently to initiate MCAO. Nylon thread was then
withdrawn to restore cerebral blood flow after 1.5 h of transient
focal cerebral ischemia. After the time of reperfusion, rats were
treated 300 mg/kg LTC (n = 14) or 10 mg/kg Nimodipine (as a pos-
itive control, n = 14) by intragastric administration in 5 consecutive
days. A sham-operated group (n = 16) without inserting nylon
thread after subjected to the same surgical procedure was treated
with phosphate buffer saline (PBS) and sacrificed at corresponding
time points. The LTC treated sham group (n = 14) was also admin-
istrated the 300 mg/kg LTC after sham-operation. The dosages
selected were based on the clinical dosage of LTC. After treated
with Nimodipine or LTC for 5 days, the rats were sacrificed. Imme-
diately the brains were dissected out. Part of brain tissues was used
as the following staining. The others were frozen in �80 �C for
western blot analysis.
Infarct volume analysis, HE staining, and TUNEL assay of rat brain

Part of rat brain tissue was collected after rats were sacrificed,
and the hind region was removed. The coronal brain section was
cut into 3 mm slices and stained with 2,3,5-Triphenyltetrazolium
chloride (TTC) solution [24]. Part of rat brain was immediately dis-
sected out and embedded with paraffin after fixation. The 5 lm
slices of the coronal section with cortex region were stained with
HE. Histological aspects of apoptosis were studied by TUNEL histol-
ogy [24].
Immunohistochemistry (IHC) study with CHOP and NeuN

The immunohistochemistry was preceded following the
method described by the previous study [25]. Different primary
antibodies (1:100) were used to reveal the expression of C/EBP-
homologous protein (CHOP, Cell Signaling Technology, MA, USA)
and Neuronal nuclei (NeuN, Santa Cruz Biotechnology, TX, USA)
in the coronal brain section of rats in each group.
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Statistical analysis

All data were statistically analyzed using Prism 5.0 software.
Differences were analyzed by One way ANOVA and Student’s t-
test, with the statistically significant values set to p < 0.05.
Results

LTC increased OGD/R-induced cell viability of PC12 by inhibiting
apoptosis

PC12 cells were injured by OGD/R insult followed by 24 h of LTC
treatment. Cell viability and LDH release of PC12 cells were tested
subsequently. The cell viability showed the 7.61% and 10.69%
increase in cells treated with 5 lg/ml LTC and 5 lM curcumin (pos-
itive control), respectively. The dose-dependent decreases in LDH
release were further confirmed by LTC treatment (Fig. 1A). These
results suggest that LTC conserve neuron viability and integrity
after OGD/R insult. Subsequent experiments confirmed that even
400 lg/ml of LTC did not show cytotoxicity after 48 h incubation
alone (Fig. 1B). To elucidate the mechanism by how LTC increases
cell viability, we analyzed the effect of LTC on cell apoptosis by
FITC Annexin V/PI flow cytometry. We demonstrated observed
the percentage of late apoptotic cells (PI+/Annexin-V+, Q2) and
early apoptotic cells (PI�/Annexin-V+, Q4) enhanced in response
to OGD/R insult (4- and 36-fold, respectively, p < 0.05, Fig. 1C).
The percentage of both late apoptotic and early apoptotic cells
was dramatically decreased after LTC treatment (Fig. 1C). The
results of the AO/EB staining analysis further supported the anti-
apoptosis ability of LTC. Apoptotic and living cells emit green fluo-
rescence by AO staining, whereas only apoptotic cells emit red flu-
orescence by EB staining [26]. The proportion of apoptotic cells in
AO/EB double staining dramatically increased after the OGD/R
insult; these effects were significantly reversed by LTC treatment
(Fig. 1D). The above results indicated that LTC significantly reduced
the OGD/R-induced PC12 cell apoptosis.
LTC inhibited PC12 cells apoptosis via alleviating PERK/eIF2a and IRE1/
TRAF2 pathways mediated ER stress

To analyze the anti-apoptotic actions of LTC, the expressions of
apoptosis-related protein were examined under the condition of
OGD/R insult in the presence or absence of LTC (Fig. 2A). Western
blot results revealed that LTC markedly reversed the enhanced
cleaved forms levels of the caspase-3, 9, and PARP in PC12 cells
after OGD/R insult (Fig. 2A). GAPDH and b-actin were presented
as the loading control. This result suggested that LTC effectively
protected PC12 cells against apoptosis by regulation of the
caspase-3/9 signaling pathway.

Recently, ER dysfunction has been implicated in neuronal apop-
tosis after OGD/R insult [27], which can eventually activate the
caspase-3/9 pathway [28]. The PERK-eIF2a pathway is one of the
essential regulators in ER stress, which is touches upon ER stress-
induced apoptosis [29]. Therefore, the potential mechanism of
LTC on the PERK-eIF2a pathway following OGD/R induced ER
stress was further investigated. We first studied the activation of
PERK, eIF2a, and CHOP in response to OGD/R insult (Fig. 2B).
According to the results of western blot, after OGD treatment, both
PERK phosphorylation and eIF2a phosphorylation were activated
at 1 h post-treatment and declined after 2 h. The expression of
CHOP was activated after prolonged reperfusion treatment at
12 h post-treatment and persisted to 24 h. Based on the findings
above, we examined the related protein expressions with different
time spots of LTC treatment. Immunoblotting revealed that after
LTC treatment for 1 h (Fig. 2C), the phosphorylation of PERK and



Fig. 1. LTC protected PC12 cells against oxygen-glucose deprivation/reperfusion (OGD/R)-induced cell apoptosis. (A) LTC improved the cell viability and reduced the LDH
release of OGD/R-insulted PC12 cells. Cur: curcumin. (B) The effect of LTC alone on PC12 cell viability. (C) LTC suppressed the apoptosis rate of PC12 cell as measured by
Annexin V staining and flow cytometry analysis. Q4: early apoptosis, Q2: late apoptosis. (D) Apoptotic PC12 cells were identified using AO/EB staining. Apoptotic cells were
identified by double staining with acridine orange (AO) and ethidium bromide (EB). Cells that took up both dyes were classified as apoptotic (indicated by arrows in the EB
and merged panels). Scale bar = 50 lm. All data are presented as Mean ± SEM, from independent experiments performed in triplicate, and statistical comparisons between the
different groups were performed using one-way analysis of variance (ANOVA), followed by Student’s t-test. ##P < 0.01, relative to untreated group; *P < 0.05, **P < 0.01,
relative to OGD/R treated group.
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eIF2a induced by OGD/R injury was markedly suppressed. Then we
found the expressions of increased CHOP and Bip were also signif-
icantly reduced after prolonged LTC treatment for 24 h (Fig. 2D and
E). In addition to the PERK/eIF2a pathway, another ER stress-
induced cell apoptosis depends on the IRE1/TRAF2 pathway [30].
As depicted in Fig. 2E, the OGD/R injury induced-overexpression
of phosphorylated IRE1 and the TRAF2 were down-regulated by
LTC treatment in a dose-dependent manner. The above results
indicated the PERK/eIF2a and IRE1/TRAF2 pathways are related
to the protection of LTC against OGD/R-induced ER stress in
neurons.
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LTC regulated MAPK pathway in PC12 cells after OGD/R insult

MAPK signaling network is also known to regulate cell apoptosis
following the ER stress [31]. As ER stress-triggered IRE1 phosphory-
lation, the downstream TRAF2 was recruited to phosphorylate JNK
and P38 MAPK, which leads to the translocation of pro-apoptotic
Bax and phosphorylation of Bcl-2 [32,33], and eventually induces cell
apoptosis [34]. Our results revealed that the phosphorylation of JNK,
P38, and ErK1/2 was promoted after OGD/R insult in PC12 cells; and
these activated proteins were dose-dependently reversed by LTC
treatment (Fig. 3A). Consistent with the changes of the MAPK



Fig. 2. LTC protected PC12 cells against OGD/R-mediated apoptosis by alleviating PERK- eIF2a mediated ER stress. (A) LTC reversed OGD/R-induced expression of cleaved
PARP, caspase-3, and caspase-9. GAPDH was presented as the loading control. (B) OGD/R insult increased the expression of CHOP and the phosphorylation of PERK and
eIF2ain PC12 cells at different time points. b-actin was presented as the loading control. (C) LTC markedly reversed the phosphorylation of PERK and eIF2a induced by OGD/R
in a dose-dependent manner. (D) LTC reduced the expression of CHOP induced by OGD/R insult in PC12 cells. (E) LTC markedly reversed the phosphorylation of IRE1, Bip, and
TRAF2 overexpression induced by OGD/R. Data are presented as Mean ± SEM, from independent experiments performed in triplicate ##P < 0.01, relative to untreated group;
*P < 0.05, **P < 0.01, relative to OGD/R-treated group.
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Fig. 3. LTC down-regulated the activation of MAPK signaling pathway and Bax expression in PC12 cells. (A) LTC reversed OGD/R-induced phosphorylation of JNK, Erk1/2, and
P38 dose-dependently. (B) LTC markedly reduced the expression of Bax induced by OGD/R insult. Data are presented as Mean ± SEM, from independent experiments
performed in triplicate. ##P < 0.01, relative to untreated group; *P < 0.05, **P < 0.01, relative to OGD/R-treated group.
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pathway, the expression of pro-apoptotic Bax appeared to be sup-
pressed by LTC treatment (Fig. 3B). These results showed that LTC
also improved OGD/R-induced apoptosis by inhibiting MAPK signal-
ing pathway activation.

LTC alleviated thapsigargin-induced ER stress and apoptosis

To validate the protective effect of LTC against OGD/R injury
through alleviating ER stress-mediated apoptosis in PC12 cells,
TG was used to stimulate ER stress [35]. Exposure to TG at a con-
centration of 10 lM dramatically enhanced the levels of P-PERK,
P-eIF2a and P-IRE1. After LTC treatment, the elevated expression
of P-PERK, P-eIF2a and P-IRE1 induced by TG was significantly sup-
pressed (Fig. 4A). The subsequent studies revealed that TG treat-
ment also triggered the expression of CHOP and phosphorylation
of P38 (P-P38). The dose-dependent reduction of CHOP expression
and phosphorylation of P38 in LTC-treated PC12 cells after TG-
induction were also observed (Fig. 4B and C). Furthermore, we
investigated the effect of LTC on TG-induced cell apoptosis. Our
results revealed that LTC markedly reversed the enhanced levels
of cleaved forms of PARP and caspase-3 in PC12 cells after TG treat-
ment (Fig. 4D). The above results verified the effect that LTC pro-
tect PC12 cell against OGD/R insult by inhibiting PERK/eIF2a and
IRE1 mediated ER stress-induced apoptosis.

LTC inhibited cerebral I/R injury in vivo through alleviating apoptosis
and ER stress

As the protective effect of LTC against OGD/R injury had been
proved in vitro, the cerebral I/R injury experiments in vivo were
designed to confirm the therapeutic effect of LTC. Rats were ini-
tially subjected to MCAO for 1.5 h and then followed by reperfu-
sion. LTC (300 mg/kg) and nimodipine (10 mg/kg) were
administered intraperitoneally (i.p.) immediately to animals after
reperfusion and repeated daily for consecutive 5 days. Evaluation
of infarct size by TTC staining revealed LTC and nimodipine dis-
playing the same significant cytoprotection (Fig. 5A). HE staining
revealed that obvious structure changes such as karyopyknosis
and vacuolation were caused by MCAO/reperfusion in cerebral
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neuronal; these pathological changes are restricted by LTC treat-
ment (Fig. 5B). To investigate the extent of apoptosis of neuron
in the brain infarcted regions, we performed NeuN (marker of neu-
ronal cells) and TUNEL staining on the different experimental
groups [36]. The apoptosis of neuronal cells in the coronal section
of rat brains caused by MCAO/reperfusion was alleviated by LTC
treatment (Fig. 5B).

Further investigation of IHC for CHOP revealed that there is a
noticeable increase in CHOP expression of the infarcted regions,
LTC treatment also significantly suppressed CHOP expression
(Fig. 5B). These results above revealed that LTC exerted the protec-
tive effect in cerebral I/R injury through inhibited ER stress-
induced apoptosis of the neuronal cell. To confirm the inhibitory
effect of LTC on CHOP and caspase-induced cell apoptosis, the
expression levels of CHOP and cleaved caspase-3 were examined
in the infarcted regions by western bolt. Our findings revealed that
LTC remarkably inhibited the expression of the CHOP and cleaved
caspase-3, which indicated that LTC inhibited cell apoptosis in
brain tissue by alleviating ER-stress. Moreover, we discovered that
the increased level of phosphorylated P38 induced by MCAO/reper-
fusion was inhibited by LTC treatment (Fig. 5C).

Discussions

During cerebral ischemia injury, numerous researches have sta-
ted the fact that inflammation is constantly occurred after reperfu-
sion [37], and apoptosis is one of the most critical forms of cell
death in cerebral I/R injury [38]. It has been reported recently that
LTC and its component exhibited a protective effect against I/R
injury and the ability to alleviate neuroinflammation [39,40]. Fur-
ther investigation to the pathology mechanism, our findings indi-
cated LTC improved PC12 cell variability by inhibiting cell
apoptosis after OGD/R injury in vitro, which was verified by FITC-
Annexin V/PI flow cytometry and AO/EB staining. The following
study proved the activated (cleaved) PARP, caspase-3, and 9 were
inhibited by LTC in a dose-dependent manner after OGD/R insult.
Then the protection of LTC against the apoptosis of neuronal cells
also had been found in vivo. LTC treatment dramatically decreased
the infarct volume induced by MCAO/reperfusion and the rate of



Fig. 4. LTC inhibited thapsigargin-induced activation of ER stress and phosphorylation of P38 in vitro. (A) LTC inhibited PERK, eIF2a, and IRE1 phosphorylation induced by
thapsigargin (TG) in PC12 cells. (B) LTC suppressed TG-induced CHOP expression in PC12 cells. (C) LTC reversed the TG-induced phosphorylation of P38 in a dose-dependent
manner. (D) LTC suppressed TG-induced PC12 apoptosis. Data are presented as Mean ± SEM, from independent experiments performed in triplicate. ##P < 0.01, relative to
untreated group; *P < 0.05, **P < 0.01, relative to OGD/R treated group.

B. Pan, J. Sun, Z. Liu et al. Journal of Advanced Research 33 (2021) 215–225

221



B. Pan, J. Sun, Z. Liu et al. Journal of Advanced Research 33 (2021) 215–225
the apoptotic neuronal cell in the rat brain. These data proved that
LTC had protected against cerebral I/R injury induced by MCAO/
reperfusion.
222
ER stress caused by I/R injury is related to the higher-level
expressions of CHOP and Bip. The PERK/eIF2a and IRE1/TRAF2
pathways are related to ER stress-induced cell apoptosis after I/R



Fig. 6. Proposed mechanism of the protective effect of LTC against cerebral I/R injury in neuronal cells.
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injury. After dissociation from Bip, PERK and IRE1 are activated by
phosphorylating in the unfolded protein response (UPR), which
aids cell survival by alleviating nascent proteins loading at the ER
[41,42]. When ER stress is prolonged, the translation of CHOP is
promoted through PERK-eIF2a activation. Then this activation
affects intracellular calcium metabolism and causes changes in
gene expression, thereby promoting apoptosis [43]. At the same
time, the expression of CHOP stimulates Bax expression and
translocation to initiate mitochondrial-dependent apoptosis
through changing mitochondrial permeability [44]. In addition to
the PERK/eIF2a pathway, OGD/R injury increases the activation
of phosphorylated IRE1 and induces IRE1-TRAF2 complex forma-
tion which triggers the phosphorylation of JNK and P38. The acti-
vated JNKs and p38-MAPKs were deemed to play an important
role in apoptosis [30]. Therefore, neuronal cell apoptosis induced
by the PERK/eIF2a and IRE1/TRAF2 pathways of ER stress has been
reported to be an essential pathological process in I/R injury [45].

We discovered that LTC protected neuronal PC12 cells from
OGD/R injury by regulation of the caspase-mediated apoptosis
pathway. This protective effect of LTC was executed by inhibiting
Fig. 5. LTC protected cerebral I/R injury in vivo. (A) LTC remarkably reduced the
infarct size in the coronal section of the rat brain. SD rats were subjected to MCAO
(1.5 h) with the treatment of LTC (300 mg/kg) or nimodipine (10 mg/kg) for 5 days.
Then, the coronal brain sections were cut and stained with TTC. The red regions
indicated viable brain tissue, whereas non-stained pale regions indicated infarct
brain tissue (n = 8). Scale bar = 10 mm. Nim: nimodipine. (B) LTC significantly
reversed the neuronal structure changes, CHOP expression, and neuronal cell
apoptosis in the coronal section of the rat brain caused by MCAO. The coronal brain
sections were cut and stained with HE, TUNEL, or the antibodies of CHOP and NeuN
in IHC assay. Black arrows indicate vacuolation and karyopyknosis of the neuronal
cell in the representative photomicrographs of HE staining. Red arrows indicate
apoptotic vascular cells in the representative photomicrographs of TUNEL staining.
Yellow arrows show the positive staining in the representative photomicrographs
of the CHOP IHC assay. Green arrows show the positive staining of the neuronal cell
in the representative photomicrographs of the NeuN IHC assay. Scale bar = 50 lm.
(C) LTC reversed the expressions of CHOP, cleaved caspase-3 expression, and P-P38
in rat brain caused by MCAO (n = 6). Data are presented as Mean ± SEM. ##P < 0.01,
relative to sham group; *P < 0.05, **P < 0.01, relative to middle cerebral artery
occlusion group.
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CHOP and Bip expression. Further mechanistic investigation
revealed that LTC inhibited the Bip-induced phosphorylation of
PERK, eIF2a, and IRE1 dramatically, resulting in the inhibition of
CHOP expression and corresponding apoptosis. Our findings sug-
gested that LTC inhibits the ER stress by the PERK/eIF2a and
IRE1/TRAF2 pathways. The same protective effect of LTC was dis-
covered in the inhibition of TG-induced ER stress, which verified
the mechanism stated above.

In addition to PERK/eIF2a induced apoptosis, recent studies
have shown that JNK and P38 MAPK pathways are involved in
apoptosis activation during cerebral I/R injury, and the activation
of MAPK can be regulated by ER stress-induced IRE1 activation
[46]. As LTC was reported to inhibit MAPK activation induced by
neuroinflammation [40], our findings demonstrated that JNK,
P38, and Erk1/2 phosphorylations in PC12 cells were suppressed
by LTC treatment after OGD/R injury, which led to the decrease
of CHOP and pro-apoptotic Bax as the previous report [44]. These
results indicated that LTC might inhibit the activation of the MAPK
signal pathway by alleviating the activation of the IRE1/TRAF2
pathway in PC12 cells during OGD/R injury. In summary, our study
had demonstrated that LTC exerted its protective effect against I/R
injury in vitro by the ER stress and MAPK-mediated mechanisms.
Based on the studies in PC12 cells, we further observed the effect
of LTC on I/R rats. Consistent with our conclusion in vitro, the ER-
stress, apoptosis, and MAPK pathway in the cerebral infarcted
regions was significantly suppressed. Rats treated with a 300 mg/
kg dose of LTC exhibited abrogation of apoptosis, ER-stress, and
activation of P38, as demonstrated by IHC staining and protein
expression quantification.

Conclusions

LTC has been used to treat stroke in clinical for a long time.
However, the problem of the unclear mechanism of action has
severely restricted its clinical application. Here, our findings
strongly suggest that LTC protected the cerebral neuronal cell
against I/R injury through alleviating ER stress and MAPK-
mediated mechanisms, eventually inhibited caspase-dependent
cell apoptosis (Fig. 6).
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