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Asiaticoside attenuates neonatal hypoxic–ischemic brain damage 
through inhibiting TLR4/NF-κB/STAT3 pathway
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Background: Neonatal hypoxic ischemic encephalopathy (HIE) is currently a leading cause of neonatal 
death. Asiaticoside (AT), a bioactive constituent isolated from Centella asiatica, possesses numerous biological 
properties. For instance, previous studies showed that AT could protect ischemia hypoxia neurons by 
mediating BCL-2 protein. However, the roles and underlying mechanisms of AT in neonatal HIE have not 
been clarified. 
Methods: Rice-Vannucci was applied to construct a hypoxic-ischemic brain damage (HIBD) model. 
Pathological damage of brain neuron tissue was determined by hematoxylin-eosin (HE) staining, while 
apoptosis was evaluated by terminal-deoxynucleoitidyl transferase nick end labeling (TUNEL) staining. 
Western blot and immunohistochemistry were applied to monitor related proteins levels. Enzyme-linked 
immunosorbent assay (ELISA) was conducted to measure the expression levels of inflammatory cytokines.
Results: The present study indicated that AT dose-dependently ameliorated histologic damage and 
inhibited apoptosis induced by hypoxic ischemia (HI) (P<0.01). AT also dose-dependently alleviated oxidative 
damage and reduced the levels of proinflammatory cytokines (ICAM-1, IL-18, and IL-1β) and TLR4 level. 
In terms of mechanism, decrease of TLR and IL-18 suppressed NF-κB phosphorylation and reduced the 
levels of TNFα, IL-6, and p-STAT3, leading to the inactivation of NF-κB/STAT3 pathway. Interestingly, 
with the addition of lipopolysaccharide (LPS), the increase of TLR4 activated NF-κB/STAT3 pathway again.
Conclusions: Collectively, the data provide insight into a novel mechanism by which AT may be an 
effective agent for HIE via the TLR4/NF-κB/STAT3 pathway.

Keywords: Asiaticoside (AT); neonatal hypoxic-ischemic brain damage (HIBD); TLR4; NF-κB; STAT3

Submitted Mar 19, 2020. Accepted for publication May 07, 2020.

doi: 10.21037/atm-20-3323

View this article at: http://dx.doi.org/10.21037/atm-20-3323

Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE) is a 
clinical syndrome caused by long-term cerebral hypoxic 
ischemia in premature or full-term infants before birth 
or at birth (1). HIE can cause neurological sequelae such 
as cerebral palsy, cognitive impairment, stunting, and 
epilepsy, which can lead to death in severe cases (2,3). 
HIE is currently the leading cause of infant mortality. 

Its incidence ranges from 1–2‰ in full-term births (4). 
Currently, hypothermia is regarded as the only possible 
way for treating neonatal cerebrovascular injury in the 
perinatal period (5,6). However, only 50% of treatments are 
partially effective, with almost all the others having adverse 
outcomes (7). Therefore, it is still necessary to explore new 
treatment methods for neonatal HIE.

Asiaticoside (AT) is a bioactive constituent isolated 
from the medicinal plant, Centella asiatica. Accumulating 
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evidence suggests that AT has various biological effects, 
including neuroprotection (8), anti-ulceration (9), 
promotion of wound-healing (10-12), anti-inflammation, 
and antioxidation (13,14). Extensive research indicates that 
AT dramatically impacts various diseases such as osteolytic 
bone diseases (15), multiple sclerosis (16), Alzheimer’s 
disease (13), oral lichen planus (8,17), and pulmonary 
hypertension (18). It has been previously documented that 
AT could protect ischemia hypoxia neurons by mediating 
BCL-2 protein in vitro (8). However, the specific roles and 
underlying molecular mechanisms in hypoxic-ischemic-
induced neonatal encephalopathy are not well understood.

Toll-like receptors (TLRs), as part of the transmembrane 
receptor superfamily, are widely distributed in the central 
nervous system and play an important role in the induction 
and regulation of immune inflammatory response (19). For 
example, deficiency of TLR4 can reduce the expression 
of relevant inflammatory factors and thus alleviate the 
injury caused by inflammation. On the contrary, previous 
studies have shown that overexpression of TLR4 could 
promote neuronal cell death, indicating TLR4 participates 
in the regulation of brain injury in fetal and newborn rats 
(20,21). As a crucial regulatory factor, nuclear factor-kappa 
B (NF-κB) is involved in many physiological processes, 
such as immune response, apoptosis, tumor formation, and 
inflammatory response. Activation of TLR4 can induce the 
phosphorylation of NF-κB and migration into the nucleus, 
thereby attenuating neuronal autophagy and inflammatory 
injury in experimental traumatic brain injury (22). Signal 
transducer and activator of transcription 3 (STAT3) also 
plays key roles in the occurrence of brain inflammation (23). 
Researches showed that AT possessed inhibitory effect on 
TLR4/NF-κB signaling pathway. Song et al. found that AT 
can attenuate Aβ1-42 induced cell growth inhibition and 
apoptosis in human brain microvascular endothelial cells via 
inhibiting the TLR4/NF-κB signaling pathway (24). Xing  
et al. reported that AT could protect cochlear hair cells from 
high glucose-induced oxidative stress via suppressing AGEs/
RAGE/NF-κB pathway (25). Nevertheless, as an important 
signal pathway, whether TLR4/NF-κB/STAT3 pathway 
participates in neonatal HIE is still not clear.

To date, the specific roles and potential molecular 
mechanisms of AT in neonatal HIE have still not been 
determined. In the present study, we first explored the role 
of AT in neonatal HI-induced brain damage, and then 
subsequently examined the underlying mechanisms in vivo. 
Overall, this study is the first to provide direct evidence 
for the potential of AT as a promising therapeutic agent in 

HIE. We present the following article in accordance with 
the ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-3323).

Methods

Hypoxic-ischemic brain damage (HIBD) animal models

All animal experiments were carried out in accordance with 
the National Institutes of Health (NIH) Guide for the Care 
and Use of Laboratory Animals and were approved by the 
Affiliated Hospital of North Sichuan Medical College. A 
total of 70 Sprague-Dawley rats [male, on postnatal day 
(P) 7 (P7), weight range 13–17 g] were obtained from the 
Animal Center of the Affiliated Hospital of North Sichuan 
Medical College. In this study, we used Rice-Vannucci to 
construct a HIBD model. The rats were anesthetized with 
an intraperitoneal injection of ketamine (25 mg/kg) and 
xylazine (5 mg/kg) (26). The left common carotid artery was 
exposed, isolated from the vagus nerve, and double-ligated 
with 4-0 surgical silk. The procedure was completed within 
10 min. After being sutured, the rats recovered for 1 hour, 
and were placed in a hypoxia chamber with 8% oxygen 
balanced with nitrogen at 37 ℃ for 2 hours. After successful 
modeling, the mice were randomly divided into the 7 
following groups with 10 mice in each group: the control 
group, healthy rats; the HIBD group, HIBD models; the 
HIBD + AT (10 mg) group, HIBD models given 10 mg/kg 
AT; the HIBD + AT (20 mg) group, HIBD models given 
mg/kg AT; the HIBD + AT (40 mg) group, HIBD models 
given mg/kg AT; the HIBD + lipopolysaccharides (LPS) 
group, HIBD models injected with 0.4 mg/kg LPS; the 
HIBD + LPS + AT (40 mg), HIBD models injected with 
0.4 mg/kg LPS and given 40 mg/kg AT. After injection for 
25 days, the rats were anesthetized, rats were sacrificed by 
decapitation immediately and brains were rapidly removed. 
The cortical tissues of the left hemispheres were dissected 
on ice, frozen immediately on dry ice, and then stored at 
−80 ℃ for subsequent experiments.

Hematoxylin and eosin (HE) staining

Brain neuron tissue was fixed in 4% formaldehyde for  
72 hours. After being decalcified in 20% ethylenediamine 
tetra acetic acid, the sample was dehydrated in gradient 
concentrations of ethanol and embedded in paraffin. Then, 
the tissues were cut into 5-μm slices and dyed with HE 
staining. The HE-stained sections were observed with a 
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light microscope for morphologic changes (BX51; Olympus 
Corp., Tokyo, Japan). All experiments were repeated 3 times.

Terminal-deoxynucleoitidyl transferase nick end labeling 
(TUNEL) assay

Neuronal apoptosis in hippocampal CA1 region was 
examined with the TUNEL assay (Beyotime, Jiangsu, 
China) in accordance with the manufacturer’s instruction. 
Coronal sections were taken from the middle part of the 
optic chiasm and papillary body. The apoptotic neurons in 
hippocampal CA1 area were observed in 5 random visual 
fields with microscopy. The apoptotic cells were counted 
by Image-Pro Plus 5.1 image analysis software (27). All 
experiments were repeated 3 times.

Western blot assays

Brain neuron tissue was ground in liquid nitrogen and 
lysed in the lysis buffer. (Beyotime, Shanghai, China) 
The concentrations of proteins were determined using a 
Pierce BCA Protein Assay Kit. (Thermo Fisher Scientific, 
Inc.) Samples were separated via 10% SDS-PAGE and 
transferred to polyvinylidene difluoride membranes 
(EMD Millipore, Billerica, MA, USA). After blocking 
with 5% bovine serum albumin (BSA) for 1 hour at room 
temperature, the samples were probed with primary 
antibodies against GAPDH (#5174, 1:1,000, Cell Signaling 
Technology, MA, USA), caspase-3 (#9665, 1:1,000, CST, 
MA, USA), caspase-9 (#9508, 1:1,000, CST, MA, USA), 
NF-κB p65 (#8242, 1:1,000, CST, MA, USA), p-p65 
(#3033, 1:1000, CST, MA, USA), STAT3 (#9139, 1:1,000, 
CST, MA, USA) p-STAT3 (#9145, 1:2,000, CST, MA, 
USA), TNF-α (#3707, 1:1,000, CST, MA, USA), and 
TLR4 (#14358, 1:1,000, CST, MA, USA), ICAM-1 (#4915, 
1:1,000, CST, MA, USA), at 4 ℃ overnight. The next day, 
membranes were incubated with anti-rabbit IgG (H + L) 
secondary antibody (#14708, 1:1,000, CST, MA, USA) for 
1.5 hours at room temperature. Proteins were visualized 
using enhanced chemiluminescence reagents (Pierce, USA). 
Analysis was performed using ImageJ software (version 1.48, 
National Institutes of Health, Bethesda, MD, USA). All 
experiments were repeated 3 times.

Lactate dehydrogenase (LDH), superoxide dismutase 
(SOD), and malondialdehyde (MDA) measurement

Serum was collected from each group and stored at −80 ℃  

for analysis. Serum LDH, SOD, and MDA were determined 
by the following methods. The release rate of (LDH) was 
determined by spectrophotometer. Activities of (SOD) 
activity were measured by xanthine oxidase, and content 
of (MDA) was determined by thiobarbital colorimetry. 
All the operation steps were conducted according to 
the manufacturer’s instructions (Vazyme, China). All 
experiments were repeated 3 times.

Immunohistochemical (IHC) analysis 

IHC analysis was conducted as previously described (28). 
Briefly, 5 μm-thick paraffin sections were deparaffinized 
in xylene and rehydrated in ethanol at several different 
gradients. The slices were heated in citrate for 10 minutes 
and then cooled for 30 minutes. After that, the sections 
were incubated in 3% H2O2 for 10 minutes to inactivate 
endogenous peroxidase. After dropping 100–400 μL of 
preferred sealing liquid on each slice and sealing for 1 hour 
at room temperature, the slices were incubated with primary 
antibody of intercellular adhesion molecule-1 (ICAM-1) 
(anti-ICAM-1, #4915, 1:25, CST, USA) at 4 ℃ overnight. 
Corresponding secondary antibody was then added for 
1 hour at room temperature. The images were observed 
under a light microscope. All experiments were repeated  
3 times.

Enzyme-linked immunosorbent assay (ELISA)

Serum were collected from each group and stored at −80 ℃  
for analysis. Cytokines including interleukin-6 (IL-6), 
interleukin-18 (IL-18), and interleukin-1β (IL-1β) were 
measured with ELISA kits according to the manufacturer’s 
instructions (Bio-Swamp, Shanghai, China). A microplate 
reader (BioTek Epoch, Winooski, VT, USA) was used 
to detect the optical density (OD) values at 450 nm. 
Quantitative analysis of IL-6, IL-18, and IL-1β were 
measured according to the standard curve. All experiments 
were repeated 3 times.

Statistical analysis

Data are presented as the mean ± standard deviation 
of experiments repeated at least 3 times. Statistical 
comparisons between different groups were conducted 
using one-way analysis of variance followed by Bonferroni’s 
post hoc test using SPSS 13.0 (SPSS, Inc., Chicago, 
IL, USA). A P value <0.05 was considered to indicate a 
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statistically significant difference.

Results

AT mitigated HI-induced brain neuron damage and 
apoptosis

In the HE staining, the cell contour of brain neuron tissue 
in the control group was clear and normal with the nucleus 
in the center and the Nissl bodies distributed uniformly 
around the nucleus. In the HI-induced HIBD group, the 
brain neuron tissue was atrophic and pale, with a thin cortex 

and the formation of a few voids. Furthermore, neurons 
were lost, and glial scars were formed in the cortex of the 
hippocampus and thalamus. However, with the treatment of 
AT, the pathological changes were obviously ameliorated in 
a dose-dependent manner (Figure 1A). Similarly, TUNEL 
staining exhibited that more brown nuclei were observed 
in hippocampal CA1 area in the HI-induced HIBD 
group compared with the control group. However, with 
the addition of AT, brown nuclei were dose-dependently 
decreased (Figure 1B, **P<0.01, ##P<0.01). Furthermore, 
western blot also showed that apoptosis marker protein 
level (Caspase-3 and Caspase-9) were also dose-dependently 
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Figure 1 AT mitigated HI-induced brain neurons damage and apoptosis. Mice were randomly divided into the 7 following groups with 
10 mice in each group: the control group, healthy rats; the HIBD group, hypoxic-ischemic brain damage models; the HIBD + AT (10 mg) 
group, the HIBD models given 10 mg/kg AT; the HIBD + AT (20 mg) group, HIBD models given mg/kg AT; the HIBD + AT (40 mg)  
group, HIBD models given mg/kg AT. (A) HE staining showed the histological changes in each group. (B) TUNEL staining showed the 
apoptosis in each group. The bar graph represents the percentage of apoptotic cells. (C) The expression of apoptosis marker proteins 
caspase-3 and caspase-9 in each group were measured by Western blot. The bar graph represents the relative protein expression level. Each 
experiment included 4 repetitions per condition (**, P<0.01 vs. control group; ##, P<0.01 vs. HIBD group). AT, asiaticoside; HIBD, hypoxic-
ischemic brain damage; TUNEL, terminal-deoxynucleoitidyl transferase nick end labeling.
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inhibited with the treatment of AT (Figure 1C, **P<0.01, 
##P<0.01), which was consistent with TUNEL staining.

AT alleviated HI-induced oxidative damage

Oxidative damage is the major mechanism for HI-induced 
brain neuron damage. The release rate of LDH was 
determined by spectrophotometer. As shown in Figure 2, 
activities of SOD were significantly reduced in the HI-
induced HIBD group compared with the control group, 
while MDA content and LDH release rate were significantly 
increased, indicating the damaging effects of hypoxia and 
ischemia (Figure 2A,B,C, **P<0.01, ##P<0.01). However, AT 
treatment enhanced activities of SOD, and decreased HI-
induced MDA accumulation and the release of LDH in a 
dose-dependent manner compared with the HIBD group 
(**P<0.01, ##P<0.01). Overall, these results demonstrate 
that AT had an inhibitory effect on HI-induced oxidative 
damage.

AT reduced HI-induced proinflammatory cytokines levels

Intercellular adhesion molecule-1 (ICAM-1) is the main 
pro-inflammatory factor after brain injury, and is involved 

in the inflammatory response in the reperfusion area. 
Immunohistochemistry assay revealed that the expression 
of ICAM-1 was elevated in the HI-induced HIBD group 
compared with the control. However, with the addition of 
AT, expression of ICAM-1 was dose-dependently decreased 
(Figure 3A and B; **P<0.01; ##P<0.01). Parallelly, we also 
examined the levels of ICAM-1 using Western blot assay, 
and the results were consistent with IHC (Figure 3C). 
Additionally, serum proinflammatory cytokine levels of IL-6,  
IL-18, and IL-1β were also identified using ELISA assays. 
The results demonstrated that serum pro-inflammatory 
cytokines levels (IL-6, IL-18, and IL-β) were significantly 
increased in HI-induced HIBD group compared with the 
control. However, adding AT counteracted the increase 
of IL-6, IL-18, and IL-1β (Figure 3D; **P<0.01; ##P<0.01). 
All these results indicate that AT reduced HI-induced 
proinflammatory cytokine levels and might effectively 
protect against HI-induced brain damage.

TLR4/NF-κB/STAT3 pathway was implicated in the 

activity of AT in HI-induced brain damage

In a further investigation of the related molecular 
mechanisms, activation of TLR4/NF-κB/STAT3 pathway 

Figure 2 AT alleviated HI-induced oxidative damage. Mice were randomly divided into the 7 following groups with 10 mice in each group: 
the control group, healthy rats; the HIBD group, hypoxic-ischemic brain damage models; the HIBD + AT (10 mg) group, the HIBD models 
given 10 mg/kg AT; the HIBD + AT (20 mg) group, HIBD models given mg/kg AT; the HIBD + AT (40 mg) group, HIBD models given 
mg/kg AT. (A) Activity of SOD in each group. (B) The accumulation of MDA in each group. (C) Release rate of LDH in each group (**, 
P<0.01 vs. control; ##, P<0.01 vs. HIBD group). AT, asiaticoside; HIBD, hypoxic-ischemic brain damage; SOD, superoxide dismutase; MDA, 
malondialdehyde; LDH, lactate dehydrogenase.
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was measured by western blot. As shown in Figure 4A and B,  
compared with the control, TLR4 level was markedly 
increased in the HIBD group, and the enhanced TLR4 
further promoted the phosphorylation of NF-κB and 
STAT3 as well as TNFα level. However, treatment with AT 
for 40 mg/kg greatly decreased TLR4 level, the decrease 
of TLR4 further inhibited phosphorylation of NF-κB and 
STAT3, while reducing TNFα level (**P<0.01; ##P<0.01). 
Taken together, these results indicate that AT inhibited 
HI-induced brain damage via inactivating TLR4/NF-κB/
STAT3 pathway.

LPS decreased the inhibition of AT to HI-induced brain 
damage via activating TLR4/NF-κB/STAT3 signaling 

pathway

To further confirm the involvement of TLR4/NF-κB/

STAT3 pathway, the TLR4-specific activator, LPS, was 
injected into the caudal vein of the rats. As shown in  
Figure 5A, with the addition of LPS, TLR4 level was 
elevated, and the elevated TLR4 further promoted 
phosphorylation of NF-κB and STAT3, in addition to 
increasing TNF-α when compared with the HIBD + AT 
(40 mg) group. This indicated that LPS weakened the 
suppressing effect of AT on the activation of TLR4/NF-
κB/STAT3 pathway. However, the combined treatment 
of LPS and AT counteracted the inhibition of AT on the 
activation of TLR4/NF-κB/STAT3 pathway to some extent 
(**P<0.01; ##P<0.01; &&P<0.01) Furthermore, HE staining 
showed that with the treatment of LPS, brain neuron tissue 
deteriorated, and astrocytes proliferated with neurons being 
lost in large numbers (Figure 5B). Additionally, adding LPS 
enhanced the expression of IL-6 and decreased the activities 
of SOD (Figure 5C and D, **P<0.01; ##P<0.01; &&P<0.01). 

Figure 3 AT reduced HI-induced proinflammatory cytokines levels. Mice were randomly divided into the 7 following groups with 10 mice 
in each group: the control group, healthy rats; the HIBD group, hypoxic-ischemic brain damage models; the HIBD + AT (10 mg) group, the 
HIBD models given 10 mg/kg AT; the HIBD + AT (20 mg) group, HIBD models given mg/kg AT; the HIBD + AT (40 mg) group, HIBD 
models given mg/kg AT. (A) ICAM-1 was examined by using immunohistochemical analysis in each group. (B) The bar graph represents the 
percentage of ICAM-1 positive cells in each group. (C) The expression of pro-inflammatory factor ICAM-1 in each group were measured 
by Western blot. (D) The levels of IL-6, IL-18, and IL-1β were detected by ELISA assay in each group (**, P<0.01 vs. control; ##, P<0.01 vs. 
HIBD group). AT, asiaticoside; HIBD, hypoxic-ischemic brain damage; ICAM-1, intercellular adhesion molecule-1; ELISA, enzyme-linked 
immunosorbent assay.
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Collectively, these results confirm that LPS decreased the 
inhibition of AT to HI-induced brain damage via activating 
TLR4/NF-κB/STAT3 signaling pathway.

Discussion

Hypoxia stimulates the release of glutamate, which not 
only causes epilepsy, but also increases the inflow of 
calcium ions. Change in calcium concentration activates 
the mitochondrial apoptotic pathway and stimulates 
the production of reactive oxygen species, thus causing 
hypoxic-ischemic-induced brain damage (29-32). HIBD 
often leads to permanent brain damage in human neonates, 
resulting in nervous system disability or even infantile 
mortality (33). Currently, hypothermia treatment is the only 
available treatment to improve the outcome of neonatal 
HIBD, However, hypothermia (HT) for neonatal HIBD is 
advised to start within the first 6 hours after birth. Besides 
hypothermia, our research found a bioactive compound to 
also be effective in the treatment of HIBD (34-36).

Chinese medical herbs are derived from a wide range 
of sources and natural substances, and afflict users with 
few side effects. AT, a bioactive ingredient extracted from 

Centella asiatica, has been regarded as an important agent in 
various diseases. In current studies, AT was reported to have 
a significant neuroprotective and anti-inflammatory effects 
(37-39). Previous studies reported that treatment with 
AT markedly reduced the level of the pro-inflammatory 
cytokines (IL-6, TNF-α, and IL-1β), repaired the damaged 
subcellular structure, and decreased caspase-3 expression 
(13,17). Moreover, in Luo et al.’s research, treating with 
AT observably decreased the level of MDA, and increased 
the level of SOD, glutathione (GSH), and glutathione-
peroxidase (GSH-PX) (14). Another study revealed that AT 
was also involved in apoptosis (17,40). As reported in Song 
et al.’s research, pretreatment of AT (25, 50, and 100 mM)  
for 12 hours significantly attenuated apoptosis, and restored 
declining mitochondrial membrane potential in human 
brain microvascular endothelial cells (hBMECs) (17). 
Consistent with these results, our studies demonstrated that 
AT inhibited cell apoptosis and reduced the expression of 
pro-inflammatory cytokines and oxidative damage in vivo. 
Additionally, AT also restored the histological injuries in 
neonatal brain neurons. Taken together, our results support 
the notion that AT may be an effective agent for HIE 
clinically.

Figure 4 TLR4/NF-κB/STAT3 pathway was implicated in the activity of AT in HI-induced brain damage. Mice were randomly divided 
into the 7 following groups with 10 mice in each group: the control group, healthy rats; the HIBD group, hypoxic-ischemic brain damage 
models; the HIBD + AT (10 mg) group, the HIBD models given 10 mg/kg AT; the HIBD + AT (20 mg) group, HIBD models given mg/kg  
AT; the HIBD + AT (40 mg) group, HIBD models given mg/kg AT. (A) For each group, the LPS-induced TLR4 and phosphorylation of 
NF-κB and STAT3, along with the TNF-α, was measured by Western blot. B. The bar graph represents the relative protein expression of 
p-STAT3/STAT3, TLR4, p-p65/p65, and TNF-α in each group. GAPDH was used as an internal control (**, P<0.01 vs. control; ##, P<0.01 
vs. HIBD group). AT, asiaticoside; HIBD, hypoxic-ischemic brain damage.
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Figure 5 LPS decreased the inhibition of AT to HI-induced brain damage via activating TLR4/NF-κB/STAT3 signaling pathway. Mice 
were randomly divided into the 7 following groups with 10 mice in each group: the control group, healthy rats; the HIBD group, hypoxic-
ischemic brain damage models; the HIBD + AT (10 mg) group, the HIBD models given 10 mg/kg AT; the HIBD + AT (20 mg) group, 
HIBD models given mg/kg AT; the HIBD + AT (40 mg) group, HIBD models given mg/kg AT. (A) Western blot assays were used to 
monitor the levels of TLR4, p-65, and p-STAT3 along with TNF-α. The bar graph represents the relative protein expression of p-STAT3/
STAT3, TLR4, p-p65/p65, and TNF-α in all groups. GAPDH was used as an internal control. (B) HE staining clarified the role of LPS in 
HI-induced brain neuron tissue. (C) IL-6 level of each group was measured. (D) The SOD activity was assessed in each group (**, P<0.01 
vs. control; ##, P<0.01 vs. HIBD group; &&, P<0.01 vs. HIBD + LPS group). LPS, liposaccharide; AT, asiaticoside; HIBD, hypoxic-ischemic 
brain damage; SOD, superoxide dismutase.
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Numerous studies have demonstrated that TLR4/NF-
κB/STAT3 pathway plays an important role in various cell 
processes, including cell proliferation and apoptosis (41-43). 
As a common signal pathway, TLR4/NF-κB was found to 
be regulated by numerous bioactive compounds (41,44). In 
Liao et al.’s research, LPS-induced anti-inflammatory factor 
level was restrained by chelidonine via inhibiting TLR4/
NF-κB signaling pathway in RAW264.7 macrophages (45).  
Furthermore, in human endothelial cells, kaempferol 
alleviated ox-LDL-induced apoptosis through the inhibition 
of TLR4/NF-κB pathway (46). In addition, astrocytic 
GAP43 induced by the TLR4/NF-κB/STAT3 pathway 
attenuated astrogliosis-mediated microglial activation and 
neurotoxicity and provided beneficial effects for neuronal 
plasticity. Another study found that treating with resveratrol 
significantly reduced brain edema, motor deficit, neuronal 
loss, and improved spatial cognitive function by suppressing 
the TLR4/NF-κB signaling pathway. Likewise, in our 
studies, we found that AT notably decreased the protein 
levels of TLR4 and IL-18, while the decreased levels of 
TLR4 and IL-18 further inhibited the phosphorylation of 
NF-κB. The inhibition of p-NF-κB in turn suppressed the 
level of TNF-α and IL-6, thus leading to the inhibition of 
STAT3 phosphorylation. On the whole, the results strongly 
suggest that the TLR4/NF-κB/STAT3 pathway was 
obstructed by AT. Furthermore, with the addition of LPS, 
the TLR4/NF-κB/STAT3 pathway was activated again.

Conclusions

In conclusion, our results revealed a novel mechanism of 
AT in HIBD. In the present study, we proved that AT (10, 
20, and 40 mg/kg) significantly inhibited HIBD-induced 
apoptosis, reduced the levels of pro-inflammatory cytokines, 
and further repaired brain neuron injury and oxidative 
damage in a dose-dependent manner via the TLR4/NF-κB/
STAT3 pathway. Our study provides insights into a novel 
mechanism by which AT may be an effective agent for HIE 
clinically.
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