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Astragalus polysaccharides exerts 
immunomodulatory effects via 
TLR4-mediated MyD88-dependent 
signaling pathway in vitro and in 
vivo
Lijing Zhou1, Zijing Liu2, Zhixue Wang1, Shuang Yu1, Tingting Long1, Xing Zhou1 & Yixi Bao1

Astragalus polysaccharides (APS), which is widely used as a remedy to promote immunity of breast 
cancer patients, can enhance immune responses and exert anti-tumor effects. In this study, we 
investigated the effects and mechanisms of APS on macrophage RAW 264.7 and EAC tumor-bearing 
mice. Griess reaction and ELISA assays revealed that the concentrations of nitric oxide, TNF-α, IL-1β 
and IL-6 were increased by APS. However, this effect was diminished in the presence of TAK-242 (TLR4 
inhibitor) or ST-2825(MyD88 inhibitor). In C57BL/10J (TLR4+/+wild-type) and C57BL/6J (MyD88+/+wild-
type) tumor-bearing mice, the tumor apoptosis rate, immune organ indexes and the levels of TNF-
α, IL-1β and IL-6 in blood increased and the tumor weight decreased by oral administration of APS 
for 25 days. APS had no obvious effects on IL-12p70. However, these effects were not significant in 
C57BL/10ScNJ (TLR4-deficient) and C57BL/B6.129P2(SJL)-Myd88m1.1Defr/J (MyD88-deficient) tumor-
bearing mice. qRT-PCR and Western blot indicated that APS stimulated the key nodes in the TLR4-
MyD88 dependent signaling pathway, including TLR4, MyD88, TRAF-6, NF-κB and AP-1, both in vitro 
and in vivo. However, TRAM was an exception. Moreover, TRAF-6 and NF-κB were not triggered by 
APS in gene-deficient tumor-bearing mice. Therefore, APS may modulate immunity of host organism 
through activation of TLR4-mediated MyD88-dependent signaling pathway.

Breast cancer is the most common cancer among women and the leading cause of cancer-related death world-
wide1. Traditional therapies, including surgical resection, radiotherapy and chemotherapy, are predominately 
applied to prolong survival time of cancer patients. However, chemoradiotherapy could cause severe side-effects 
in advanced cancer. At present, traditional Chinese medicine (TCM) has been well accepted as a complementary 
and alternative therapy to improve the clinical symptoms, control the tumor size, improve the quality of life and 
prolong the survival time for cancer patients2–4.

Various kinds of polysaccharides from TCM show anti-tumor activities and immunoregulation effects5–8. 
Astragalus polysaccharides (APS), the main active extract from Astragalus membranaceus, has been well rec-
ognized as an anti-tumor immunomodulator and widely applied in clinic9,10. It has a molecular weight of 
3.6 ×​ 104 Da and has a variety of bio-activities11–15. The immunomodulatory16 and anti-tumor activities17,18 are 
its main functions.

The toll-like receptors (TLRs) play important roles in identifying pathogens and activating the innate immune 
system19,20. TLR4 is the first identified Toll protein on cell membranes, which can recognize lipopolysaccha-
rides (LPS) of Gram-negative bacteria21. Besides, TLR4 on macrophages is essentially involved in many natural 
polysaccharide-induced events5. It also plays a crucial role in the enhancement of innate immune response and 
the production of cytokines induced by polysaccharides22. The branches of TLR4 signaling pathways include 
TLR4-toll interleukin1 receptor adaptor protein (TIRAP)/MAL-myeloid differentiation factor 88 (MyD88) 
(MyD88-dependent) and TRAM/Toll/IL-1 receptor (TIR)-domain-containing adaptor-inducing interferon 
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(TRIF) (MyD88-independent) signaling pathways. MyD88-dependent signaling pathway is involved in sev-
eral immunological disorders23,24. A study was designed to identify and characterized the receptors of APS on 
immune cells. The results demonstrated that there was direct interaction between APS and TLR4 on cell surface 
of macrophages25. It was also reported that polysaccharides of Radix Astraguli induced cytokine production in 
RAW264.7 cells through TLR4-mediated activation of MAPKs and NF-κ​B18. However, whether the immuno-
modulatory and anti-tumor effects of APS is mediated through TLR4 signaling pathway is still unclear.

Here, we sought to systematically identify and characterize the immunoregulation and anti-tumor effects of 
APS in vitro and in vivo. Moreover, this study was also designed to investigate the role and mechanism of TLR4 
signaling pathway in APS-induced immunoregulation and tumor inhibition.

Materials and Methods
Reagents.  APS, which was dissolved in aseptic phosphate buffer saline (PBS), was purchased from Kamai 
Shu Biotechnology (Shanghai, China) with a purity of 98.5% for in vitro experiments. The possibility of LPS 
contamination in the APS was ruled out by chromogenic end-point tachypleus amebocyte lysate (CE TAL) assay 
kit (Chinese Horseshoe Crab Reagent Manufactory Co. Ltd., Xiamen, China). The APS powder was from Xi’an 
yuensun biological technology company (Xi’an, Shaanxi province, China) with a purity of 70% and was dissolved 
in normal saline at 65 °C for oral administration. LPS was isolated from Escherichia coli 055:B5, which was bought 
from Biosharp (Anhui, China). Adriamycin (ADM) was gained from Shenzhen Main Luck Pharmaceuticals Inc. 
(Shenzhen, China). The ADM powder was dissolved in normal saline injections according to the manufacturer’s 
instructions. Dulbecco’s modified Eagle’s medium (DMEM), trypsin and dialyzed fetal bovine serum (FBS) were 
obtained from Hyclone (Logan city, UT, USA). TAK-242 (Resatorvid), a small-molecule specific inhibitor of Toll-
like receptor 4 (TLR4), and ST-2825, a MyD88 pharmacologic inhibitor, were purchased from MedChem Express 
(MCE) (NJ, USA). The ELISA kits for cytokine detection were acquired from 4A biotech Co. Ltd. (Beijing, China). 
The Universal RNA Extraction Kit, PrimeScript RT reagent Kit with gDNA Eraser and SYBR Premix Ex TaqTM 
II were gained from TaKaRa Bio Inc. (Kyoto, Japan). Immunoblotting antibodies were purchased from Cell 
Signaling Technology (Beverly, MA). Annexin-V-FITC apoptosis detection kit and Collagenase IV were from 
Sigma-Aldrich Co. Ltd. (St. Louis, MO, USA).

Animals.  Female, 4–6 weeks old, weighing 18–22 g, C57BL/10ScNJ mice (TLR4-deficient mice lacking func-
tional tlr4, TLR4−/−) and C57BL/B6.129P2 (SJL)-Myd88m1.1Defr/J mice (MyD88-deficient mice lacking functional 
myd88, MyD88−/−), as well as their corresponding control group C57BL/10J mice (wild-type mice, TLR4+/+) and 
C57BL/6J mice (wild-type mice, MyD88+/+) were purchased from Model Animal Research Center of Nanjing 
University (Nanjing, China). EAC cells obtained from Nanjing KeyGEN biotech Co. Ltd. (Nanjing, China) were 
diluted to a concentration of 1 ×​ 107 cells/ml with sterilized physiological saline and inoculated into the right 
armpit of each mouse. The solid-tumor-bearing mice model was established as described previously22. All the 
tumor-bearing mice of each murine strain were randomly distributed into four groups (n =​ 8 each): normal saline 
(NS) group (orally administered with the same volume of normal saline as the APS group once a day for 25 days), 
ADM group (4 mg/kg/d, intraperitoneal injection for the first 3 days followed with the same treatment as NS 
group), APS group (500 mg/kg/d, orally administered for 25 days), LPS group (5 mg/kg, intraperitoneal injection 
4 hours before sacrifice after orally administered with NS once a day for 25 days). After 25 days, the eyeball blood 
was collected. The weight of tumor, spleen and thymus were measured. The organ indexes of spleen and thymus 
and tumor inhibition rate were calculated according to the following formulas: organ indexes (%) =​ mean weight 
of organ/body weight ×​ 100%; inhibition rate (%) =​ (1-mean weight of tumor in the administration groups/mean 
weight of tumor in the control group) ×​ 100%.

All the animal experiments were approved and performed in accordance with the guidelines of Institutional 
Animal Care and Use Committee of Chongqing Medical University. Mice were maintained at Experimental 
Animal Center of Chongqing Medical University under pathogen-free conditions with free access to food and 
water. All possible steps were taken to avoid animals’ suffering at each stage of the experiments with the use of 
appropriate and adequate anesthesia.

Cell culture.  The murine macrophage-like cell line RAW 264.7 was gifted by Professor Jianping Gong from 
Department of Hepatobiliary Surgery, the Second Affiliated Hospital of Chongqing Medical University. The cells 
were cultured in DMEM supplemented with 10% (v/v) FBS and antibiotics (100 U/ml penicillin and 100 μ​g/ml 
streptomycin) at 37 °C in a humid atmosphere with 5% CO2. RAW 264.7 cells were seeded in culture plates and 
treated with or without APS (400 μ​g/ml) or LPS (100 ng/ml). Then, the cell culture supernatants were collected. 
In the experiments with inhibitors, the cells were pre-cultured for 3 h with 20 μ​g/ml TAK-242 or ST2825 prior to 
incubation with 400 μ​g/ml APS or 100 ng/ml LPS for 24 h.

Griess reaction.  RAW 264.7 cells were seeded (5 ×​ 104 cells/ml) in 24-well culture plates and treated with or 
without APS (400 μ​g/ml) or LPS (100 ng/ml) for different periods of time (4 h, 8 h, 16 h, 24 h, 32 h, 48 h and 72 h) 
in vitro. The volume of cell culture medium was 0.5 ml. The culture supernatants in different time groups were 
collected at each time point for the analysis. NO2

− accumulation was used as an indicator of nitric oxide (NO) 
production. And, the nitrite content in the culture supernatant was determined by Griess reaction as previously 
described7.

Measurement of apoptosis by flow cytometry.  Tumor tissues was minced into small pieces and then 
digested by collagenase type IV with a concentration of 10 mg/ml for 2 h at room temperature. After digestion, the 
cells were washed twice in DMEM and then washed in PBS. Tumor cell apoptosis was detected by flow cytometry 
using Annexin-V-FITC apoptosis detection kit according to the instructions.
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Enzyme-linked Immunosorbent assay (ELISA).  RAW 264.7 cells were seeded (5 ×​ 105 cells/ml) in 
24-well culture plates and treated with or without APS (400 μ​g/ml) or LPS (100 ng/ml) for 24 h. The levels of 
TNF-α​, IL-6, IL-1β​ and IL-12p70 were detected in serum and culture supernatant collected at 24 h of incubation. 
ELISA was performed using a commercial ELISA kit (4A biotech Co. Ltd., China) according to the manufactur-
er’s instructions.

Quantitative real-time PCR assay (qRT-PCR).  The total RNA of spleen homogenates was extracted and 
reverse transcribed into cDNA. qRT-PCR was performed on Bio-Rad CFX-96 (Bio-Rad, Foster City, CA, USA). 
The condition of qRT-PCR amplification was as follows: initial denaturation for 30 s at 95 °C, followed by 40 cycles 
of denaturation at 95 °C for 5 s, annealing and extension at 56 °C for 30 s. Reduced glyceraldehyde-phosphate 
dehydrogenase (GAPDH) and β​-actin served as internal controls. The relative mRNA expressions of TLR4, 
MyD88, TRAM, TRAF-6, NF-κ​B and AP-1 were calculated by Vandesompele Method26. The sequences of the 
primers were listed in Table 1. Triplicate reactions were run per sample and each experiment was repeated three 
times.

Western blot.  The proteins were extracted from the spleen tissues and the treated RAW 264.7 macrophage 
cells. Then, proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel and electro-blotted onto 
polyvinylidene difluoride membranes (Immunobilon TM-P; Millipore, USA). After blocking with 5% BSA in 
TBST buffer (Tris 10 mM, NaCl 150 mM, pH 7.6, 0.1% Tween 20), the membranes were probed with primary and 
secondary antibodies. Protein bands were visualized by enhanced chemiluminescence (Millipore) and analyzed 
with ChemiDoc Imaging system (Bio-Red, USA).

Statistical analysis.  SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Data 
were shown as mean ±​ standard deviation (SD). Differences between two groups were assessed by unpaired 
two-tailed Student’s t-test. Data sets that involved more than two groups were assessed by one-way analysis of 
variance (ANOVA). Differences were considered statistically significant at P <​ 0.05.

Results
In vitro Experiments.  APS increases the secretion of immunomodulatory factors by RAW 264.7 mac-
rophages.  To investigate the immunomodulatory effects of APS on macrophages, the levels of NO and cytokines 
in the culture supernatants of RAW 264.7 cells were detected by Griess reaction and ELISA. A preliminary test 
determined that the optimal dose and optimal incubation time of APS were 400 μ​g/ml and 24 h for RAW 264.7 
cells In vitro. As shown in Fig. 1, the NO production was significantly increased by APS and LPS, remained rel-
ative high level from 8 h to 72 h (P <​ 0.05). As shown in Table 2, the treatment of APS significantly increased the 
IL-1β​, IL-6 and TNF-α​ secretion compared with control group (P <​ 0.05). However, APS had no significant effect 
on IL-12p70 (P >​ 0.05). The results suggest that APS can stimulate RAW 264.7 macrophages to secrete NO, IL-1β​,  
IL-6 and TNF-α​ in vitro.

APS has effects on the expressions of mRNAs and proteins of TLR4 signaling pathway in RAW 264.7 mac-
rophages.  To explore the immunoregulatory mechanism of APS, the expressions of mRNAs and proteins of the 
key nodes (TLR4, MyD88, TRAM, TRAF-6, NF-κ​B and AP-1) in TLR4 signaling pathway were detected using 
qRT-PCR (Fig. 2A) and Western blot (Fig. 2B and C). After incubation with APS or LPS for 24 h, the mRNA and 
protein expression levels of TLR4, MyD88, TRAF-6, NF-κ​B and AP-1 were significantly elevated compared with 
those in the control group (all P <​ 0.05). In contrast, the mRNA and protein expression levels of TRAM in the 
APS group were not significantly different from those in the control group (P >​ 0.05). These results suggest that 

TLR4
forward 5′​-CTGGGTGAGAAAGCTGGTAA-3′​

reverse 5′​-AGCCTTCCTGGATGATGTTGG-3′​

MyD88
forward 5′​-GTTGTGTGTGTCCGACCGT-3′​

reverse 5′​-GTCAGAAACAACCACCACCATGC-3′​

TRAM
forward 5′​-GGCCTGGACCATCTTGTTAC-3′​

reverse 5′​- CATGGGTATGACGGAGTTGT-3′​

TRAF-6
forward 5′​-CATCTTCAGTTACCGACAGCTCAG-3′​

reverse 5′​-TGGTCGAGAATTGTAAGGCGTAT-3′​;

NF-κ​B
forward 5′​-CCAAAGAAGGACACGACAGAATC-3′​

reverse 5′​-GGCAGGCTATTGCTCATCACA-3′​

AP-1
forward 5′​-GGCAGGCTATTGCTCATCACA-3′​

reverse 5′​-GAAGTTGCTGAGGTTGGCCTA-3′​

β​-Actin
forward 5′​-AGCTTACTGCTCTGGCTCCTAGC-3′​

reverse 5′​-ACTCATCGTACTCCTGCTTGCT-3′​

GAPDH
forward 5′​-GACATCAAGAAGGTGGTGAAGC-3′​

reverse 5′​-GAAGGTGGAAGAGTGGGAGTT-3′​.

Table 1.   The sequences of primers used in this study.



www.nature.com/scientificreports/

4Scientific Reports | 7:44822 | DOI: 10.1038/srep44822

APS activates TLR4 signaling pathway but selectively up-regulates the mRNA and protein expressions of some 
key nodes. These results also imply that the effects of immunoregulation by APS are probably mediated through 
TLR4 signaling pathway.

APS promotes immunomodulatory effects of RAW 264.7 macrophages via TLR4 and MyD88.  To further ana-
lyze whether TLR4 and MyD88 are involved in APS-induced macrophage activation, cells were pre-treated with 
TAK-242 and ST2825, which are inhibitors of TLR4 and MyD88, respectively. Then, ELISA was performed to 
detect cytokine levels of TNF-α​ and IL-6. As shown in Fig. 2D and E, in cells without inhibitors, the production 
of TNF-α​ and IL-6 was significantly increased by APS and LPS, compared with those in control group (P <​ 0.05). 
However, with the presence of inhibitors, the TNF-α​ and IL-6 production induced by APS were suppressed and 
were significantly lower than those without inhibitors (P <​ 0.05). The results confirm that the effect of APS on 
immunoregulation in macrophages is probably acted through TLR4 and MyD88.

In vivo Experiments.  APS inhibits tumor weight and facilitates immune organ indexes and cytokines 
secretion in EAC-bearing mice.  To further investigate the immunoregulatory effect of APS in vivo, EAC 
tumor-bearing mice were used. EAC cells were diluted and inoculated into the right armpit of each mouse. The 
solid-tumor-bearing mice model was established and treated as described in the Materials and Methods sec-
tion. Adriamycin (ADM), commonly used in the treatment of cancers27, was used as the positive control for the  
in vivo experiments. Tumor weight was analyzed to evaluate tumor inhibition by APS. As shown in Table 3, the 
tumor weight in APS group and ADM group was significantly declined, compared with those in the NS group 
(P <​ 0.05). Moreover, the tumor cells apoptosis of EAC tumor-bearing mice were detected by flow cytometry. As 
shown in Fig. 3A,B, cell apoptosis rate in NS group, ADM group, APS group and LPS group was 20.65 ±​ 12.56, 
72.04 ±​ 29.03, 54.22 ±​ 23.93 and 29.21 ±​ 6.07, respectively. Compared with NS group, the apoptosis rate in APS 
group and ADM group were significantly increased (P <​ 0.05), while those in LPS group had no obvious changes 
(P >​ 0.05).

For immunomodulation, the weight of thymus and spleen was measured and organ index was calculated 
(Table 2). The thymus and spleen index of APS group were significantly higher than those in NS group (P <​ 0.05). 
However, the thymus and spleen index had no significant differences between in ADM group and NS group 
(P >​ 0.05). Furthermore, cytokines in serum of EAC tumor-bearing mice were analyzed by ELISA. As shown in 
Fig. 3C, the levels of IL-1β​, IL-6 and TNF-α​ were significantly elevated by APS and LPS, compared with those in 
NS group (P <​ 0.05). In LPS group, IL-12p70 level was also significantly increased than NS group. However, APS 
had no significant influence on the level of IL-12p70 (P >​ 0.05). ADM has no significant effects on the levels of all 
detected cytokines in mice peripheral blood (P >​ 0.05). The results indicate that APS has significant immunoreg-
ulatory and anti-tumor effects on tumor-bearing mice.

Figure 1.  Effects of APS on NO production by RAW 264.7 macrophage in vitro. Macrophages were cultured 
with APS (400 μ​g/ml) or LPS (100 ng/ml) for 4–72 h. The supernatants were assayed for NO production by 
Griess reaction. *P <​ 0.05, **P <​ 0.01 vs. Control group.

Groups IL-1β (pg/ml) IL-6 (pg/ml) IL-12 p70 (pg/ml) TNF-α (pg/ml)

Control 3.812 ±​ 2.97 19.92 ±​ 2.30 43.02 ±​ 1.46 1503.47 ±​ 120.02

APS (400 μ​g/ml) 8.83 ±​ 2.24* 32.96 ±​ 3.39** 39.93 ±​ 2.08 2156.06 ±​ 105.43**

LPS (100 ng/ml) 9.63 ±​ 2.06* 52.34 ±​ 9.23** 84.23 ±​ 10.31* 2312.97 ±​ 402.06**

Table 2.   The level of cytokines in culture supernatant of RAW264.7 cells (mean ± SD, n = 5). Note: 
*P <​ 0.05 vs Control group; **P <​ 0.01 vs Control group.
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Anti-tumor immunomodulatory effects of APS are probably mediated by TLR4 signaling pathway.  To identify 
whether TLR4 signaling pathway participates in the anti-tumor and immunomodulatory effects of APS in vivo, 
C57BL/10 J (TLR4+/+) and TLR4-deficient (TLR4−/−) tumor-bearing mice were applied in this study. The expres-
sion of the key nodes in the TLR4 signaling pathway was detected by qRT-PCR and Western blot. The cytokine 
levels in serum were analyzed by ELISA.

Figure 2.  Effects of APS on TLR4 signaling pathway in RAW 264.7 cells. The RAW 264.7 cells were incubated 
with APS (400 μ​g/ml) or LPS (100 ng/ml) for 24 h. (A) The correlative genes expression of the key nodes in 
TLR4 signaling pathway were detected by qRT-PCR. (B) Quantification of Western blots for the key-node 
proteins as fold-changes relative to β​-actin or GAPDH. (C) The bands of Western blot. Each column represents 
the mean ±​ SD of at least three independent experiments. *P <​ 0.05 vs. Control group. RAW 264.7 macrophages 
were pre-incubated with or without inhibitors of TLR4 (TAK-242) and MyD88 (ST-2825) for 3 h and then 
treated with APS (400 μ​g/ml) or LPS (100 ng/ml) for 24 h. The secretion of TNF-α​ (D) and IL-6 (E) were 
analyzed by ELISA. The reported values are the mean ±​ SD, n =​ 3. *P <​ 0.05, **P <​ 0.01. #P <​ 0.05, ##P <​ 0.01.
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As shown in Fig. 4, APS and LPS were found to significantly induce the expressions of mRNAs and proteins 
of TLR4, TRAF-6, NF-κ​B and AP-1 in the TLR4+/+ tumor-bearing mice, compared with those in the NS group 
(P <​ 0.05). Inversely, there was no remarkable differences in the expression of mRNA and proteins of TLR4, 
TRAF-6, NF-κ​B and AP-1 among groups in the TLR4−/− tumor-bearing mice (P >​ 0.05).

In TLR4+/+ tumor-bearing mice, the levels of TNF-α​ and IL-6 (Fig. 5A,B) in APS and LPS groups were signif-
icantly higher than those in NS and ADM TLR4+/+ groups (P <​ 0.05). In TLR4−/− tumor-bearing mice, the con-
centrations of TNF-α​ and IL-6 had no significant differences among groups (P >​ 0.05). Additionally, the secretion 
of cytokines in the TLR4−/− mice of the APS and LPS groups were significantly lower than those in the TLR4+/+ 
mice (P <​ 0.05).

In summary, APS induces the expressions of mRNAs and proteins of TLR4, TRAF-6, NF-κ​B and AP-1, as well 
as increasing the levels of TNF-α​ and IL-6 in the serum of the TLR4+/+ tumor-bearing mice, but not TLR4−/− 
tumor-bearing mice. This indicates that TLR4 signaling pathway is probably involved in the anti-tumor and 
immunomodulation effects induced by APS.

Anti-tumor immunomodulatory effects of APS are mediated by TLR4-MyD88-dependent signaling pathway.  To 
clarify the detailed mechanism of anti-tumor immunomodulatory effects of APS and to verify whether APS 
activates TLR4 signaling pathway through MyD88-dependent pathway, we used C57BL/6J (MyD88+/+) and 
MyD88-deficient (MyD88−/−) tumor-bearing mice in this study.

The mRNA and protein expressions of TLR4, MyD88, TRAF-6, NF-κ​B and AP-1 were detected by qRT-PCR 
and Western blot (Figs 6 and 7). Results showed that the mRNA and protein levels were obviously provoked by 
APS and LPS in the MyD88+/+ tumor-bearing mice, compared with those in the NS group (P <​ 0.05). However, 
there was no significant difference in the mRNA and protein expressions of TRAF-6 and NF-κ​B among groups 
in the MyD88−/− tumor-bearing mice (P >​ 0.05). TLR4 is in the up-stream of the pathway. Therefore, the defi-
ciency of MyD88 slightly affected the induction of TLR4 expression by APS and LPS (Figs 6 and 7). On the 

Groups Tumor weight (g) Thymus index (%) Spleen index (%)

NS 2.27 ±​ 0.58 0.060 ±​ 0.024 0.59 ±​ 0.12

ADM (4 mg/kg/d) 0.61 ±​ 0.24** 0.048 ±​ 0.0084 0.38 ±​ 0.14

APS (500 mg/kg/d) 1.39 ±​ 0.53* 0.13 ±​ 0.042* 1.07 ±​ 0.36*

Table 3.   The comparison of tumor weight and immune organ indexes of EAC tumor-bearing mice 
(mean ± SD, n ≥ 4). Note: *P <​ 0.05 vs NS group. **P <​ 0.01 vs NS group.

Figure 3.  Effects of APS on tumor inhibition and immunoregulation in vivo. (A) The tumor cell apoptosis of 
EAC tumor-bearing mice detected by flow cytometry. (B) The comparison of tumor cell apoptosis rate in each 
group. (C) The secretion of cytokines in serum of EAC tumor-bearing mice. *P <​ 0.05, **P <​ 0.01 vs. Control 
group.
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Figure 4.  Effects of APS on mRNA and proteins expression of TLR4 signaling pathway in tumor-bearing 
mice. The mRNA and protein levels of TLR4, TRAF-6, NF-κ​B and AP-1 in different groups of the EAC tumor-
bearing mice with TLR4+/+/TLR4−/− were detected by qRT-PCR and Western blot, respectively.  
(A) Representative Western blot results of TLR4, TRAF-6, NF-κ​B and AP-1 expression. (B) Relative protein 
expression of TLR4, TRAF-6, NF-κ​B and AP-1. (C) Relative mRNA expression of TLR4, TRAF-6, NF-κ​B and 
AP-1. Each column represents the mean ±​ SD of at least three independent experiments. *P<​ 0.05, as compared 
with the corresponding control group without APS treatment. ND =​ not detected.
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contrary, the mRNA and protein expressions of TRAM had no remarkable differences among the groups of the 
MyD88+/+ tumor-bearing mice. The mRNA and protein expressions of AP-1 were increased by APS and LPS in 
both MyD88+/+ mice and MyD88−/− mice.

Moreover, both TNF-α​ and IL-6 in the serum of the C57BL/6J (MyD88+/+) tumor-bearing mice stimu-
lated by APS and LPS were obviously higher than those in NS and ADM groups (P<​ 0.05, Fig. 8A and B). The 
concentrations of TNF-α​ and IL-6 in the APS group had no obvious difference from those in the NS group of 
the MyD88−/− tumor-bearing mice (P >​ 0.05). In addition, the secretion of cytokines after treatment with APS 
in the MyD88−/− mice were significantly reduced, compared with those in the APS groups of the MyD88+/+ 
tumor-bearing mice (P <​ 0.05). The positive control LPS also significantly increased TNF-α​ and IL-6 levels in 
both MyD88+​/+​ and MyD88−​/−​ mice (P <​ 0.05). However, the levels of TNF-α​ and IL-6 in LPS groups had no 
significant differences between in MyD88+​/+​ and MyD88−​/−​ mice (P >​ 0.05). All these results suggest that APS 
can selectively activate the down-stream key nodes and the terminal effect factors of TLR4-MyD88-dependent 
pathway in vivo.

Discussion
APS, have been shown to have multiple immunomodulatory functions, such as inhibiting the proliferation of 
CD4+CD25+ regulatory T cells10, promoting the maturation of dendritic cells (Shao et al., 2016), regulating 
the imbalance of Thl/Th2 subgroups, regulating the differentiation of the erythroid lineage28,29, and enhancing 
the cytostatic activity of macrophages29. Macrophages are specific antigen-presenting cells that play important 
roles in anti-infection and anti-tumor immunity through engulfing and eradicating pathogens7. There are two 
approaches for activated macrophages to immunomodulate and kill tumor cells or pathogens, including direct 
contact or releasing cytotoxic molecules such as NO and cytokines30.

NO, synthesized by macrophage-induced nitric oxide synthase, has been identified as a major effect mole-
cule involved in many biological processes31, including pathogen elimination32 and destruction of tumor cells 
by activated macrophages33. IL-1β​, IL-6, IL-12p70 and TNF-α​ are typical multifunctional cytokines involved 
immune responses, hematopoiesis and inflammation. IL-1β​ has a wide range of immunomodulaory effects and 
may mediated inflammation or be directly involved in the inflammatory process34. IL-6 is a cytokines with mul-
tiple immunomodulatory functions, and it can stimulate B cells, T cells and stem cell proliferation, promote the 
B cell production of immnoglobulin and promote cytotoxic lymphocyte and stem cell differentiation35 IL-12p70, 
the active heterodime, is known as a T-cell stimulating factor which can stimulate the growth and function of 
T cells36. TNF-α​ generated by macrophages is implicated in cytotoxic function in certain tumors5, and in the 
development and procession of immunoregulatroy effects of APS37,18. Our result showed that APS could directly 
increase the NO, IL-1β​, IL-6 and TNF-α​ production by macrophages in vitro, but not IL-12p70. Similarly, the 
level of IL-1β​, IL-6 and TNF-α​ was also increased by APS in EAC tumor-bearing mice in vivo. APS was reported 
to improve the spleen/thymus indexes of H22 tumor bearing mice38. In this study, the immune organ indexes of 
tumor-bearing mice were also higher than those in NS group. These data indicate that APS improves the secretion 
of immunomodulatory factors in vitro and in vivo.

As mentioned before, APS is wildly accepted as a complementary and alternative therapy for cancer 
patients9,10. APS is also reported to inhibit the growth of breast cancer cell line MDA-MB-46817 and enhance the 
therapeutic effect of cisplatin39. It is found that the anti-tumor effect of APS on H22 tumor-bearing mice might 
be related to its ability to enhance the expression of IL-1, IL-2, IL-6 and TNF-α​ and decrease of IL-1040. In the 
present work, in tumor bearing mice, the tumor weight was inhibited by APS and the tumor cell apoptosis rate 
was increased by APS. Together, these results suggest that APS has anti-tumor activity in tumor-bearing mice. 
And, this effect may be acted via regulating the production of cytokines.

Figure 5.  Effects of APS on the cytokine production in serum of TLR4+/+/TLR4−/− tumor-bearing mice. 
The cytokines in the blood of tumor-bearing mice were analyzed by ELISA. The production of TNF-α​ (A) 
and IL-6 (B) in different groups of TLR4+/+/TLR4−/− tumor-bearing mice. *P<​ 0.05, as compared with the 
corresponding control group without APS treatment. #P<​ 0.05, as compared with the corresponding groups in 
their wild-type tumor-bearing mice.
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Subsequently, we explored the underlying mechanism of APS. TLR4 signaling pathways have two branches: 
MyD88-dependent and MyD88-independent signaling pathways19 MyD88, containing a death domain in cyto-
plasm11, is bound to the structural domain of TLR by MyD88 adaptor-like (MAL) protein, which is an essential 
adapter protein binding to MyD88 and activating the downstream molecule TRAF-639. TRAM, with a similar role 
as MAL, is able to combine with TRIF and TLR41. and is specifically involved in the MyD88-independent signal-
ing pathway19. It delivers TRIF to the endosomes via a specific region of the plasma membrane41. TRAF-6, is also 
recruited to the complex of TRAM/TRIF to regulate the expression of correlated cytokines and interferon type I/II42.  
Therefore, TRAF-6 can be considered as the intersection of the two types of TLR4 signaling pathway, which 
can activate NF-κ​B and MAPK7 to regulate the expression of the downstream key nodes43. In addition, AP-1 is 
the heterodimer of c-Fos and c-Jun44, whose binding sites are regulated by TNF-α​ through MAPKs-mediated 
pathway45. In view of these, we detected the mRNA and protein levels of TLR4, TRAF-6, NF-κ​B and AP-1 in 
RAW 264.7 cells. Results showed that the expressions of the key nodes were significantly induced by APS, com-
pared with the control group in vitro. Besides, the mRNA and protein expressions of TLR4, TRAF-6, NF-κ​B and 
AP-1 in the splenocytes of the TLR4+/+ EAC tumor-bearing mice were also observed increased significantly. 
Furthermore, the APS-induced TLR4, TRAF-6, NF-κ​B and AP-1 expression were decreased in the splenocytes of 
the TLR4−/− EAC tumor-bearing mice. TAK-242 (Resatorvid), a small-molecule specific inhibitor of TLR4, binds 
selectively to TLR4 and interferes with the interactions between TLR4 and its adaptor molecules46,47. The APS had 
slight influence on the secretions of TNF-α​ and IL-6 in RAW 264.7 macrophages treated with TLR4 inhibitors 
(TAK-242). The data indicates that TLR4 involves in APS-mediated immune activation. This result partly sup-
ports the opinion of the study implying directly interaction between APS and TLR4 on cell surface25. Moreover, 
APS-induced immunoregulation may via TLR4 signaling pathway.

To give a good insight into the deep mechanism of APS immunoregulation and to deeply verified which 
branch of TLR4 signaling pathway is involved in APS-mediated immune activation, the key nodes expression in 
RAW 264.7 cells, MyD88+/+ and MyD88−/− tumor-bearing mice were detected. TRAM, specifically involved in 
the MyD88-independent signaling pathway, had no obvious changes with treatment of APS both in RAW 264.7 
cells and in MyD88+/+ tumor-bearing mice. The mRNA and protein expressions of TRAF-6, NF-κ​B and AP-1 
in the splenocytes of MyD88−/− tumor-bearing mice were not provoked by APS. And the improvement of APS 
on the secretion of IL-6 and TNF-α​ was also suppressed by ST-2825. ST-2825, a MyD88 pharmacologic inhib-
itor, is widely used to impede the dimerization of MyD8848. The activation of TLR4 signaling pathway by APS 
were almost lost when TLR4 and MyD88 were deficient or inhibited. Taken together, we suppose that APS may 
activate the TLR4-MyD88 dependent pathway through TLR4 (Fig. 9). Then, the key nodes in the TLR4-MyD88 

Figure 6.  Effects of APS on mRNA expressions of TLR signaling pathways in MyD88+/+/MyD88−/− 
tumor-bearing mice. The relative mRNA expressions of TLR4 (A), MyD88 (B), TRAF-6 (D), NF-κ​B (E) 
and AP-1 (F) in different groups of MyD88+/+/MyD88−/− EAC tumor-bearing mice were detected by qRT-
PCR. And the mRNA expression of TRAM (C) was only detected in the groups of the MyD88+/+ mice. Each 
column represents the mean ±​ SD of at least three independent experiments. *P<​ 0.05, as compared with the 
corresponding control group without APS treatment. ND =​ not detected.
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Figure 7.  Effects of APS on protein expressions of TLR signaling pathways in MyD88+/+/MyD88−/− tumor-
bearing mice. The protein expressions of TLR4 (A), MyD88 (B), TRAF-6 (D), NF-κ​B (E) and AP-1 (F) in 
different groups of the EAC tumor-bearing mice with MyD88+/+/MyD88−/− were detected by Western blot. 
And the protein and mRNA expression of TRAM (C) was only detected in the groups of the MyD88+/+ mice. 
Each column represents the mean ±​ SD of at least three independent experiments. *P<​ 0.05, as compared with 
the corresponding control group without APS treatment. ND =​ not detected.
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Figure 8.  Effects of APS on the cytokine production in serum of MyD88+/+/MyD88−/− tumor-bearing 
mice. The cytokines in the blood of tumor-bearing mice were analyzed by ELISA. The concentrations of TNF-α​ 
(A) and IL-6 (B) in different groups of MyD88+/+/MyD88−/− tumor-bearing mice. Each column represents the 
mean ±​ SD of at least three independent experiments. *P<​ 0.05, as compared with the corresponding control 
group without APS treatment. #P<​ 0.05, as compared with the corresponding groups in their wild-type tumor-
bearing mice.

Figure 9.  The proposed mechanism underlying the immunoregulation and anti-tumor effects of APS. 
The TLR4-mediated MyD88-dependent signaling pathway is probably one of mechanisms underlying the 
immunoregulation and anti-tumor effects of APS.
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dependent pathway, including TRAF-6, NF-κ​B and AP-1, are activated. Finally, the production of effector 
cytokines such as IL-6 and TNF-α​ is enhanced to mediate the immunomodulation effects of APS.

However, exceptions still exist. It is confusing that the mRNA and protein expressions of AP-1 were increased 
by APS and LPS in both MyD88+/+ mice and MyD88−/− mice. AP-1, which is another eukaryotic transcription 
factor targeted by MAPK signaling pathways49, is an important regulatory protein involved in various biological 
activities, and also contributes to inflammatory and immune responses50. Thus, we assumed that, when MyD88 
was deficient, APS activated AP-1 through another signaling pathway other than the TLR4-MyD88-denpendent 
signaling pathway. On account of the complexities of signal transduction with various intersections, we spec-
ulated that APS might provoke other signaling pathways through TRAM or might have potential relationship 
with AP-1 when MyD88 was deficient. However, no relative reports are found. The detailed mechanism of this 
phenomenon needs to be thoroughly investigated in future studies.

In conclusion, the TLR4-mediated MyD88-dependent signaling pathway is probably one of the APS-induced 
signal pathways underlying the immunoregulation and anti-tumor effects of APS both in vitro and in vivo.
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