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Astragalus membranaceus (AM), used in traditional Chinese medicine, has been shown to enhance immune functions, and
recently, its anti-inflammatory effects were identified. However, the mechanisms of action remain unclear. Most studies have
shown that autophagy might be involved in the immune response of the body, including inflammation. Here, we developed an
inflammatory model by stimulating macrophages with lipopolysaccharides (LPS) to explore the anti-inflammatory effect and
mechanisms of AM injection from the perspective of the regulation of autophagy. Immunoblot, immunofluorescence, and
ELISA were used to determine the effects of AM injection on the production of interleukin-6 (IL-6) and alterations of
autophagy markers. It was found that AM injection reduced the expression of IL-6 in LPS-stimulated macrophages and reversed
the LPS-induced inhibition of cellular autophagy. After treatment with inhibitors of signaling pathways, it was shown that LPS
downregulated autophagy and upregulated the production of IL-6 in macrophages via the protein kinase B (Akt)/mammalian
target of rapamycin (mTOR) pathway. AM injection reversed the effects of LPS by activating the AMP-activated protein kinase
(AMPK) instead of inhibiting Akt. These results were further confirmed by testing activators and siRNA silencing of AMPK.
Hence, these 2 distinct signaling molecules appear to exert opposite effects on mTOR, which integrates information from
multiple upstream signaling pathways, negatively regulating autophagy. In addition, we demonstrated that autophagy might
play a key role in regulating the production of IL-6 by testing activators and inhibitors of autophagy and siRNA silencing of
ATGS. These findings showed that AM injection might enhance autophagy by activating AMPK and might further play a
repressive effect on the LPS-stimulated expression of IL-6. This study explored the relationship between autophagy, signaling
pathways, and the production of inflammatory factors in a model of endotoxin infection and treatment with AM injection.

1. Introduction

Recent studies have linked inflammation to the development
of a number of important diseases [1-4]. Inflammation can
be induced by various stimuli, such as damage, pathogens,
and their products, and is often accompanied by immune
disorders [5-7]. Accordingly, it has been shown that anti-
inflammatory treatment alone might not be usually effective
[8]. Moreover, long-term application of anti-inflammatory

drugs might also cause side effects [9, 10], such as adverse
cardiovascular profiles, renal dysfunction, and blood pres-
sure elevation as in the case of administration of nonsteroidal
anti-inflammatory drugs [11]. Therefore, it is necessary to
develop novel anti-inflammatory drugs with high security,
which could also protect the body from the pathological
damage induced by inflammation. Some original and review
papers have reported the anti-inflammatory effects of medic-
inal plants and isolated natural products and proposed their
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use in potential anti-inflammatory treatments [7, 12]. Lipo-
polysaccharides (LPS) are known as a common pathogen-
associated molecular pattern (PAMP) and inflammatory
inducer. There have been many experimental evidence
suggesting that various inflammatory mediators or markers,
such as tumor necrosis factor-a (TNF-«), interleukin-1p
(IL-1pB), and interleukin-6 (IL-6), are substantially elevated
in LPS-stimulated macrophagocytes [13-15]. IL-6, a central
proinflammatory cytokine that is considered a key hallmark
of inflammation in the body, is known to be promptly pro-
duced in response to infectious factors and tissue injuries
and can regulate intracellular signal transduction and affect
other cytokines [16-19]. Most importantly, the acute expres-
sion of IL-6 has been reported to be a critical driving factor
for many diseases [20, 21]. Accordingly, the regulation of
the expression of IL-6 could be used as an entry point for
the treatment of inflammation and other diseases caused by
inflammation [19, 22, 23]. Therefore, in this study, we inves-
tigated the production of IL-6 to estimate the inflammatory
response of LPS-stimulated macrophages.

Astragalus membranaceus (AM) is a traditional Chinese
medicine widely used in clinical therapy and health care. It
has been reported to exert a wide range of biological activi-
ties, such as enhanced immune functions [24], strengthened
cardiac functions [25], antidiabetic properties [26], and anti-
tumor [27], antiviral [28], antioxidant [29, 30], and longevity
effects [31]. In recent years, several studies have found that
AM exhibits also anti-inflammatory effects by regulating
the secretion of inflammatory factors [32-34]. Adesso et al.
[33] showed that the extract of AM reduced the release of
tumor necrosis factor-a (TNF-a), and the expression of
cycloxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS), the activation of nuclear factor-«B (NF-xB), and the
release of reactive oxygen species (ROS) in a nontumorigenic
intestinal epithelial cell line (IEC-6) induced by LPS plus
interferon-y (IFN). Guo et al. [35] found that Astragalus
polysaccharides could reduce the mRNA expression of the
inflammatory IL-6 cytokine both in vivo and in vitro. How-
ever, the anti-inflammatory mechanism of AM has not been
investigated entirely. In view of the fact that it has been
shown to exert both enhanced physical function and anti-
inflammatory effects [36], as well as its long-term safety,
AM might therefore be suitable for utilization in the clinical
treatment of inflammation and other diseases caused by
inflammation. An AM injection constitutes a type of stan-
dard extract of AM with clear composition and stable quality,
strictly prepared and identified according to the standard of
the Chinese Pharmacopoeia of the Ministry of Health of the
People’s Republic of China [37]. Although the AM injection
has shown some therapeutic effects in clinical treatment
settings [38-41], its application in anti-inflammatory treat-
ments has been rare.

Autophagy is a highly conserved cellular process that
eliminates damaged organelles or defective proteins to
facilitate cell survival and adaptation, while maintaining
homeostasis during starvation, genotoxic stress, and oxida-
tive stress in normal cells [42]. Autophagy is generally
considered to have beneficial effects on health and lifespan
[43, 44]. Moreover, defective autophagy has been linked to
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several pathological conditions, such as infections, inflamma-
tion, and tumors [45, 46]. Recently, increasing studies have
demonstrated that autophagy could inhibit the overproduc-
tion of inflammatory cytokines, thereby alleviating cellular
injury [47-49]. In contrast, Ding et al. [50] reported that
the autophagy inhibitor 3-methyladenine (3-MA) could
reverse an LPS-induced lung injury through the inhibition
of autophagy and inflammation, indicating that autophagy
was involved in inflammation. Collectively, these observa-
tions have shown the protective or detrimental effect of
autophagy in inflammation. However, further work is
required to uncover the role of autophagy and its associated
mechanisms in inflammation. It has also been reported that
LPS could induce autophagy in bone marrow-derived macro-
phages [51]. A recent study, however, showed that LPS inhib-
ited autophagy and caused pulmonary microvascular barrier
damage, with autophagy regulating the therapeutic potential
of adipose-derived stem cells in a LPS-induced model [52].
Hence, both the influence of LPS on autophagy and the reg-
ulatory effect of autophagy on inflammation remain unclear
and need further exploration.

Autophagy is under the control of multiple signaling
events converging on a single mediator, the kinase mTOR,
a major suppressor of the initiation of autophagy. The roles
of these pathways in the formation of phagophores and
initiation of autophagy are relatively well understood. The
phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway
has been shown to inhibit autophagy by activating mTOR.
The 5' AMP-activated protein kinase (AMPK) is a multi-
meric serine/threonine protein kinase. Both, adenosine
monophosphate (AMP) and adenosine diphosphate (ADP)
are known to promote the activity of AMPK, which thus acts
as a sensor of the cellular energy charge that maintains cellu-
lar energy homeostasis [53]. Activation of AMPK has been
recognized to be also involved in the initiation of autophagy
through the inhibition of the downstream mTOR kinase.
Many active natural products in vegetables, fruits, and
medicinal and edible plants have been found to regulate
autophagy [54]. Various active ingredients, such as quercetin
[55], resveratrol [56], and curcumin [57], were demonstrated
to regulate autophagy through mTOR. Accordingly, extracts
of AM have also been found to exert regulatory effects on
autophagy-related diseases, such as antioxidation [58], anti-
inflammation [57], anticancer [59], and skin antiaging [42]
effects [60]. As such, the mechanisms of AM affecting
autophagy have begun to be revealed.

In this study, we evaluated the expression of IL-6 to verify
whether AM injection could play an anti-inflammatory role
in LPS-stimulated macrophages and investigated the effects
and mechanisms exerted by LPS on autophagy and whether
autophagy was involved in regulating the production of the
IL-6 induced by LPS. Finally, we explored whether there
was a crosstalk between the anti-inflammatory effect of AM
and its regulatory effect on autophagy.

2. Materials and Methods

2.1. Materials. ANA cells were purchased from Shanghai
Institute of Cell Biology, Chinese Academy of Sciences
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(Shanghai, China). Fetal bovine serum was purchased from
CellMax Company (Beijing, China). Rapamycin, LY294002,
and Torin 1 were purchased from Selleck Co. Ltd. (Shanghai,
China), and a mouse IL-6 ELISA kit was purchased from
BioLegend, Inc. (San Diego, CA, USA). BCA protein assay
kit, ECL chemiluminescence kit, RPMI 1640 medium,
antibiotic cocktail (mixture of penicillin and streptomycin),
peroxidase-conjugated goat anti-mouse IgG antibody
(#BA1050), and peroxidase-conjugated goat anti-rabbit IgG
antibody (#BA1054) were purchased from Boster Biological
Technology Co. Ltd. (Wuhan, China). X-ray Films (XBT
6535876), Fixer, and Replenisher were purchased from
Carestream Health, Inc. 3-Methyladenine and SQSTM/p62
antibody (#P0067) were purchased from Sigma Co. LLC
(Shanghai, China); phospho-AMPK alpha (Thrl72)
(#AF3423) and AMPK alpha (BF2001) antibodies were
purchased from Affinity Biosciences; and fS-actin antibody
(AP0060) was purchased from Bioworld Technology, Inc.
(Nanjing, China). IL-6 antibody (GB11117) was purchased
from Wuhan Servicebio Technology Co. Ltd. (Wuhan,
China). Cell lysis buffer, SDS-PAGE gel preparation Kkit,
and FITC-labeled goat anti-rabbit IgG (A0562) and Cy3-
labeled goat anti-rabbit IgG (A0516) antibodies were
purchased from Beyotime Biotechnology Company. mTOR
(#2983), phospho-mTOR (Ser2481) (#2974), phospho-Akt
(Serd73) (#4060), Akt (#4685), and LC3 (#12741) antibod-
ies were purchased from Cell Signaling Technology Inc.
(Shanghai, China). AMPK siRNA was synthesized by Gene-
Pharma Company (Shanghai, China). Astragalus membrana-
ceus injection was purchased from Zhengda Qingchunbao
Pharmaceutical Co. Ltd. (Hangzhou, China); the effective
composition of every 10mL injection was equivalent to
20g of raw herbs. The content of astragaloside IV
(C41H68014), used as the quality standard, was not less
than 0.08 mg per mL. In this study, we converted the dose
of AM injection into the original concentration of AM,
and henceforth, they are referred to as “AM” uniformly.

2.2. Cell Culture and Experimental Group. Mouse macro-
phage ANA-1 cells were inoculated in RPMI 1640 medium
containing 10% fetal bovine serum (FBS) and 1% antibiotic
cocktail (mixture of penicillin and streptomycin) and
cultured in an incubator containing 5% CO, at 37°C. The
medium was replaced every 18-24h. Cells passage were
performed when they reached 80 to 90% confluency. Accord-
ingly, ANA-1 cells in the logarithmic growth phase were
adjusted to 1 x 10° cells/mL in RPMI 1640 complete medium
and inoculated into 6-well plates in aliquots of 2 mL per well
and cultured for 12 h. Cells from each group were exposed to
LPS, AM injection, inhibitors, and activators and cultured for
varying hours.

2.3. Western Blot Analysis. Cells were collected by centrifuga-
tion at 2500 rpm for 3 min. Total protein was extracted from
cells using cell lysis buffer. Protein concentration was mea-
sured using a BCA protein assay kit, and protein was dena-
tured by adding 5% loading buffer and heated at 95°C for
5min. Approximately 30 ug total protein from each group
was separated by 12% SDS-PAGE and transferred to a nitro-

cellulose (NC) or polyvinylidene fluoride (PVDF) mem-
brane. After blocking for 1-2h at 25°C in 5% skim milk
powder in TBS solution, membranes were incubated with
LC3 (1:1000), p62 (1:3000), P-actin (1:1500), IL-6
(1:1000), AMPK (1:1000), p-AMPK (1:500), Beclin 1
(1:1000), ATG5 (1:1000), mTOR (1:1000), p-mTOR
(1:1000), p-Akt (1:1000), and Akt (1:1000) antibodies at
4°C overnight. This was followed by incubation with appro-
priate secondary antibodies (1:5000) for 2h at 25°C, and
then, an ECL kit was used for detection. Gray value analysis
was performed using the Image] software (NIH, Bethesda,
MD, USA). Relative protein expression was given by the fol-
lowing equation: relative protein expression = gray value per
sample strip/gray value of -actin per sample strip.

2.4. ELISA. The supernatant of the culture media from each
group was collected and centrifuged at 2500 rpm for 3 min.
Then, 100 L supernatant was added to enzyme plate wells
coated with IL-6 antibodies. Three repeated wells were used
for each sample. The plate was incubated at 25°C for 2h.
After washing the plate, the enzyme-labeled antibody was
added, incubated at 25°C for 1h, and following another
washing, the substrate and colorant were added. This step
was performed in the dark at 25°C for 20min. Finally,
the termination solution was added and absorbance values
were read using a microplate spectrophotometer at 450 nm
and 570 nm.

2.5. siRNA Transfection. ANA-1 cells were plated into 6-well
plates (2.0 x 10°/well) and cultured for 18 h so that the degree
of cell fusion reached 50% during transfection. Consecutively,
120 pmol siRNA was added to 200 4L fresh medium (without
bovine serum and antibiotics) and gently mixed. Then, 5 uL of
GP-siRNA-Mate transfection reagent was added to the above
medium, gently mixed, and allowed to stand at 25°C for
10min. The mixture was then added to the six-well plate
which had been replaced with fresh complete media in
advance. Cells were cultured for 48 h before treating.

2.6. Immunofluorescence Staining. Cells in the log phase were
cultured in 24-well plates. After treatment, the plate was cen-
trifuged and washed with phosphate buffer solution (PBS).
Each group of cells was fixed with 4% paraformaldehyde
PBS and then treated with 0.5% Triton X-100 PBS. Cells
were blocked with 5% bovine serum albumin (BSA) in PBS
for 30 min at 25°C, followed by an overnight incubation at
4°C with primary antibodies: LC3 (1:200) and p62
(1:1000). After washing with PBS, cells were incubated with
Cy3 goat anti-rabbit IgG antibody or FITC goat anti-rabbit
IgG antibody for 1h at 25°C. Then, they were washed with
PBS before nuclear staining with 4’ ,6-diamidino-2-phenylin-
dole (DAPI) and observation under a fluorescent microscope
(Nikon Corporation, Tokyo, Japan) and detection using high
content imaging systems (Molecular Devices Corporation,
San Jose, USA).

2.7. Statistical Analysis. Data were expressed as mean +
standard deviation (SD). Statistical analysis was performed
using the GraphPad Prism 8 software (GraphPad Software
Company, San Diego, USA). One-way analysis of variance



was used to compare means among groups, and the ¢-test was
used to compare means between 2 groups. The percentage
and rate were compared using the y? test, and a difference
was considered statistically significant at p < 0.05.

3. Results

3.1. AM Could Inhibit the Production of the LPS-Induced
IL-6. ANA-1 cells were stimulated with LPS at various
concentrations (0.25, 0.5, and 1ug/mL) for 24h. Then,
the level of IL-6 in the cell culture supernatant was mea-
sured by ELISA, while the protein level of IL-6 in cells
was detected by Western blotting. Results showed that
LPS increased the levels of both the IL-6 in the cell culture
supernatant (Figure 1(a)) and the intracellular IL-6
(Figure 1(b)) in a dose-dependent manner. In order to
understand whether the protective effects of AM were
manifesting in advance or simultaneously with the stimu-
lation by LPS for 24h, 2 intervention groups were set
up; in one group, AM was added 2h before LPS, whereas
in the other group, AM was added at the same time with
LPS. Results showed that AM could downregulate the level
of IL-6 in the cell culture supernatant induced by LPS for
24h (p<0.01), irrespective of whether cells were pre-
treated with AM 2h before addition of LPS (in Group
AM+LPS) or were cotreated with LPS (in Group LPS
+AM) (Figure 1(c)). No significant difference between
these 2 groups was observed. In order to observe the
reverse effects of AM with LPS, ANA-1 cells were simulta-
neously exposed to varying concentrations of AM (20, 40,
and 80 ug/mL) and 1 ug/mL LPS for 24h in the same well.
Results showed that the LPS-triggered intracellular levels
of IL-6 were gradually decreased with increasing concen-
trations of AM (Figure 1(d)).

3.2. LPS Inhibited Autophagy in ANA-1 Cells. Considering
the close link between autophagy and inflammation, we
explored the effect of LPS on autophagy. Using immuno-
fluorescence, we detected the punctate intracellular endog-
enous microtubule-associated protein light chain 3 (LC3)
(the specific marker of autophagosomes) and the level of
sequestosome 1 (SQSTM1/p62) (a selective substrate of
autolysosome). Incubation with 1ug/mL LPS for 24h was
shown to lead to reduced levels of Cy3-stained LC3 puncta
relative to the control group in ANA-1 cells (Figure 2(a)),
whereas the levels of FITC-stained p62 were increased
(Figure 2(c)). The amount of cells with fluorescent spots
of LC3 was counted (at least 50 cells were included for
each group), and LPS-treated cells were observed to
exhibit a decreased punctate of LC3, compared with the
control group (p <0.01) (Figure 2(b)). Then, the fluores-
cence intensity of FITC-stained p62 was detected with
high content imaging systems (HCS), with LPS-treated
cells showing increased fluorescence intensity of p62, com-
pared with the control group (p<0.01) (Figure 2(d)).
These results demonstrated that LPS inhibited the basic
autophagy of ANA-1 cells. The conversion of LC3 I to
LC3 II is assumed to be an indicator of autophagy. There-
fore, the transformation of LC3 in ANA-1 cells after expo-
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sure to LPS was investigated by Western blotting. To
detect the impact of LPS on the autophagic flux, the level
of p62 was also measured by Western blotting. After LPS
treatment at varying times (9, 12, and 24h), Western blot
analysis revealed that LPS inhibited the conversion of LC3
and the degradation of p62 in a time-dependent pattern
(Figure 2(e)). It was further shown that at varying concen-
trations (0.25, 0.5, 1, 2, and 4ug/mL) of LPS incubated
with ANA-1 cells for 24h, LPS inhibited autophagy in a
dose-dependent pattern (Figure 2(f)). These results showed
that LPS could lower basic autophagy in macrophagocytes.

3.3. Akt/mTOR Pathway Involved in the Inhibition of
Autophagy and Production of IL-6 following Treatment with
LPS. Next, we explored which pathway was involved in the
inhibition of autophagy by LPS and whether this pathway
could affect the LPS-stimulated production of IL-6. After
24h of exposure to varying concentrations of LPS (0.25,
0.5, and 1 pg/mL), changes in marker proteins and upstream
pathway proteins of autophagy were detected by Western
blotting. Results showed that autophagy was inhibited by
LPS, and the phosphorylation levels of the mTOR and Akt
autophagy pathway proteins were increased in a dose-
dependent manner. These effects were more pronounced
in the 1ug/mL LPS group (Figure 3(a)). LY294002 is a
potent, cell-permeable inhibitor of Akt acting on the ATP-
binding site of the enzyme [61]. Torin 1, a tricyclic benzo-
naphthyridinone, is also a potent and selective inhibitor of
the mTOR kinase [62]. Accordingly, being used as previ-
ously reported [63], 50 uM LY294002 was shown to sup-
press the LPS-stimulated activation of Akt and mTOR.
Likewise, being used as previously reported [64], 250 nM
Torin 1 suppressed the LPS-stimulated activation of mTOR
(Figure 3(b)) and reversed the inhibition of cell autophagy
(p <0.05) (Figure 3(d)). As we predicted, inhibition of Akt
and mTOR with inhibitors led to the reduced production
of the IL-6 level (p <0.01,p < 0.05) (Figure 3(c)) in the cell
culture medium following stimulation by LPS. These results
revealed that LPS could inhibit autophagy by activating the
Akt/mTOR pathway.

3.4. AM Could Reverse the Inhibitory Effect of LPS on Cell
Autophagy. Having found that AM could reverse the LPS-
induced production of IL-6, we further explored whether it
could also reverse the inhibitory effect of LPS on autophagy.
The LC3 puncta and the level of p62 were observed by immu-
nofluorescence. It was found that after 24 h incubation with
1 ug/mL LPS, the LC3 puncta were reduced and the level of
p62 was increased, whereas addition of 80ug/mL AM
reversed the inhibitory effect of LPS on cell autophagy
(Figures 4(a)-4(c)). Next, the fluorescence intensity of
FITC-stained p62 was detected with HCS. Respectively,
LPS-treated cells showed enhanced fluorescence intensity of
p62 compared with the control group (p <0.01), whereas
treatment with 80 yug/mL AM attenuated the fluorescence
intensity of p62 compared with the LPS group (p <0.05)
(Figure 4(d)). To further confirm the reverse effect of AM
to the LPS-induced inhibition, we observed the changes of
autophagy in LPS-treated cells with varying times of
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treatment with AM. First, we added 1 ug/mL LPS to each
group, and then, 80 ug/mL AM was, respectively, added to
the cell culture medium of different groups at 3, 6, 9, and
12 h after the addition of LPS. Cells were incubated for 24 h

since the addition of LPS and then were collected for Western
blot analysis. Results showed that earlier treatment with AM
produced the stronger reverse effect of AM on the LPS-
induced inhibition of autophagy (Figure 4(e)). Next, we
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tested the antagonistic effect of varying doses of AM on LPS-
induced inhibition of autophagy. Cells were stimulated with
or without 1 ug/mL LPS and varying concentrations of AM
for 24h. We found that increasing concentrations of AM
resulted in increased autophagy with or without LPS stimula-
tion (Figures 4(f) and 4(g)). These results suggested that AM
could induce autophagy, as well as reverse the inhibitory
effect of LPS on cell autophagy.

3.5. AM Inhibited mTOR through Activating AMPK, rather
than Inhibiting Akt. Based on previous research, we hypoth-
esized that the antagonistic effect of AM on LPS might be
mediated by the opposite regulation of the Akt/mTOR path-
way. We performed Western blot analysis to further test
and replicate the effect of LPS on Akt and mTOR. Inter-
estingly, we found that AM did not lead to a decrease in
the level of phosphorylated Akt but reduced the phosphory-
lation of mTOR with or without LPS stimulation (p < 0.01)
(Figure 5(a)). Thus, we concluded that the inhibitory effect
of AM on mTOR was not performed through Akt, and it
suggested that AM might play a regulatory role on mTOR
through other pathways. Then, we sought to identify these
signaling pathways by performing immunofluorescence
assays and HCS and found that AM could induce the phos-
phorylation of AMPK (Figure 5(b)), which is one of the

upstream targets of mTOR. After treatment of ANA-1 cells
with AM at various concentrations (20, 40, and 80 pg/mL)
for 24 h, we noted that the phosphorylation level of AMPK
was increased in a dose-dependent manner (Figure 5(c)).
The following result was not surprising: administration of
AM together with LPS was shown to enhance the level of
p-AMPK in a dose-dependent manner, compared with the
LPS group (p <0.01) (Figure 5(d)). These results suggested
that AM could inhibit mTOR by activating AMPK, thereby
inducing autophagy and resisting the LPS-induced inhibi-
tion of cell autophagy.

3.6. Activation of AMPK Could Inhibit the LPS-Induced
Production of IL-6. The above experimental results showed
that AM could antagonize the inhibitory effect of LPS on
autophagy and the production of IL-6 by activating AMPK.
We therefore explored whether AMPK agonists could pro-
duce similar effects with those shown by AM. Acadesine
(AICAR), an AMPK activator [65], was administered to
ANA-1 cells at concentrations of 12.5, 25, 50, and 100 yuM
for 24h. Results of Western blot analysis showed that 25,
50, and 100 uM AICAR increased the phosphorylation level
of AMPK in ANA-1 cells, compared with the control group
(p<0.01) (Figure 6(a)). ANA-1 cells were then incubated
with AICAR at concentrations of 25, 50, or 100 M and
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1 ug/mL LPS for 24h. Compared with LPS intervention
alone, 50 and 100 uM AICAR were shown to significantly
enhance the phosphorylation level of AMPK (Figure 6(b)).
Next, we observed the effect of AICAR on the LPS-induced
production of IL-6. Western blot analysis showed that the
LPS-induced production of IL-6 was decreased by AICAR
at concentrations of 50 and 100 uM (p < 0.01) (Figure 6(b)).
These results confirmed that the AMPK activator could play
a similar role with AM in inhibition of IL-6 production.

3.7. The Effect of AM on Activation of Autophagy and
Inhibition of IL-6 Could Be Blocked by Knocking Down
AMPK. In order to further demonstrate that the inhibitory
effect of AM against LPS was accomplished through the acti-
vation of AMPK, we compared the effect of AM on autophagy
and IL-6 between an AMPK knocked-down group and a non-
target siRNA control group. Three specific siRNA sequences
(starting sites: 827, 1250, and 1337 bp, respectively) targeted
at the AMPK gene were synthesized. After transfecting
ANA-1 cells with these sequences, we observed that AMPK
was downregulated (Figure 7(a)) and this was accompanied
by an increase in the level of IL-6 (Figure 7(b)). The highest
efficiency was exhibited by the interference sequence with

the starting site at 1250 bp, and thus, this fragment was used
in subsequent interference experiments. In the nontarget
siRNA control group, LPS reduced the level of Beclin 1,
decreased the conversion of LC3, and increased the level of
IL-6 in cells (p < 0.01). In the case where the levels of AMPK
and p-AMPK were knocked down by specific siRNAs, admin-
istration of AM could not reverse the effects of LPS. These
findings showed that the activation of AMPK might play a
key role in AM-induced autophagy and inhibition of IL-6
production.

3.8. Activation of Autophagy Could Inhibit the Production of
IL-6. The previous results showed that all similarly induced
(LPS or AM) changes in autophagy and expression of IL-6
pass through the same signaling pathway. This drove us to
further explore the relationship between autophagy and pro-
duction of IL-6. To clarify the effect of autophagy on the level
of expression of IL-6, we used rapamycin (Rap), an autoph-
agy inducer, and 3-methyladenine (3-MA), an autophagy
inhibitor, to influence the level of autophagy and observed
the changes of IL-6 in LPS-induced macrophages. Results
showed that Rap (1uM) was performed as previously
reported [64] and led to activation of autophagy and
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decreased levels of LPS-induced IL-6, compared with the LPS
group (p <0.01). On the other hand, the 3-MA (20 uM)
autophagy inhibitor was shown to cause an increase in the
expression of IL-6, compared with the LPS group (p < 0.05)
(Figure 8(a)). Next, we used siRNA to interfere with the
expression of the autophagy-related gene (ATG5) to inhibit
initiation of autophagy and observe the changes in the levels
of IL-6. Results showed that knockdown of ATG5 resulted in
inhibition of autophagy and increased expression of IL-6
compared with the nontarget group. Moreover, it was shown

that AM could not reduce the LPS-induced production of
IL-6 due to the blocking of the autophagy signaling path-
way (Figure 8(b)). These results indicated that AM might
play an inhibiting role in the expression of IL-6 due to
activation of autophagy.

4. Discussion

In this study, we showed that the production of IL-6 was
elevated after incubation of ANA-1 cells with LPS. However,
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we also observed that this response was reversed by treatment
with AM. In our previous study, we used LPS to establish an
inflammation model in mice, which were then treated with
AM injection to detoxify LPS. Our results showed that the
LPS-exposed mice displayed a significant weight loss, a tem-
perature increase, splenomegaly, hemorrhage, pulmonary
hyperemia, and an increase in serum levels of IL-6. Respec-
tively, AM injection was demonstrated to reduce this LPS-
induced inflammatory response and decreased the levels of
IL-6 in the serum of mice (Supplementary Figure 1). IL-6 is
known to be the earliest inflammatory marker and has been
reported to also function as an indicator of therapeutic
effects and prognosis marker of inflammatory diseases [66].
Subsequently, we confirmed the suppressive effect of AM
on the LPS-induced production of IL-6 in inflammatory
macrophages.

After confirming the anti-inflammatory effect of AM, we
aimed to explore its anti-inflammatory mechanism. To this
end, we first sought to identify other regulatory effects of
LPS on macrophages. Deretic et al. [67] discussed in a
review that autophagy is a potent anti-inflammatory pro-
cess through its regulatory interactions with signaling path-
ways. On that note, we attempted to explore whether there
was a relationship between inflammation and autophagy in
our experimental model. Although some studies suggested
that LPS could induce autophagy in bone marrow-derived
macrophages [68], our immunofluorescence and Western
blotting results demonstrated that LPS inhibited autophagy
in macrophages, consistent with the study by Hu et al. [69].

Recently, more studies have affirmed that LPS can inhibit
autophagy in hepatocytes [70, 71], RAW 264.7 macro-
phages [72, 73], and mouse articular chondrocytes [74].
Different effects on autophagy might result from different
interventions applied to different types of cells. We specu-
lated that activation of autophagy under the intervention
of LPS might be a self-protective stress mechanism of cells,
and once LPS dominates on cells, its inhibitory effect on
autophagy would become apparent. This conflict should
be explored in further studies.

A major player in autophagy is known to be the mTOR
protein, which is a signaling control point downstream of
the PI3K/Akt, MAPK/ERK 1/2, AMPK, and P53/genotoxic
stress pathways. Importantly, mTOR has been acknowledged
to act in inhibiting autophagy under the activation of
PI3K/Akt or MAPK/ERK and the inhibition of the AMPK
and P53/genotoxic stress pathways [75]. Respectively, we
found that LPS inhibited autophagy by activating Akt/mTOR
signaling. Results showed that administration of inhibitors of
mTOR and its upstream protein kinase led to the same effects
on autophagy and secretion of IL-6, as those observed for
AM. We speculated that AM might resist the effect of LPS
by inhibiting Akt/mTOR; however, our experimental results
showed the unexpected effect that AM lowered the levels of
p-mTOR without inhibiting the Akt kinase.

Next, we found that among the upstream activation path-
ways of autophagy, AM could activate AMPK and induce
autophagy. AMPK is known to be a key metabolic regulator
in cells. In the absence of energy, activated AMPK has been
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reported to promote catabolism by phosphorylating down-
stream proteins, thereby preserving ATP levels in cells. Acti-
vated AMPK has also been shown to trigger autophagy by
inhibiting mTOR [76, 77]. The inhibitory effect of AMPK
on inflammation has been demonstrated by several studies
[78-80], mainly focused on its regulation of Nrf2 [81], SIRT1

[82, 83], and PGC-1 [84, 85] and effect on the functions of
various inflammation-related proteins, such as NF-xB and
AP-1. Therefore, AMPK could be used as a potential target
for the treatment of inflammation and other related diseases.
We further speculated that the activation of AMPK was
involved in the inhibitory effect of AM on the production
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of IL-6. Our results demonstrated that AICAR, an AMPK
activator, yielded similar effects in resisting LPS as those seen
in the case of treatment with AM. Subsequently, we used
siRNA to knock down the expression of AMPK in ANA-1
cells and found that the effects of AM on cell autophagy
and production of IL-6 were reduced by the AMPK-targeted
siRNA, further demonstrating that AM could exert its anti-
inflammatory effect due to the activation of AMPK. Guma
et al. [86] found that activation of AMPK suppressed the
expression of IL-6 in serum and arthritic joints of mice with
inflammatory arthritis. Despite the different models of
inflammation, results from this and other studies [87, 88]
supported our conclusion and suggested that targeted activa-
tion of AMPK has a potential to be an effective therapeutic
strategy for IL-6 dependent inflammatory diseases.

AMPK is known to be one of the major mediators of
autophagy. Our results showed that AM induced autophagy
by activating AMPK and reduced the LPS-induced produc-
tion of IL-6, suggesting that there should be some interaction
between autophagy and anti-inflammatory effects. We
attempted to further clarify whether activation of AMPK
played an anti-inflammatory role through the upregulation

of autophagy and got a positive answer. Other studies [89-
92] have shown that activating autophagy through different
pathways could exert anti-inflammatory effects, in agreement
with our results. Autophagy is an important regulatory
mechanism for maintaining homeostasis in the body. Many
experimental studies have also shown that physiological acti-
vation of autophagy could improve metabolism, immune
function, and anticancer and anti-inflammatory functions
of the body [71, 93]. Melendez et al. [94] demonstrated for
the first time that the becl (called ATG6 in yeast and Beclin
1 or BECNI in mammals) autophagy gene was necessary in
the longevity type of the daf-2 mutant in C. elegans. Recently,
Fernandez et al. [95] found that activation of autophagy
resulted in the increased lifespan of mammals. We speculated
that other roles of AM might be closely related to autophagy
regulatory mechanisms in cells. Based on these findings,
other Chinese medicine and natural foods able to induce
autophagy could be exploited toward the development of
anti-inflammatory drugs and functional health foods.

In future studies, we will focus on identifying the major
active components in AM exerting the anti-inflammatory
effects and further verify their mechanisms of action in both
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FIGURE 9: Proposed mechanisms of AM on the expression of IL-6 in LPS-stimulated macrophages. LPS inhibits autophagy by activating the
PI3K/Akt/mTOR pathway and also upregulates the expression of IL-6. The AM inhibits mTOR, promoting autophagy, and inhibits the
expression of IL-6 by increasing the phosphorylation of AMPK. The activation of autophagy leads to the inhibition of the expression of
IL-6. Conclusively, AM inhibits the expression of IL-6 and promotes autophagy via modulating the AMPK-mTOR signaling pathways.

the in vitro and in vivo inflammation models, as well as
search for possible anti-inflammatory targets.

5. Conclusions

In this study, we demonstrated that LPS inhibited autophagy
in the ANA-1 murine macrophages and induced the produc-
tion of the IL-6 inflammatory cytokine by activating the
Akt/mTOR pathway. Interestingly, AM induced cell autoph-
agy and reduced the production of IL-6 in ANA-1 cells with
or without stimulation by LPS. However, AM induced
autophagy not through the direct inhibition of Akt/mTOR
but instead by triggering the AMPK-mediated inhibition of
the mTOR pathway. Hence, AM and LPS exerted opposite
effects on autophagy and the production of IL-6 through
different upstream signaling pathways of mTOR. In addition,
the AM-induced autophagy played a role in this anti-
inflammatory effect. All these interactions are given in a
proposed mechanism illustrated in Figure 9.
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Supplementary Figure 1: AM injection can inhibit the
inflammation response induced by LPS in mice. (a) The
weight of mice after LPS was measured at different time
points. (b) The levels of serum IL-6 in mice from the LPS
treatment and LPS with AM injection treatment groups,
analyzed at different time points by enzyme-linked immuno-
sorbent assay (ELISA). (c, d) The spleen and lung of mice
were isolated, and the pathological effect was observed.
Supplementary Video 1: after 24 hours of lipopolysaccharide
injection, the action activity of mice was compared with the
control group. The mice in the saline control group had nor-
mal diet and active exercise, while the mice in the lipopoly-
saccharide treatment group had obvious signs of debility,
tremor, and loss of appetite. (Supplementary Materials)

References

[1] E. Martin-Nufez, J. Donate-Correa, C. Ferri et al., “Associa-
tion between serum levels of Klotho and inflammatory cyto-
kines in cardiovascular disease: a case-control study,” Aging,
vol. 12, no. 2, pp- 1952-1964, 2020.

O. Milas, F. Gadalean, A. Vlad et al., “Pro-inflammatory cyto-
kines are associated with podocyte damage and proximal tubu-
lar dysfunction in the early stage of diabetic kidney disease in
type 2 diabetes mellitus patients,” Journal of Diabetes and its
Complications, vol. 34, no. 2, p. 107479, 2020.

[3] M. Mrugacz, L. Ostrowska, A. Bryl, A. Szulc, B. Zelazowska-
Rutkowska, and G. Mrugacz, “Pro-inflammatory cytokines
associated with clinical severity of dry eye disease of patients
with depression,” Advances in Medical Sciences, vol. 62,
no. 2, pp. 338-344, 2017.

J. Fest, R. Ruiter, M. Mulder et al., “The systemic immune-
inflammation index is associated with an increased risk of inci-
dent cancer-a population-based cohort study,” International
Journal of Cancer, vol. 146, no. 3, pp. 692-698, 2019.

[5] T. Gong, L. Liu, W. Jiang, and R. Zhou, “DAMP-sensing
receptors in sterile inflammation and inflammatory dis-
eases,” Nature Reviews Immunology, vol. 20, no. 2, pp. 95-
112, 2020.

[6] J. Zindel and P. Kubes, “DAMPs, PAMPs, and LAMPs in
immunity and sterile inflammation,” Annual Review of Pathol-
ogy, vol. 15, no. 1, pp. 493-518, 2020.

[7] S. Tasneem, B. Liu, B. Li, M. I. Choudhary, and W. Wang,
“Molecular pharmacology of inflammation: medicinal plants
as anti-inflammatory agents,” Pharmacological Research,
vol. 139, pp. 126-140, 2019.

[8] J. Li, L. Xu, R. Sang, Y. Yu, B. Ge, and X. Zhang, “Immuno-
modulatory and anti-inflammatory effects of total flavonoids
of Astragalus by regulating NF-KappaB and MAPK signalling
pathways in RAW 264.7 macrophages,” Pharmazie, vol. 73,
no. 10, pp. 589-593, 2018.

[9] B. P. Keenan, L. Fong, and R. K. Kelley, “Immunotherapy in
hepatocellular carcinoma: the complex interface between
inflammation, fibrosis, and the immune response,” Journal
for Immunotherapy of Cancer, vol. 7, no. 1, p. 267, 2019.

(2

_—

(4

s

Oxidative Medicine and Cellular Longevity

[10] G.N.C. Lucas, A. C. C. Leitdo, R. L. Alencar, R. M. F. Xavier,
E. D. F. Daher, and G. B. D. Silva Junior, “Pathophysiological
aspects of nephropathy caused by non-steroidal anti-
inflammatory drugs,” Brazilian Journal of Nephrology,
vol. 41, no. 1, pp. 124-130, 2019.

[11] S.Khan, K. L. Andrews, and J. P. F. Chin-Dusting, “Cyclo-oxy-
genase (COX) inhibitors and cardiovascular risk: are non-
steroidal anti-inflammatory drugs really anti-inflammatory?,”
International Journal of Molecular Sciences, vol. 20, no. 17,
p. 4262, 2019.

[12] Y.D. Taghipour, R. Bahramsoltani, A. M. Marques et al., “Cor-
rection to: a systematic review of nano formulation of natural
products for the treatment of inflammatory bowel disease:
drug delivery and pharmacological targets,” Daru, vol. 26,
no. 2, pp. 241-242, 2018.

[13] J. Kim, H. J. Kwak, J. Y. Cha et al., “Metformin suppresses
lipopolysaccharide (LPS)-induced inflammatory response in
murine macrophages via activating transcription factor-3
(ATF-3) induction,” The Journal of Biological Chemistry,
vol. 289, no. 33, pp. 23246-23255, 2014.

[14] M. Arikawa, Y. Kakinuma, T. Noguchi, H. Todaka, and
T. Sato, “Donepezil, an acetylcholinesterase inhibitor, attenu-
ates LPS-induced inflammatory response in murine macro-
phage cell line RAW 264.7 through inhibition of nuclear
factor kappa B translocation,” European Journal of Pharmacol-
ogy, vol. 789, pp. 17-26, 2016.

[15] H.Y.Kim, K. W. Hwang, and S. Y. Park, “Extracts of Actinidia
arguta stems inhibited LPS-induced inflammatory responses
through nuclear factor-«B pathway in Raw 264.7 cells,” Nutri-
tion Research, vol. 34, no. 11, pp. 1008-1016, 2014.

[16] S. Nikolaus, G. H. Waetzig, S. Butzin et al., “Evaluation of
interleukin-6 and its soluble receptor components sIL-6R
and sgpl130 as markers of inflammation in inflammatory
bowel diseases,” International Journal of Colorectal Disease,
vol. 33, no. 7, pp. 927-936, 2018.

[17] P. Chaemsaithong, R. Romero, S. J. Korzeniewski et al,, “A
rapid interleukin-6 bedside test for the identification of intra-
amniotic inflammation in preterm labor with intact mem-
branes,” The Journal of Maternal-Fetal ¢ Neonatal Medicine,
vol. 29, no. 3, pp. 349-359, 2015.

[18] A. Baillet, L. Gossec, S. Paternotte et al., “Evaluation of serum
interleukin-6 level as a surrogate marker of synovial inflamma-
tion and as a factor of structural progression in early rheuma-
toid arthritis: results from a French national multicenter
cohort,” Arthritis Care and Research, vol. 67, no. 7, pp. 905-
912, 2015.

[19] A. Ali, M. Boutjdir, and A. S. Aromolaran, “Cardiolipotoxicity,
inflammation, and arrhythmias: role for interleukin-6 molecu-
lar mechanisms,” Frontiers in Physiology, vol. 9, p. 1866, 2019.

[20] T. Tanaka, M. Narazaki, and T. Kishimoto, “IL-6 in inflamma-
tion, immunity, and disease,” Cold Spring Harbor Perspectives
in Biology, vol. 6, no. 10, p. a016295, 2014.

[21] L. Cao, X. Zhang, S. Yuan, K. Cheng, and X. Zhang,
“Autophagy induced by enterovirus 71 regulates the pro-
duction of IL-6 through the p38MAPK and ERK signaling
pathways,” Microbial Pathogenesis, vol. 131, pp. 120-127,
2019.

[22] X.C. Zhang, H. F. Liang, X. D. Luo et al., “YY1 promotes IL-6
expression in LPS-stimulated BV2 microglial cells by interact-
ing with p65 to promote transcriptional activation of IL-6,”
Biochemical and Biophysical Research Communications,
vol. 502, no. 2, pp. 269-275, 2018.


http://downloads.hindawi.com/journals/omcl/2020/1364147.f1.zip

Oxidative Medicine and Cellular Longevity

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

S. C. Jordan, J. Choi, I. Kim et al.,, “Interleukin-6, a cytokine
critical to mediation of inflammation, autoimmunity and
allograft rejection: therapeutic implications of IL-6 receptor
blockade,” Transplantation, vol. 101, no. 1, pp. 32-44, 2017.
M. Jin, K. Zhao, Q. Huang, and P. Shang, “Structural features
and biological activities of the polysaccharides from Astragalus
membranaceus,” International Journal of Biological Macro-
molecules, vol. 64, pp. 257-266, 2014.

S.Li, Y. Nong, Q. Gao et al., “Astragalus granule prevents Ca2+
current remodeling in heart failure by the downregulation of
CaMKIL” Evidence-based Complementary and Alternative
Medicine, vol. 2017, Article ID 7517358, 10 pages, 2017.

K. Zhang, M. Pugliese, A. Pugliese, and A. Passantino, “Biolog-
ical active ingredients of traditional Chinese herb Astragalus
membranaceus on treatment of diabetes: a systematic review,”
Mini Reviews in Medicinal Chemistry, vol. 15, no. 4, pp. 315-
329, 2015.

N. Phacharapiyangkul, L. H. Wu, W. Y. Lee et al., “The extracts
ofAstragalus membranaceusenhance chemosensitivity and
reduce tumor indoleamine 2, 3-dioxygenase expression,”
International Journal of Medical Sciences, vol. 16, no. 8,
pp. 1107-1115, 2019.

H. M. Khan, S. M. Raza, A. A. Anjum, and M. A. Ali, “Antivi-
ral, embryo toxic and cytotoxic activities of Astragalus mem-
branaceus root extracts,” Pakistan Journal of Pharmaceutical
Sciences, vol. 32, no. 1, pp. 137-142, 2019.

M. Jiang, J. Ni, Y. Cao, X. Xing, Q. Wu, and G. Fan, “Astragalo-
side IV attenuates myocardial ischemia-reperfusion injury
from oxidative stress by regulating succinate, lysophospholipid
metabolism, and ROS scavenging system,” Oxidative Medicine
and Cellular Longevity, vol. 2019, Article ID 9137654, 17 pages,
2019.

X. Li, L. Qu, Y. Dong et al, “A review of recent research
progress on the astragalus genus,” Molecules, vol. 19, no. 11,
pp. 18850-18880, 2014.

P. Liu, H. Zhao, and Y. Luo, “Anti-aging implications of
Astragalus membranaceus (Huanggqi): a well-known Chinese
tonic,” Aging and Disease, vol. 8, no. 6, pp. 868-886, 2017.

R. Pan, M. Zhou, Y. Zhong et al., “The combination of Astrag-
alus membranaceusextract and ligustrazine to improve the
inflammation in rats with thrombolytic cerebral ischemia,”
International Journal of Immunopathology and Pharmacology,
vol. 33, p. 205873841986905, 2019.

S. Adesso, R. Russo, A. Quaroni, G. Autore, and S. Marzocco,
“Astragalus membranaceus extract attenuates inflammation
and oxidative stress in intestinal epithelial cells via NF-«B acti-
vation and Nrf2 response,” International Journal of Molecular
Sciences, vol. 19, no. 3, p. 800, 2018.

L. Zhu, Y. J. Liu, H. Shen, P. Q. Gu, and L. Zhang, “Astragalus
and baicalein regulate inflammation of mesenchymal stem
cells (MSCs) by the mitogen-activated protein kinase (MAP-
K)/ERK pathway,” Medical Science Monitor, vol. 23,
pp. 3209-3216, 2017.

Z.Guo, H.-Y. Xu, L. Xu, S.-S. Wang, and X.-M. Zhang, “In vivo
and in vitro immunomodulatory and anti-inflammatory
effects of total flavonoids of astragalus,” The African Journal
of Traditional, Complementary and Alternative Medicines,
vol. 13, no. 4, pp. 60-73, 2016.

F. Han, Q. Q. Xiao, S. Peng et al., “Atorvastatin ameliorates
LPS-induced inflammatory response by autophagy via
AKT/mTOR signaling pathway,” Journal of Cellular Biochem-
istry, vol. 119, no. 2, pp. 1604-1615, 2018.

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

[45]

[46]

(47]

(48]

(49]

(50]

(51]

17

Commission CP, “Drug Standards of the Ministry of Health of
the People’s Republic of China,” in Traditional Chinese Medi-
cine Drugs Preparation, China Medical Science Press, Beijing,
China, 2015.

J. G. Zhang, D. S. Gao, and G. H. Wei, “Clinical study on effect
of Astragalus injection on left ventricular remodeling and left
ventricular function in patients with acute myocardial infarc-
tion,” Zhongguo Zhong Xi Yi Jie He Za Zhi, vol. 22, no. 5,
pp. 346-348, 2002.

S.M.Li,J. X. Yan, and L. Yang, “Effects of Astragalus injection on
renal tubular function in patients with IgA nephropathy,” Zhong-
guo Zhong Xi Yi Jie He Za Zhi, vol. 26, no. 6, pp. 504-507, 2006.

G. H. Xu, L. Yuan, Y. Li, P. Xie, J. Y. Zhao, and Y. H. Chen,
“Clinical observation of Astragalus injection in treatment of
renal injury in patients with primary hypertension,” Zhong
Xi Yi Jie He Xue Bao, vol. 6, no. 5, pp. 530-532, 2008.

A. Cao, H. He, Q. Wang, L. Li, Y. An, and X. Zhou, “Evidence
of Astragalus injection combined platinum-based chemother-
apy in advanced nonsmall cell lung cancer patients: a system-
atic review and meta-analysis,” Medicine (Baltimore), vol. 98,
no. 11, article €14798, 2019.

W. Wen, J. Chen, L. Ding et al., “Astragaloside exerts anti-
photoaging effects in UVB-induced premature senescence of
rat dermal fibroblasts through enhanced autophagy,” Archives
of Biochemistry and Biophysics, vol. 657, pp. 31-40, 2018.

K. Schmeisser and J. A. Parker, “Pleiotropic effects of mTOR
and autophagy during development and aging,” Frontiers in
Cell and Development Biology, vol. 7, p. 192, 2019.

S. Q. Wong, A. V. Kumar, J. Mills, and L. R. Lapierre,
“Autophagy in aging and longevity,” Human Genetics,
vol. 139, no. 3, pp- 277-290, 2020.

F. Giampieri, S. Afrin, T. Y. Forbes-Hernandez et al., “Autoph-
agy in human health and disease: novel therapeutic opportuni-
ties,” Antioxidants & Redox Signaling, vol. 30, no. 4, pp. 577-
634, 2019.

R. T. Netea-Maier, T. S. Plantinga, F. L. van de Veerdonk, J. W.
Smit, and M. G. Netea, “Modulation of inflammation by
autophagy: consequences for human disease,” Autophagy,
vol. 12, no. 2, pp. 245-260, 2016.

H. E. Han, T. K. Kim, H. J. Son, W. J. Park, and P. L. Han,
“Activation of autophagy pathway suppresses the expression
of iINOS, IL6 and cell death of LPS-stimulated microglia cells,”
Biomolecules and Therapeutics, vol. 21, no. 1, pp. 21-28, 2013.

Z.Tong, B. Jiang, L. Zhang et al., “HSF-1 is involved in atten-
uating the release of inflammatory cytokines induced by LPS
through regulating autophagy,” Shock, vol. 41, no. 5,
pp. 449-453, 2014.

A. Sadeghi, M. Shabani, S. Alizadeh, and R. Meshkani,
“Interplay between oxidative stress and autophagy function
and its role in inflammatory cytokine expression induced
by palmitate in skeletal muscle cells,” Cytokine, vol. 125,
p. 154835, 2020.

D. Ding, S. Xu, H. Zhang et al,, “3-Methyladenine and dexme-
detomidine reverse lipopolysaccharide-induced acute lung
injury through the inhibition of inflammation and autophagy,”
Experimental and Therapeutic Medicine, vol. 15, no. 4,
pp. 3516-3522, 2018.

O.]. Sul, H.]. Park, H.J. Son, and H. S. Choi, “Lipopolysaccha-
ride (LPS)-induced autophagy is responsible for enhanced
osteoclastogenesis,” Molecules and Cells, vol. 40, no. 11,
pp. 880-887, 2017.



18

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

[60]

[61]

(62]

[63]

(64]

(65]

C.Li, J. Pan, L. Ye et al., “Autophagy regulates the therapeutic
potential of adipose-derived stem cells in LPS-induced pulmo-
nary microvascular barrier damage,” Cell Death & Disease,
vol. 10, no. 11, p. 804, 2019.

D. J. Klionsky, K. Abdelmohsen, A. Abe et al., “Guidelines for
the use and interpretation of assays for monitoring autophagy
(3rd edition),” Autophagy, vol. 12, no. 1, pp. 1-222, 2016.

K. S. Cho, M. Shin, S. Kim, and S. B. Lee, “Recent advances in
studies on the therapeutic potential of dietary carotenoids in
neurodegenerative diseases,” Oxidative Medicine and Cellular
Longevity, vol. 2018, Article ID 4120458, 13 pages, 2018.

L.Jia, S. Huang, X. Yin, Y. Zan, Y. Guo, and L. Han, “Quercetin
suppresses the mobility of breast cancer by suppressing glycol-
ysis through Akt-mTOR pathway mediated autophagy induc-
tion,” Life Sciences, vol. 208, pp. 123-130, 2018.

H.Y.Meng, D. C. Shao, H. Li et al., “Resveratrol improves neu-
rological outcome and neuroinflammation following spinal
cord injury through enhancing autophagy involving the
AMPK/mTOR pathway,” Molecular Medicine Reports,
vol. 18, no. 2, pp. 2237-2244, 2018.

Q. Meng, X. Du, H. Wang, H. Gu, J. Zhan, and Z. Zhou,
“Astragalus polysaccharides inhibits cell growth and pro-
inflammatory response in IL-1f3-stimulated fibroblast-like
synoviocytes by enhancement of autophagy via PI3K/AKT/m-
TOR inhibition,” Apoptosis, vol. 22, no. 9, pp. 1138-1146,
2017.

D. Liu, J. Xu, G. Qian et al., “Selenizing astragalus polysaccha-
ride attenuates PCV2 replication promotion caused by oxida-
tive stress through autophagy inhibition via PI3K/AKT
activation,” International Journal of Biological Macromole-
cules, vol. 108, pp. 350-359, 2018.

J. Wu, J. Wang, Q. Su et al., “Traditional Chinese medicine
<em>Astragalus </em>polysaccharide enhanced antitumor
effects of the angiogenesis inhibitor apatinib in pancreatic can-
cer cells on proliferation, invasiveness, and apoptosis,” Onco-
Targets and Therapy, vol. Volume 11, pp. 2685-2698, 2018.

H. Shan, X. Zheng, and M. Li, “The effects of Astragalus mem-
branaceus active extracts on autophagy-related diseases,”
International Journal of Molecular Sciences, vol. 20, no. 8,
p- 1904, 2019.

C.J. Vlahos, W. F. Matter, K. Y. Hui, and R. F. Brown, “A spe-
cific inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpho-
linyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002),” The
Journal of Biological Chemistry, vol. 269, no. 7, pp. 5241-
5248, 1994.

C. C. Thoreen, S. A. Kang, J. W. Chang et al., “An ATP-
competitive mammalian target of rapamycin inhibitor reveals
rapamycin-resistant functions of mTORC1,” The Journal of
Biological Chemistry, vol. 284, no. 12, pp. 8023-8032, 2009.

S. Kochumon, A. Wilson, B. Chandy et al., “Palmitate activates
CCL4 expression in human monocytic cells via TLR4/MyD88
dependent activation of NF-xB/MAPK/ PI3K signaling sys-
tems,” Cellular Physiology and Biochemistry, vol. 46, no. 3,
Pp. 953-964, 2018.

J. W. Lee, H. Nam, L. E. Kim et al., “TLR4 (toll-like receptor 4)
activation suppresses autophagy through inhibition of FOXO3
and impairs phagocytic capacity of microglia,” Autophagy,
vol. 15, no. 5, pp. 753-770, 2019.

N. Ishii, T. Matsumura, H. Kinoshita et al., “Activation of
AMP-activated protein kinase suppresses oxidized low-
density lipoprotein-induced macrophage proliferation,” The

[66]

(67]

(68]

(69]

(70]

(71]

(72]

(73]

(74]

[75]

[76]

(77]

(78]

[79]

(80]

Oxidative Medicine and Cellular Longevity

Journal of Biological Chemistry, vol. 284, no. 50, pp. 34561-
34569, 2009.

C. Palmiere and M. Augsburger, “Markers for sepsis diagnosis
in the forensic setting: state of the art,” Croatian Medical Jour-
nal, vol. 55, no. 2, pp. 103-114, 2014.

V. Deretic, T. Saitoh, and S. Akira, “Autophagy in infection,
inflammation and immunity,” Nature Reviews Immunology,
vol. 13, no. 10, pp. 722-737, 2013.

W. Geng and L. Liu, “MiR-494 alleviates lipopolysaccharide
(LPS)-induced autophagy and apoptosis in PC-12 cells by tar-
geting IL-13,” Advances in Clinical and Experimental Medi-
cine, vol. 28, no. 1, pp. 85-94, 2019.

Y. Hu,J. Loy, Y. Y. Mao et al., “Activation of MTOR in pulmo-
nary epithelium promotes LPS-induced acute lung injury,”
Autophagy, vol. 12, no. 12, pp. 2286-2299, 2016.

L. Li, H. Yin, Y. Zhao et al., “Protective role of puerarin on
LPS/D-Gal induced acute liver injury via restoring autophagy,”
American Journal of Translational Research, vol. 10, no. 3,
pp. 957-965, 2018.

X.Kong, Y. Yang, L. Ren et al., “Activation of autophagy atten-
uates EtOH-LPS-induced hepatic steatosis and injury through
MD?2 associated TLR4 signaling,” Scientific Reports, vol. 7,
no. 1, p. 9292, 2017.

S. B. Singh and H. C. Lin, “Autophagy counters LPS-mediated
suppression of lysozyme,” Innate Immunity, vol. 23, no. 6,
pp. 537-545, 2017.

Y. Cao, J. Chen, G. Ren, Y. Zhang, X. Tan, and L. Yang, “Puni-
calagin prevents inflammation in LPS-induced RAW264.7
macrophages by inhibiting FoxO3a/autophagy signaling path-
way,” Nutrients, vol. 11, no. 11, p. 2794, 2019.

Y. Zhou, X. Chen, N. Qu, B. Zhang, and C. Xia, “Chondropro-
tection of PPAR« activation by WY14643 via autophagy
involving Akt and ERK in LPS-treated mouse chondrocytes
and osteoarthritis model,” Journal of Cellular and Molecular
Medicine, vol. 23, no. 4, pp. 2782-2793, 2019.

D. Glick, S. Barth, and K. F. Macleod, “Autophagy: cellular and
molecular mechanisms,” The Journal of Pathology, vol. 221,
no. 1, pp. 3-12, 2010.

B. Z. Shao, S. L. Wang, J. Fang, Z. S. Li, Y. Bai, and K. Wy,
“Alpha7 nicotinic acetylcholine receptor alleviates inflamma-
tory bowel disease through induction of AMPK-mTOR-
p70S6K-mediated autophagy,” Inflammation, vol. 42, no. 5,
pp. 1666-1679, 2019.

Y. Zong, C. S. Zhang, M. Li et al., “Hierarchical activation of
compartmentalized pools of AMPK depends on severity of
nutrient or energy stress,” Cell Research, vol. 29, no. 6,
pp. 460-473, 2019.

Y. Wang, W. Ruan, J. Mi et al., “Balasubramide derivative 3C
modulates microglia activation via CaMKKp- dependent
AMPK/PGC-1a pathway in neuroinflammatory conditions,”
Brain, Behavior, and Immunity, vol. 67, pp. 101-117, 2018.
T. W. Jung, H. S. Park, G. H. Choi, D. Kim, and T. Lee, “B-
Aminoisobutyric acid attenuates LPS-induced inflammation
and insulin resistance in adipocytes through AMPK-
mediated pathway,” Journal of Biomedical Science, vol. 25,
no. 1, p. 27, 2018.

W. Bao, Y. Luo, D. Wang, J. Li, X. Wu, and W. Mei, “Sodium
salicylate modulates inflammatory responses through AMP-
activated protein kinase activation in LPS-stimulated THP-1
cells,” Journal of Cellular Biochemistry, vol. 119, no. 1,
pp. 850-860, 2018.



Oxidative Medicine and Cellular Longevity

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

(92]

(93]

R. Kosuru, V. Kandula, U. Rai, S. Prakash, Z. Xia, and S. Singh,
“Pterostilbene decreases cardiac oxidative stress and inflam-
mation via activation of AMPK/Nrf2/HO-1 pathway in
fructose-fed diabetic rats,” Cardiovascular Drugs and Therapy,
vol. 32, no. 2, pp. 147-163, 2018.

C. Canto, Z. Gerhart-Hines, J. N. Feige et al., “AMPK regulates
energy expenditure by modulating NAD* metabolism and
SIRT1 activity,” Nature, vol. 458, no. 7241, pp. 1056-1060,
2009.

K. L. Tsai, P. H. Huang, C. L. Kao et al., “Aspirin attenuates
vinorelbine-induced endothelial inflammation via modulating
SIRT1/AMPK axis,” Biochemical Pharmacology, vol. 88, no. 2,
pp. 189-200, 2014.

Q. Zhang and X. C. Liang, “Effects of mitochondrial dysfunc-
tion via AMPK/PGC-1 « signal pathway on pathogenic mech-
anism of diabetic peripheral neuropathy and the protective
effects of Chinese medicine,” Chinese Journal of Integrative
Medicine, vol. 25, no. 5, pp. 386-394, 2019.

L. Tian, W. Cao, R. Yue et al., “Pretreatment with tilianin
improves mitochondrial energy metabolism and oxidative
stress in rats with myocardial ischemia/reperfusion injury
via AMPK/SIRT1/PGC-1 alpha signaling pathway,” Journal
of Pharmacological Sciences, vol. 139, no. 4, pp. 352-360,
2019.

M. Guma, Y. Wang, B. Viollet, and R. Liu-Bryan, “AMPK
activation by A-769662 controls IL-6 expression in inflamma-
tory arthritis,” PLoS One, vol. 10, no. 10, article e0140452,
2015.

F. Zhou, M. Wang, J. Ju et al., “Schizandrin A protects against
cerebral ischemia-reperfusion injury by suppressing inflam-
mation and oxidative stress and regulating the AMPK/Nrf2
pathway regulation,” American Journal of Translational
Research, vol. 11, no. 1, pp. 199-209, 2019.

M. Y. Ansari, N. Ahmad, and T. M. Haqqji, “Butein activates
autophagy through AMPK/TSC2/ULK1/mTOR pathway to
inhibit IL-6 expression in IL-1f stimulated human chondro-
cytes,” Cellular Physiology and Biochemistry, vol. 49, no. 3,
pp. 932-946, 2018.

J. T. Wang, W. Q. Xie, F. Q. Liu et al., “NADH protect against
radiation enteritis by enhancing autophagy and inhibiting
inflammation through PI3K/AKT pathway,” American Jour-
nal of Translational Research, vol. 10, no. 6, pp. 1713-1721,
2018.

S. Yang, J. He, X. Li, H. Liu, J. Zhao, and M. Liu, “Hydrogen
attenuated oxidized low-density lipoprotein-induced inflam-
mation through the stimulation of autophagy via sirtuin 1,”
Experimental and Therapeutic Medicine, vol. 16, no. 5,
pp. 4042-4048, 2018.

M. Zhou, W. Xu, J. Wang et al., “Boosting mTOR-dependent
autophagy via upstream TLR4-MyD88-MAPK signalling and
downstream NF-«B pathway quenches intestinal inflamma-
tion and oxidative stress injury,” eBioMedicine, vol. 35,
pp. 345-360, 2018.

W. Xie, W. Zheng, M. Liu et al., “BRF1 ameliorates LPS-
induced inflammation through autophagy crosstalking with
MAPK/ERK signaling,” Genes & Diseases, vol. 5, no. 3,
pp. 226-234, 2018.

C. Bussi, . M. Peralta Ramos, D. S. Arroyo et al., “Autophagy
down regulates pro-inflammatory mediators in BV2 micro-
glial cells and rescues both LPS and alpha-synuclein induced
neuronal cell death,” Scientific Reports, vol. 7, no. 1, p. 43153,
2017.

19

[94] A. Melendez, Z. Talloczy, M. Seaman, E. L. Eskelinen, D. H.

Hall, and B. Levine, “Autophagy genes are essential for dauer
development and life-span extension in C. elegans,” Science,
vol. 301, no. 5638, pp. 1387-1391, 2003.

[95] A. F. Fernandez, S. Sebti, Y. Wei et al., “Disruption of the

beclin 1-BCL2 autophagy regulatory complex promotes lon-
gevity in mice,” Nature, vol. 558, no. 7708, pp. 136-140, 2018.



	Astragalus membranaceus Injection Suppresses Production of Interleukin-6 by Activating Autophagy through the AMPK-mTOR Pathway in Lipopolysaccharide-Stimulated Macrophages
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Cell Culture and Experimental Group
	2.3. Western Blot Analysis
	2.4. ELISA
	2.5. siRNA Transfection
	2.6. Immunofluorescence Staining
	2.7. Statistical Analysis

	3. Results
	3.1. AM Could Inhibit the Production of the LPS-Induced IL-6
	3.2. LPS Inhibited Autophagy in ANA-1 Cells
	3.3. Akt/mTOR Pathway Involved in the Inhibition of Autophagy and Production of IL-6 following Treatment with LPS
	3.4. AM Could Reverse the Inhibitory Effect of LPS on Cell Autophagy
	3.5. AM Inhibited mTOR through Activating AMPK, rather than Inhibiting Akt
	3.6. Activation of AMPK Could Inhibit the LPS-Induced Production of IL-6
	3.7. The Effect of AM on Activation of Autophagy and Inhibition of IL-6 Could Be Blocked by Knocking Down AMPK
	3.8. Activation of Autophagy Could Inhibit the Production of IL-6

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

