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Abstract 

Background: Stimulator of IFN genes (STING) is highly expressed in the livers of non-alcoholic fatty liver disease 
(NAFLD) patients and high fat diet (HFD) induced NAFLD mice model. The STING signaling-mediated inflammation 
has been shown to play a critical role in metabolic disorders. Lingguizhugan decoction (LGZG), a Traditional Chinese 
herbal decoction, has been applied to treat metabolic disorders for many years. However, whether LGZG can alleviate 
the progression of NAFLD through inhibiting inflammation remains unclear. This study was to determine the role of 
STING-mediated inflammation in the HFD-induced hepatic-lipid deposition treated with LGZG.

Methods: The anti-inflammatory and anti-steatotic effects of LGZG in vivo were detected by H&E staining, immu-
nofluorescence and immuno-chemistry. Mice bone-marrow-derived macrophages (BMDMs) and primary liver 
macrophages were treated with STING-specific agonist (DMXAA), LGZG and its critical components respectively. The 
treated culture supernatant of BMDMs and primary liver macrophages from each group was co-cultured with palmitic 
acid-treated mouse primary hepatocytes or mouse liver cell line AML-12 respectively to detect whether the activation 
of STING-mediated pathway is involved in the anti-steatotic effect of LGZG. The hepatocyte lipid deposition in vivo 
and in vitro were detected by oil red staining. Mitochondrial DNA release of mouse liver extracts were detected by 
real time PCR. The expression of proteins and inflammatory cytokines related to STING-TBK1-NF-κB pathway was 
detected by western blotting and ELISA.

Results: LGZG significantly ameliorated HFD induced hepatic steatosis, oxidative stress, hepatic mitochondrial 
damage and mitochondrial DNA release, which was correlated with reduction of the expression level of STING as 
well as the infiltration of STING-positive macrophages in the livers of HFD fed mice. The critical components of LGZG 
directly inhibited the activation of STING-TBK1-NF-κB pathway in liver macrophages induced by DMXAA, LPS, thereby 
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Background
Non-alcoholic fatty liver disease (NAFLD) refers to liver 
injury caused by metabolic stress closely related to insu-
lin resistance (IR) and genetic susceptibility. The disease 
spectrum includes non-alcoholic hepatic steatosis, non-
alcoholic steatohepatitis (NASH), liver cirrhosis and 
hepatocellular carcinoma (HCC) [1]. In recent years, the 
incidence of NAFLD has risen sharply. The prevalence 
rate in the general population is 10–16%, and the detec-
tion rate in obese patients is as high as 38% [2]. NAFLD 
is a clinicopathological syndrome dominated by hepato-
cyte steatosis caused by genetic-environmental-meta-
bolic stress related factors, and its pathogenesis has not 
been fully elucidated. It is currently believed to be closely 
related to obesity, aging, abnormal intestinal flora, diabe-
tes, especially insulin resistance (IR).

Recently, a large number of studies have shown that 
inflammation plays a key role in the process of NAFLD 
[3]. Inflammatory factors and inflammatory response 
run through all stages of NAFLD progression [4, 5]. Alle-
viating liver inflammation can significantly slow down 
the progression of NAFLD [6–8]. Transmembrane pro-
tein 173 (TMEM173), also known as Stimulator of IFN 
genes (STING), is highly expressed in macrophages and 
becomes one of the core molecules involved in mac-
rophages’ resistance to virus invasion [9]. The STING 
signaling has been shown to be a critical role in meta-
bolic disorders, anti-tumor immunity, infectious and 
inflammatory diseases through the recognition of bac-
terial DNA or self DNA [10]. When abnormal double-
stranded DNA (such as bacterial, viral DNA or DNA 
released by damaged mitochondria, mtDNA) is swal-
lowed by macrophages into the cytoplasm, cyclic guano-
sine phosphate and adenosine phosphate are activated to 
form cyclic guanosine phosphate-adenosine phosphate 
(cGAMP) [11]. STING on the endoplasmic reticulum will 
be recognized and binded to cGAMP and then activated 
[11]. The activation of STING pathway simultaneously 
triggers TANK-binding kinase 1 (TBK1), which induces 
the phosphorylation of both interferon regulatory fac-
tor 3 (IRF3) [11] and NF-κB pathway [12], subsequently 
increasing the expression of type I interferon (IFN) and 
TNF-α [11]. STING-mediated signaling pathways play a 
key role in both liver macrophage-induced inflammation 

and IR-induced glucose as well as lipid metabolism disor-
ders [13, 14].

Lingguizhugan decoction (LGZG) is an ancient Chi-
nese herbal formula from a classic book of TCM titled 
Shanghan Zabing Lun. LGZG has been applied to treat 
metabolic diseases for many years and exhibited effects 
in alleviating obesity, dyslipidemia, hypertension and 
hepatic injury [15–18]. Previous clinical studies have 
shown that LGZG can significantly alleviate liver stea-
tosis, reduce TG, ALT and other biochemical indica-
tors in NAFLD patients [15–18]. More importantly, 
studies have shown that LGZG elicit significantly anti-
inflammatory effects [19]. However, whether LGZG can 
reduce lipid deposition in NAFLD via inhibiting STING 
signal pathway remains unclear. Here we proved that 
LGZG could reduce the release of inflammatory factors 
via inhibiting STING-mediated signaling pathways in 
liver macrophages, thereby ameliorating HFD-induced 
hepatic-lipid deposition in mice. This study will provide 
new insights for the expounding of the molecular mecha-
nism of LGZG treatment in alleviating NAFLD.

Materials and methods
Reagents and cell lines
The four crude herbs, Poria cocos (PC, FuLing, Cat. No. 
20200102-1), Ramulus Cinnamomi (RC, GuiZhi, Cat. 
No. 20200201-1), Rhizoma Atractylodis Macrocephalae 
(RAM, BaiZhu, Cat. No. 2011010) and Radix Glycyrrhi-
zae (RG, GanCao, Cat. No. 20191001) were purchased 
from the Affiliated Hospital of Integrated Traditional 
Chinese and Western Medicine and authenticated by 
Professor Fangshi Zhu. All the crude drugs were mor-
phologically authenticated according to Chinese Pharma-
copoeia (2020 Edition). Reference substances including 
Poriaic acid, Cinnamaldehyde, Atractylenolide II and 
Glycyrrhizinate were purchased from Topscience Co. 
Ltd (Shanghai, China). Lipopolysaccharide (LPS), STING 
specific inhibitor C176 and STING specific agonist 
DMXAA were purchased from MedChemExpress (MCE, 
NJ, USA). High fat diet (HFD) was purchased from 
New Brunswick (Cat. No. D12492, NJ, USA). Antibod-
ies against STING, F4/80, TBK1, Phosphorylated TBK1 
(p-TBK1), TNFα, 8-OHdG, 4-hydroxy-2,3-E-nonenal 
(4-HNE) and 3-Nitrotyrosine (3-NT) were purchased 

reducing the release of IFNβ and TNFα. Co-incubating the culture supernatant of LGZG treated liver macrophages and 
PA-stimulated hepatocytes significantly inhibited the PA-induced lipid deposition.

Conclusion: This study demonstrates that LGZG can ameliorate HFD-induced hepatic-lipid deposition through inhib-
iting STING-TBK1-NF-κB pathway in liver macrophages, which provides novel insight for elucidating the molecular 
mechanism of LGZG alleviating HFD induced hepatic steatosis.
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from CST (CST, GER). Enzyme-linked immunosorb-
ent assay (ELISA) kits were purchased from R&D (R&D 
Systems, US). DNA extraction kit, First Strand cDNA 
Synthesis Kit and 2 × SYBR Green/ROX qPCR Mix kit 
were purchased from Vazyme Biotech (Nanjing, Jiangsu, 
China). TRIzol reagent was purchased from Invitrogen 
(Carlsbad, CA, USA). Microplate assay kits for Blood 
gamma glutamyl transferase (GGT), alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), triglyc-
eride (TG) and total cholesterol (TC) measurement were 
purchased from Beyotime Biotechnology (Beyotime, 
Beijing, China). ELISA Kits were purchased from R&D 
Systems. Alpha mouse liver 12 (AML-12) cell line was 
purchased from National Collection of Authenticated cell 
cultures (Shanghai, China).

Preparation of LGZG
LGZG, consisting of PC, RC, RAM and RG in the ratio 
of 4:3:3:2, were boiled twice with 10 times of deion-
ized water  (ddH2O, w/v) for 1 h per time. The raw drug 
extracts were concentrated and lyophilized. The lyophi-
lized powder was weighed and dissolved in  ddH2O for 
further use. The HPLC analysis was performed to identify 
the main compounds in LGZG (5 mg/mL) as previously 
reported [20]. Briefly, HPLC analysis was performed to 
identify the main compounds in LGZG. Chromatographic 
separation was performed using an Waters XBridge C18 
column (4.6 mm × 250 mm, 5 μm; Waters, USA) at 30 °C. 
The mobile phase consisted of water containing 0.1% 
Formic acid (A) and Methanol (B). The gradient pro-
gram was set as follows: 0–5  min, 5–12% B; 5–20  min, 
12–14% B; 20–40 min, 14–30% B; 40–50 min, 30–35% B; 
50–60 min, 35–43% B; 60–70 min, 43–50% B; 70–75 min, 
50–75% B; 75–90 min, 75–85% B; 90–95 min, 85–95% B; 
95–95.1  min, 95–5% B. The mobile phase flow rate was 
1 mL/min, and the sample injection volume was 100 μL.

Animals, feeding, and treatment
6 to 8-week-old male C57BL/6J mice (18 ~ 20 g)were pur-
chased from the Chinese Academy of Sciences, Shanghai 
Experimental Animal Center and feed in Experimental 
Animal Center, Affiliated Hospital of Integrated Tradi-
tional Chinese and Western Medicine (Nanjing, China). 
Mice were group-housed in a pathogen-free animal facil-
ity under a 24 h light/dark cycle with free access to water 
and food. The experiment protocols were reviewed and 
approved by the Animal Ethics Committee of Affiliated 
Hospital of Integrated Traditional Chinese and West-
ern Medicine with reference to European Community 
guidelines for the use of experimental animals. The mice 
were fed with standard chow diet (10% kcal from fat, 
set as the normal control group, n = 9) or a high-fat diet 
(HFD, D12492 rodent diet) composed of 60% fat and 20% 

carbohydrate (n = 36). After 8  weeks feeding, the HFD 
fed mice were randomly divided into four groups (n = 9) 
including Model (Mod), LGZG-L (low dose of LGZG, at 
a dose of 11 g/kg/day), LGZG-H (high dose of LGZG, at 
a dose of 22 g/kg/day), and C176 (STING specific inhibi-
tor, C-176, 6.7 mg/kg/day). Mice were fed with HFD and 
orally administered LGZG for an additional 9 weeks and 
then sacrificed for sampling. The mice body weight and 
fasting blood glucose (FBG) levels were measured weekly 
before sacrifice. Intra peritoneal glucose tolerance test 
(IPGTT) and insulin tolerance tests (ITTs) were per-
formed at 3 days before sacrifice. For IPGTT, mice were 
fasted for 8  h and then intraperitoneally injected with 
glucose (2  mg/g body weight). The blood glucose levels 
were measured at 0, 15, 30, 60, 90, and 120 min after glu-
cose challenge respectively. For the insulin tolerance test 
(ITT), mice were fasted for 6 h and then intraperitoneal 
injected with human insulin (0.75 U/kg body weight). 
The blood glucose level was measured at 0, 30, 45, 60, 90 
and 120  min after insulin injection respectively. At the 
end of experiment, blood samples for further assays were 
collected through abdominal heart puncture. The freshly 
separated liver tissues were quickly divided into several 
aliquots and stored in a − 80 °C refrigerator and 4% para-
formaldehyde respectively for further use. Blood GGT, 
ALT, AST, TG and TC were measured by commercially 
available assay kits according to the standard manual.

Histology
Liver specimens were fixed in 4% paraformaldehyde, 
embedded in paraffin, and cut into 4  μm thick sections. 
Sections were stained with hematoxylin and eosin (H&E) 
according to a standard procedure for assessment histo-
pathological changes. For Oil Red O staining, the fixed liver 
specimens were embedded in optimum cutting tempera-
ture compound (OCT), and cut into 10 μm thick sections. 
Sections were stained with 0.5% Oil Red O solution accord-
ing to a standard procedure for assessment lipid accumula-
tion. The degree of hepatic lipid deposition and oil red O 
positive area were quantified with Image J software.

Immunofluorescence and immunohistochemistry
Paraffin-embedded mouse liver blocks from different 
groups were sliced into 4  μm-thick sections for immu-
nofluorescence and immunohistochemistry staining. The 
antibodies against STING (1:200, CST, 16029T), F4/80 
(1:200, CST, 70076S), 3-Nitrotyrosine (1: 100, Abcam, 
ab61392), 4 Hydroxynonenal (1: 100, Abcam, ab48506) 
and 8-OHdG (1:100, Abcam, ab48508) were used accord-
ing to manufacturer’s protocol. The fluorescence intensity 
was analyzed by using Image J software and normalized 
by nuclei fluorescence intensity (6-diamidino-2-phe-
nylindole, DAPI, blue).
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Isolation of mtDNA from liver tissue extracts
Cytosolic mtDNA content was measured according to 
the previous work [21]. Briefly, freshly separated mice liv-
ers from different groups were divided into two aliquots. 
One aliquot was used to extract total DNA as the control 
for total mtDNA by using the DNA extraction kit accord-
ing to the standard manual (Axygen US). The other one 
was used to extract cytosolic DNA. For the extraction 
of cytosolic DNA, the liver tissue was homogenized in 
500 μL buffer (150 mM NaCl, 50 mM Hepes, 25 μg/mL 
digitonin, pH 7.4) and then incubated for 10 min to per-
meabilize the plasma membrane. The homogenate was 
centrifuged (980×g, 5  min) for 3 times to pellet intact 
cells. The cytosolic supernatants were further centrifuged 
at 17,000×g for 25  min to pellet any remaining cellular 
debris, yielding cytosolic preparations free of nuclear, 
mitochondrial, and endoplasmic reticulum contamina-
tion. DNA was then isolated from these pure cytosolic 
fractions by using the DNA extraction kit according to 
the standard manual.

Real time PCR (qPCR)
For detection of mtDNA, qPCR was performed on 
both whole-cell extracts and cytosolic fractions using 
primers of nuclear DNA (Tert) and primers of mtDNA 
(Dloop1 to 3, mtND4, and Cytb, Table 1), and the cycle 
threshold (CT) values obtained for mtDNA abundance 
for whole-cell extracts served as normalization controls 
for the mtDNA values obtained from the cytosolic frac-
tions [21]. The detailed protocols was described in Juli 
Bai et  al.’s work (Juli Bai et  al. PNAS, 2017) [21]. Data 
was analyzed using the ΔΔCT relative quantification 
method. Primers sequences and corresponding genes 
were shown in Table 1.

Cell separation, culture and drug treatment
Bone marrow cells were isolated from free-fed C57 
mice and differentiated into bone-marrow-derived 
macrophages (BMDMs) as previously described [22]. 
Briefly, bone marrow cells were isolated from the tibias 
and femurs of the mice and cultured in DMEM con-
taining 10% fetal bovine serum and 20% L929 culture 
supernatant for 6–8  days to obtain the BMDMs. The 
mouse primary hepatocytes and liver macrophages 
were isolated according to Meital Charni-Natan et al.’s 
work (Meital Charni-Natan et  al., Nature protocols, 
2020) [23]. Briefly, the mouse liver tissue was per-
fused in situ and digested with 0.5 g/L collagenase. The 
homogenized liver was filtered through a 70  μm cell 
strainer and then centrifuged at 50g for 5 min at 4 °C to 
pellet the fraction of hepatocytes. The supernatant was 
harvested and centrifuged at 300g for 5  min, and the 
pellet was collected and resuspended in PBS. The sus-
pension was then layered on top of a density cushion 
of 30/60 discontinuous Percoll (Sigma, US) and cen-
trifuged at 900g for 15 min to obtain the primary liver 
macrophages. For the detection of STING activation, 
the primary liver macrophages and B MDM cells were 
treated with DMXAA (75 μg/mL) for 24 h. Details are 
refer to Luo et al.’s work [13]. After incubation, the cell 
lysates from different groups were harvest respectively 
for the detection of expression of STING and other 
related proteins. Furthermore, the cell culture superna-
tant from each group were collected for the detection 
of IFNβ and TNF by ELISA.

For hepatocytes and macrophage co-culture study, 
the BMDMs and the primary liver macrophages were 
seeded in 6 well cell culture plate (5 ×  105 cells per well) 
and pre-treated with (7.5% NaHCO3) or different doses 
LGZG (LGZG-H:  10–3  g/mL; LGZG-L:  10–4  g/mL), 
Poriaic acid (60  μM), Cinnamaldehyde(40  μM), Atrac-
tylenolide II (50  μM) and Glycyrrhizinate (250  μM) for 
2 h respectively as previously reported [19]. The concen-
tration of these compounds is based on their cytotoxic-
ity detected by CCK8 assay (data not shown). Then the 
cells were incubated with DMXAA (75 μg/mL) for 24 h 
in the absence or presence of LPS (100 ng/mL, dissolved 
in 1 × phosphate buffered saline, PBS). The culture super-
natant from each group were harvest and respectively 
added to PA-stimulated hepatocytes at a dilution ratio of 
1:10 and then incubated for another 48 h and assayed for 
hepatocyte fat deposition and inflammatory responses 
as previously reported [13]. The lipid deposition was 
detected by Oil Red O staining.

Immunoblotting
For the immunoblotting, mice liver homogenates from 
and cultured cells were lysed with RIPA buffer. The 

Table 1 Primer pair sequences

Gene Accession no Primer Sequence5′-3′

β-Actin NM_007393.5 Forward
Reverse

GTT GGT TGG AGC AAA CAT C
CTT ATT TCA TGG ATA CTT GGA 
ATG 

Tert NC_000079.6 Forward
Reverse

CTA GCT CAT GTG TCA AGA 
CCC TCT T
GCC AGC ACG TTT CTC TCG TT

mtDNA loop 1 NC_005089 Forward
Reverse

AAT CTA CCA TCC TCC GTG 
AAACC 
TCA GTT TAG CTA CCC CCA 
AGT TTA A

mtDNA loop 2 NC_005089 Forward
Reverse

CCC TTC CCC ATT TGG TCT 
TGG TTT CAC GGA GGA TGG 

mtDNA loop 3 NC_005089 Forward
Reverse

TCC TCC GTG AAA CCA ACA A
AGC GAG AAG AGG GGC ATT 
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denatured samples were loaded for SDS-PAGE, trans-
ferred, incubated with antibodies and visualized with 
enhanced chemiluminescence. The antibodies against 
F4/80, STING, TBK1, pTBK1, TNFα and tubulin were 
used. Ratios of p-TBK1 to TBK1 were normalized to 
Tubulin.

Statistical analysis
For cell studies, data are representative of three inde-
pendent experiments. The Western blot images were 
semi quantified with the Image J program. Statisti-
cal analysis of the data was performed using Graph-
Pad Prism 7. Significance was assessed by performing 
an unpaired two-tailed Student’s t test as indicated in 
individual figures. Quantitative data are presented as 
Mean ± SEM. Statistical significance was performed 
using one/two-way ANOVA followed by multiple-
comparison test. Within each row, compare columns 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not 
statistically significant.

Results
Identification of chemical compounds in LGZG by HPLC
In the HPLC experiment, 4 compounds from FuLing, 
GuiZhi, BaiZhu and GanCao were detected in the LGZG 
(Fig. 1a). The 4 compounds were tentatively characterized 
based on their formula and retention times. According to 
the Chinese Pharmacopoeia, Cinnamaldehyde, Glycyr-
rhizinate, 2-Atractylenolide and Pachymic acid were used 
as references to verify the composition of LGZG. The 
representative HPLC chromatograms of standards and 
LGZG were shown in Fig. 1b, c. These results show that 
LGZG contains the characteristic peaks corresponding to 
4 kinds of standard products. Surprisingly, among these 4 
compounds, Cinnamaldehyde is the most abundant com-
ponent in LGZG (Fig. 1c).

LGZG ameliorated HFD induced hepatic lipid metabolic 
disorder in mice
To determine whether LGZG can alleviate HFD-induced 
hepatic lipid metabolic disorder, liver sections were sub-
jected to pathological staining. The H&E and Oil-red O 
staining results showed that LGZG treatment signifi-
cantly reduced HFD-induced hepatic-lipid deposition 
(p < 0.001, n = 7, Fig. 2a–c). The hepatic steatosis rate of 
the HFD mice model group was up to 50%, while after 
LGZG treatment, it reduced to about 10% (Fig.  2b, c). 
Interestingly, the STING specific inhibitor C176 can also 
significantly reduce the hepatic lipid deposition in HFD 
mice with a hepatic steatosis rate of about 27% (Fig. 2a–
c). Furthermore, LGZG significantly decreased the blood 
TC level but did not affect TG in the HFD mice (Fig. 2d). 
In addition, LGZG can significantly reduce the blood 

GGT, ALT and AST to ease HFD-induced liver damage 
(p < 0.01, Fig. 2e, f ). These results suggest that both LGZG 
and STING-specific blocker ameliorate HFD induced 
hepatic lipid metabolism disorder in mice. Statistical sig-
nificance was performance using one-way ANOVA fol-
lowed by multiple-comparison test. *p < 0.05, **p < 0.01, 
***p < 0.001, ns = not statistically significant vs. model 
group.

LGZG reduced HFD induced insulin resistance in mice
HFD induces obesity. We firstly tested the effect of LGZG 
on the body weight of HFD mice. The results revealed 
that LGZG had little effect on HFD induced body weight 
increasing (Fig.  3a). However, LGZG can significantly 
inhibit HFD-induced hyperglycemia in a dose dependent 
manner (Fig. 3b). Insulin resistance (IR) is closely related 
to liver inflammation and lipid metabolism [5]. To detect 
whether LGZG could reduce HFD induced IR, we further 
tested the effect of LGZG on glucose tolerance and IR in 
HFD mice by IPGTT and ITT assay. The IPGTT results 
showed that HFD induced significant glucose tolerance 
(48.46 ± 2.48 vs 90.44 ± 6.89, con vs. mod, Fig.  3b) and 
IR (12.42 ± 1.19 vs 26.09 ± 2.33, con vs. mod, Fig. 3c) in 
mice. The blood glucose levels in all groups peaked at 
15  min after intra peritoneal glucose loading and then 
decreased. Compared with the model group, the blood 
glucose of HFD mice in the LGZG treatment group 
decreased rapidly after glucose loading, but the blood 
glucose of the model group (model) remained at a higher 
level (Fig. 3c). The ITT results revealed that after insulin 
injection, the blood glucose of HFD mice in the LGZG 
treatment group dropped rapidly in dose dependent 
manner, but the blood glucose of the model group had 
little change (Fig.  3d). The AUC of both GTT and ITT 
in the high dose of LGZG group was significantly lower 
than that in the model group (p < 0.001, Fig. 3e, f ). How-
ever, STING-specific blocker had little effect on HFD 
induced glucose tolerance and IR in mice. These results 
suggest that LGZG ameliorate HFD induced glucose tol-
erance and IR in mice. Furthermore, HFD induced glu-
cose tolerance and IR might not be STING dependent. 
Statistical significance was performed using one/two-way 
ANOVA followed by multiple-comparison test. *p < 0.05, 
**p < 0.01, ***p < 0.001, ns = not statistically significant vs. 
model group.

LGZG alleviated hepatic mitochondrial damage 
and oxidative stress in HFD-fed mice
HFD induced obesity and IR can cause mitochondrial 
damage, which result in the release of oxidative free radi-
cals as well as oxidative stress (OS). Increased OS in turn 
cause mitochondrial DNA (mtDNA) damage includ-
ing mtDNA deletion. 8-hydroxy-2′-deoxyguanosine 
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(8-OHdG), 4-Hydroxynonenal (4-HNE) and 3-nitro-
tyrosine (3-NT) are usually used as OS biomarkers in 
human liver diseases [24]. Oxidative damage occurs per-
manently in lipids of cell membranes, proteins and DNA 
whereas the 8-OHdG is one of the predominant forms 
of specific markers of DNA damage and RNA oxidation 

[24]. The 4-HNE is one of the most cytotoxic products 
of the lipid peroxidation cascade and exerts various 
effects on cell signaling cascades. The 3-NT, a marker 
of protein oxidative damage, is formed from peroxyni-
trite, a highly reactive free radical generated from nitric 
oxide (NO) and superoxide [25]. To detect the effect of 

Fig. 1 Identification of chemical compounds in LGZG by HPLC. a Images represent the four components that make up LGZG. b HPLC 
chromatograms of the mixture of Cinnamaldehyde, Glycyrrhizic acid, 2-Atractylenolide and Pachymic acid at 237 nm. c HPLC chromatograms of the 
LGZG at 237 nm
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Fig. 2 Effects of LGZG on HFD induced hepatic lipid metabolic disorder in mice. a Representative H&E-stained (up) and oil red stained 
images(down) of liver tissues from control and treated mice. Quantification of steatosis area (b) and oil red positive area (c). d, e The blood 
concentrations of total cholesterol (TC), triglyceride (TG, e), gamma glutamyl transferase (GGT) (e), alanine aminotransferase (ALT, f) and aspartate 
aminotransferase (AST, f). The data are expressed as mean ± SD (n = 9). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001 vs. Mod group. The white scale 
bars represent 50 μm
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LGZG on HFD induced OS, we compared the expres-
sion of 8-OHdG, 4-HNE and 3-NT in the liver extracts 
from different groups of HFD mice. The results of immu-
nohistochemistry and immunofluorescence showed that 
HFD significantly increased the expression of 8-OHdG, 
4-HNE and 3-NT whereas LGZG significantly reduced 

their expression in liver (Fig.  4a). OS further aggravates 
mitochondrial damage and the release of the mitochon-
drial DNA (mtDNA). To detect mtDNA copy number 
in the cytosol, we purified total DNA from the cytosolic 
fraction of hepatocyte freshly isolated from mice of dif-
ferent group. The purity of the cytosolic fraction was 

Fig. 3 Effects of LGZG on hyperglycemia, glucose tolerance and insulin tolerance in HFD-fed mice. a Body weight changes during the LGZG treated 
period. Weight is measured once a week (n = 9 per group). b Changes in fasting blood glucose levels after a switch to HFD The blood glucose level 
is measured once a week. c, d Glucose tolerance (c) and insulin tolerance (d) after 9 weeks of LGZG treatment on HFD. For the IPGTT, mice were 
injected with glucose (2 mg/g body weight) after an 8-h fasting. AUC of the IPGTT (e) and ITT (f). For the ITT, mice were injected with insulin (0.75 U/
kg body weight) after a 6-h fasting. The data are expressed as mean ± SD (n = 9). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001 vs. Mod group
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confirmed by cell-fractionation studies, which showed 
no contamination with the nuclear markers and Tert 
(Fig.  4b). The qPCR result revealed that mtDNA levels 
were significantly decreased in the cytosol of hepatocyte 
from LGZG treated groups compared with model group 
(p < 0.001, Fig. 4c). These results suggest that LGZG could 

significantly reduce HFD-induced mitochondrial damage 
and OS. Statistical significance was performed using one/
two-way ANOVA followed by multiple-comparison test. 
*p < 0.05, **p < 0.01, ***p < 0.001, ns = not statistically sig-
nificant vs. model group.

Fig. 4 Effects of LGZG on liver mitochondrial damage and oxidative stress in HFD-fed mice. a–c Representative Immunohistochemistry and 
Immunofluorescence images of liver sections from control and treated mice. For the staining of the expression of oxidative stress related markers, 
Livers sections were immune-stained with antibodies against 8-OHdG (a, DAPI staining), 4HNE (a, red fluorescent) and 3-NT (a, green fluorescent). 
b, c The relative expression of Nuclear-encoded Tert gene (b) and Cytosolic mtDNA content (c) in mice livers from control and treated mice. The 
relative expression of these genes were detected by qPCR and calculated with  2−△△CT. The data are expressed as mean ± SD (n = 9). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.001 vs. Mod group. The white scale bars represent 50 μm
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LGZG reduced liver macrophage infiltration and STING 
expression in HFD-fed mice
HFD-induced mitochondrial damage and OS in the liver 
can lead to the release of mtDNA [14]. While the released 
mtDNA can be swallowed by hepatic-macrophages, 
which activates STING-mediated pathways and induces 
hepatic-inflammation [14, 26]. To investigate the effect 
of LGZG on the expression of STING in  vivo, we test 
the expression of STING in liver from different groups 
of HFD fed mice by immunofluorescence and immuno-
blotting. Immunofluorescence results showed that com-
pared with normal liver (control), liver macrophages 
(F4/80 positive cells, F4/80+, green) in model group 
increased significantly (Fig.  5a). Furthermore, STING 
mainly expressed in liver macrophages (STING positive 
and F4/80 positive cells,  STING+ F4/80+ cells), and its 
expression was significantly increased in model group 
(Fig.  5a, b). However, after LGZG treatment,  STING+ 
F4/80+ cells in the liver of HFD mice are significantly 
reduced (p < 0.01, Fig.  5b, c). These results suggest that 
LGZG reduces liver macrophage infiltration and STING 
expression in HFD-fed mice. Furthermore, these results 
are consistent with previous work that the hepatic 

macrophages are the key cellular sources of STING in the 
liver [26]. Statistical significance was performance using 
one-way ANOVA followed by multiple-comparison test. 
*p < 0.05, **p < 0.01, ***p < 0.001, ns = not statistically sig-
nificant vs. model group.

LGZG and its critical components inhibited the activation 
of STING-mediated signaling pathways in BMDMs 
and the primary liver macrophages
Studies have shown that STING-mediated signaling 
pathways such as STING-TBK1-NF-κB pathway play 
important roles in regulating the pro-inflammatory 
response of macrophages [27, 28]. The STING specific 
agonist DMXAA significantly enhanced the LPS-induced 
inflammatory response in macrophages, which result 
in the increasing of the release of IFNβ and the phos-
phorylation of JNK p46 and NFκB p65 [29]. To detect 
whether LGZG can regulate STING-mediated sig-
nal pathway in macrophages and inhibit macrophages 
induced inflammation, we tested the effect of LGZG 
on the STING-TBK1-NF-κB signaling pathway in iso-
lated mice BMDMs. The ELISA results showed that the 
DMXAA and LPS significantly increased the release of 

Fig. 5 Effects of LGZG on liver macrophage infiltration and STING expression in HFD-fed mice. a Representative Immunofluorescence images 
of liver sections from control and treated mice. For the staining of STING and F4/80, Liver sections were double-immunostained with antibodies 
against STING and F4/80. The merged images including staining of STING (red), F4/80 (green), nuclei (blue) shown in a. b, c Immunoblotting 
analysis of the expression of STING in livers from control and treated mice. The relative expression were calculated based the Gray value of 
immunoblotting band (c). The data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001 vs. Mod group. The white 
scale bars represent 50 μm
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IFNβ and TNFα while LGZG dose dependently inhib-
ited DMXAA and LPS induced release of these cytokines 
(p < 0.001, Fig.  6a, b). Furthermore, DMXAA and LPS 
up-regulated the expression of STING and the phospho-
rylation of TBK1 whereas LGZG dose dependently inhib-
ited this upregulation in BMDMs (p < 0.001, Fig.  6c–e). 
These results indicate that LGZG can directly inhibit the 
activation of the STING-TBK1-NF-κB pathway in mac-
rophages and reduce the release of inflammatory fac-
tors. To further identify the key components of LGZG 
that inhibit the STING mediate pathway, we tested the 
effect of the four reference compounds, including Poriaic 
acid, Cinnamaldehyde, Atractylenolide II and Glycyrrhiz-
inate from LGZG on the STING-TBK1-NF-κB signaling 
pathway in isolated mice BMDMs. The ELISA results 
revealed that Cinnamaldehyde, Atractylenolide II and 
Glycyrrhizinate can dose-dependently inhibit the release 
of TNFα induced by DMXAA stimulation in mouse 
BMDMs (p < 0.01, Fig. 7a–d). Furthermore, Poriaic acid, 
Cinnamaldehyde, Atractylenolide II and Glycyrrhizinate 
all can inhibit the release of IFNβ (p < 0.01, Fig.  7e–h). 

Among these four compounds, Glycyrrhizic acid and 
Cinnamaldehyde elicit stronger inhibitory activity than 
the other two compounds in the release of inflammatory 
cytokines. Figure  7i, j compare the anti-inflammatory 
activity of a mixture of these 4 compounds in equal pro-
portions and LGZG. The results revealed that both the 
mixture and LGZG can significantly inhibit the release of 
inflammatory cytokines in dose dependent manner with 
13.3  μM mixture almost abolished the release of IFNβ 
(Fig. 7i, j). Surprisingly, the western blot results showed 
that all these 4 compounds cannot inhibit the expres-
sion of STING in BMDM. One reasonable explanation 
is that LGZG may contain other components which can 
inhibit the expression of STING in macrophages. How-
ever, Cinnamaldehyde and Glycyrrhizic acid significantly 
inhibit the expression of p-TBK1 and p-NF-κB in a dose-
dependent manner (statics based on the p-TBK1/TBK1 
and p-NF-κB/ NF-κB, p < 0.01, Fig. 7k). Since liver mac-
rophages are composed of tissue resident macrophages 
(Kupffer cells) and infiltrating macrophage cells, we fur-
ther test the effect of LGZG and its critical components 

Fig. 6 Effects of LGZG on STING-TBK1-NF-κB pathway in BMDMs. a, b Concentration of IFNβ (a) and TNFα (b) from the culture media of BMDMs 
treated with DMXAA, LPS and two doses of LGZG. BMDMs were treated with DMXAA (75 mg/mL) or control (7.5% NaHCO3) with or without LGZG 
(LGZG-L:  10−4or LGZG-H:  10–3 g/mL) for 24 h in the absence or presence of LPS (100 ng/mL). c Immunoblotting analysis of the expression of 
TBK1, p-TBK1 and STING. d Quantification of protein levels of STING and TNFα. e Quantification of p-TBK1/TBK1 levels. The data are expressed as 
mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. DMXAA + LPS
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on the primary liver macrophages. The results showed 
that LGZG and its critical components significantly 
inhibit the release of TNFα and IFNβ induced by 
DMXAA stimulation, which is consistent with the 
results observed in BMDMs (p < 0.01, Fig.  8a, b). The 
western blotting analysis showed that Cinnamaldehyde 
and Glycyrrhizic acid can also significantly reduced the 
expression of pTBK1 and p-NF-kB in liver macrophages 
(***p < 0.001, Fig.  8c–e). However, Atractylodes lactone 
(ATR), Poriaic acid (PA) and LGZG have little inhibitory 
effect on the expression of p-NF-kB (Fig.  8c, d). These 

results suggest that the critical components of LGZG 
can inhibit the activation of STING-mediated signaling 
pathways in both BMDMs and liver macrophages. Fur-
thermore, due to the complex composition of Chinese 
herbal prescription, the unknown ingredients in LGZG 
might affect the inhibitory effect of the anti-inflamma-
tory components of LGZG on the expression of p-NF-kB 
in vitro. Statistical significance was performed using one/
two-way ANOVA followed by multiple-comparison test. 
All the groups compare with DMXAA group, *p < 0.05, 
**p < 0.01, ***p < 0.001, ns = not statistically significant.

Fig. 7 Identify the critical component of LGZG that inhibit the STING pathway in BMDMs. a–d Concentration of TNFα from the culture media 
of BMDMs treated with DMXAA and DMXAA co-cultured with different doses of Poriaic acid (a), Cinnamaldehyde (b), Atractylenolide II (c) and 
Glycyrrhizinate (d). e–h Concentration of IFNβ from the culture media of BMDMs treated with DMXAA and DMXAA co-cultured with different doses 
of Poriaic acid (e), Cinnamaldehyde (f), Atractylenolide II (g) and Glycyrrhizinate (h). i, j Concentration of TNFα and IFNβ from the culture media of 
BMDMs treated with DMXAA and DMXAA co-cultured with different doses of mixture of 4 compounds and LGZG. k Immunoblotting analysis of the 
expression of NF-κB, p NF-κB, TBK1, p-TBK1 and STING. The data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001 vs. 
DMXAA group
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Macrophages treated with LGZG and its critical 
components reduced lipid deposition in PA-induced 
high-lipid hepatocyte model by inhibiting STING-mediated 
pathway
STING-driven macrophages have been reported to 
enhance hepatocyte fat deposition and proinflamma-
tory responses [13, 26]. To recapitulate our in  vivo 
findings and gain mechanistic insights, the culture super-
natant from LGZG and its critical components treated 

or untreated BMDMs/liver macrophages were co-incu-
bated with PA-stimulated AML-12 cells/mouse primary 
hepatocytes and assayed for hepatocyte fat deposition. 
The Oil Red O staining results revealed that the cell 
lipid deposition in AML-12 and mouse primary hepato-
cytes co-culture groups were significantly increased after 
the macrophages culture supernatant from DMXAA 
group (Model group) was added (Fig.  9a–d). However, 
after adding the culture supernatant from LGZG and its 

Fig. 8 Identify the critical component of LGZG that inhibit the activation of STING pathway in liver macrophages. a, b Concentration of TNFα (a) 
and IFNβ (b) from the culture supernatant of liver macrophages treated with DMXAA and DMXAA co-cultured with  10–3 g/ml LGZG (LGZG-H), 
60 μM Poriaic acid (PA60), 40 μM Cinnamaldehyde (CA40), 50 μM Atractylenolide II(ATR50), 250 μM Glycyrrhizinate(GLY250) and 40 μM mixture of 4 
components of LGZG(MIX40). c, d Immunoblotting analysis of the expression of NF-κB, pNF-κB, TBK1, p-TBK1 and STING. Quantification of pNF-κB/
NF-κB levels (d) p-TBK1/TBK1 levels (e). The data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001 vs. DMXAA group 
(Model)
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critical components (PA60: 60  μM Poriaic acid, CA40: 
40 μM Cinnamaldehyde, ATR50: 50 μM Atractylenolide 
II, GLY250: 250  μM Glycyrrhizinate, MIX: 13.3  μM 
mixture of 4 compounds) treated BMDM to PA-stimu-
lated hepatocytes, the cell lipid deposition significantly 
reduced (Fig. 9a–d). The effect of the LGZG and the mix-
ture were better than that of any compound, which indi-
cates that there may be a synergistic effect between the 
various components of the LGZG formula. These results 
suggest that STING activation enables macrophages to 
generate factors that can enhance hepatocyte lipid depo-
sition while the critical components of LGZG can reduce 
cell lipid deposition induced by STING activation in 
macrophages.

Discussion
Previous studies have shown that hepatic macrophages-
mediated inflammation is one of the key factors leading 
to the progression of NAFLD and other metabolic dis-
orders [5]. These provide possibilities for the promotion 
of the application of TCM containing anti-inflammatory 
component in the prevention and treatment of metabolic 

diseases. LGZG is widely used in the treatment of met-
abolic diseases such as NAFLD and Type 2 diabetes. 
Although LGZG has been reported to alleviate NAFLD 
via reducing OS, Beta-Oxidation and cholesterol secre-
tion [18, 30], whether LGZG can alleviate NAFLD by 
inhibiting hepatic macrophage-mediated inflammation 
is not yet fully understood. Here we demonstrated that 
LGZG could significantly reduce the mitochondrial dam-
age and OS in the liver of HFD fed mice. Furthermore, 
LGZG can inhibit inflammation mediated by STING 
activation in hepatic-macrophages, thereby alleviating 
HFD-induced liver lipid deposition.

STING, which closely related to inflammation, is 
highly expressed in hepatic macrophages (Kupffer cells) 
in both NAFLD patients and HFD-mice models [13]. 
The inflammatory response caused by activation of the 
STING-TBK1-NF-κB pathway in Kupffer cells promotes 
the progression of NAFLD [14]. mtDNA released by 
mitochondrial damage is one of the key ways to activate 
the STING- mediated pathway in hepatic macrophages 
[14]. The activation of STING-TBK1-NF-κB pathway can 
promote the release of a large number of inflammatory 

Fig. 9 Culture supernatant of BMDMs/liver macrophages treated with LGZG Decoction reduced lipid deposition in liver cells. a Images of 
hepatocyte fat deposition of co-cultures of supernatant of treated BMDMs from different groups and AML-12 cells. b Bar graph displays 
quantification of fat content. c Images of hepatocyte fat deposition of co-cultures of supernatant of treated primary liver macrophages from 
different groups and mouse primary hepatocytes. d Bar graph displays quantification of fat content. ****P < 0.001 vs. Model (DMXAA) group
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cytokines, including IFNβ and TNFα. Increased TNFα-
producing hepatic macrophages are crucial for trigger-
ing NASH via monocyte recruitment [31]. IFNβ and 
TNFα released by hepatic macrophages not only aggra-
vate mitochondrial damage and OS in hepatocytes, but 
also directly activate the JNK-NF-κB pathway in hepato-
cytes, thereby promoting lipid deposition [13]. These can 
explain why the inhibition of STING activation elicited 
by LGZG and STING specific inhibitor in hepatic-mac-
rophages can reduce HFD induced liver lipid deposition.

LGZG contains a lot of anti-inflammatory components, 
such as tuckahoe polysaccharides, atractylodes polysac-
charides which may down regulate the inducible nitric 
oxide synthase (iNOS) [32]. Our results suggest that the 
critical components of LGZG, such as Cinnamaldehyde 
and Glycyrrhizic acid can significantly inhibit the activa-
tion of STING pathway in macrophages. This may explain 
why LGZG could directly inhibit the LPS or STING spe-
cific agonist induced activation of STING-TBK1-NF-κB 
pathway in BMDMs. Furthermore, previous study 
showed that STING mediate neuro-inflammatory injury 
by suppressing AMPK pathway [33]. Therefore, another 
explanation is that some components in LGZG may acti-
vate the AMPK pathway, thereby inhibiting the inflam-
mation induced by STING activation. Both of these two 
explanations are reasonable, which is consistent with the 
complex composition and multiple targets of LGZG.

We also found that LGZG reduced the HFD induced 
elevation of ALT and GGT while have little effect on 
AST. This is possibly because that GGT and ALT are two 
early stage indicators of HFD induced liver damage while 
AST is an advanced stage indicator of HFD induced liver 
damage. 8–12 weeks high-fat feeding usually develop an 
early stage NAFLD model. In our study, we started giv-
ing LGZG in 8 weeks, which may prevent the aggregation 
of HFD induced liver damage. Triglycerides are closely 
related to the composition of diet. Our results suggest 
that the high-fat diet used in this study may mainly affect 
the liver’s cholesterol metabolism rather than Triglycer-
ides. This can explain why triglycerides was not changed 
during the drug intervention.

Insulin resistance is another key factor for the pro-
gression of NAFLD, which is closely related to inflam-
mation [5]. However, our results showed that LGZG can 
significantly improve HFD-induced glucose resistance 
and insulin resistance in mice, but the STING inhibitor 
C176 has little effect on insulin resistance and glucose 
resistance, which is consistent with previous work that 
diet-induced adipose insulin resistance and glucose intol-
erance is related to STING signaling but not dependent 
on it [34]. In contrast, the STING-mediated pathway 
in liver macrophages is more closely related to HFD-
induced lipid deposition in hepatocytes.

Conclusions
In summary, this study demonstrates that LGZG can alle-
viate HFD-induced hepatic steatosis through inhibiting 
the activation of STING in macrophages, which provides 
novel insight for elucidating the molecular mechanism of 
LGZG’s anti-NAFLD effect.
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