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Background: Inflammation and fibrosis are typical symptoms of non-alcoholic steatohepatitis (NASH), which is one of the most common chronic liver diseases. The cGAS-STING signaling pathway has been implicated in the progression of NASH, and targeting this pathway may represent a new therapeutic strategy. Licorice is a widely used herb with anti-inflammatory and liver-protective properties. In this study, we assessed the effect of licorice extract on the cGAS-STING pathway.
Methods: Bone marrow-derived macrophages (BMDMs) were treated with licorice extract and then stimulated with HT-DNA, 2'3'-cGAMP, or other agonists to activate the cGAS-STING pathway. Quantitative real-time PCR and western blot were conducted to analyze whether licorice extract could affect the cGAS-STING pathway. Methionine and choline-deficient diet (MCD) was used to induce NASH in mice, which were treated with licorice extract (500 mg/kg) by gavage and/or c-176 (15 mg/kg) by intraperitoneal injection every 2 days. After 6 weeks of treatment, histological analysis of liver tissue was performed, along with measurements of plasma biochemical parameters.
Results: Licorice extract inhibits cGAS-STING pathway activation. Mechanistically, it might function by inhibiting the oligomerization of STING. Treatment with licorice extract reduced inflammation and fibrosis in MCD diet-induced NASH mice models. Furthermore, we found that the therapeutic effect of combination treatment with licorice extract and C-176 (STING inhibitor) on the pathology and fibrosis of MCD diet-induced NASH models was similar to that of licorice extract or C-176 administered alone.
Conclusion: Licorice extract can inhibit the cGAS-STING pathway and improve hepatic inflammation and fibrosis in NASH mice models. It strongly suggests that licorice extract may be a candidate therapeutic for NASH.
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INTRODUCTION
Non-alcoholic steatohepatitis (NASH) is a severe and progressive form of non-alcoholic fatty liver disease (NAFLD), which can lead to cirrhosis and hepatocellular carcinoma (HCC) (Powell et al., 2021). Unfortunately, NASH has become increasingly prevalent in the past few decades, largely due to the high rates of metabolic syndrome, obesity, and type 2 diabetes in the population (Tilg et al., 2021). This trend has resulted in significant medical, economic, and social costs for both patients and the healthcare system (Younossi, 2019). Despite its high prevalence and growing impact on global health, no approved treatments are currently available to treat NASH (Sheka et al., 2020).
Stimulator of interferon genes (STING) is an innate immune protein that plays a significant role in the innate immune response (Ma and Damania, 2016). Increasing evidence has linked STING activation to various human diseases (Qiao et al., 2018). Cyclic GMP-AMP synthase (cGAS) is an upstream activator of STING. When abnormal DNA molecules appear in the cytoplasm, cGAS recognizes them and catalyzes the synthesis of the second messenger 2'3'-cyclic guanosine monophosphate (cGAMP). This further leads to the oligomerization of STING, causing its activation and entrance into the Golgi apparatus through the endoplasmic reticulum. The carboxyl terminus of STING recruits TANK-binding kinase 1 (TBK1), which phosphorylates STING and interferon regulatory factor 3 (IRF3) (Zhang et al., 2020). The activation of the nuclear factor-κB (NF-κB) transcription factor is regulated by STING-mediated IκB kinase (IKK) complex activation. As activated NF-κB and IRF3 enter the nucleus, they induce the expression of interferon and inflammatory cytokines, such as TNF-ɑ and IL-6 (Abe and Barber, 2014; Paul et al., 2021).
Recent studies have highlighted the crucial role of the cGAS-STING pathway in the progression of NASH. When hepatocytes are injured, they release mtDNA, which activates the cGAS-STING signaling pathway, triggering the expression of various inflammatory cytokines and chemokines (Arrese et al., 2016; Chen et al., 2021). Notably, liver steatosis, fibrosis, and inflammation were significantly reduced in STING-deficient mice fed with MCD or HFD diets, compared to wild-type (WT) mice (Yu et al., 2019). Kupffer cells (KCs), the resident macrophages of the liver, play a critical role in the development and progression of NASH (Tosello-Trampont et al., 2012). KCs are the first cells to respond to hepatocyte injury, leading to the activation of NF-κB and release of proinflammatory cytokines and chemokines, which could be attenuated by STING deficiency (Yu et al., 2019). Furthermore, STING expression was found to be increased in liver sections from NAFLD patients. Therefore, the cGAS-STING signaling pathway may be a key trigger of inflammatory responses in NASH progression and a potential new therapeutic target for NASH (Luo et al., 2018; Wang X. et al., 2020).
Licorice is a widely used Chinese herbal medicine known for its effectiveness in treating metabolic syndrome, asthma, and chronic liver diseases (Wang et al., 2013). It possesses various pharmacological properties, such as antiviral, anti-inflammatory, immunomodulatory, and hepatoprotective effects (Leite et al., 2022). Licorice is also a popular remedy for liver diseases in traditional Chinese medicine practiced in Japan and Europe (Li et al., 2019). In addition, licorice and its natural products are used to treat chronic viral hepatitis and other ailments (Li et al., 2019). Clinical trials have shown that licorice significantly reduces body weight and serum biochemical parameters, such as alanine aminotransferase (ALT) and aspartate transaminase (AST), in patients with metabolic syndrome and non-alcoholic fatty liver disease (Luís et al., 2018). Moreover, combining licorice extract with a low-calorie diet can improve lipid profiles and potentially help treat obesity-related fatty liver disease in obese patients (Alizadeh et al., 2018). Thus, licorice is a potent medicinal herb with anti-inflammatory and hepatoprotective effects.
In this study, we foung that licorice extract inhibited the HT-DNA-induced activation of the cGAS-STING pathway in BMDMs but did not affect the activation of the RIG-I-MAVS pathway triggered by poly (I: C). Mechanistically, licorice extract inhibited STING oligomerization, which suppressed its activation. In NASH mice models, licorice extract reduced liver inflammation and improved histological evaluation by inhibiting the STING pathway. These findings suggest that licorice may have therapeutic potential in treating liver diseases and inflammation.
METHOD AND REAGENTS
Animals
C57BL/6 mice of 6–8 weeks of age were purchased from Specific Pathogen-Free (SPF) Biotechnology Company Limited (Beijing, China). Random mice were selected for the study and grouped into specific sterile facilities. They were housed under controlled circumstances (12 h/12 h light/dark cycle). The Chinese People’s Liberation Army General Hospital’s Fifth Medical Centre’s Experimental Animal Welfare and Ethics Department approved all animal experiments.
Cell culture
A femoral bone marrow sample of eight-week-old female C57BL/6 mice was collected for the isolation of bone marrow-derived macrophages (BMDMs). BMDMs were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Human leukemic monocytes (THP-1 cells) were cultured in RPMI 1640 medium.
Sample preparation and characterization
The licorice extract used in this study was purchased from Chengdu Despite Biotechnology Co., Ltd. The main source of the glycyrrhiza extract (powder) used in this study was distention Glycyrrhiza uralensis Fisch (Xinjiang), which was provided by Chengdu Desite Biotechnology Co., Ltd. Article No. DST20220215. The report of the identification of licorice is in Supplementary Figure S1.
After cleaning and grinding the raw material of licorice (Glycyrrhiza uralensis Fisch), 1,000 g of the herb were weighed and soaked in 70% ethanol for three extractions, using a herb to ethanol ratio of 1:20 by volume, and each extraction was carried out at 60°C for 4 h. The combined extract was concentrated to a specific gravity of approximately 1.1–1.2, and one-fifth of the resulting concentrate was dried to obtain 24 g of licorice extract. The cell administration method for licorice extract is prepared and used on demand. Each time, an appropriate amount of licorice extract is weighed and dissolved in OptiMEM medium (Gibco™), then filtered with a 0.22 µm filter before administration.
Liquid chromatography conditions are as follows: Sample: Licorice extract; Instrument: AB SCIEX X500 series QTOF Mass Spectrometer Column: XSelect HSS C18 (4.6 × 250 mm, 5 μm); Mobile phase: A: acetonitrile B: 0.1% formic acid/water, Elution conditions: 0 min, A:5%, B:95%; 3 min, A:16%, B:84%; 13 min, A:18%, B:82%; 18 min, A:25%, B:75%; 23 min, A:25%, B:75%; 43 min, A:37%, B:63%; 68min, A:95%, B:5%; Flow rate: 1.0 mL/min; Column temperature: 30°C; Sample size: 10 μL; Detection wavelength: 250 nm; Mass spectrometry detection method: Ion source: ESI ion source; Negative ion mode; Curtain gas: 35 psi; Gas 1:45 psi; Gas 2:45 psi; Temperature: 450°C; Ionization pressure: −4500 V, cluster removal voltage: −80 V; Full scanning range: m/z 80–1,500; Cracking voltage: −5 V. CE Spread: 0 V. The raw data of LC-MS was analyzed by MS-DIAL.
Reagents and antibody
Polymyristate-13-acetate (PMA), Polyinosinic–polycytidylic acid (poly (I: C)), Herring testis (HT) DNA, and dimethyl sulfoxide (DMSO) were all purchased from Sigma-Aldrich (Jefferson City, United States). 2'3'-cGAMP were purchased from InvivoGen. Penicillin-streptomycin 100× sterile (CC004) was purchased from MacGene (Beijing, China). StarFect High-efficiency Transfection Reagents were purchased from GenStar. DMXAA (HY-10964). DiABZI STING agonist-1 trihydrochloride (HY-112921B) was purchased from Med Chem Express (State of New Jersey, US). Rabbit monoclonal anti-Phospho-IRF-3 (1:1000,86691) was purchased from Gene Tex (China). Rabbit monoclonal anti-Phospho-IRF-3 (1:1000,76439) was purchased from Abcam. TMEM173/STING Polyclonal antibody (1:2000,19851-1-AP), IRF3 Polyclonal antibody (1:2000,11312-1-AP), Alpha Tubulin Monoclonal antibody (1:1500, 66031-1-Ig) and Anti Lamin B (1:1500, 66095-1-Ig) antibodies were purchased from Proteintech (Chicago, United States).
Cell counting Kit 8 assay
Cell viability was determined using the Cell Counting Kit 8 (CCK-8). We seeded BMDMs or THP-1 into 96-well plates at a density of 106 cells/mL and incubated them overnight at 37°C. Different concentrations of licorice extract were used to treat the cells for 24 h. Cells were then incubated with CCK-8 reagent in a cell culture medium for 15 min. Optical density was measured at the wavelength of 450 nm after each incubation.
Real-time RT-PCR
After the isolation of total RNA from indicated cells with TRIzol reagent (Invitrogen) as directed by the manufacturer’s instructions, reverse transcription was performed. Using SYBR GREEN MASTER MIX (Med Chem Express), gene transcripts were quantified by real-time PCR. The ß-actin was used as an internal control. A list of the primers that were used to amplify the target genes was presented in Supplementary Table S1.
Enzyme-linked immunosorbent assay (ELISA)
The IFN-β levels in supernatants from cell cultures were measured using IFN-β Bioluminescent ELISA (luex-mifnbv2; InvivoGen) following the instructions for the assay kit.
Western blotting
We detected the expression of p-IRF3, STING, and IRF3 in cell lysates by western blot analysis, using HSP90 as a loading control, as previously described (Wang Z. et al., 2020). Protein samples resolved on 10% SDS-PAGE were transferred to nitrocellulose membranes using a wet-transfer system and incubated overnight with primary antibodies at 4°C after pre-incubation with 5% fat-free milk for 1 h at room temperature. Horseradish peroxidase-labeled secondary antibodies was applied to the blots, and after washing with TBST, X-ray films were developed and fixed in a dark room for sensitivity.
STING oligomerization assay
Assays for STING oligomerization were conducted as described previously (Li et al., 2018). In brief, a native sample buffer was used to load cell lysates on a native-PAGE gel, which was pre-run in an electrophoresis buffer (Cathode and anode chambers were respectively filled with 25 mM Tris-Cl, pH 8.4, 192 mM glycine with or without 5% deoxycholate.) for 30 min at 100 mA and then electrophoresed for 50 min at 25 mA. In the same way, as described above, SDS electrophoresis buffer (25 mM Tris pH 8.3, 250 mM Glycine, 0.1% SDS) was added to the gel and the gel was allowed to soak for 30 min at room temperature, followed by immunoblotting with an anti-STING antibody.
Immunofluorescence
BMDMs or THP-1 cells were fixed with 4% paraformaldehyde for 15 min, permeabilized in 0.25% Triton X-100 with PBS for 20 min, and then blocked with 5% rapid blocking solution (Beijing, China, C200501) for 1 h. Afterward, the cells were stained with the indicated primary antibodies and then incubated with fluorescent-conjugated secondary antibodies. DAPI was used to counterstain the nuclei.
MCD diet-induced NASH model
The study included feeding 6-week-old female C57BL/6 mice with either a methionine-choline-deficient (MCD, Dytz Biotechnology Co. Ltd.) or a methionine-choline-sufficient (MCS, Dytz Biotechnology Co. Ltd.) diet for 6 weeks. The model group was given the MCD diet, whereas the control group was given the MCS diet. At the same time, the treatment group received licorice extract dissolved in physiological saline (500 mg/kg to make a solution of 2 mg/mL, and no precipitation was observed) every 2 days, with the negative control group receiving physiological saline alone. The positive control group was administered with C-176 (15 mg/kg) alone by intraperitoneal injection every 2 days, and the combination group was given licorice extracts by gavage (500 mg/kg) combined with C-176 (15 mg/kg) by intraperitoneal injection for 6 weeks (n = 8 per group). Following anesthesia, the mice were euthanized, liver tissues were collected for mRNA analysis, and serum was separated for ALT and AST detection. Various histologic staining techniques were used to determine the collagen deposition and histopathology in mice liver tissues, including hematoxylin-eosin (HE), Masson, Sirius Red staining, and immumohistochemical staining.
Statistical analyses
For the comparison of the two groups, an unpaired t-test was used. For the comparison of multiple groups, one-way ANOVA with Dunnett’s post hoc test or Kruskal–Wallis test was used, as appropriate (GraphPad Prism 6.0). The data were presented as mean ± SEM, and a p-value <0.05 was considered significant.
RESULT
Composition of licorice extract
Raw LC-MS data was imported into mass bank, inspect, and GNPs databases for comparison, including ingredient names, relative molecular mass, and peak area percentage. The peak identification spectrum was shown below. The compounds with qualitative results were listed in Table 1.
TABLE 1 | Licorice extract inhibits DNA-triggered STING signaling pathway activation.
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Licorice extract was initially tested for its cytotoxicity. Different concentrations of the licorice extract were applied to BMDMs and THP-1 cells for 24 h, after which the viability of the cells was determined. The results indicated that the licorice extract did not have a significant cytotoxic effect on BMDMs and THP-1 cells at concentrations lower than 2.5 mg/mL (Figures 1A,B). To further investigate the effect of licorice extract on the activation of the cGAS-STING signaling pathway, BMDMs were pre-treated with various concentrations of licorice extract and then stimulated with HT-DNA (transfected into the cell) to activate the cGAS-STING pathway. The results showed that licorice extract inhibited HT-DNA-induced phosphorylation of IRF3, and a dose-dependent effect could be observed (Figure 1C). RT-qPCR analysis was performed to determine the expression levels of the Ifnb gene. It was found that licorice extract could inhibit the induction of Ifnb mRNA caused by HT-DNA (Figure 1D). The ELISA results suggested that the licorice extract suppressed IFN-β secretion (Figure 1E). Moreover, STING activation also initiates the NF-κB signaling pathway via IKK, which phosphorylates p65. Phosphorylated p65 enters the nucleus and leads to the expression of pro-inflammatory cytokines. Licorice extract also significantly inhibited the upregulation of HT-DNA-induced phosphorylated p65 and mRNA expression of TNF-α and IL-6 in BMDM cells (Supplementary Figures S2A–C).
[image: Figure 1]FIGURE 1 | Licorice extract inhibits DNA-triggered STING signaling pathway activation. (A, B) The viability of BMDMs and THP-1 treated with different doses of licorice extract (LE) for 24 h was determined by using the Cell Counting Kit 8 (CCK-8). (C) BMDMs were pretreated for 1 h with various concentrations of LE and then transfected with HT-DNA. Using Western blotting, p-IRF3, STING, IRF3, and HSP90 were analyzed 2 h after HT-DNA transfection. (D) Quantitative PCR was performed to measure the Ifnb mRNA 4 h after HT-DNA transfection. (E) ELISA was performed to measure the amount of IFN-β protein secreted in cell culture supernatants 12 h after HT-DNA transfection. (F) BMDMs were pretreated for 1 h with various concentrations of LE and then transfected with poly (I: C). Using Western blotting, p-IRF3, STING, IRF3, and HSP90 were analyzed 2 h after poly (I: C) transfection. (G) Quantitative PCR was performed to measure the Ifnb mRNA 4 h after poly (I: C) transfection. (H) ELISA was performed to measure the amount of IFN-β protein secreted in cell culture supernatants 12 h after poly (I: C) transfection. (I) THP-1 was pretreated for 1 h with various concentrations of LE and then transfected with HT-DNA. Using Western blotting, p-IRF3, STING, IRF3, and HSP90 were analyzed 2 h after HT-DNA transfection. (J) Quantitative PCR was performed to measure the Ifnb mRNA 4 h after HT-DNA transfection. (K) ELISA was performed to measure the amount of IFN-β protein secreted in cell culture supernatants 12 h after HT-DNA transfection. Statistical differences were analyzed by One-way ANOVA with Dunnett’s post hoc test. Data information: Error bars represent the mean ± SEM of three technical replicates. *p < 0.05; **p < 0.001; ***p < 0.001; ns, not significant.
However, our results showed that licorice extract did not affect cytoplasmic poly (I: C)-triggered phosphorylation of IRF3 (Figure 1F), Ifnb mRNA expression (Figure 1G), and IFN-β secretion (Figure 1H), which are mediated by RIG-I-MAVS pathway (Chiu et al., 2009). This suggests that licorice extract does not affect this pathway. The inhibitory effect of licorice extract on the cGAS-STING pathway was also confirmed in human leukemia monocytic cell line THP-1 (Figures 1I–K). The quantitative results of p-IRF3 protein also showed (Supplementary Figures S2D–F). These data indicate that licorice extract inhibits the HT-DNA-induced cGAS-STING pathway.
The licorice extract inhibits STING-dependent signal transduction
To further confirm our findings, we investigated the effects of licorice extract on the activation of the STING signaling pathway induced by various agonists, including HT-DNA, 2'3'-cGAMP, DMXAA (Gao et al., 2013), and diABZI (Ramanjulu et al., 2018), in BMDM cells. Western blot analysis showed that licorice extract reduced the phosphorylation of IRF3 induced by these stimuli (Figure 2A). The protein quantification results also showed that licorice extract inhibited the expression of p-IRF3 protein (Supplementary Figure S2G). Additionally, licorice extract significantly inhibited the upregulation of Ifnb, TNF-α, IL-6, CXCL10, and ISG15 mRNA expression in BMDMs induced by these STING agonists (Figures 2B–F). However, Poly (I:C)-triggered RIG-I-mediated signaling was not affected by licorice extract (Figures 2A–F). Our results suggest that licorice extract can specifically inhibit the activation of the STING signaling pathway.
[image: Figure 2]FIGURE 2 | The licorice extract inhibits STING-dependent signal transduction. (A) BMDMs were pretreated for 1 h with LE and then stimulated with HT-DNA, poly (I:C), 2'3'-cGAMP, DMXAA, and diABZI for 2 h. Whole cell lysates were analyzed using Western blotting for p-IRF3, STING, IRF3, and HSP90. (B–F) The induction of Ifnb, TNF-α, IL-6, cxcl10, and ISG15 mRNAs was measured by quantitative PCR 4 h later. Data information: Error bars represent the mean ± SEM of three technical replicates. Statistical differences were analyzed by unpaired t-test, with *p < 0.05, **p < 0.001, ***p < 0.001, and ns, indicating not significant.
Licorice extract inhibits oligomerization of STING
Upon activation of STING, it undergoes phosphorylation by TBK1, which triggers a kinase cascade leading to the phosphorylation of IRF3 and p65, promoting their nuclear translocation (Bai and Liu, 2019). In our study, licorice extract significantly reduced the nuclear translocation of IRF3 induced by 2'3'-cGAMP (Figures 3A,B). Our IRF protein quantification results further showed that nuclear translocation of IRF3 was reduced following treatment with licorice extract (Supplementary Figures S2H–I). To confirm the inhibitory effect of licorice extract on STING activation, we used immunofluorescence staining to examine the nuclear translocation of phosphorylated p65 transcription factors stimulated by diABZI in BMDM cells and THP-1 cells (Figures 3C,D). Moreover, we found that licorice extract reduced diABZI-induced nuclear translocation of IRF3 in THP-1 cells (Figure 3E).
[image: Figure 3]FIGURE 3 | Licorice extract inhibits oligomerization of STING. (A, B) The BMDMs or THP-1 cells were pretreated for 1 h with LE and then transfected with 2′3′-cGAMP. The indicated antibodies were used to immunoblot the cytoplasmic and nuclear fractions. Fractional accuracy was assessed based on the levels of LaminB and Tubulin. (C) Immunofluorescence was used to visualize BMDMs pretreated or not with LE (2 mg/mL), stimulated for 2 h with diABZI, and immunostained with anti-p65 antibodies (Scale bars, 25 μm), Image by high-content analysis (Thermo Scientific HCA). (D, E) THP-1, pretreated or not with LE (2 mg/mL), was stimulated with diABZI for 2 h and immunostained with anti-p65 and anti-IRF3 (Scale bars, 25 μm), Image by high-content analysis (Thermo Scientific HCA). (F) After pretreatment with LE, BMDMs were stimulated with 2′3′-cGAMP for 1 h and immunoblots were used to analyze STING oligomerization.
Considering the hierarchical relationship of these signaling molecules, we proposed that licorice extract may be involved in the regulation of the STING signalosome. STING oligomerization is critical for the activation of TBK1 as it can induce the trans-autophosphorylation of adjacent TBK1 molecules (Bai and Liu, 2019; Zhang et al., 2019). Upon binding to 2'3'-cGAMP, STING becomes oligomerized, which activates downstream signaling pathways (Zhang et al., 2019). Our result showed that licorice extract inhibited STING oligomerization induced by 2'3'-cGAMP (Figure 3F) and our quantitative results are also support this observation (Supplementary Figure S2J). In summary, licorice extract inhibited the nuclear translocation of IRF3 and p65, suggesting that it inhibits STING oligomerization as a potential mechanism of action.
Licorice extracts reduced hepatocyte inflammation and fibrosis associated with NASH
Inhibition of STING pathway activation reduces liver inflammation and fibrosis, as well as ameliorates the pathological characteristics of NASH (Yu et al., 2019). It has been shown that C-176 (Haag et al., 2018) a small molecule inhibitor of STING, alleviates the autoinflammatory diseases caused by STING pathway in mice. To validate that licorice extract inhibited the progression of NASH via the STING pathway, C-176 was used as a positive control.
The liver morphology of mice fed with MCD, which mimics the human NASH, differed significantly from that of mice fed with MCS. These differences included the presence of steatosis, ballooning, and fibrosis (Figure 4A), as well as significantly increased serum ALT (Figure 4B) and AST (Figure 4C) levels. However, treatment with licorice extract significantly improved the disease phenotype (Figures 4A–C). We also conducted MCD animal liver HE pathological scoring (Supplementary Table S2) and collagen fiber quantitative analysis (Supplementary Figure S3A–B). The results showed that licorice extract significantly inhibited liver fibrosis in MCD mice.
[image: Figure 4]FIGURE 4 | Licorice extract exhibits therapeutic effects in the NASH model. (A) 6 weeks old female C57BL/6 mice were continuously fed MCS or MCD diets for 6 weeks under the same growth conditions. At the same time, they were administered with licorice extract by gavage, injected intraperitoneally with C-176 (15 mg/kg), or treated with a combination of licorice extract and C-176 every 2 days (n = 8 mice per group). Representative liver images and histological images of Hematoxylin-eosin (H&E), Sirius Red, and Masson’s Trichrome stained liver tissue sections are shown. Scale bar: 0.5 cm (top row) and 100 um (3 bottom rows). (B, C) The serum levels of ALT and AST (n = 8 mice per group) were measured using ELISA. (D–G) Quantitative real-time PCR analysis was used to detect the mRNA levels of a-SMA (D), Col1a1 (E), TNF-α (F), and IL-6 (G) in the livers of mice (n = 8 per group). Data information: Error bars represent mean ± SEM. *p < 0.05; **p < 0.001; ***p < 0.001; ns, not significant. (Statistical differences were analyzed by one-way ANOVA with Dunnett’s post hoc test or Kruskal–Wallis test).
α-SMA (alpha-smooth muscle actin) and Col1a1 (type I collagen alpha 1 chain) are common indicators for assessing the degree and progression of liver fibrosis in NASH (Anstee et al., 2019). Immunohistochemistry results showed that licorice extract can inhibit the protein expression of a-SMA (Supplementary Figure S3C), and at the same time, licorice extract can also suppress the expression levels of a-SMA (Figure 4D) and Col1a1 (Figure 4E) genes. Moreover, it was found to suppress the pro-inflammatory genes TNF-α (Figure 4F) and IL-6 mRNA (Figure 4G) in MCD mice. This suggests that licorice extract has a suppressive effect on hepatic stellate cell activation, liver fibrosis, and the inflammatory response in NASH models. We used western blot to detect cGAS-STING related proteins in liver tissue, and found that p-IRF3 expression was elevated in MCD mice. After treatment with licorice extract, p-IRF3 protein was decreased (Supplementary Figure S3D–E).
In addition, compared to the negative control group, the disease phenotype was significantly alleviated or improved after treatment with C-176 (Figure 4A). C-176 treatment inhibited their serum ALT and AST levels, a-SMA and Col1a1 mRNA expression (Figures 4B–E) as well as the levels of pro-inflammatory genes including TNF-α and IL-6 (Figures 4F,G). Lastly, we also found that the therapeutic effect of combination treatment on fibrosis in the MCD diet-induced NASH model was similar to that of licorice extract or C-176 alone (Figures 4A–G).
Taken together, these results indicate that licorice extract alleviated liver inflammation and improved NASH pathology by inhibiting the activation of the STING pathway in mice models of NASH.
DISCUSSION
Our study found that licorice extract inhibited the activation of the cGAS-STING pathway induced by HT-DNA and disrupted STING oligomerization during activation. Furthermore, in mouse models of NASH, the extract reduced histological inflammation and hepatic fibrosis, possibly by inhibiting cGAS-STING pathway activation.
Licorice is a commonly used herb in traditional medicine, and previous studies have suggested its protective effect in inflammatory diseases (Wang et al., 2015). The effect of licorice and its components on NASH has also been investigated (Li et al., 2019; Wahab et al., 2021). For example, one study found that administering 1,000 mg of licorice extract per day for 12 weeks significantly improved plasma liver enzyme levels, glycemic index, oxidative stress parameters, and liver steatosis in 60 NAFLD patients (Rostamizadeh et al., 2022). Although licorice extract has also been reported to inhibit the expression levels of proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6 (Kim et al., 2006; Yu et al., 2015; Yang et al., 2017; Frattaruolo et al., 2019; El-Saber Batiha et al., 2020), the mechanism underlying its protective effect in NASH remains incompletely understood. Our study showed that licorice extract suppressed the cGAS-STING pathway to reduce inflammation and alleviate NASH, providing new insight into the mechanism of its therapeutic effect in NASH.
In this study, we found that licorice extract specifically regulated the cGAS-STING pathway and did not affect poly (I:C)-triggered RIG-I-mediated signaling activation in BMDMs (Figures 1C–K). The inhibitory effect of licorice extract was further validated by the administration of 2'3'-cGAMP, DMXAA, and diABZI on BMDMs (Figure 2). The cGAMP stimulation leads to the oligomerization of STING and enhances the binding between STING and TBK1. At the same time, STING oligomerization induced by cGAMP also provided conditions for the phosphorylation of STING by TBK1 (Zhang et al., 2019). In our study, we found that licorice extract affected the oligomerization of STING (Figure 3F), but further research is required on its specific targets and active ingredients.
The cGAS-STING pathway plays a vital role in the development of NASH (Wang X. et al., 2020). Our research has found that licorice extract inhibits the activation of the cGAS-STING signaling pathway by suppressing the oligomerization of STING. C-176 is an inhibitor of STING that interferes with downstream signaling by inhibiting STING palmitoylation (Haag et al., 2018). Additionally, C-176 can improve inflammation and autoimmune diseases caused by abnormal activation of the cGAS-STING signaling pathway (Pham et al., 2021; Ma et al., 2022; Wu et al., 2022).
In the MCD diet-induced NASH mice model, results showed that both licorice extract and C-176 (a STING inhibitor) treatment significantly protected against the MCD diet-induced liver morphological changes, hepatic steatosis, ballooning, and fibrosis (Figure 4A). In addition, both treatments decreased the serum levels of ALT and AST (Figures 4B,C) and inhibited the expression of a-SMA and Col1a1 mRNA (Figures 4D,E) as well as the levels of pro-inflammatory genes including TNF-α and IL-6 (Figures 4F,G). However, the protective effect of licorice extract plus C-176 treatment was not significantly better than the groups of licorice extract or C-176 treatment alone. Taken together, these results indicate that licorice extract can reverse the pathological process of MCD-induced NASH by attenuating the STING pathway activation.
CONCLUSION
In conclusion, our study suggests that licorice extract, which blocks the cGAS-STING pathway activation via suppressing STING oligomerization, may serve as a potential drug for the treatment of NASH and other related inflammatory diseases mediated by cGAS-STING signaling pathway.
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