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Abstract
BACKGROUND
Nonalcoholic fatty liver disease (NAFLD) is a clinicopathological entity characterized by intrahepatic ectopic steatosis. As a consequence of increased consumption of high-calorie diet and adoption of a sedentary lifestyle, the incidence of NAFLD has surpassed that of viral hepatitis, making it the most common cause of chronic liver disease globally. Huangqin decoction (HQD), a Chinese medicinal formulation that has been used clinically for thousands of years, has beneficial outcomes in patients with liver diseases, including NAFLD. However, the role and mechanism of action of HQD in lipid metabolism disorders and insulin resistance in NAFLD remain poorly understood.

AIM
To evaluate the ameliorative effects of HQD in NAFLD, with a focus on lipid metabolism and insulin resistance, and to elucidate the underlying mechanism of action.

METHODS
High-fat diet-induced NAFLD rats and palmitic acid (PA)-stimulated HepG2 cells were used to investigate the effects of HQD and identify its potential mechanism of action. Phytochemicals in HQD were analyzed by high-performance liquid chromatography (HPLC) to identify the key components.

RESULTS
Ten primary chemical components of HQD were identified by HPLC analysis. In vivo, HQD effectively prevented rats from gaining body and liver weight, improved the liver index, ameliorated hepatic histological aberrations, decreased transaminase and lipid profile disorders, and reduced the levels of pro-inflammatory factors and insulin resistance. In vitro studies revealed that HQD effectively alleviated PA-induced lipid accumulation, inflammation, and insulin resistance in HepG2 cells. In-depth investigation revealed that HQD triggers Sirt1/NF-κB pathway-modulated lipogenesis and inflammation, contributing to its beneficial actions, which was further corroborated by the addition of the Sirt1 antagonist EX-527 that compromised the favorable effects of HQD.

CONCLUSION
In summary, our study confirmed that HQD mitigates lipid metabolism disorders and insulin resistance in NAFLD by triggering the Sirt1/NF-κB pathway.
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Core Tip: Huangqin decoction (HQD) has substantial therapeutic effects in liver diseases. We previously showed that HQD mitigates hepatic inflammation in a rat model of High-fat diet (HFD)-induced Nonalcoholic fatty liver disease (NAFLD) by inhibiting the TLR4/NF-κB/NLRP3 pathway. Here, we investigated the effects of HQD on lipid metabolism disorders and insulin resistance in NAFLD. Our results demonstrated that HQD effectively antagonizes hepatocyte steatosis and insulin resistance in HFD-fed rats and palmitic acid-challenged HepG2 cells by triggering Sirt1/NF-κB pathway-modulated lipogenesis and inflammation. These data will significantly promote the clinical application of HQD in the treatment of NAFLD.

INTRODUCTION
As lifestyles have been increasingly shifting to “eat more, move less”, overweight and obese cohorts is on a monumental rise. Consequently, the incidence of obesity-related chronic diseases, such as type 2 diabetes, cardiovascular disease, and nonalcoholic fatty liver disease (NAFLD) is on the rise. NAFLD is the most common liver disease characterized by excessive hepatocellular lipid build-up, which is caused by factors other than alcohol intake, drugs, viral infections, and autoimmunity[1]. The initial signs and symptoms of NAFLD are limited to benign steatosis[2]. However, if not managed, approximately 30% of NAFLD cases will progress to nonalcoholic steatohepatitis (NASH). Subsequently approximately 30%–40% of NASH cases will further progress to fibrosis and cirrhosis, and approximately 5%–25% of NASH patients will die from advanced liver diseases within ten years[2-5]. Additionally, epidemiological studies suggest that NAFLD patients are more prone to develop heart disease and die from heart attacks compared to healthy individuals[6]. Currently, NAFLD affects approximately 25% of the general population worldwide, and the associated morbidity in China has increased substantially from 18% to approximately 30% in recent decades[7]. It is estimated that more than 300 million cases of NAFLD will emerge in China by 2030, causing a tremendous strain on its healthcare and economy[8]. Unfortunately, no specific drug has been approved by the Food and Drug Administration for NAFLD; invasive bariatric surgery and lifestyle modifications are thought to be effective strategies[9]. Therefore, there is an urgent need to identify more efficacious agents for NAFLD treatment.
NAFLD is driven by multiple factors and its etiology remains complex and elusive. Several hypotheses have been proposed over the past few decades to explain its pathogenesis. According to the canonical “two-hit” hypothesis originally proposed by Day and James[10], obesity and insulin resistance-evoked excessive intrahepatic lipid accumulation constitutes the “first hit,” and ensuing oxidative stress and inflammation constitute the “second hit”. Subsequent studies found that hepatocyte regeneration and proliferation were impeded during the progression of NAFLD, which was termed as the “third-hit”[11]. Following further in-depth investigations, a more precise “multiple-hit” hypothesis was proposed that deems that hepatic steatosis increases the susceptibility of the liver to intra- and extrahepatic offenders, such as hepatic oxidative stress and inflammation, gut dysbiosis, and disturbed adipokines, and the multiple insults simultaneously and synergistically induce and advance NAFLD[12]. However, in both the hypotheses, hepatic steatosis is considered to be the paramount driver of NAFLD, and numerous studies have focused on lipid metabolism-associated targets (e.g., Sirt1) in an attempt to reduce intrahepatic fat[9]. Sirt1, a nicotinamide adenine dinucleotide-dependent lysine deacetylase, is a metabolic sensor that is highly expressed in metabolically active organs (e.g., the liver and skeletal muscles) and is extensively involved in glucose and lipid metabolism[9,13,14]. Clinical evidence indicates that patients with NAFLD exhibit defective Sirt1 expression in the liver[15]. Additionally, inhibition of Sirt1 exacerbated high-fat diet (HFD)-induced hepatic steatosis in mice, whereas activation of Sirt1 exerted anti-steatotic effect[16]. Importantly, it was reported that Sirt1 deacetylates lysine residues of NF-κB (RelA/p65 subunit), thereby affecting its transcriptional activity and restricting the expression of pro-inflammatory target genes[17]. Curative effects including anti-steatosis, anti-inflammation, and anti-apoptosis were noted when Sirt1/NF-κB pathway was triggered in methionine-choline-deficient diet-induced NASH mice, indicating the vital role of Sirt1/NF-κB pathway in defense against NAFLD[18]. In addition, recent studies suggest that NF-κB-stimulated pro-inflammatory factors activate hepatic insulin resistance, and thereby aggravate hepatic steatosis[17,19]. Therefore, triggering the Sirt1/NF-κB pathway represents a potential strategy for counteracting insulin resistance and hepatic steatosis in NAFLD.
Huangqin decoction (HQD) is a classical traditional Chinese medicine (TCM) formulation that was first mentioned in “Treatise on Febrile Diseases” by the medical sage Zhong-Jing Zhang. According to records, HQD harbors the efficacy of “clearing away heat and treating dysentery” and “regulating the stomach and relieving pain,” and has long been utilized to treat inflammatory diseases. It has a positive reputation as “the ancestral agent for curing dysentery in all ages” and “the first decoction for febrile diseases”[20]. Notably, HQD has been used to treat liver disorders (e.g., NAFLD) at the First Affiliated Hospital of Nanjing University of Chinese Medicine for decades with positive outcomes. HQD is composed of four botanical herbs, Scutellariae Radix (Huangqin in Chinese), Paeoniae Radix Alba (Baishao in Chinese), Glycyrrhizae Radix et Rhizome (Gancao in Chinese), and Jujubae Fructus (Dazao in Chinese), which are clinically combined in a 3:2:2:2 ratio. Previous studies reported that these herbs can alleviate NAFLD when used independently[21-23]. More importantly, in our recent study, the anti-hepatitis effects of HQD in HFD-induced NAFLD rats were found to be mediated via inhibition of the TLR4/NF-κB/NLRP3 pathway[24]. However, the regulatory mechanisms of HQD in hepatic steatosis and its ameliorative effects in insulin resistance remain undefined.
To address this gap, we used HFD-induced NAFLD rats and palmitic acid (PA)-induced HepG2 cells to investigate the ameliorative effects of HQD in lipid metabolism disorders and insulin resistance, and identify the potential molecular mechanisms by focusing on the Sirt1/NF-κB pathway.

MATERIALS AND METHODS
Plant materials and reagents
Scutellariae Radix, Paeoniae Radix Alba, Glycyrrhizae Radix et Rhizome, and Jujubae Fructus were obtained from Wansheng Herbal Decoction Pieces Co. Ltd. (Bozhou, China) and authenticated by Professor Sheng-Jin Liu of the Nanjing University of Chinese Medicine (Nanjing, China). All voucher specimens (Voucher No. 220301, 220302, 220303, and 220304) were deposited at the Central Laboratory of Jiangsu Health Vocational College (Nanjing, China). Gallic acid, paeoniflorin, scutellarin, liquiritin, baicalin, scutellarein, wogonoside, baicalein, wogonin, and chrysin (purity ≥ 98%) were purchased from Yuanye Biotechnology Co. Ltd. (Shanghai, China). Fenofibrate (Fen) was obtained from SPGC Sine Pharmaceutical Co. Ltd. (Shanghai, China). Enzyme-linked immunosorbent assay (ELISA) kits for insulin, tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1β were obtained from Solarbio (Beijing, China). Commercial biochemical kits for triacylglycerol (TG), total cholesterol (TC), free fatty acids (FFA), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), alanine transaminase (ALT), and aspartate transaminase (AST) were obtained from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Hematoxylin and eosin (H&E) and Oil Red O staining kits were supplied by Beyotime (Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), bovine serum albumin (BSA), and PA were purchased from Sigma-Aldrich (St. Louis, MO, United States). Penicillin-streptomycin solution was obtained from Thermo Fisher Scientific (Waltham, MA, United States). EX-527 was purchased from Selleck Chemicals (Houston, TX, United States). A colorimetric 2-deoxydglucose (2DG) uptake assay kit and antibodies against IL-1β, sterol regulatory element-binding protein (SREBP)-1, fatty acid synthase (FAS), cluster of differentiation 36 (CD36), Sirt1, NF-κB, p-NF-κB, IRS-2, p-IRS-2, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Abcam (Cambridge, MA, United Kingdom). All the chemicals used were of analytical grade.

Preparation of HQD
HQD was prepared using established protocols. Briefly, 300 g Scutellariae Radix, 200 g Paeoniae Radix Alba, 200 g Glycyrrhizae Radix et Rhizome, and 200 g Jujubae Fructus were combined in 10-fold volume of double-distilled water and extracted in boiling water for 1 h. Following filtration through gauze, the herbal residue was extracted again for 1 h at 100 °C with 8-fold volume of double-distilled water. Subsequently, the two extracts were pooled, concentrated under reduced pressure, and lyophilized to yield 173.1 g of the extract powder. The extract ratio of HQD was 19.23% (w/w). The lyophilized extract powder was stored at -80 °C for subsequent experiments.

[bookmark: _Hlk141350891]High-performance liquid chromatography analysis of HQD
An Agilent 1260 high-performance liquid chromatography (HPLC) separation system (Agilent, Santa Clara, CA, United States) equipped with a diode array detector was used to analyze the chemical composition of HQD. Briefly, the lyophilized powder (0.5 g) was dissolved in 20 mL of ultrapure water using ultrasonication. Following filtration through a 0.22 μm syringe filter, 20 μL of the supernatant was injected into the HPLC system and separated chromatographically through an Agilent ZORBAX SB-C18 column (4.6 mm × 150 mm, 5 μm). The mobile phase comprised of linear gradients of 0.1% (v/v) formic acid in water and acetonitrile. Gradient elution was performed as follows: 0–10 min, 5%–8% acetonitrile; 10–20 min, 8%–16% acetonitrile; 20–40 min, 16%–22% acetonitrile; 40–50 min, 22%–25% acetonitrile; 50–60 min, 25%–40% acetonitrile; 60–70 min, 40%–60% acetonitrile; 70–75 min, 60%–5% acetonitrile; 75–80 min, 5% acetonitrile. Programmable parameters for flow rate, injection volume, and detector wavelength were 1 mL/min, 5 μL, and 270 nm, respectively.

Animals
Male Sprague-Dawley rats (seven weeks old, weighing 180–200 g) were obtained from the Hangzhou Medical College (Hangzhou, China). The rats were housed in a conventional habitat (40%–50% humidity, 25 ± 1 °C, and 12 h light/dark) at the Laboratory Animal Center of the Jiangsu Health Vocational College. The experimental protocols strictly complied with the European Community criteria and were authorized by the Animal Ethics Committee of the Jiangsu Health Vocational College (Permission No. JHVC-IACUC-2022-B007).

Animal grouping and treatment
[bookmark: _Hlk141611462]Following one week of acclimatization, the rats were randomly allocated to five groups (n = 8/group): Normal, HFD, HFD plus Fen (30 mg/kg), and HFD plus HQD (400 and 800 mg/kg). Rats in the normal group were fed a normal chow diet (10% calories from fat), whereas the rats in the other groups were fed a HFD (60% calories from fat) for 16 wk to establish the NAFLD model[25]. Both diets were provided by Jiangsu Xietong Pharmaceutical Bioengineering Co. Ltd. (Nanjing, China). Starting from the 8th week, the rats were orally administered Fen or HQD once daily for intervention, whereas the rats in the normal and HFD groups received an equal volume of 0.5% sodium carboxymethylcellulose (CMC-Na) orally as the control. Body weights of the animals were monitored weekly during the experimental period. At the end of the experiment, the rats were fasted overnight prior to being anesthetized with 1% pentobarbital sodium. To obtain serum, blood samples were collected from the abdominal aorta and centrifuged at 3500 rpm for 15 min. The rat livers were swiftly resected and flushed with phosphate buffered saline. Liver weights were measured and the liver indices (liver weight/body weight) were calculated. Portions of the liver were fixed in 4% paraformaldehyde for histological analysis and the remaining liver specimen was snap-frozen and stored at -80 °C for future molecular biology analyses.

Evaluation of insulin sensitivity
Two days prior to the termination of the experiment, the mice were fasted for 12 h and then orally administered 2 g/kg glucose. Blood was drawn from the tail vein before or at the indicated time points (30, 60, 90, and 120 min) after gavage. Blood glucose levels were measured using a glucometer (Yuwell, Inc., Zhenjiang, China). The oral glucose tolerance test (OGTT) curve and area under the curve (AUC) of the OGTT were drawn and calculated using GraphPad Prism 8.0. At the end of the experiment, fasting blood glucose (FBG) and serum insulin levels were determined using a glucometer and an insulin ELISA kit, respectively. The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as follows: (FBG × fasting serum insulin)/22.5.

Cell culture and treatment
HepG2 cells were purchased from the Chinese Academy of Cell Resource Center (Shanghai, China) and cultured in DMEM (supplemented with 10% FBS and 1% penicillin-streptomycin) at 37 °C in a humid environment containing 5% CO2. PA stock solution (5 mmol/L) was dissolved in 5% BSA by incubating at 55 °C for 15 min. Subsequently, the PA-BSA solution was incorporated into the medium at a final concentration of 125 μM. HQD-mediated cytotoxicity was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. For the interventions, HepG2 cells (70% confluent and serum-starved for 12 h) were treated with insulin (1 IU/mL), various doses of HQD (0, 25, 75, or 125 μg/mL) or a combination of HQD (100 μg/mL) and EX-527 (10 μM) under PA (125 μM) challenge for 24 h. HepG2 cells grown in serum-free media with 5% BSA served as the blank control.

MTT assay
HepG2 cells were seeded in 96-well plates (1×104 cells/well) and cultured overnight, followed by exposure to different concentrations of HQD (0, 25, 50, 75, 100, 120, 150, 175, and 200 μg/mL) with or without 125 μM PA for 24 h. MTT solution (10 μL of 5 mg/mL) was added to each well and incubated at 37 °C for 4 h. Dimethyl sulfoxide (150 μL) was added to dissolve the formazan crystals with vigorously shaking for 5 min. Finally, a Multiskan MK3 microplate reader (Thermo Fisher Scientific) was used to measure the absorbance at 490 nm. Cell viability (% of control) was calculated using the following formula: [Optical density (OD) 490 (sample-blank)/OD 490 (control-blank)] × 100%.

Glucose uptake assay
HepG2 cells were cultured overnight in 96-well plates (5 × 103 cells/well) and then starved for 12 h. The cells were stimulated without or with 1 µM insulin for 20 min to activate the glucose transporters. A colorimetric 2DG uptake test was performed according to the manufacturer’s protocol to evaluate glucose absorption by HepG2 cells in response to insulin.

ELISA and biochemical analyses
TNF-β, IL-6, and IL-1β levels in the liver and cell supernatants, as well as serum insulin levels, were measured using the corresponding ELISA kits following the manufacturer’s instructions. Biochemical parameters in the serum, liver, and HepG2 cells, including TG, TC, LDL-c, HDL-c, FFA, ALT, and AST were determined using commercial kits following the manufacturer's instructions.

Histological and immunohistochemistrical/immunofluorescent analyses
Fixed liver tissues were embedded in paraffin, cut into 5 μm slices, and stained with H&E according to the standard procedure. Immunohistochemical analyses were performed as described previously[25]. Briefly, primary antibodies against IL-1β, SREBP-1, Sirt1, and p-NF-κB were diluted 200-fold and then incubated with the tissue samples overnight at 4 °C. Following that, 100 μL of secondary antibody (diluted 400-fold) was added dropwise to each section. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (H + L) was used for IL-1β and SREBP-1. HRP- or Alexa Fluor594-conjugated goat anti-rabbit IgG (H + L) was used for Sirt1 and p-NF-κB. Subsequently, 4',6-diamidino-2-phenylindole (DAPI) or 3,3'-diaminobenzidine substrate solution was sequentially added to each section. Images were captured using either a DM2500 optical microscope (Leica, Wetzlar, Germany) or an LSM 700 confocal laser microscope (Zeiss, Oberkochen, Germany). Finally, the data were quantified using the Image-Pro Plus software (version 6.0; Media Cybernetics, Rockville, MD, United States). For immunofluorescence analysis, HepG2 cells were immobilized in 4% paraformaldehyde solution for 10 min, blocked with 5% BSA, and incubated overnight with primary antibodies against Sirt1 and NF-κB (both diluted 200-fold). Thereafter, the cells were probed with Alexa Fluor 488-conjugated secondary antibodies (diluted 500-fold) and counterstained with DAPI to visualize the nuclei. Fluorescence images were acquired using an LSM 700 confocal laser microscope (Zeiss).

Oil Red O staining
Paraffin-embedded liver tissues were cut into 5 μm sections, followed by staining with Oil Red O dye according to standard procedure. HepG2 cells were fixed in 4% paraformaldehyde for 15 min, rinsed with distilled water, and stained with Oil Red O dye. Images were captured using a DM2500 optical microscope (Leica).

Western blotting
Pre-chilled radio immunoprecipitation assay buffer (containing a protease inhibitor cocktail) was used to lyse liver samples. A commercial bicinchoninic acid assay kit was used to quantify total proteins. Immunoblot analysis was performed as previously described[25]. Specific primary antibodies against SREBP-1c, FAS, CD36, Sirt1, NF-κB, p-NF-κB, IRS-2, p-IRS-2, and GAPDH were used at 1000-fold dilution. The protein bands were visualized and semi-quantified using Azure Biosystems C600 (Azure Biosystems Inc., Dublin, CA, United States) and ImageJ software (NIH, Bethesda, MD, United States), respectively.

Statistical analysis
Data were analyzed using IBM SPSS software (version 21.0; Armonk, NY, United States) and expressed as mean ± SD. One-way analysis of variance followed by a least significant difference test for multiple comparisons was used to assess significant differences among groups. Statistical significance was set at P ≤ 0.05.

RESULTS
Phytochemical analysis of HQD
The multifaceted effectiveness of TCMs stem from their multi-component trait. First, we sought to identify the primary chemical components of HQD using HPLC analysis. As shown in Figure 1, ten major monomeric components were identified in HQD by comparing the retention times of the standards. Based on the standards, the concentrations of (1) gallic acid, (2) paeoniflorin, (3) scutellarin, (4) liquiritin, (5) baicalin, (6) scutellarein, (7) wogonoside, (8) baicalein, (9) wogonin, and (10) chrysin were determined to be 0.709, 2.005, 1.417, 1.626, 60.092, 0.916, 13.471, 1.905, 2.088, and 0.559 mg/g, respectively.

HQD alleviated adiposity and hepatic histological abnormalities in HFD-induced NAFLD rats
Patients with NAFLD frequently present with increased body and liver weight. Fen, a lipid-lowering medication that is clinically used for NAFLD treatment, was chosen as the positive control drug. The experimental scheme is indicated in Figure 2A. As shown in Figure 2B-E, HQD treatment (400 and 800 mg/kg) significantly attenuated HFD-induced increase in body and liver weight, as well as the liver index. As hepatic steatosis is the primary hallmark of NAFLD, we performed histological analysis to assess the effect of HQD on hepatic steatosis. H&E staining indicated that rats in the HFD group presented with severe structural disruption of the hepatic lobules, steatosis, and hepatocellular ballooning degeneration, whereas oral administration of HQD mitigated these pathological alterations in a dose-dependent manner, as evidenced by relatively intact hepatic lobules and smaller fat vacuoles (Figure 2F). Additionally, Oil Red O staining showed numerous lipid droplets in the HFD group that reduced significantly following HQD treatment (Figure 2G and H). Notably, high-dose HQD exerted anti-steatosis effects comparable to those of Fen.

HQD mitigated liver damage and lipid metabolism disorders in HFD-induced NAFLD rats
Biochemical parameters of liver damage and lipid metabolism disorders, including ALT, AST, TC, TG, FFA, LDL-c, and HDL-c, are robust diagnostic markers for NAFLD. As shown in Figure 3, serum levels of ALT, AST, TC, TG, FFA, and LDL-c, as well as hepatic TC, TG, and FFA in the HFD group were noticeably higher than those in the control group. These levels were markedly reduced following HQD treatment. In contrast, the HFD-challenged group exhibited lower serum HDL-c level than the normal group, which was markedly restored following HQD treatment. In addition, the therapeutic efficacy of a high dose of HQD was equivalent to that of Fen.

HQD relieved hepatic inflammation and insulin resistance in HFD-induced NAFLD rats
Liver inflammation and insulin resistance are pivotal concomitant factors that facilitate NAFLD progression. Inflammation exacerbates insulin resistance, and both form a vicious cycle with each promoting the other and accelerating NAFLD progression[26]. As shown in Figure 4A and B, IL-1β-positive area in the liver of the HFD group was significantly higher relative to that in the control group, indicating extensive inflammatory response in the liver, which was further supported by markedly elevated levels of IL-6, IL-1β, and TNF-α in the liver (Figure 4C-E). However, all these alterations were reversed following HQD interventions. To ascertain the effect of HQD on glucose tolerance, an OGTT was performed. As shown in Figure 4F and G, higher levels of blood glucose (0–120 min) were noted in the HFD group following intragastric administration of glucose, which was robustly attenuated by HQD treatment. This was quantitatively verified by the AUC of the OGTT. Moreover, the HFD-induced elevation in serum insulin levels also decreased markedly following HQD treatment (Figure 4H). As shown in Figure 4I, the HOMA-IR value in HFD-challenged rats was significantly higher than that in normal rats, and was effectively reduced following HQD intervention. Notably, high-dose HQD showed curative efficacy similar to that of Fen.

HQD triggered the Sirt1/NF-κB pathway in HFD-induced NAFLD rats
Sirt1/NF-κB pathway-modulated insulin resistance and hepatic steatosis play an important role in the progression of NAFLD. Therefore, protein levels of Sirt1, NF-κB, p-NF-κB, and the downstream insulin signal transduction- and lipid metabolism-related proteins (i.e., IRS-2, p-IRS-2, SREBP-1, FAS, and CD36) in the liver were examined. As shown in Figure 5A-G, Sirt1 and p-IRS-2 protein levels were significantly lower in the HFD group relative to that in the normal group, whereas those of p-NF-κB, SREBP-1, FAS, and CD36 were clearly elevated in response to HFD challenge. Oral supplementation with HQD markedly reversed these changes in a dose-dependent manner. To further validate these findings, the levels of Sirt1, p-NF-κB, and SREBP-1 were evaluated immunohistochemically. Consistent with the previous data, mild staining intensity of Sirt1 (brown/fluorescence) and strong staining intensities of p-NF-κB (brown/fluorescence) and SREBP-1 (brown) were observed in the HFD group, indicating the up-regulation of these proteins and activation of Sirt1/NF-κB pathway (Figure 5H-P). However, HQD administration substantially reduced the increased expression noted in immunohistochemical analyses. Overall, these findings suggest that the therapeutic effects of HQD on HFD-induced disorders in insulin signaling and lipid metabolism are closely associated with the Sirt1/NF-κB pathway.

HQD improved steatosis, inflammation, and insulin resistance in PA-induced HepG2 cells
The direct exposure of HepG2 cells to PA is a commonly used approach to mimic the symptoms of NAFLD in vitro[27,28]. PA-induced HepG2 cells were used to investigate the therapeutic effects of HQD in NAFLD in vitro. Initially, MTT assay was used to examine the cytotoxicity of HQD in HepG2 cells. As shown in Figure 6A and B, HQD presented no obvious cytotoxic effect in HepG2 cells at doses ≤ 150 μg/mL, and the safe concentration of HQD when co-incubated with PA (125 μM) was determined to be ≤ 125 μg/mL. Accordingly, HQD at doses of 25, 75, and 125 μg/mL were selected for the treatment of PA-induced HepG2 cells in subsequent experiments. As shown in Figure 6C and D, the levels of neutral lipids (TC and TG) in PA-challenged HepG2 cells were noticeably increased relative to that in the control cells, but markedly reduced following HQD intervention. This was further supported by the results of Oil Red O staining, which showed reduced lipid droplets in the HQD-treated groups (Figure 6E). As inflammation is a major cause of NAFLD and is strongly associated with insulin resistance, we examined the effects of HQD on the release of inflammatory factors in PA-challenged HepG2 cells. Figure 6F-H shows that HQD attenuated the PA-induced increase in the levels of IL-6, IL-1β, and TNF-β in a dose-dependent manner. A 2DG assay was performed to assess insulin resistance. The results showed that 2DG uptake was significantly lower in PA-treated HepG2 cells, whereas it increased markedly following HQD treatment (Figure 6I), indicative of the ameliorative effect of HQD on insulin resistance.

HQD exerted hepatocyte protection by triggering Sirt1/NF-κB pathway in PA-induced HepG2 cells
Consistent with the in vivo results, we noted that PA-stimulated HepG2 cells showed markedly decreased expression of Sirt1 and p-IRS-2, and increased expression of p-NF-κB, SREBP-1, FAS, and CD36 compared with that in the control cells (Figure 7A-G), indicative of inhibition of the Sirt1/NF-B pathway. However, these changes were restored following HQD treatment. To further determine the expression and distribution of Sirt1 and NF-κB, immunofluorescence analyses were performed. Consistently, the intensity of Sirt1 staining in the PA group was clearly lower compared to that in the control group. Furthermore, significantly increased NF-κB nuclear translocation was noted in PA-induced HepG2 cells, which was conspicuously reversed following HQD treatment (Figure 7H). Collectively, these data suggest that HQD protects hepatocytes against PA-induced insults via the Sirt1/NF-κB pathway.
To further confirm that the HQD-mediated mitigatory effects on insulin resistance and lipid accumulation occurs via the Sirt1/NF-κB pathway, we used a Sirt1 inhibitor, EX-527 to block the pathway. As shown in Figure 8A-G, the ameliorative effects of HQD on lipid accumulation, inflammation, and 2DG uptake were significantly compromised following co-treatment with EX-527. More importantly, EX-527 abolished the regulatory effects of HQD on Sirt1/NF-κB pathway and its downstream-modulated insulin signal transduction- and lipid metabolism-related proteins (Figure 8H-O). In summary, our data indicate that the protective effects of HQD against hepatic lipid accumulation, inflammation, and insulin resistance are mediated through triggering of the Sirt1/NF-κB pathway.

DISCUSSION
NAFLD is the most prevalent chronic liver disease for which no specific effective drug has been approved, making its treatment a top research priority[29]. Unlike synthetic drugs, whose efficacy depends mainly on their action on one target, the efficacy of TCM depends on its holistic effects on multiple targets and pathways. Therefore, TCMs are promising complementary and auxiliary agents for metabolic diseases with multifactorial pathogeneses, such as NAFLD[30-32]. HQD, a well-known TCM formula, has emerged as a potentially effective modality for the clinical treatment of liver diseases, including NAFLD. In our study, several constituents of HQD, including gallic acid, paeoniflorin, scutellarin, liquiritin, baicalin, scutellarein, wogonoside, baicalein, wogonin, and chrysin were identified by HPLC analysis. The beneficial effects of these compounds in NAFLD have been reported both in vivo and in vitro[33-36], which provide the basis for the potential application of HQD in NAFLD therapy. In the present study, using both in vivo and in vitro experiments, we demonstrated that HQD mitigates insulin resistance and hepatic steatosis by modulating the Sirt1/NF-κB pathway.
Overconsumption of HFD, which is associated with a modern lifestyle, plays a role in the progression of NAFLD[37]. Currently, NAFLD murine models are most commonly developed by long-term consumption of an HFD, resulting in symptoms similar to those observed in patients with NAFLD[37]. PA is an essential fatty acid for TG synthesis in the liver and increased concentrations of PA in hepatocytes accelerate the progression[38]. Typically, the exogenous addition of PA induces hepatocellular lipid accumulation to mimic the pathological process of NAFLD in vitro. We used HFD-fed rats and PA-treated HepG2 cells to study the therapeutic effects of HQD on NAFLD. Our results showed that the HFD-fed rats had higher body and liver weights. Histological analysis revealed hepatic steatosis and injuries, which were further supported by aberrant levels of TC, TG, ALT, and AST in the serum and liver. Furthermore, abnormal levels of serum FFA, LDL-c, HDL-c, OGTT, insulin, and HOMA-IR were observed in the HFD-fed rats, indicating the onset of dyslipidemia and insulin resistance. Consistent with these findings, PA-stimulated HepG2 cells exhibited a marked increase in lipid accumulation, intracellular TC and TG levels, and glucose uptake. Notably, all the above mentioned NAFLD symptoms were dose-dependently reversed following HQD treatment, indicating that HQD mitigates lipid metabolism disorders and insulin resistance in NAFLD.
Compromised lipid metabolism contributes to hepatic steatosis, thereby triggering the onset of NAFLD[39,40]. Several studies have confirmed that the activation of de novo lipogenesis (DNL) promotes FFA generation and esterification into TG, which are crucial driving factors contributing to lipid metabolism dysfunction[41]. A previous clinical trial revealed that individuals with NAFLD had higher nighttime plasma FFA levels and a threefold increase in DNL[42]. SREBP-1c is a key transcription factor that controls hepatic DNL and lipolysis by modulating the activities of lipogenic enzymes (FAS) and fatty acid importer proteins (CD36) as downstream targets[43-45]. The active state of SREBP-1c directly influences FLD progression in fatty liver[43]. In the present study, rats with HFD-induced NAFLD and PA-treated HepG2 cells showed elevated SREBP-1, FAS, and CD36 Levels, indicating increased DNL and fatty acid uptake. However, oral HQD supplementation effectively reversed these changes. Sirt1 plays a critical role in cellular energy metabolism and deacetylates and inhibits SREBP-1c activity in the regulation of hepatic lipid metabolism; however, it is downregulated in patients with NAFLD[15]. In the rat liver and HepG2 cells, we observed deactivation of Sirt1 following exposure to HFD or PA, whereas HQD treatment increased Sirt1 levels, resulting in NAFLD mitigation.
Insulin resistance is the initial driver of hepatic steatosis in NAFLD[10,11,46]. Moreover, recent studies have suggested that obesity-induced chronic low-grade inflammation exacerbates insulin resistance[26,47]. Specifically, hypertrophic adipocytes promote macrophage infiltration and secrete pro-inflammatory factors including IL-6, IL-1β, and TNF-α, which downregulate insulin signaling molecules by inhibiting the phosphorylation of IRS-2, ultimately promoting insulin resistance[48-50]. NF-κB acts as an inducible transcription factor and induces the production of pro-inflammatory factors[51]. A previous study reported that FFA-induced insulin resistance is strongly associated with the activation of the pro-inflammatory NF-κB pathway[52]. More importantly, Sirt1 can inactivate NF-κB by deacetylating lysine 310, impeding the expression of pro-inflammatory target genes, whereas patients with NAFLD are more susceptible to inactivation of the Sirt1/NF-κB pathway[17,53]. In both, in vivo and in vitro NAFLD models, phosphorylation of NF-κB was upregulated and accompanied by increased levels of pro-inflammatory factors (IL-1β, TNF-α, and IL-6), whereas phosphorylation of IRS-2 was downregulated, suggesting that Sirt1/NF-κB pathway-mediated insulin resistance occurred in NAFLD. In contrast, the HQD intervention clearly restored these changes. Furthermore, treatment with the Sirt1 inhibitor, EX-527, abolished all HQD-mediated favorable effects in PA-challenged HepG2 cells, confirming that HQD mitigated hepatic steatosis and insulin resistance via the Sirt1/NF-κB pathway.
Fen, a peroxisome proliferator-activated receptor α (PPARα) agonist, offers potential therapeutic efficacy against NAFLD by inducing fatty acid oxidation and inhibiting inflammatory gene expression in the liver[54,55]. Clinical studies have shown that Fen may have positive therapeutic outcomes in NAFLD/NASH[56,57]. Herein, we found that HQD achieved therapeutic effects comparable to those of Fen by activating Sirt1. Several studies have shown that Sirt1, a key regulator of PPARα signaling, can trigger PPARα-mediated fatty acid oxidation in the liver, showing favorable effects in NAFLD[9,58,59]. Although HQD and Fen act on different targets, their therapeutic effects could be interpreted from the upstream and downstream regulatory relationships between Sirt1 and PPARα make.

CONCLUSION
In summary, we have demonstrated the mitigating effects of HQD on lipid metabolism disorders and insulin resistance. Our investigations revealed that HQD mediates these beneficial effects by modulating lipogenesis and inflammatory responses which trigger the Sirt1/NF-κB pathway (Figure 9). Our study provides strong evidence supporting HQD as a promising agent for NAFLD treatment.

ARTICLE HIGHLIGHTS
Research background
Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease, for which no effective therapeutic drugs have been approved. Huangqin decoction (HQD), a traditional Chinese medicine, has been widely used to treat liver diseases in clinical practice. Our study confirmed that HQD effectively mitigates high-fat diet (HFD)-induced hepatic inflammation. However, whether HQD has ameliorative effects on lipid metabolism disorders and insulin resistance, as well as the underlying mechanisms, remains unclear.

Research motivation
Convincing evidence for HQD in the clinical treatment of NAFLD is required.

Research objectives
This study aimed to investigate the therapeutic efficacy of HQD on lipid metabolism disorders and insulin resistance and explore the possible molecular mechanisms by focusing on the Sirt1/NF-κB pathway.

Research methods
High-performance liquid chromatography was used to identify the key components of HQD. HFD-induced NAFLD rats and palmitic acid-induced HepG2 cells were treated with HQD to investigate the mitigating effects of HQD on lipid metabolism disorders and insulin resistance. Finally, molecular biology techniques, including western blotting, immunohistochemistry, and immunofluorescence, were applied to explore the protein expression in the Sirt1/NF-κB pathway.

Research results
Ten key components of HQD were identified. The results showed that HQD effectively prevented lipid metabolism disorders in rats and HepG2 cells, inflammatory responses, and insulin resistance. Mechanistic exploration revealed that triggering Sirt1/NF-κB pathway-modulated lipogenesis and inflammation contributed to the favorable effects of HQD, which was further validated by the addition of EX-527 (a Sirt1 antagonist).

Research conclusions
Supported by our previous findings, we strongly believe that HQD is a promising complementary or auxiliary agent for the clinical treatment of NAFLD.

Research perspectives
HQD has been used to treat liver diseases in clinical practice for decades, with positive outcomes. More in-depth and precise research on the molecular mechanisms of HQD could guide and promote the clinical treatment of NAFLD more effectively.
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Figure Legends
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Figure 1 High-performance liquid chromatography fingerprint spectrum of Huangqin decoction and structures of the major phytochemicals in Huangqin decoction. A and B: High-performance liquid chromatography profiles of Huangqin decoction (HQD) and the standard mixture: (1) Gallic acid, (2) paeoniflorin, (3) scutellarin, (4) liquiritin, (5) baicalin, (6) scutellarein, (7) wogonoside, (8) baicalein, (9) wogonin, and (10) chrysin; C: Structures of the major phytochemicals in HQD.

[image: ]
[bookmark: OLE_LINK3]Figure 2 Huangqin decoction improves adiposity and hepatic histological abnormalities in high-fat diet-induced nonalcoholic fatty liver disease rats. Data are presented as mean ± SD (n = 4–8). ap < 0.01 vs. the normal group, bp < 0.05 and cp < 0.01 vs. the high-fat diet group. A: Workflow of the experimental design; B: Dynamic curve of the body weight; C-E: Barcharts showing the effects of different treatments on body weight (C), liver weight at the termination of the experiment (D), and liver index (liver weight/body weight) (E) at the termination of the experiment; F and G: Representative micrographs of Hematoxylin and eosin and Oil Red O stained liver sections; H: Quantitative analysis of positive areas in Oil Red O staining. CMC-Na: Sodium carboxymethylcellulose; Fen: fenofibrate; HQD: Huangqin decoction; I.G.: intragastric administration.
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[bookmark: OLE_LINK2]Figure 3 Huangqin decoction alleviates liver damage and lipid metabolism disorders in high-fat diet-induced nonalcoholic fatty liver disease rats. Data are presented as mean ± SD (n = 8). ap < 0.01 vs. the normal group, bp < 0.05 and cp < 0.01 vs. high-fat diet group. A-J: Effects of different treatments on levels of alanine transaminase (A); aspartate transaminase (B); total cholesterol (TC) (C); triacylglycerol (TG) (D); free fatty acid (FFA) (E); low-density lipoprotein cholesterol (F); high-density lipoprotein cholesterol (G); TC (H); TG (I); FFA (J) levels in rats are shown. ALT: Alanine transaminase; AST: Aspartate transaminase; Fen: Fenofibrate; FFA: Free fatty acid; HDL-c: High-density lipoprotein cholesterol; HFD: High-fat diet; HQD: Huangqin decoction; LDL-c: Low-density lipoprotein cholesterol; TC: Total cholesterol; TG: Triacylglycerol.
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Figure 4 Huangqin decoction suppresses hepatic inflammation and insulin resistance in high-fat diet-induced nonalcoholic fatty liver disease rats. Data are presented as mean ± SD (n = 4–8). ap < 0.01 vs. the normal group, bp < 0.05 and cp < 0.01 vs. the high-fat diet (HFD) group. A: Representative images of immunohistochemical staining of interleukin (IL)-1β in liver sections; B: Quantitative analysis of staining intensity of IL-1β; C-E: Levels of IL-6 (C), IL-1β (D), and tumor necrosis factor-α (E) in the liver of HFD-fed rats; F: Oral glucose tolerance test (OGTT); G: Area under the curve from OGTT; H: Level of fasting serum insulin; I: Values of homeostasis model assessment of insulin resistance. AUC: Area under the curve; Fen: Fenofibrate; HFD: High-fat diet; HOMA-IR: Homeostasis model assessment of insulin resistance; HQD: Huangqin decoction; IL: Interleukin; TNF: Tumor necrosis factor.
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[bookmark: _Hlk141368496]Figure 5 Huangqin decoction activates the Sirt1/NF-Κb pathway in high-fat diet-induced nonalcoholic fatty liver disease rats. Data are presented as mean ± SD (n = 3–4). ap < 0.01 vs. the normal group, bp < 0.05 and cp < 0.01 vs. the high-fat diet group. A: Expression levels of Sirt1, p-NF-κB/NF-κB, p-IRS-2/IRS-2, sterol regulatory element-binding protein (SREBP)-1c, fatty acid synthase, and cluster of differentiation 36; B-G: Semi-quantitative analysis of these proteins; H-J: Representative images of immunohistochemical staining of Sirt1 (H), NF-κB (I), and SREBP-1c (J) in liver sections; K-M: Quantitative analysis of the staining intensity; N: Representative images of immunofluorescent staining of Sirt1 and NF-κB in liver sections; O and P: Quantitative analysis of the fluorescence intensity. CD36: Cluster of differentiation 36; DAPI: 4',6-diamidino-2-phenylindole; FAS: Fatty acid synthase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HFD: High-fat diet; HQD, Huangqin decoction; SREBP: Sterol regulatory element-binding protein.
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Figure 6 Huangqin decoction improves lipotoxicity, inflammation, and insulin resistance in palmitic acid-induced HepG2 cells. Data are presented as mean ± SD of at least three independent experiments. ap < 0.01 vs. the control group, bp < 0.05 and cp < 0.01 vs. the palmitic acid (PA) group. A: Viability of HepG2 cells following incubation with different concentrations of Huangqin decoction (HQD); B: Viability of HepG2 cells following co-culture with PA and different concentrations of HQD; C and D: Levels of triacylglycerol and total cholesterol in HepG2 cells; E: Representative micrographs of Oil Red O staining of HepG2 cells; F–H: Levels of interleukin (IL)-6, IL-1β, and tumor necrosis factor-α in HepG2 cells; I: Level of glucose uptake in HepG2 cells. 2DG: 2-deoxydglucose; HQD, Huangqin decoction; IL: Interleukin; TC: Total cholesterol; TG: Triacylglycerol; TNF: Tumor necrosis factor; PA: Palmitic acid.
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Figure 7 Huangqin decoction activates the Sirt1/NF-κB pathway in palmitic acid-induced HepG2 cells. Data are presented as mean ± SD of at least three independent experiments. ap < 0.01 vs. the control group, bp < 0.05 and cp < 0.01 vs. the palmitic acid group. A: Expression levels of Sirt1, p-NF-κB/NF-κB, p-IRS-2/IRS-2, sterol regulatory element-binding protein 1, fatty acid synthase, and cluster of differentiation 36 in HepG2 cells; B–G: Semi-quantitative analysis of these proteins; H: Representative images of immunofluorescent staining of Sirt1 and NF-κB in HepG2 cells. CD36: Cluster of differentiation 36; DAPI: 4',6-diamidino-2-phenylindole; FAS: Fatty acid synthase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HQD, Huangqin decoction; PA: Palmitic acid; SREBP: Sterol regulatory element-binding protein.
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Figure 8 Huangqin decoction protects hepatocytes by triggering Sirt1/NF-κB pathway in palmitic acid-induced HepG2 cells. Data are presented as mean ± SD of at least three independent experiments. ap < 0.01 vs. the control group, bp < 0.05 and cp < 0.01 vs. the palmitic acid group, dp < 0.05 and ep < 0.01 vs. the Huangqin decoction group. A and B: Levels of triacylglycerol (A) and total cholesterol (B) in HepG2 cells co-cultured with or without EX-527; C-E: Levels of interleukin (IL)-6, IL-1β, and tumor necrosis factor-α in HepG2 cells co-cultured with or without EX-527; F: Level of glucose uptake in HepG2 cells co-cultured with or without EX-527; G: Representative micrographs of Oil Red O staining of HepG2 cells co-cultured with or without EX-527; H: Expression levels of Sirt1, p-NF-κB/NF-κB, p-IRS-2/IRS-2, sterol regulatory element-binding protein-1c, fatty acid synthase, and cluster of differentiation 36 in HepG2 cells co-cultured with or without EX-527; I-N: Semi-quantitative analysis of these proteins; O: Representative images of immunofluorescent staining of Sirt1 and NF-κB in HepG2 cells co-cultured with or without EX-527. 2DG: 2-deoxydglucose; CD36: Cluster of differentiation 36; DAPI: 4',6-diamidino-2-phenylindole; FAS: Fatty acid synthase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HQD: Huangqin decoction; IL: Interleukin; PA: Palmitic acid; SREBP: Sterol regulatory element-binding protein; TC: Total cholesterol; TG: Triacylglycerol; TNF: Tumor necrosis factor.
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[bookmark: OLE_LINK1]Figure 9 Schematic diagram illustrating the effects of Huangqin decoction on Sirt1/NF-κB pathway-modulated hepatic steatosis and insulin resistance. CD36: Cluster of differentiation 36; FAS: Fatty acid synthase; HFD: High-fat diet; HQD: Huangqin decoction; IL: Interleukin; SREBP: Sterol regulatory element-binding protein; TNF: Tumor necrosis factor.
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