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ABSTRACT

Obesity leads to chronic and inflammation,

resulting in insulin resistance (IR) and type 2 diabetes (T2D).

systemic

This chronic inflammation has emerged as a key feature of
T2D. Xiaoxianxiong decoction (XXXD) is a classic and well-
known decoction that has been used to treat patients with
severe pneumonia by inhibiting the inflammatory response.
However, the pharmacological mechanism underlying XXXD
ameliorates obesity-induced T2D is poorly understood. Here,
we demonstrated that XXXD alleviated T2D by suppressing
the inflammation through the NLRP3-dependent pathway. We
found that XXXD-treated mice had significantly lower blood
glucose levels and body weights in the HFD + STZ mouse
model (Streptozotocin with high-fat diet). XXXD improved
insulin resistance (IR) as indicated by the Oral glucose tolerance
test (OGTT) and the insulin tolerance test (ITT) analyses. Oil red
O staining and hematoxylin and eosin (H&E) staining showed
that XXXD protected against the development of hepatic
steatosis in the T2D mice model. Mechanistically, XXXD reduced
hepatic inflammation through the NLRP3-mediated signaling
pathway. In addition, we demonstrated that XXXD inhibited
the accumulation of macrophages and their transformation
into a pro-inflammatory state in the T2D livers. Through
molecular docking simulation and molecular dynamics (MD)
simulations, we identified the glucocorticoid receptor (GR) as
a potential molecular target of XXXD treatment. Collectively,
these findings demonstrated that XXXD reduced adiposity,
improved glucose tolerance, and restored insulin sensitivity
through the suppression of inflammation in the NLRP3-
dependent signaling pathway.

Citation: Ding R, et al. (2026). Xiaoxianxiong Decoction Ameliorates Obesity-induced Type 2 Diabetes by Suppressing the NLRP3

Inflammasome Activation. Diabetes Research. 3(1):07.

DOI: https://doi.org/10.35702/diab.1007



DingR, et al. © (2026).

ISSN: 2998-4920

« KCscell

XXXD

N
o —

C57BL/6 mice

—

Berberine (BBR) _ [©
oy

— NLRP3 inflammasome l

|

Insulin resistance

—

Hepatic steatosis

IL-18

® IL-18

BBR-GR

Keywords: Xiaoxianxiong Decoction, Type 2 diabetes, Glucose Tolerance, Inflammation, NLRP3

INTRODUCTION

Obesity leads to chronic and systemic inflammation, resulting
in insulin resistance (IR), impaired insulin secretion, glucose
intolerance, and type 2 diabetes (T2D) [1]. In this regard,
chronic tissue inflammation has emerged as a key feature
of obesity and T2D and is observed in insulin target tissues,
such as adipose tissue and the liver. The key component of
inflammatory activation is a multimeric protein complex
termed the inflammasome, which is activated by cell nutrients,
such as glucose and free fatty acids, inducing inflammatory
cytokine interleukin-1 beta (IL-1B) production [2]. IL-1( is
derived from NLRP3 inflammasomes in pro-inflammatory
macrophages. This macrophage-derived IL-1(3 impairs insulin
secretion and decreases insulin signaling, contributing to the
development of glucose intolerance and T2D [3,4].

Xiaoxianxiong decoction (XXXD) is a classic and well-known
decoction thatis used to treat coronary heart disease or reduce
phlegm and clear heat in clinical for a long time [5]. It is worth
noting that XXXD has also been used to treat patients with
severe pneumonia exhibiting symptoms such as abnormal
breathing, depression, fever, and cough [6]. Mechanistically,

XXXD protects against LPS-induced pneumonia by inhibiting
the inflammatory response through activating SIRT1 [7].
Furthermore, berberine, the main compound in XXXD, has
been proven to reduce pulmonary inflammation in mice by
preventing gasdermin D-mediated pyroptosis and NLRP3
inflammasome activation [8]. The glucocorticoid receptor
(GR), a target receptor of glucocorticoids (GCs), plays a vital
role in controlling the expression of various inflammatory
genes [9]. Previous reports have shown that GR activation
can orchestrate the regulation of conventional NLRP3-
inflammasome activation through its actions as a transcription
factor on the NIrp3 mRNA level. For this reason, it is a major
nuclear receptor drug target for the treatment of inflammatory
disorders. However, the role of XXXD as an effective formula in
ameliorating obesity-induced T2D is poorly understood.

MATERIALS AND METHODS
Preparation of Xiaoxianxiong Decoction (XXXD)

XXXD is composed of Huanglain (Coptidis Rhizoma), Banxia
(Arum Ternatum, unb.), and Gualou (Trichosanthes Kirilowii
Maxim). The herbs were purchased from TCM Pharmacy of
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Guang'anmen Hospital of China Academy of Chinese Medical
Sciences (Beijing, China). All medicinal plants were decocted
30 min twice with boiling deionized water (1:10 and then 1:5,
w/v). After filtering, the solution was concentrated using a
rotary vacuum evaporator (70°C) to 1.5 g raw herbs/mL

Animals

Allmicewere housed and maintained under specific-pathogen-
free (SPF) conditions at the Department of Laboratory Animal
Science of Peking University Health Science Center. All animal
experiments were performed according to protocols approved
by the Ethics Committee of Peking University Health Science
Center.

For C57BL/6 mice, six-week-old male mice were placed on
a HFD (60% kcal from fat; D12492, Research Diets, USA) or a
normal chow diet until the end of the experimental protocol.
After exposure for 8 weeks to the respective diets, the HFD-
fed mice were injected intraperitoneally with 40 mg/kg
streptozotocin (STZ) solution after overnight fasting for 5
consecutive days. The chow group received the vehicle only.
The HFD + STZ mice were administered 0.9% sodium chloride
(HFD group), 75 mg/kg Metformin (Met group), 6.7 g/kg XXXD
(XL group), 16.75 g/kg XXXD (XM group), and 26.8 g/kg XXXD
(XH group) daily for 8 weeks.

Mice were euthanized after 8 weeks of treatment, and then
the liver tissues were collected. The tissues were cut into small
pieces, and then frozen in liquid nitrogen or fixed in 10%
formalin for further analyses or processed for histology below.

Histology

Liver tissues excised from the mice were fixed in 10% neutral
buffered formalin. The tissues were then paraffin-embedded,
4 um sections prepared, and subjected to hematoxylin and
eosin (H&E) staining. Pulmonary metastases were identified
by microscopic analyses of H&E-stained sections.

OilRed O

Lipid deposition in the livers was assessed by oil red O staining,
while the morphology of livers was observed after HE staining.
Briefly, the intact aortas were fixed in 4% paraformaldehyde
for 48 h. The liver sections were stained with 0.5% oil red
O solution (Servicebio, G1015, Wuhan, China) for 1 h, and
then differentiated in a 60% propylene glycol solution for 5
min. The stained livers were photographed on an optical
microscope (Carl Zeiss, Germany). The percentage of Oil Red

O-stained areas in rat liver sections was analyzed by ImageJ.
The method for the quantification of the Oil Red O-stained
area was performed as described previously [10].

Cell Culture

The HepG2 cells were obtained from the American Type
Culture Collection (ATCC) and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 1% penicillin/streptomycin and
10% fetal bovine serum (FBS) (Invitrogen, USA) at 37 °Cin a
humidified atmosphere with 5% CO2. A reported method with
minor modifications was used to develop an IR cell model by
culturing HepG2 cells in serum-free DMEM containing 25 mM
glucose and 2 pg/mL insulin (Solarbio, Beijing, China) for 36
h. XXXD was dissolved in dimethyl sulfoxide (DMSO), and the
final concentration of DMSQ in each well was 0.1 %. Metformin
(J&K Scientific, Beijing, China) was used as a positive control.

Flow Cytometry

Liver perfusion was performed as described previously
(Liu et al.,, 2017; Mederacke et al., 2015). Briefly, mice were
anesthetized, and livers were perfused via portal vein
catheterization successively with pre-warmed Hank’s balanced
salt solution (HBSS) containing 1T mM ethylene glycolbis
(@aminoethylether)-tetra-acetic acid (EGTA), 40 ug/ml Liberase
(Sigma-Aldrich, USA), and 5 mM CaCl2. After perfusion, livers
were removed, gently disassociated with forceps in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, USA) containing
5% FBS, and filtered through a 70 um cell strainer. The
nonparenchymal cells were isolated via centrifuging at 50 g for
3 min followed by 350 g for 6 min at 4°C, and subjected to red
blood cell lysis. Cells were incubated with anti-mouse CD16/
CD32 mAb (BD Biosciences, USA) for 5 min at 4°C and then
with fluorophore-conjugated antibodies or isotype controls
for an additional 30 min. The antibodies used were as follows:
PE/Cyanine7-conjugated anti-CD86 (105013, BiolLegend,
USA), PE-conjugated anti-F4/80 (123109, BioLegend, USA),
FITC-conjugated anti-CD11b (101205, BioLegend, USA), and
APC-conjugated CD206 (MMR) (141707, BioLegend, USA).
After incubation with antibodies, cells were washed twice. All
data were acquired using a BD LSRFortessa flow cytometer
(BD Bioscience) and analyzed with FlowJo software.

Quantitative Real-Time PCR

To measure mRNA levels, total RNA was isolated from cells or
tissues using TRIzol reagent according to the manufacturer’s
protocol. The isolated mRNA was reverse-transcribed into
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cDNA using HiScript lll All-in-one RT SuperMix (QP018, abm).
Real-time PCR reactions were prepared with Taq Pro Universal
SYBR gPCR Master Mix (Vazyme) and then analyzed using an
Applied Biosystems 7500. mRNA expression levels of target
genes were normalized to those of GAPDH mRNA. The primer
pairs used for the PCR experiments are listed in Supplemental
Table S1.

Western Blot

Total protein was extracted using a RIPA lysis buffer
supplemented with a protease/phosphatase inhibitor cocktail.
Protein concentrations were measured using a Bicinchoninic
Acid (BCA) Assay Kit. Equal amounts of protein were resolved
on a 10% SDS-polyacrylamide gel electrophoresis gel and
then electrotransferred to a polyvinylidene difluoride (PVDF)
membrane. The following antibodies were used to probe for
the proteins of interest: anti-rabbit NLRP3 (catalog no. 30109-
1-AP, Proteintech), anti-rabbit ASC (catalog no. 67824, Cell
Signal Technology), anti-rabbit caspase-1 (catalog no. 31020-
1-AP, Proteintech), and anti-rabbit GAPDH (catalog no. 2118S,
clone 14C10, Cell Signaling Technology) was used as a loading
control. Signals were visualized with film using an enhanced
chemiluminescence (ECL) prime western blotting system.

Molecular Docking

A molecular docking approach was used to analyze potential
interactions between berberine (BBR) and the glucocorticoid
receptor (GR). The crystal structures of the glucocorticoid
receptor (PDB: 7PRX) were obtained from the RCSB Protein
Data Bank (https://www.rcsb.org/), and the 3D structure of
BBR was retrieved from the PubChem database. A binding
conformation between the BBR and the GR was predicted by
AutodockVina 1.2.2, a protein-ligand docking software. The
binding energy (outcome of molecular docking) was used to
assess the ligand-receptor binding. Finally, visualization of
the molecular interaction between BBR and glucocorticoid
receptor was performed using Autodock Vina 1.2.2 (http://
autodock.scripps.edu/).

Molecular dynamics (MD) simulations

MD simulations were carried out with Desmond/Maestro
version 2022.1
molecules were added to the systems, which were then

noncommercial software. TIP3P water
neutralized by 0.15 M NaCl solution. After minimization and
relaxation of the system, the production simulation was
performed for 200 ns in an isothermal-isobaric ensemble at
300 K and 1 bar. Trajectory coordinates were recorded every
200 ps. The MD analysis was performed using a simulation
interaction diagram from Desmond.

Statistical analysis

All statistical analyses were performed using Prism GraphPad
software v8.0.2. To assess differences between two groups,
a two-tailed unpaired Student’s t-test was used. Differences
were considered significant when p < 0.05, **p < 0.01, ***p
< 0.001, and ****P < 0.0001. Experimental results are typically
presented as means + SEM, unless otherwise stated.

RESULTS
Generation of type 2 diabetes (T2D) Mice

To test the effect of the XXXD on the pathogenesis of obesity,
we first generated T2D mouse models by HFD feeding and
multiple low-dose STZ injections. The body weights were
recorded to assess obesity. At 8 weeks of HFD and STZ
injections, the body weights of mice increased to 36.64 + 2.20
g compared to 29.54 + 1.18 g in the chow-fed mice (Figure
1A). The blood glucose levels of mice were also significantly
higher than those of the chow-fed mice (Figure 1B). T2D mice
showed significant impaired glucose tolerance, as indicated
by the Oral glucose tolerance test (OGTT) and area under the
curve during the OGTT (Figure 1C). Reduced insulin sensitivity
was also observed in those mice as measured by the insulin
tolerance test (ITT) and area above the curve during the ITT
(Figure 1D).
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Figure 1: Generation of T2D mouse model by HFD feeding and STZ injection

Changes in body weights in C57BL/6 mice fed with normal chow (n=10) or high-fat diet with STZ (T2D, n = 50). Bars represent means + SD.
HHKR¥)
p < 0.0001.

Random (non-fasting) blood glucose levels in C57BL/6 mice fed with normal chow (n=10) or high-fat diet with STZ injection (n=50). Bars
represent means + SEM. ****p < 0.0001.

Blood glucose levels and area under the curve in chow and T2D mice during the OGTT. Bars represent means + SEM. **p < 0.01.

Blood glucose levels and area above the curve during the ITT in chow and T2D mice. Bars represent means = SEM. **p < 0.01.
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Xiaoxianxiong decoction alleviates insulin resistance,
hyperlipidemia, and hepatic steatosis

HFD feeding can induce insulin resistance, liver steatosis, and
modest inflammation. After treatment with XXXD for 8 weeks,
XXXD-treated mice had significantly lower blood glucose
levels, indicative of elevated gluconeogenesis, compared
with the T2D controls (Figure 2A). Consistent with the insulin

resistance (IR) phenotype, basal insulin levels were significantly
downregulated in XXXD-treated mice, compared with the
controls fed the same diet (Figure 2B). The body weights of
XXXD-treated mice significantly decreased compared to the
T2D mice (Figure 2C). Compared to the HFD-induced T2D
mice, the XXXD groups improved glucose tolerance and
insulin sensitivity (Figure 2D and 2E).
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Figure 2: The effects of Xiaoxianxiong decoction (XXXD) on insulin resistance
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A. Non-fasting blood glucose levels in chow-fed mice and T2D mice treated with saline (HFD), Metformin (Met, 75 mg/kg), low dose of XXXD
(XL, 6.7 mg/kg), medium dose of XXXD (XM, 16.75 mg/kg), and high dose of XXXD (XH, 26.8 mg/kg). Bars represent means + SEM (n = 8).

#*%p < 0.0001, **p < 0.01, *p < 0.05.

B. Basal insulin levels of chow-fed and T2D mice treated daily with Met and XXXD as in Panel A. Data points are means + SEM (n = 8). ****p <

0.0001, **p < 0.01.

C. Body weights of chow-fed and T2D mice treated daily as in Panel A. Data points are means + SEM (n = 8). ****p < 0.0001, **p < 0.01. *p <

0.05, NS, p > 0.05.

D. (DandE)OGTT (D) and ITT (E) were performed and quantified as area under the curve (AUC), respectively. ****p < 0.0001, ***p < 0.001, **p

<0.01,*p < 0.05,NS, p > 0.05.

In addition to the effects of XXXD treatment on improved
glucose homeostasis, we also found that XXXD suppressed the
concentration-independent increase in neutral lipid droplets
in T2D mice compared with the control (Figure 3A). The
hepatocytes in XXXD-treated mice were complete and clear,
with few lesions. Oil red O staining demonstrated obvious lipid
deposition in the liver of T2D mice, while XXXD attenuated Oil
red O-positive scope (Figure 3B). This observation was further
confirmed in the IR-HepG2 modeling (Figure 3C). As shown in
Supplemental Figure 1, the intervention with insulin in HepG2
cells significantly decreased the consumption of extracellular
glucose but recovered by XXXD treatment compared

HFD

conirol

conirol

with the control group. The XXXD extract was nontoxic to
HepG2 at the concentrations of 1, 10, and 100 pg/ml after
24 h incubation. Additionally, the total triglycerides (TG)
and low-density lipoprotein cholesterol (LDL-C) decreased
significantly in XXXD-treated mice (Figure 3D and 3E). These
data demonstrated that XXXD treatment had the capability
to ameliorate IR, hyperlipidemia, and obesity in HFD-induced
T2D mice. These results suggest that XXXD treatment had a
striking protective effect against the development of hepatic
steatosis in the HFD-fed mice, resulting in a significant
decrease in liver TGs.
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Figure 3: XXXD treatment protects against hepatic steatosis in HFD-fed mice

Representative images of H&E staining of liver tissues from T2D mice treated with saline (HFD), Metformin (Met, 75 mg/kg), low dose of

XXXD (XL, 6.7 g/kg), medium dose of XXXD (XM, 16.75 g/kg), and high dose of XXXD (XH, 26.8 g/kg). Scale bar, 100 um.

B. Evaluation of lipid droplets in liver tissues by Oil Red O staining after XXXD administration. Scale bar =100 um. The percentage of Oil Red
O-stained areas in rat liver sections was analyzed by Image J. ****p < 0.0001, **p < 0.01.

C. The cells were treated with either 1 mM Metformin or 1-100 pg/ml XXXD for 24 h. The effect of XXXD on lipid accumulation was assessed
using Oil Red O staining, and the cells were photographed using a microscope. Scale bar, 100 um. Data points are means + SEM (n = 3).

*¥¥p < 0,001, **p < 0.01. *p < 0.05, NS, p > 0.05.

*p < 0.01. *p < 0.05, NS, p > 0.05.

XXXD suppresses hepatic inflammation and activation of
the NLRP3 inflammasome

Inflammation in the liver can cause hepatic steatosis
and reduce insulin sensitivity [1]. As previously reported,
HFD plus STZ upregulates proinflammatory genes and
macrophage infiltration [11]. We showed an upregulation
of various inflammatory markers after 8 weeks of HFD
feeding, including proinflammatory cytokines interleukin-
18 (IL1B) and interleukin-18 (IL-18) (Figure 4A). NLRP3
inflammasome activation leads to maturation and secretion
of proinflammatory cytokines interleukin-13 (IL1B), which is

(D and E) The levels of serum TG (D) and LDL-C (E) exposed to XXXD were determined. Data points are means + SEM (n = 8). ****p < 0.0001,

involved in the inflammatory response[12]. To test the effect
of XXXD on NLRP3 inflammasome activation, qRT-PCR and
immunoblotting assays were performed to determine the
expression of NLRP3, adapter protein apoptosis-associated
speck-like protein (ASC), and caspase-1 in livers from T2D mice.
As shown in Figure 4B and 4C, XXXD treatment significantly
suppressed these gene expressions at both the mRNA and
protein levels. These results suggested that XXXD suppressed
hepatic inflammation through the NLRP3-mediated signaling
pathway.
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Figure 4: XXXD suppresses hepatic inflammation and activation of the NLRP3 inflammasome
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A. Relative mRNA levels of IL-1f and IL-18 in liver tissues of saline (HFD), low dose of XXXD (XL, 6.7 g/kg), and medium dose of XXXD (XM,
16.75 g/kg)-treated T2D mice. Data shown are means + SEM (n = 3). ****p < 0.0001, ***p < 0.001, **p < 0.01. *p < 0.05.

B. Relative mRNA levels of NLRP3, ASC, and caspase-1 in liver tissues of T2D mice treated with low dose of XXXD (XL, 6.7 g/kg), medium dose
of XXXD (XM, 16.75 g/kg), or saline (HFD) were analyzed by qRT-PCR. Data shown are means + SEM (n = 3). ****p < 0.0001, **p < 0.01. *p <

0.05,NS, p > 0.05.

C. Immunoblot analysis of NLRP3, ASC, and caspase-1 levels in livers from T2D mice treated with low dose of XXXD (XL, 6.7 g/kg), medium
dose of XXXD (XM, 16.75 g/kg), or saline (HFD), quantitated by densitometry. Bars represent means + SEM. ****p < 0.0001.

D. Flow cytometric analysis of KCs (F4/80+CD11b+) in liver tissues from T2D mice treated with saline (HFD), low dose of XXXD (XL, 6.7 g/kg),
or medium dose of XXXD (XM, 16.75 g/kg). Data in the bar graph (right panel) are presented as means + SEM, n = 8. **p < 0.01, *p < 0.05.

E. Relative IL-10 and IL-6 mRNA levels in livers from T2D mice treated daily as in Panel A. Data shown are means + SEM (n = 3). **p < 0.07, *p

<0.05.

XXXD alleviates macrophage infiltration and activation in
T2D liver

It has been well established that macrophages have a
central role in innate immunity, but they also play a part
in the coordination of metabolic inflammation linked to
metabolic diseases, including obesity and T2D [13]. As a
major metabolic organ, the liver comprises two macrophage
populations: Kupffer cells (KCs), the resident specialized
hepatic macrophage, and monocyte-derived macrophages
(MoMFs), the recruited macrophages arising from circulating
monocytes. Under overnutrition conditions, activated pro-
inflammatory KCs initiate the inflammation and induce the
infiltration of MoMFs, which display a highly pro-inflammatory
phenotype and lead to IR as well as hepatic steatosis through
NLRP3[14,15]. In this study, we intended to unveil XXXD effects
on the HFD-induced T2D model. We proceeded to elucidate
whether XXXD influences the liver macrophages, in particular,
the infiltration of KCs (F4/80+CD11b+). Flow cytometric
analysis further demonstrated that the number of KCs was
decreased in the XXXD-treated mice compared to HFD-
induced T2D mice (Figure 4D), suggesting that the infiltration
of KCs was significantly inhibited by XXXD treatment. In
addition to heterogeneity of developmental origins, hepatic
macrophages also display plasticity in polarization, ranging
from a pro-inflammatory phenotype (M1) to an anti-
inflammatory state (M2) [16]. M1 macrophages, characterized
by the production of pro-inflammatory cytokines, contribute
to obesity-induced IR and hepatic steatosis, while M2
macrophages exert ameliorative effects [17,18]. As shown in
Figure 4E, T2D mice showed higher mRNA expression levels
of M1 markers, including IL1f3 and IL6, whereas the expression
of M2 marker, IL10, was downregulated in liver tissues.
Remarkably, XXXD treatment in the T2D mice resulted in the
downregulation of IL13 and IL6 in the livers (Figure 4E). These
results indicate that XXXD inhibits T2D-induced macrophage

activation in the liver. Collectively, the chronic inflammatory
environment of the T2D liver has been improved.

Identification of glucocorticoid receptor (GR) as a potential
molecular target of XXXD treatment

XXXD is composed of Huanglain (Coptidis Rhizoma), Banxia
(Arum Ternatum Thunb), and Gualou (Trichosanthes Kirilowii
Maxim). The chemical profiles of XXXD were established by
liquid chromatography mass spectrometry ion trap/time of
flight (LCMS-IT-TOF) mass spectrometer in positive-ion mode.
The results showed berberine (BBR) as the main compound
in XXXD (Supplemental Figure 3). The BBR has garnered
considerable attention for its broad-spectrum biological
activities, including anti-diabetic, anti-obesity activities, and
anti-inflammatory [19]. The glucose-lowering effect of BBR
has been validated in both animal experiments and human
clinical trials. In addition, BBR markedly decreased serum
pro-inflammatory cytokines IL-17 and TNF-a levels [20]. The
glucocorticoid receptor (GR) is a major nuclear receptor drug
target for the treatment of inflammatory disorders [21]. It can
interact with proinflammatory transcription factors, such as
NF-kB, AP-1, and STAT, to repress their transcriptional activity
[22,23]. To elucidate the mechanism underlying ameliorated
obesity-induced IR and inflammation following treatment
with XXXD, we conducted a molecular docking simulation
using AutoDock Vina software to predict the putative BBR
binding site on GR (PDB: 7PRX). The results showed that BBR
has a high affinity for GR with a docking energy of -8.5 kcal/
mol (Figure 5A). Computational methods suggest that BBR
forms hydrogen bonds with Gly567, Arg611, and Cys736 of GR,
which could anchor BBR well in the protein binding pocket.
MD simulations were then employed to evaluate the stability
of BBR binding to GR. As shown in Figure 5B, the finding
suggests a direct, high-affinity binding of BBR to GR, providing
a structural basis for direct regulation of insulin resistance.
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Figure 5: Berberine potentially directly targets the glucocorticoid receptor

A. Structure of glucocorticoid receptor (GR) showing a hypothetical binding pocket of Berberine (BBR) (light blue). Computational simulations
suggest BBR forms hydrogen bonds with Gly567, Arg611, and Cys736 of GR.

B. Profiles of molecular dynamics simulations: root mean square deviations (RMSD) of BBR (red) and GR residues (blue).

DISCUSSION

Obesity characteristically leads to hepatic steatosis and liver
inflammation [24]. The potential contribution of chronic
tissue inflammation to metabolic disease has been suggested
for many years [25,26]. Adipose tissue in obesity expresses
high levels of pro-inflammatory cytokines TNF-a, and its
neutralization improves insulin sensitivity and glucose
intolerance [27]. Another prominently released cytokine, IL-
1B, impairs adipocyte insulin signaling in adipose tissue [4].
Thus, targeting inflammation could be a therapeutic approach
for the treatment of metabolic disease. XXXD is a widely used
clinical prescription effective in the treatment of pneumonia.
It protects against LPS-induced pneumonia by inhibiting

the inflammatory response through the activation of SIRT1.
However, the potential of XXXD to improve obesity-induced
insulin resistance and T2D requires further investigation. In
this study, we found that XXXD alleviated insulin resistance
in T2D mice. Along with its effects on improved glucose
homeostasis, XXXD also protects against the development of
hepatic steatosis.

NLRP3 inflammasome has a central role in obesity induced
inflammation, IR, and T2DM [28]. NLRP3 interacts with
ASC, which binds to procaspase-1, forming the NLRP3
inflammasome [29,30]. This process leads to procaspase-1
self-cleavage, generating the active caspase-1, which induces
the conversion of IL-1 immature forms to active forms that
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are secreted [31]. Our results showed that XXXD treatment
significantly suppressed the expression of NLRP3, ASC,
and caspase-1 at both the mRNA and protein levels. These
results suggested that XXXD suppressed obesity-induced
inflammation, IR, and T2DM through inactivation of NLRP3
inflammasome.

Innate immune cells in the liver are mainly KCs, which are
the most abundant tissue-resident macrophages. KCs play
a crucial role in regulating hepatic lipid metabolism and
hepatic steatosis. Selective ablation of KCs significantly
improved hepatic insulin resistance and alterations of hepatic
insulin signaling. This indicates that KCs are important in the
initiation mechanism of high-fat diet-induced hepatic insulin
resistance. Additionally, activated KCs can aggravate hepatic
inflammation [32,33]. They are the primary source of IL-13
production, which mainly occurs through the activation of
NLRP3 inflammasomes [34], suggesting that KCs facilitate
the increased NLRP3 expression. Our flow cytometric analysis
demonstrated that the percentage of KCs was significantly
downregulated, indicating that XXXD treatment significantly
inhibited KCs infiltration. It has been reported that KCs were
activated and aggravated inflammatory injury in hepatic
steatosis through the NLRP3 pathway. This inflammatory injury
in hepatic steatosis increased the secretion of inflammatory
factors such as TNF-a and IL-1[3. The activation of NLRP3
in KCs represents a key mechanism in inflammatory injury
associated with hepatic steatosis. Our data provide evidence
that targeting of the NLRP3 inflammasome in KCs could be
a potential therapeutic approach for the improvement of
obesity-induced T2D.

The whole-herb decoctions, such as XXXD decoction, contain
multiple active compounds; these active constituents
are often unknown and variable. This makes it difficult to
determine which molecule is responsible for a therapeutic
effect. The composition of decoctions can differ based on
factors such as plant species or subspecies, soil conditions,
harvest timing, storage methods, and extraction method. Two
batches of the “same” decoction may differ substantially in
composition and potency. Herbal decoctions rarely provide
precise concentrations of active constituents. To understand
the mechanism underlying XXXD suppressing the NLRP3
inflammasome activation, we screened the berberine (BBR),
the main compound in XXXD, for further investigation. BBR
has been demonstrated to reduce pulmonary inflammation
in mice with influenza virus pneumonia by preventing NLRP3
inflammasome activation [35]. It inhibits the activation of

the NF-kB/NLRP3 signaling pathway and directly blocks
NLRP3 protein [36,37]. Previous reports have shown that GR
activation is important for regulating the NLRP3 signaling
pathway [38,39]. The activation of GR in enterocyte cells can
attenuate the expression of NLRP3 to exert intestinal barrier
protective effects [40]. In this study, we found that BBR may
directly bind to GR with high affinity, providing a structural
basis for direct regulation of NLRP3 inflammasome activation.

CONCLUSIONS

In conclusion, our findings strongly support that XXXD not
only reduces adiposity and enhances glucose tolerance but
also restores insulin sensitivity by suppressing inflammation
through the NLRP3-dependent signaling pathway. This
innovative approach presents a significant advancement in
the treatment of T2D, paving the way for future therapeutic
strategies.
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SUPPLEMENTARY MATERIALS AND METHODS
Glucose Consumption of IR-HepG2 Cells

The IR-HepG2 cell model was established as described above
and treated with a series concentration of XXXD or Metformin.
The glucose concentration in supernatant was measured using
a glucose oxidase and peroxidase (GOD-POD) kit (TC0711,
Leagene, China), and the consumption of glucose of each well
was calculated by subtracting the glucose concentration in
the wells with cells from that in the blank wells.

Liquid Chromatography Mass Spectrometry lon Trap/Time
of Flight Analysis

Liquid chromatography (LC) analyses were conducted on a
HPLC system (Shimadzu, Kyoto, Japan) consisting of an LC-
20AD binary pump, DGU-20A degasser, SIL-20A autosampler,
CTO-20AC column oven, and SPD-M20A photodiode array
(PDA) detector. The mobile phase (delivered at 1.0 ml/min)
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consisted of acetonitrile (A) and water containing 0.1% formic
acid (B). The following gradient elution program was used:
0-30 min: 5% A-30% A, 30-70 min: 30% A-45% A, 70-90 min:
45% A-90% A. The samples were separated on a YMC-C18
column (5 pm, 4.6x250 mm, YMC Co. Ltd., Kyoto, Japan)
equipped with a Zorbax SB-C18 guard column (5 um, 4.6 x12.5
mm, Agilent Technologies, Waldbronn, Germany). The column
temperature was 30°C. Shanghai Bide Pharmatech Co. Ltd.
provided the reference standard for berberine (purity > 98%).
The concentration of XXXD used for HPLC analysis was 1 g/
mL (1 mL solution contains 1 g of the original herbs). A liquid
chromatography mass spectrometry ion trap/time of flight
(LCMS-IT-TOF) mass spectrometer (Shimadzu) was equipped
with an Atmospheric pressure chemical ionization (APCI)
source in positive and negative ion mode. For qualitative
analysis, scan ranges were set at m/z 100-1000 for MS1 and
100-500 for MS2. Authentic berberine was handled under the
same conditions.
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Supplemental Figure 1: (A) The impact of XXXD (from 1 to 100 uM) and Metformin on cell

proliferation of IR-HepG2 cells was determined by MTT assay. (B) Glucose consumption in IR-HepG2

cells were detected with a glucose oxidase and peroxidase (GOD-POD) kit.

«
om

rwy vy
3 ] o
ComgrDCA COWVR

Cormp Pt O 4 Q8

Supplemental Figure 2: (A) Flow cytometry gating strategy was employed to identify distinct subsets

of macrophages within the liver tissues of mice.
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(A) The chromatogram of XXXD and authentic standard at 254 nm. Identified compound is BBR (Peaks 1; Rt = 35.57 min).
(B) The positive mass spectra of the main compound BBR (m/z = 336.12) from XXXD sample and the authentic standard.
(C) The MS/MS spectrum of BBR from XXXD sample and the authentic standard.
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Supplemental Table S1: List of all the primers in gRT-PCR

Assay

Forward Primer

Reverse Primer

Nlirp3
Caspase-1
Asc
-6
1I-10
II-18
1-1B

Gapdh

TCGTCACCATGGGTTCTGGT

CTATGGACAAGGCACGGGAC

ACTGTGCTTAGAGACATGGGC

ACAAGTCCGGAGAGGAGACT

CTTACTGACTGGCATGAGGATCA

GACTCTTGCGTCAACTTCAAGG

GAAATGCCACCTTTTGACAGTG

ACCCTTAAGAGGGATGCTGC

GGCTTAGGTCCACACAGAAAGT

TCAGCTGATGGAGCTGATTGA

TGGTCCACAAAGTGTCCTGTT

GAATTGCCATTGCACAACTCT

GCAGCTCTAGGAGCATGTGG

CAGGCTGTCTTTTGTCAACGA

TGGATGCTCTCATCAGGACAG

CCCAATACGGCCAAATCCGT
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