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the NF-xkB/NLRP3 signaling pathway

WU Yuanyuan"**, ZHOU Jingwen'®, ZUO Xinchen"?, KUANG Yufeng"?,
SUN Lixia"*", ZHANG Xiaolong™

! The First Clinical Medical College, Nanjing University of Chinese Medicine, Nanjing 210023, China;
’ The Affiliated Hospital of Nanjing University of Chinese Medicine, Jiangsu Province Hospital of Chinese Medicine, Nanjing
210029, China

Available online 20 Mar., 2024

[ABSTRACT] The role of NF-«B and the NLRP3 inflammasome in the chronic inflammatory microenvironment of non-alcoholic ste-
atohepatitis (NASH) has been posited as crucial. The Yanggan Jiangmei Formula (YGJMF) has shown promise in ameliorating hepat-
ic steatosis in NASH patients, yet its pharmacological mechanisms remain largely unexplored. This study was conducted to investigate
the efficacy of YGJMF in NASH and to elucidate its pharmacological underpinnings. To simulate NASH both in vivo and in vitro,
high-fat-diet (HFD) rats and HepG2 cells stimulated with free fatty acids (FFAs) were utilized. The severity of liver injury and lipid
deposition was assessed using serum indicators, histopathological staining, micro-magnetic resonance imaging (MRI), and the liver-to-
muscle signal intensity ratio (SIR; ). Furthermore, a combination of enzyme-linked immunosorbent assay (ELISA), immunohisto-
chemistry (IHC), immunofluorescence, real-time quantitative polymerase chain reaction (RT-qPCR), and Western blotting analyses
was employed to investigate the NF-xB/NLRP3 signaling pathway and associated cytokine levels. The results from liver pathology,
MRI assessments, and biochemical tests in rat models demonstrated YGJMEF’s significant effectiveness in reducing liver damage and
lipid accumulation. Additionally, YGIJMF markedly reduced hepatocyte inflammation by downregulating inflammatory cytokines in
both liver tissue and serum. Furthermore, YGJMF was found to disrupt NF-«B activation, consequently inhibiting the assembly of the
NLRP3 inflammasome in both the in vitro and in vivo models. The preliminary findings of this study suggest that YGJMF may allevi-
ate hepatic steatosis and inhibit the NF-«B/NLRP3 signaling pathway, thereby exerting anti-inflammatory effects in NASH.
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NASH to date ™. Widely accepted theories, including the
‘two-hit’ and ‘multi-hit’ hypotheses, underscore chronic in-
flammation as a primary contributor to NASH progression
through pro-inflammatory insults and associated microenvir-
onment changes ©. Therefore, understanding the mechan-
isms that mitigate hepatic inflammation is essential for devel-
oping novel therapeutic approaches to prevent and treat ste-
atohepatitis.

Nuclear factor kappa B (NF-xB)-related inflammatory

Introduction

Non-alcoholic steatohepatitis (NASH), a key manifesta-
tion of metabolic associated fatty liver disease (MAFLD), has
a global prevalence of approximately 25%, showing an up-
ward trend over the years . Despite extensive research, no
specific agent has been conclusively proven effective for
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signaling is recognized as a classic pathway in inflammation
and a pivotal mechanism in NASH progression . Studies
have noted an upregulation in the NF-xB-related inflammat-
ory response due to the activation of the inflammasome-
proinflammatory cytokine axis in NASH ™. The interaction
between NF-xB and the NOD-like receptor protein 3
(NLRP3) inflammasome, key in cellular inflammatory re-
sponses, plays a crucial role in producing inflammatory cy-
tokines . NLRP3 inflammasome activation requires both
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priming and assembly signals . NF-xB-mediated priming
signals are essential for NLRP3 inflammasome activation.
Endogenous cytokines or microbial components can activate
NF-«B, leading to increased levels of NLRP3, pro-IL-1f, and
pro-IL-18 ™1 NF-«B activation facilitates the assembly of the
NLRP3 inflammasome, triggering caspase-1 activation and
subsequent production of mature IL-1p and IL-18 P! These
processes exacerbate hepatocyte inflammation and liver in-
jury. Recent research emphasizes the importance of the
NLRP3 inflammasome as a key promoter of liver inflamma-
tion in NASH ", Inhibiting the NLRP3 inflammasome by
blocking the NF-«kB signaling pathway may ameliorate
NASH pathophysiology "', suggesting that targeting the NF-
kB/NLRP3 pathway could be a promising strategy in NASH
prevention and treatment.

Recent years have also highlighted challenges in NASH
drug development, particularly concerning side effects and
drug dependence "*. Concurrently, there is growing interest
in the role of herbal remedies from Traditional Chinese Medi-
cine (TCM) in modulating inflammatory responses, espe-
cially in NASH ™. The Yanggan Jiangmei Formula
(YGJMF), an experiential blend of six herbs (Ligustrum Ilu-
cidum Ait., Ophiopogon japonicus (Linn. f.) Ker-Gawl., Lyci-
um barbarum L., Forsythia suspensa (Thunb.) Vahl, Atrac-
tylodes macrocephala Koidz., and Glycyrrhiza uralensis
Fisch.), formulated by TCM expert Professor JIN Shi, has
long been used clinically as an effective liver protectant '* ',
Although YGJMF has shown promising efficacy in improv-
ing liver function in NASH patients, its underlying mechan-
isms remain to be elucidated.

This study aims to delineate the specific molecular mech-
anisms by which YGIMF alleviates liver inflammation and
prevents NASH progression. The focus is on verifying
YGIMEF’s regulatory effects on the NF-«B/NLRP3 signaling
pathway in the treatment of NASH, particularly in the con-
text of inflammatory response.

Materials and Methods

Reagents and antibodies

Antibodies against NF-«B p65 (Catalog No. §242), phos-
pho-NF-xB p65 (Catalog No. 3033), IxB-a (Catalog No.
4812), caspase 1 (Catalog No. 83383), GAPDH (Catalog No.
5174), and S-actin (Catalog No. 4970) were sourced from
Cell Signaling Technology (Danvers, USA). The NLRP3 an-
tibody (Catalog No. ab263899) and pro-caspase 1 antibody
(Catalog No. ab179515) were acquired from Abcam (Cam-
bridge, UK). Additionally, antibodies for ASC (Catalog No.
WL02462), pro-IL-1p (Catalog No. WL02257), IL-1p (Cata-
log No. WL00891), and IL-18 (Catalog No. WL01127) were
procured from Wanleibio (Shenyang, China).
Animals

Thirty-six SPF-grade male Sprague-Dawley (SD) rats,
aged 6 to 8 weeks, were obtained from the Zhejiang
Academy of Medical Sciences (License No. SCXK [Zhe]
2019-0002). The experimental protocols were approved by
the Committee on Laboratory Animal Care of Nanjing Uni-
versity of Chinese Medicine (No. A210303), adhering to the

National Institutes of Health (United States) guidelines for
humane care.

Prior to experimentation, rats were housed under stand-
ard conditions with unrestricted access to water and food, un-
dergoing a one-week adaptation period. The rats were ran-
domly divided into six groups: Control, Vehicle, Essentiale,
YGIM-Low, YGIM-Middle, and YGIM-High. The NASH
model was induced through a 12-week HFD regimen .
Subsequently, each group received daily intragastric adminis-
tration of their respective treatments for four weeks, calcu-
lated based on the body surface area ratio: Control and
Vehicle groups received normal saline; the Essentiale group
was given Essentiale (120 mg-kg™, Sanofi #H20059010,
Beijing, China) U7 the YGIM-Low, YGIJM-Middle, and
YGIM-High groups received YGIJMF at dosages of 3.25, 6.5,
and 13 g-kg ', respectively. Post-treatment, blood, and liver
tissues were collected, and the rats were humanely euthan-
ized.

YGJMF preparation

The YGJMF comprises six types of distinct herbal com-
ponents: Jiunvzhenzi (dried mature seeds of Ligustrum lu-
cidum, Batch No. 21031413), Maidong (root of Ophiopogon
Jjaponicus, Batch No. 21012023), Gougizi (fruit of Lycium
barbarum, Batch No. 20122323), Liangiao (fruit of For-
sythia suspensa, Batch No. 20010083), Fuchaobaizhu
(thizoma of Atractylodes macrocephala, Batch No.
21012083), and Zhigancao (roots and rhizoma Glycyrrhiza
uralensis, Batch No. 21031423), with the ratio of
15:15:12:15:10 : 6. Isodose granules of these TCM
materials, provided by Jiangyin Tianjiang Pharmaceutical
Co., Ltd., were used following quality control measures.
These granules were dissolved in distilled water to create
various concentrations of YGJMF for the studybased on our
previous experience ",

Preparation of drug-containing serum

Eighteen healthy male SD rats were maintained under
standard conditions and divided into six groups: Control,
Vehicle, Essentiale, YGIM-Low, YGIM-Middle, and YGIM-
High. The YGIM-Low, YGJM-Middle, and YGJM-High
groups received YGIMF orally at doses of 3.25, 6.5, and 13
g-kg™', respectively. The Essentiale group was given 120
mg-kg ™' Essentiale via oral administration, while the Control
and Vehicle groups received 0.9% normal saline (1 mL/100 g
body weight) daily for 8 d. After the eighth administration,
blood was collected from the rats and centrifuged to obtain
serum supernatants for further analysis.

High-performance liquid chromatography (HPLC) analysis

Serum samples containing YGJMF were prepared and
filtered for analysis using HPLC. The HPLC was conducted
using a Waters E2695 high-performance liquid chromato-
graph from Waters Co. (Massachusetts, USA). Standard com-
pounds including salidroside (Catalog No. 10338-51-9),
chlorogenic acid (Catalog No. 327-97-9), forsythoside A
(Catalog No. 79916-77-1), liquiritin (Catalog No. 551-15-5),
specnuezhenide (Catalog No. 39011-92-2), quercetin (Cata-
log No. 117-39-5), atractylenolide III (Catalog No. 73030-71-
4), methylophiopogonanone A (Catalog No. 74805-92-8),
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and glycyrrhetinic acid (Catalog No. 471-53-4) were ob-
tained from Chengdu Herbpurify Co., Ltd. (Chengdu, China).
These compounds were utilized to create a control solution
for the HPLC analyses, as illustrated in Supplementary Fig. 2.
Cell culture

The HepG2 cell line, obtained from BeNa Culture Col-
lection (BNCC, Beijing, China), was cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplied by Gibco (New
York, USA). To simulate non-alcoholic steatohepatitis
(NASH) in vitro, HepG2 cells were exposed to free fatty
acids (FFAs) comprising a mixture of oleic acid and palmit-
oleic acid at a concentration of 1 mmol-L™" (ratio 2 : 1, M/M)
obtained from Sigma-Aldrich (St. Louis, USA) for 24 h ['®l.
Pyrrolidine dithiocarbamate (PDTC), an NF-xB inhibitor
sourced from MedChem Express (China), was dissolved in
distilled water and subsequently diluted to a concentration of
50 pmol-L™". PDTC was used to pre-treat HepG2 cells as a
reference control.
Serum biochemical analysis

The serum levels of aspartate transaminase (AST), alan-
ine transaminase (ALT), triglyceride (TG), total cholesterol
(TC), high-density lipoprotein (HDL), low-density lipopro-
tein (LDL), gamma-glutamyl transpeptidase (GGT), and al-
kaline phosphatase (ALP) were quantified using biochemical
marker assay kits from Nanjing Jiancheng Bioengineering In-
stitute (Nanjing, China). The assays were performed using an
automatic blood chemical analyzer from Hitachi (Tokyo, Ja-
pan).
Histological and immunohistochemical analysis

Liver tissue samples were sectioned into 5-mm slices and
mounted onto slides (Sigma-Aldrich, USA). The slides were
then processed for hematoxylin and eosin (H&E) staining and
Masson’s trichrome staining, as well as NF-«B and NLRP3
immunohistochemistry (IHC), using kits from Sangon Bi-
otech (Shanghai, China). These procedures aimed to assess
the extent of hepatic pathological changes. The Non-Alcohol-
ic Fatty Liver Disease (NAFLD) Activity Score (NAS) was

Table 1 Primers for quantitative polymerase chain reaction

evaluated and calculated for liver sections stained with
H&E ™.
Oil Red O staining

Frozen liver samples were cut on a 3050 S cryostat mi-
crotome (Leica Microsystems, Wetzlar, Germany) and moun-
ted on microscope slides, stained by an Oil Red O staining kit
(Beijing Leagene Biotechnology Co., Ltd., Beijing, China)
and viewed under light microscope (Leica Microsystems,
Wetzlar, Germany).
Immunofluorescence

Cell samples were first fixed adequately and then
blocked in 4% bovine serum albumin. Subsequently, they
were incubated with primary antibodies derived from rabbit
and fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies. For nuclear DNA staining, 4,6-diamidino-2-
phenylindole (DAPI, Southern Biotech, Alabama, USA) was
used. The stained cells were visualized using an inverted
fluorescence microscope from ZEISS (Germany) at 20x mag-
nification.
Real-time quantitative polymerase chain reaction

Total RNA was extracted from both liver tissues and cell
samples for real-time quantitative polymerase chain reaction
(RT-qPCR) analysis. The expression level of f-actin messen-
ger RNA (mRNA) served as an internal control. Specific
primers for NF-xB, IxB-0, NLRP3, ASC, caspase 1, IL-1B,
and S-actin were designed for this purpose. The quantitative
primers used for amplification are detailed in Table 1 (not
provided in the text). This RT-qPCR analysis aimed to quant-
itatively evaluate the gene expression levels related to the in-
flammatory signaling pathways under investigation (Table 1).
Enzyme-linked immunosorbent assay (ELISA)

Following centrifugation of the blood at 3500 r-min”" for
20 min, a supernatant was obtained. Additionally, liver tissue
or cell samples were homogenized in phosphate-buffered sa-
line (PBS) and subsequently centrifuged. The levels of TNF-
a (Catalog No. F3056-A), IL-6 (Catalog No. F3066-A), IL-
1B (Catalog No. F2923-A), and IL-18 (Catalog No. F3070-A)

Gene Forward Reverse
NF-kB (Rat) AGAGCAACCGAAACAGAGAGG TTTGCAGGCCCCACATAGTT
IkB-a (Rat) CAAGTACCCGGATACAGCAG ACACAGTCATCGTAGGGCAA
NLRP3 (Rat) GAGCTGGACCTCAGTGACAATGC ACCAATGCGAGATCCTGACAACAC
ASC (Rat) TGGAGTCGTATGGCTTGGA TGTCCTTCAGTCAGCACACT
Caspase-1 (Rat) ACTCGTACACGTCTTGCCCTC CTGGGCAGGCAGCAAATTC
IL-1f (Rat) CACCTCTCAAGCAGAGCACAG GGGTTCCATGGTGAAGTCAAC
[-Actin (Rat) TGCTATGTTGCCCTAGACTTCG GTTGGCATAGAGGTCTTTACGG
NF-kB (human) AACAGAGAGGATTTCGTTTCCG TTTGACCTGAGGGTAAGACTTCT
IxB-o (human) TGGTCAGTGCCTTTTCTTCAT GGAGTACGAGCAGATGGTCAA
NLRP3 (human) ACAAGCCACCTCACTTCCAG CCAACCACAATCTCCGAATG
ASC (human) GCTGGAGAACCTGACCGC CTCCAGAGCCCTGGTGCG
Caspase-1 (human) GTTTCTTGGAGACATCCCAC CTTCACTTCCTGCCCACAG
IL-1p (human) TTCGACACATGGGATAACGAGG TTTTTGCTGTGAGTCCCGGAG
f-Actin (human) GTCATTCCAAATATGAGATGCGT GCTATCACCTCCCCTGTGTG

Gene sequences (5' to 3")

®
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in the supernatants from liver tissue, serum, and cells were
quantified using ELISA kits provided by FANKEW (Shang-
hai, China).

Western blotting assay

Cell lysates and liver tissues, treated with YGIJMF for
48 h, were homogenized on ice and centrifuged to extract the
supernatant. Proteins were then transferred onto nitrocellu-
lose membranes (Bio-Rad, California, USA). After blocking
in 5% skim milk, the membranes were incubated with rabbit-
derived primary antibodies overnight, followed by incuba-
tion with horseradish peroxidase-conjugated secondary anti-
bodies. The immunoreactive bands were visualized using en-
hanced chemiluminescence (Bio-Rad).

Micro-magnetic resonance imaging (MRI)

Micro-MRI of livers was performed using a Bruker
Pharma Scan equipped with a 7.0T superconducting magnet.
The average signal magnitude and values were acquired by
manually segmenting the liver from MRI images. The liver
signal magnitude was normalized to the signal magnitude of
the surrounding erector spinae muscles, termed the Liver-to-
Muscle Signal Intensity Ratio (SIRy ). SIR;y for each im-
age was calculated using ParaVision 5 software (Bruker) and
Amira imaging PC-based software for data analysis .
Statistical analysis

Data were expressed as mean + standard deviation. Ana-
lysis of variance (ANOVA) was employed for multiple data

J Nat Med, 2024, 22(3): 224-234

set comparisons, while a z-test was used for two-group com-
parisons. A P-value of < 0.05 was considered statistically sig-
nificant. SPSS v23.0 and GraphPad Prism v8.0 software were
utilized for data analysis.

Results

YGJMF relieved hepatic injury and lipid accumulation in
HFD-fed rats

The liver-protective effects of the YGIMF were investig-
ated in a HFD-induced rat model. Throughout the feeding
period, as expected, the body weight of rats in each group
steadily increased. Post-treatment with varying concentra-
tions of YGJMF, there was a noted reduction in both liver
weight and the liver-to-body weight ratio. However, these
changes were not statistically significant when compared
with the Vehicle group, as detailed in Supplementary Figs.
1B—1D. Biochemical analyses were conducted to assess
YGJIMEF’s impact on liver injury. As illustrated in Fig.1,
YGIJIMF treatment significantly reduced serum levels of AST,
ALT, TG, TC, LDL, GGT, and ALP, while increasing HDL
levels compared with the Vehicle group (Figs. 1A—1H).
These results indicate that YGJMF effectively mitigates liver
injury and lowers serum lipid levels in HFD-fed rats.
YGJMF ameliorated HFD-induced liver injury and lipid de-
position

The YGIMF demonstrated significant efficacy in mitig-
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Fig. 1 Effects of YGJMF on the biochemical parameters in serum of HFD-fed rats. (A) AST. (B) ALT. (C) Serum TG. (D) total
cholesterol (TC). (E) HDL. (F) LDL. (G) GGT and (H) ALP in each group. Data are represented as mean + SD (n = 6). #p<0.01,
# P <0.001 vs Control; "P<0.05, "P<0.01, ""P<0.001 vs Vehicle; “ P < 0.05, ““P< 0.01, “““ P < 0.001 vs Essentiale.
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ating liver injury and lipid deposition in a HFD-induced rat
model, as evidenced by the data presented in Fig. 2A. Visual
inspection revealed notable fat accumulation on the liver sur-
face in the Vehicle group, characterized by a dull yellow ap-
pearance and blurred edges. In contrast, livers from the Es-
sentiale and YGJMF-treated groups displayed a marked im-
provement, showing reduced fat and a deeper red color. This
was particularly evident in the YGIM-High group, suggest-
ing that YGJMF considerably reduces hepatic lipid accumu-
lation compared to the Vehicle group (Fig. 2A).

Hematoxylin and eosin (H&E) staining (Fig. 2B, upper
panel) demonstrated a clear reduction in lipid droplets and in-
flammatory infiltration in the YGIJMF-treated groups, indicat-
ing the formula’s effectiveness in alleviating steatosis, hepat-
ic necrosis, hepatocyte ballooning, and lobular inflammation
caused by HFD. Additionally, the associated hepatic lesions

and triglyceride (TG) levels, along with the NAS, were also
reduced (Figs. 2A—2B). Oil Red O staining revealed that
YGIJIMF treatment notably prevented the exacerbation of hep-
atic lipid accumulation, with significant improvements ob-
served in all treatment groups compared to the Vehicle group
(Fig. 2B, middle panel). Furthermore, Masson’s trichrome
staining indicated fibrous hyperplasia in the Vehicle group,
while YGIMF treatment resulted in a reduction of fibroblast-
ic deposition in liver tissue (Fig. 2B, lower panel). These
findings underscore YGIMF's capacity to diminish excessive
lipid accumulation and improve hepatic injury in HFD-in-
duced rats.

Micro-MRI, a tool for evaluating the severity of hepatic
damage and elucidating early morphological alterations (Fig.
2C) based on our previous experience °%, further substanti-
ated the therapeutic potential of YGIMF. Liver MRI, increas-
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ingly used in diagnosing liver diseases, including NASH, of- pression of the macrophage surface marker F4/80 (Fig. 2B),
fers a quantitative approach to characterizing subtle structur- suggesting that YGIMF alleviates liver inflammation and
al changes in liver injury ®. The SIR;  is recognized as a macrophage infiltration. This is a critical observation, as mac-
noninvasive diagnostic tool for liver diseases, correlating rophage infiltration is a key feature of inflammatory re-
with inflammatory activity and the severity of NASH %>, In sponses in liver diseases. Hepatocyte injuries in NASH are
this study, SIR;  values decreased in the Vehicle group but known to induce several pro-inflammatory cytokines, includ-
significantly increased in the YGJMF treatment groups, high- ing IL-1p, TL-18, TNF-qa, and IL-6 ™ **|. These cytokines
lighting YGJMF's effectiveness in liver protection (Fig. 2D). were measured to assess the inflammatory state in the rat
YGJMF decreased HF D-induced inflammatory responses model (Figs. 3A—3H). The YGJMF treatment groups showed
Immunostaining indicated an increased presence of mac- significant downregulation in the levels of these pro-inflam-
rophages in the livers of HFD-induced rats, a hallmark of in- matory cytokines in both liver tissue and serum compared to
flammation. YGJIMF treatment effectively suppressed the ex- the Vehicle group. Notably, the YGIM-Middle group exhib-
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ited the most significant improvement in the expression of
hepatic inflammatory cytokines, while the YGIM-Low group
demonstrated the most effective reduction in serum cytokine
levels. The observed decrease in pro-inflammatory cytokines
suggests that YGJMF ameliorates liver injury by attenuating
the inflammatory response. This effect is crucial, as chronic
inflammation is a significant driver of NASH progression.
The data imply that YGIMF may exert its therapeutic effects
by modulating the inflammatory milieu in the liver, highlight-
ing its potential as an effective intervention for NASH char-
acterized by inflammation and macrophage infiltration.
YGJMF suppressed HFD-induced liver injury by downregu-
lating NF-xB/NLRP3 signaling pathway in vivo

The YGJMF appears to exert its therapeutic effects on
HFD-induced liver injury by targeting the NF-«B/NLRP3 sig-
naling pathway, as evidenced by IHC, Western blotting, and
RT-qPCR analyses. IHC analysis of liver tissue revealed an
increased expression of NF-«B and NLRP3 in the Vehicle
group. In contrast, YGIJMF treatment resulted in reduced ex-
pression of both NF-«B and NLRP3 in a dose-dependent
manner. This observation suggests that YGIMF mitigates liv-
er inflammation and injury by modulating these key inflam-
matory mediators (Fig. 4A). Western blotting analysis fur-
ther supported these findings, showing inhibited activation of
the NF-«B/NLRP3 signaling pathway in the YGJMF-treated
liver. Specifically, there was a reduction in the expression

levels of NF-xB, NLRP3, ASC, caspase-1, IL-1pB, and IL-18.
This inhibition indicates that YGJMF effectively disrupts the
cascade of events leading to inflammation in NASH (Fig.
4B). Consistent with the protein expression trends, RT-qPCR
analysis demonstrated a significant downregulation in the rel-
ative mRNA levels of components of the NF-«B/NLRP3 sig-
naling pathway following YGIMF treatment, particularly in
the YGJM-High group. This gene expression data further cor-
roborates the inhibitory effect of YGIMF on this inflammat-
ory signaling pathway (Figs. 4C—4H). These results collect-
ively suggest a direct correlation between the protective ef-
fects of YGIMF against HFD-induced liver steatosis and the
downregulation of the NF-xB/NLRP3 signaling pathway. By
targeting this pathway, YGIMF effectively reduces the pro-
duction of key inflammatory cytokines and mediators,
thereby mitigating liver injury and inflammation. This mech-
anism of action highlights the potential of YGJMF as a thera-
peutic agent in managing NASH, particularly in cases where
inflammation plays a central role.
YGJMF alleviated lipid deposition and downregulated NF-
xB/NLRP3 signaling pathway in FFA-induced HepG?2 cells
The YGIMF demonstrated significant efficacy in redu-
cing lipid accumulation and modulating the NF-«B/NLRP3
signaling pathway in FFA-induced HepG2 cells, as illus-
trated in the presented figures and experimental data. Fig. SA

A HFD NF-kB
Vehicle entiale YGJM Low YGJM Mlddlc YGJM -High
2
=z
S
8
E
o
2
g
3
&
B NFAB essasmis e
;
PNFoAB i C NF-kB D E NLRPS
- NLRP3 . — . N i —
IkB-o. = - p-NF-xB/NF-xB - ES P e— < e P ]
B _ _ = g 250 p A =y g Hg £ 600 TN
S 3 =2 g s == 2 2 2
- e £ £25[ e £ 200 % 100 % 500
pro-caspase | m-e | 8 5 S S 20 % 150 % 80 S 400
caspase | —= - =—=| 3 s 515 < < Z
° aog, ° = s @ 5 300
proflip e =] & E ] 210 g 100 CR Z 200
LA | & s 505 o 50 s 3 S 100
=l = = 2 = 10 Z
s = oL oz 2 ol Z £ 10 s L
GAPDH SRS S S %S 2 S 2 & E} SFENSHNS
HFD-diet — + + + S S @\\ @‘ ‘2‘ S z\‘\;\\;\‘i\ 3 QOi\é‘\v \;\\’@‘b & o & %é‘ = S é“\@v@\‘:\@
YGIM Formula — — — & GO @‘e\ ‘Q@\vlo\ R @ &, O\ S @i\@@l >
Essentiale — — +— — — Sind $© "©
ASC
ASC caspasel F e .:G H 1-1p
i —— IL-1p K i — = = = —
— I —_— E o 2 900 [ T S 700 ¢ 4
= P o] S 5 e s 20 = ] 5 700 r 5 g 8 —
g3 EIEN Kt £ Nl £ 2 600 z 800 2 600
£ ] H A £ 6 é £ 700 g
S S s S 1s S 5 £ 500 £ 600 £ 500
5 2 %3 ® ® £ 400 2 500 2 400
g %, % 1.0 & 5 Z 300 z ‘3‘88 Z 300
51 £ 5 05 52 € 200 £ 200 E 200
2 S 3 =1 2100 £ 100 £ 100
Eo\ch\ ,9_0 \\@ql\@\\ﬁ ¢ \6\“500\\@\@'\\5*‘ zj Oe\\’d\ 3 0«\\\ °, ;—; S & .
<p\\g\ 5 e« R %S é\«\«\v RO S S ER \\n 0 §>Q§o El W @Qy 2 S \v&\b o\@ &
SN @wb w*‘ @ S SRR @e‘@ LS s @%\ 45a® S @%
GG @ @o @4%’)@1@ ﬂo XS @ ¢e

Fig. 4 YGJMF mitigated HFD-induced change of NF-«kB/NLRP3 signaling pathway in vivo. (A) Immunohistochemical staining
assay and quantitative analysis of NF-«kB and NLRP3 intensity in liver. Magnification x 200. (B) The effect of YGJMF on the pro-
tein level of NF-kB, p-NF-kB, I1kB-a, NLRP3, ASC, pro-caspase 1, caspase 1, pro-IL-1p, IL-1p and IL-18 in liver tissue of each
group; (C—H) The effect of YGJMF on the relative messenger RNA level of NF-kB, IkB-a, NLRP3, ASC, caspasel, IL-1f in liver
tissue of NASH rats. Data are represented as mean = SD (n = 3). *P < 0.05,"P < 0.001 vs Control; "P < 0.05, "P < 0.01 and

s

P <0.001 vs Vehicle; P <0.01, “““P<0.001 vs Essentiale.

®

-230-



WU Yuanyuan, et al. / Chin J Nat Med, 2024, 22(3): 224-234

shows that FFA treatment led to the formation of macro-lipid
droplets in HepG2 cells, which were notably diminished fol-
lowing treatment with YGJMF-medicated serum compared to
the Vehicle group. Additionally, levels of pro-inflammatory
cytokines were significantly lowered in FFA-induced HepG2
cells treated with YGIMF (Figs. 31-3L). Further in vitro ex-
periments validated YGJMF’s influence on the NF-
kB/NLRP3 signaling pathway. Post-treatment with YGJMF,
both protein levels and mRNA expressions of related mark-
ers in HepG?2 cells showed a notable decrease (Figs. SB—5H).
Immunofluorescence studies (Figs. SI-50) revealed that after
FFA treatment, NF-xB fluorescence intensity increased, in-
dicating activation and nuclear translocation, which were sig-
nificantly restrained by YGJMF-containing serum treatment.
Moreover, the visible differences in fluorescence intensities
of NLRP3, ASC, caspase-1, IL-1B, and IL-18 between the
Vehicle group and treatment groups indicate YGIMF’s abil-
ity to inhibit the oligomerization of ASC, activation and as-
sembly of the NLRP3 inflammasome, and subsequent cas-
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pase-1 activation and cytokine production. These results point
to the NF-«B/NLRP3 signaling pathway as a functional tar-
get of YGJMF. Furthermore, PDTC, an inhibitor of NF-«B,
was applied to identify the related mechanism. It can be con-
cluded that YGIMF exerted the analogous anti-inflammatory
effect on PDTC; that is, both of them could downregulate
NLRP3 inflammasome and the related expression. Accord-
ing to the levels of protein and mRNA, YGIMF could down-
regulate the expressions of NLRP3, ASC, caspase 1, and IL-
1B, like PDTC. Moreover, immunofluorescence of YGJMF
also exhibited an equal improvement effect with PDTC (Fig.
6), underscoring YGJMEF’s role in suppressing NF-xB and
downstream NLRP3 signaling pathways. These findings sug-
gest YGIMEF’s potential as an NF-xB-inhibitor-like agent in
alleviating liver inflammation.

Discussion

Addressing chronic hepatic inflammation and alleviating
liver injury in non-alcoholic steatohepatitis (NASH) remains
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Fig. 5 YGJMF alleviated lipid deposition and attenuated expressions of NF-xB/NLRP3 signaling pathway in FFA-induced
HepG2 cells. (A) Oil Red O staining of cells. Magnification x 200. (B) The effects of YGJMF on the protein level of NF-xB, p-NF-
kB, IkB-a, NLRP3, ASC, pro-caspase 1, caspase 1, pro-IL-1p, IL-1p and IL-18 in FFA-induced HepG2 cells in each group; (C—H)
The effects of YGJMF on the relative messenger RNA level of NF-kB, IkB-a, NLRP3, ASC, caspase 1, IL-1f in vitro. (I-N)
YGJMF significantly suppressed the expression of NF-«kB, NLRP3, ASC, caspase 1, IL-1p and IL-18 in FFA-induced HepG2
cells, as determined by immunofluorescence. Magnification x 20. Data are represented as mean + SD (n=3). #P<0.05,"P<0.01 and
P <0.001 vs Control; "P<0.05, "P<0.01 and ""P<0.001 vs Vehicle; “ P < 0.05, ““ P<0.01, ““* P < 0.001 vs Essentiale.
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a challenging clinical endeavor. Traditional Chinese Medi-
cine (TCM) has garnered increasing interest due to its unique
role in managing NASH by influencing lipid metabolism,
providing liver protection, and offering anti-inflammatory be-
nefits . In this context, the YGIMF stands out as a TCM
prescription noted for its high clinical safety and efficacy in
liver protection and symptom improvement for NASH pa-
tients. The current study highlights that YGJMF significantly
ameliorates liver injury and regulates serum lipid levels,
demonstrating comparable efficacy to Essentiale, a com-
monly used pharmaceutical intervention in NASH treatment
with widespread clinical adoption. Furthermore, the study
elucidates the mechanism behind YGIJMF’s therapeutic ac-
tion. It reveals that YGJMF mitigates steatosis and inflamma-
tion primarily by inhibiting the NF-xB/NLRP3 signaling
pathway. This leads to a downregulated expression of NF-xB,
which in turn restricts the nuclear translocation of NF-«B and
the subsequent activation of the NLRP3 cascade response. As
such, YGJMF appears to impede the activation of the NLRP3
inflammasome right from its priming step, thus manifesting
its anti-inflammatory activity akin to that of an NF-«B inhib-
itor. This ability to alleviate liver inflammation positions
YGIMF as a promising therapeutic agent in the treatment of
NASH, particularly in cases where inflammation is a key
pathogenic factor.

TNF-a is critical in the progression of non-alcoholic ste-
atohepatitis (NASH) by influencing lipid metabolism regulat-

ory molecules and inflammatory cytokines in hepatocytes .

®

It negatively impacts inflammation by inhibiting the tran-
scription of adiponectin in adipocytes *”'. Adiponectin, a po-
tent anti-inflammatory adipokine, suppresses hepatic produc-
tion of TNF-a and IL-6 by downregulating NF-«B activity ),
thereby preventing fat accumulation and inflammation in
chronic liver injury *”'. The NLRP3 signal axis, known to be
involved in regulating IL-6 ©%, is also influenced by TNF-
a B However, the role of adiponectin in the NLRP3 inflam-
masome remains an area for further investigation.

YGJMF alleviates hepatic steatosis and lipid accumula-
tion in NASH by targeting multiple pathways. The progres-
sion of NASH involves increased expression of inflammat-
ory cytokines, which activate the downstream NF-xB/NLRP3
signaling pathway, creating a feedback loop that exacerbates
inflammation and lipid deposition in the liver ®*. Various lip-
id species play a crucial role in regulating the NLRP3 inflam-

133]

masome ", and its activation aggravates hepatic steatosis and

liver inflammation, underscoring the NLRP3 inflammasome’s

B4 This inflammatory

contribution to NASH pathogenesis
signaling can further promote lipid accumulation in the liv-
er ®*1 with liver cell fat accumulation also enhancing inflam-
matory cytokine production, thereby exacerbating NASH P,
Lipid deposition activates NLRP3 expression and its down-
stream inflammatory factors, intensifying the inflammatory

[37
response

1. Some lipids also have key upstream roles in me-
diating inflammasome activation, indicating their essential

functions in lipid metabolic diseases ™", including NASH .
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NLRP3 inflammasome plays an important role in lipid depos-
ition and inflammatory response initiation of NASH ™,
YGJMF contains several important chemical compounds that
exhibit anti-lipid deposition and regulate NF-«B and NLRP3
inflammasome-related inflammatory responses in NASH.
These include Salidroside ™", Forsythiaside ", Ophiopo-
gon polysaccharide !, Lycium barbarum polysaccharides %,
Chlorogenic Acid 7, Quercetin ¥, Atractylenolide I1T ™"
and Glycyrrhetinic acid ®”. This suggests YGIMF's potential
in modulating the interaction between lipid deposition and in-
flammatory response through multi-target selective mechan-
isms. Further research is needed to elucidate whether YGJMF
modulates the interplay between lipid deposition and inflam-
matory response or operates through multi-target-selective
methods. Understanding the link between lipids and inflam-
masome activation is crucial for developing NASH therapeut-
ics. The specific mechanisms by which YGIMF exerts its ef-
fects in NASH, particularly in the context of inflammasome
regulation and lipid metabolism, will be an important focus
for future studies.

Conclusion

To conclude, the findings of this study reveal that the
YGIMF effectively suppresses liver inflammation and dys-
regulated lipid metabolism in non-alcoholic steatohepatitis
(NASH) through the inhibition of the NF-xB-related NLRP3
signaling pathway. This action results in the mitigation of
NASH progression. Our research provides new insights into
the therapeutic intervention of NASH using YGJMF, suggest-
ing it as a viable option in the treatment of this condition.
However, further detailed studies are warranted to compre-
hensively understand the relationship between YGIMF and
NLRP3-related processes such as mitophagy, oxidative stress,
and pyroptosis.

Supplementary Information

Supplementary data to this article can be obtained by
sending E-mail to the corresponding authors.
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