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Background: Obesity is linked to impaired intestinal barrier function and inflammation. Saikosaponin A (SSA), a triterpene
saponin from Bupleurum chinense, has shown beneficial effects on intestinal colitis in mice. However, the mechanisms underlying
SSA’s protective effects against obesity are not fully understood.

Objective: To investigate the effects of SSA on body weight, metabolic disturbances, and intestinal health in diet-induced obese
(DIO) mice, and to elucidate the potential mechanisms involved.

Methods: In the in vivo study, DIO mice were supplemented with SSA. Body weight, fasting blood glucose, and metabolic pa-
rameters were measured. Intestinal barrier function and inflammation were assessed. In the in vitro study, intestinal epithelial
cells were treated with palmitic acid and lipopolysaccharide to induce inflammation. SSA was then administered to evaluate its
effects on cell barrier integrity and inflammatory responses. The role of the nuclear factor-E2-related factor 2 (Nrf2)/antioxidant
response element (ARE) signaling pathway was investigated by silencing Nrf2.

Results: SSA supplementation significantly (p < 0.05) decreased body weight and fasting blood glucose levels in DIO mice, and
markedly improved metabolic disturbances. This treatment also enhanced intestinal barrier function and reduced metabolic
inflammation, likely through increased antioxidant capacity of intestinal epithelial cells via activation of the Nrf2/ARE signal-
ing pathway. In vitro, SSA maintained cell barrier integrity and reduced inflammatory responses by activating the Nrf2/ARE
signaling pathway, decreasing intracellular reactive oxygen species content, and increasing transepithelial electrical resistance.
However, silencing Nrf2 abolished SSA’s protective effects.

Conclusion: SSA enhances the antioxidant capacity of intestinal epithelial cells, maintains intestinal barrier integrity, and reduces
intestinal inflammation in DIO mice through the activation of the Nrf2/ARE signaling pathway. These findings offer new insights
into the protective role of SSA in obesity and metabolic diseases.
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Introduction terial products caused by a high-fat diet (HFD) are closely
associated with obesity [7-9]. Metabolic intestinal inflam-
mation is one of the major symptoms induced by a HFD,
and impaired barrier function may lead to enhanced intesti-
nal permeability, causing the transfer of lipopolysaccharide
(LPS) endotoxin from the intestinal tract into the systemic
circulation [7]. LPS amplifies the pro-inflammatory signal-
ing cascade, resulting in insulin resistance (IR) and other
metabolic disorders [8,9]. Hence, safeguarding intestinal
integrity, disrupted by obesity, is paramount in intervening
and treating the development and progression of metabolic

As a common chronic metabolic disease, obesity is
defined as a degree of overweight caused by excessive fat
accumulation [1,2]. The global prevalence of obesity con-
tinues to increase, and by 2020, reports indicate that obese
individuals will account for approximately 40% of the to-
tal population, becoming a serious public health issue [3].
Obesity and its complications include endocrine disease,
cardiovascular disease, digestive disease, and many other

chronic diseases [4,5]. The etiological factors contribut-
ing to obesity are diverse, encompassing genotype, diet,
lifestyle, and environmental factors, and each of these el-
ements can disrupt the energy metabolism balance, leading
to the development of obesity and metabolic disorders [6].
Numerous studies demonstrate that dysfunction of the in-
testinal barrier and subsequent transfer of bacteria and bac-

inflammatory diseases and metabolic disorders.

The main components of the intestinal barrier include
mechanical, chemical, immune, and biological barriers,
each of which has a corresponding structural basis. The
intestinal barrier is an important safeguard against the en-
try of harmful substances and pathogens into the intestine,
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thereby contributing to the homeostasis of the body’s in-
ternal environment [10,11]. Tight intercellular junctions,
comprising occludin, claudin, zona occludens (ZO), and
junctional adhesion molecules (JAM), are crucial compo-
nents of the mechanical barrier [12]. Maintaining redox
homeostasis is essential for intestinal barrier function [13].
The study has shown that a chronic HFD induces exces-
sive radical production in intestinal epithelial cells and
that reactive oxygen species (ROS) promote the peroxi-
dation of lipids and lipoproteins [14]. Lipid peroxidation
causes the accumulation of malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE) that exacerbate cell membrane
disruption, causing further inflammation and intestinal bar-
rier damage [15]. Therefore, it is paramount to ameliorate
the intestinal oxidative stress damage and rectify the inflam-
matory state induced by a HFD; these actions are critical for
safeguarding intestinal barrier function, and for improving
the development and progression of metabolic disorders.

The Chinese herb medicine Bupleurum chinense con-
tains a large number of triterpenoid saponins, for in-
stance, saikosaponin A (SSA), with multiple pharmaco-
logical activities such as antitumour, hypoglycaemic, anti-
inflammatory, and antioxidant effects [16]. Accumulated
evidence shows that SSA exhibits remarkable pharmaco-
logical activities against endotoxin-induced inflammation
and oxidative stress [17-19]. However, it is still un-
clear whether SSA administration has protective effects on
metabolic inflammation and intestinal barrier damage in
high-fat diet-induced obese (DIO) mice. Therefore, in the
present study, the protective effects and underlying mecha-
nisms of SSA on metabolic disorders, inflammation, intesti-
nal barrier, and oxidative stress in the colon of DIO mice
were investigated. The present findings hold promise for
the use of SSA in a therapeutic regimen for the treatment of
obesity and metabolic inflammation.

Materials and Methods

Materials and Chemicals

Saikosaponin A (SSA, Cat: S422516) and palmitic
acid (PA, Cat: P664512) were obtained from Aladdin (Bei-
jing, China). Normal chow diet (NCD, 10% fat, Cat:
1010001) and HFD (60% fat, Cat: XTHF60) were pur-
chased from Xietong Pharmaceutical Co., Ltd. (Nanjing,
China). Insulin (Cat: 16634) and LPS (Cat: L4516) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). All
other chemical reagents used were analytical grade.

Experimental Animals

Thirty C57BL/6 male mice (2 months old, weighing
18-22 g) were purchased from Beijing Huafukang Biotech-
nology Co. (Certificate no. SCXK B2019-0008, Beijing,
China). The mice were kept at 22 °C-24 °C and had access
to food and water ad libitum for 7 days before the start of the
experiment. The DIO mouse model was referenced from
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previous literature [20]. The experimental animals were di-
vided into NCD (n = 10), HFD (n = 10), and HFD+SSA
(n = 10) groups. The animals were administered saline
by gavage in the NCD and HFD groups, and SSA at 10
mg/kg for the HFD+SSA group. The experiment lasted 20
weeks, based on previous studies and our preliminary data,
which demonstrated effective and consistent outcomes with
minimal adverse effects. The intraperitoneal glucose toler-
ance test (IPGTT) and intraperitoneal insulin tolerance test
(IPITT) were carried out as described in a previous report
[21]. The change in blood glucose concentration curve was
plotted and the area under the curve (AUC) was calculated.
After 20 weeks of SSA administration, mice under-
went overnight fasting and were then anesthetized with
an intraperitoneal injection of pentobarbital sodium (50
mg/kg). Blood samples were obtained via eyeball extir-
pation, centrifuged for serum preparation, and then stored
at —80 °C. Euthanasia was performed through cervical dis-
sociation, and colonic tissues were harvested and stored at
—80 °C. A portion of the colonic tissue was fixed in 10%
formaldehyde for hematoxylin-eosin (H&E) staining.

H&E Staining

Briefly, freshly isolated colon from mice was fixed in
4% paraformaldehyde at room temperature for 24 h, dehy-
drated, embedded, sectioned, and stained using a H&E kit
(Cat: G1120, Solarbio, Beijing, China). The colon tissues
were morphologically observed and entrusted to the Affil-
iated Hospital of Wenzhou Medical University for patho-
logical scoring of the colon tissues. The histopathological
score was assessed as described previously [22]. Seven in-
dependent parameters were measured: the extent of inflam-
mation (0, none; 1, mucosa; 2, mucosa and submucosa; 3,
mucosa, submucosa and muscle layer; 4, transmural), in-
filtration by neutrophils and lympho-histiocytes (0, none;
1, focal; 2, multifocal; 3, diffuse), crypt damage (0, none;
1, basal 1/3; 2, basal 2/3; 3, entire crypt damage; 4, crypt
damage and ulceration), crypt abscess (0, none; 1, focal; 2,
multifocal), sub-mucosal edema (0, none; 1, focal; 2, mul-
tifocal; 3, diffuse), loss of goblet cells (0, none; 1, focal; 2,
multifocal; 3, diffuse), and reactive epithelial hyperplasia
(0, none; 1, focal; 2, multifocal; 3, diffuse). The histopatho-
logical scores were determined by adding all scores of the
aforementioned parameters.

Biochemical Analysis

Catalase (CAT, Cat: A007-1-2), superoxide dismutase
(SOD, Cat: A001-3-2), 4-hydroxynonenal (4-HNE, Cat:
H268-1-2), malondialdehyde (MDA, Cat: A003-1-2), pro-
tein carbonyl content (PCC, Cat: A087-1-2), tumor necro-
sis factor-a (TNF-a, Cat: H052-1-1), interleukin-13 (IL-
13, Cat: H002-1-1), and interleukin-6 (IL-6, Cat: HO07-1-
1) were determined using biochemical kits from Jiancheng
Bioengineering Institute (Nanjing, China).
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Immunoblotting

Tissues or cells were lysed on ice by radio-
immunoprecipitation assay (RIPA) protein lysis solution
(Cat: P0O013B, Beyotime, Shanghai, China). Protein con-
tent was determined by bicinchoninic acid assay (BCA).
For 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis, samples were transferred to a polyvinyli-
dene fluoride (PVDF) membrane (Cat: IPVH00010, Milli-
pore Corp, Bedford, MA, USA), followed by milk blocking,
incubation of primary and secondary antibodies, and expo-
sure development. Bands were visualized using a SuperSig-
nal™ West Pico PLUS ECL kit (Cat: 34580, Thermo Sci-
entific, Bedford, MA, USA) and imaged with the Chemi-
Doc Touch Imaging System (170-01401, Bio-Rad, Her-
cules, CA, USA), and further quantified using the analysis
software NIH ImageJ (version 21, Bethesda, MD, USA).
Primary antibodies against nuclear factor-E2-related factor
2 (Nrf2) (Cat: ab62352, 1:1000 dilution), phospho-Nrf2
(Ser40) (Cat: ab76026, 1:1000 dilution) and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH, Cat: ab2845,
1:2000 dilution) were obtained from Abcam (Cambridge,
UK). Anti-ZO-1 (Cat: GB115686, 1:1000 dilution) and
Occludin-1 (Cat: GB111401, 1:1000 dilution) antibodies
were provided from Servicebio (Shanghai, China). Sec-
ondary antibodies including horseradish peroxidase (HRP)-
conjugated goat anti-mouse (Cat: BA1050, 1:5000 dilu-
tion) and HRP-conjugated goat anti-rabbit (Cat: BA1054,
1:5000 dilution) were purchased from Boster Biological
Technology (Wuhan, China).

Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR)

Tissue (40 mg) was homogenized and RNA was ex-
tracted with TRIzol reagent (Cat: 15596026, Invitrogen,
Waltham, MA, USA), and the concentration was measured
by NanoDrop One (Thermo Scientific, USA), then reverse-
transcribed into cDNA using a commercial kit (Cat: R302,
Vazyme, Nanjing, China). qRT-PCR analysis was per-
formed using SYBR Green fluorescent dye (Cat: Q221,
Vazyme, China) to determine the expression levels of genes
calculated according to the 2722 method. Primers were
synthesized by DynaScience (Shanghai, China), and the
primer sequences are shown in Table 1.

Cell Culture

Human epithelial colorectal adenocarcinoma (Caco-2)
cells were raised in a cell culture incubator under conven-
tional conditions (37 °C, 5% CO-). Dulbecco’s Modified
Eagle Medium (DMEM, Gibco, Grand Island, NY, USA)
contained 10% serum and a penicillin/streptomycin mix-
ture. The cell line was regularly authenticated using short
tandem repeat (STR) profiling to confirm its identity. Ad-
ditionally, it was routinely tested for the absence of my-
coplasma, chlamydia, and other common contaminants to
ensure the quality of the cell cultures. For cell treatment,

Table 1. Designed primer sets for qRT-PCR.

Gene Primer 57-3/
sense ACCCTCACACTCACAAACCA
Mus Tnf-a .
antisense ~ ATAGCAAATCGGCTGACGGT
Mus 1115 sense TGCCACCTTTTGACAGTGATG
S -
" antisense AAGGTCCACGGGAAAGACAC
Mus 116 sense CCCCAATTTCCAATGCTCTCC
i antisense  CGCACTAGGTTTGCCGAGTA
Mias Zoo1 sense ACTATGACCATCGCCTACGG
s £on antisense  GGGGATGCTGATTCTCAAAA
. sense CGGTACAGCAGCAATGGTAA
Mus Occludin-1 .
antisense CTCCCCACCTGTCGTGTAGT
Mus ) sense CAGACTGGAGTGGAAGAAGGTG
e antisense GCTGACTTCACAGCGATACTCTC
sense TGATTATGGTGCCCGTGTCC
Mus Claudin-4 .
antisense ~ CGAGTAGGGCTTGTCGTTGC
Maus Ho-l sense CACGCATATACCCGCTACCT
us Ho-
antisense CCAGAGTGTTCATTCGAGCA
sense TCACCTGGGCAAGTCCATTC
Mus Nqgol .
antisense TGCCCTGAGGCTCCTAATCT
sense CGTGGGCCGCCCTAGGCACCA
Mus B-Actin .
antisense TTGGCCTTAGGGTTCAGGGGGG
sense ACTTTGGAGTGATCGGCC
Homo TNF-« .
antisense GCTTGAGGGTTTGCTACAAC
sense ATGCACCTGTACGATCACTG
Homo IL-18 .
antisense ACAAAGGACATGGAGAACACC
sense CCACTCACCTCTTCAGAACG
Homo IL-6 .
antisense CATCTTTGGAAGGTTCAGGTTG
sense  GTCCAGAATCTCGGAAAAGTGCC
Homo ZO-1 i
antisense CTTTCAGCGCACCATACCAACC

) sense ATGGCAAAGTGAATGACAAGCGG
Homo Occludin-1 i
antisense CTGTAACGAGGCTGCCTGAAGT

AGACCTGTACGCCAACACAG
TTCTGCATCCTGTCGGCAAT

. sense
Homo (B-Actin .
antisense

qRT-PCR, quantitative reverse transcription polymerase chain re-
action; Tnf-a, tumor necrosis factor-«; 1/-1f, interleukin-13; II-
6, interleukin-6; Zo, zona occludens; Jam, junctional adhesion
molecules; Ho-1, heme oxygenase-1; Ngol, NAD(P)H quinone de-
hydrogenase 1.

Caco-2 cells were incubated with 200 pM PA and 10 pg/mL
LPS, either in the presence or absence of 5 uM SSA (dis-
solved in phosphate buffered saline (PBS)), for 4 or 12 h.

Transepithelial Electrical Resistance (TEER)
Measurement

TEER measurements were performed using an EVOM
meter (version 2, World Precision Instruments, Sarasota,
FL, USA) and chopstick-type electrodes as previously re-
ported [23]. All TEER measurements were carried out at 37
°C. Monolayer confluence was reached and the cells were
used for further experiments.
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Fig. 1. Saikosaponin A (SSA) alleviates overweight, hyperglycemia and insulin resistance in diet-induced obese (DIO) mice. (A)
Schematic overview for the design of the animal experiment. (B) Body weight. (C) Fasting glucose. (D) Intraperitoneal glucose tolerance
test (IPGTT). (E) The area under the curve (AUC) of IPGTT. (F) Intraperitoneal insulin tolerance test (IPITT). (G) AUC of IPITT. Data
are represented as mean =+ standard error of the mean (SEM), n =10. *p < 0.05, **p < 0.01 and ***p < 0.001.

Histopathological score

>

C 2 3 Nep D o 0"66 E 15,
3 50 M M HFO < & &
X -
;q - Il HFD+SSA - . I ol o
$ 15 9 Z0-1 WI g : g 107
E :
2 104 Occludin1 rm T o054 3
g ' S 05 3 05;
g 0.5 T —— I
0.0~ 0.04 0.0
Zo-1 Occludin-1 Claudin4 Jam ‘\00 ng 997' ‘\00 ng é-,}'
X
& &

Fig. 2. SSA alleviates intestinal barrier damage in DIO mice. (A) Hematoxylin-eosin (H&E) staining of colonic tissue (400 x, scale
bar = 500 pm) and (B) the histopathological score; (C) the relative mRNA levels of Zo-1, Occludin-1, Claudin-4 and Jam; (D) western
blot and (E,F) quantification of ZO-1 and Occludin-1 in the colonic tissue. Data are expressed as mean == SEM, n =10. **p < 0.01 and
**%p < 0.001.

Measurement of ROS Content SiRNA Transfection

The content of ROS was measured using fluorescent Caco-2 cells were seeded in 6-well plates and starved
dye 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-  for 6 h after the cells grew to 70% confluence, then trans-
DA, Cat: Q221, S0033S, Beyotime, China) according to  fected with the above siRNA with Lipofectamine 2000 (In-
the manufacturer’s instructions. vitrogen, USA) for 48 h, according to the manufacturer’s

protocol. The specific Nrf2 siRNA sequences synthesized:
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Fig. 3. SSA attenuates intestinal inflammatory responses and oxidative stress in DIO mice. (A) Relative mRNA levels and (B)

content of pro-inflammatory cytokines (TNF-c, IL-1/, and IL-6) in colonic tissue; (C) 4-hydroxynonenal (4-HNE), (D) malondialdehyde

(MDA) and (E) protein carbonyl content (PCC) in colonic tissue. Data are represented as mean + SEM, n = 10. *p < 0.05, **p < 0.01

and ***p < 0.001.

sense, 5'-GCAGCAAACAAGAGAUGGCAATT-3'; anti-
sense, 5’-UUGCCAUCUCU UGUUUGCUGCTT-3".

Statistical Analyses

All statistical analyses were performed using Graph-
Pad Prism (version 9.0, Dotmatics, Boston, MA, USA) and
SPSS (version 21, IBM Corp., Chicago, IL, USA). The
Shapiro—Wilk test was used to assess data distribution. For
comparisons between groups, one-way analysis of variance
(ANOVA) and Tukey’s post hoc test were used. p < 0.05
was considered statistically significant.

Results

SSA Alleviates Metabolic Disorders in DIO Mice

The animal experiment procedure is shown in Fig. 1 A.
HFD-fed mice exhibited metabolic disturbances including
obesity, hyperglycemia, and glucose intolerance. Mice in
the HFD+SSA group had significantly (p < 0.05) lower
body weight and fasting glucose compared to the HFD
group (Fig. 1B,C). The IPGTT test was performed on mice
that had been fasted overnight. Compared to the NCD
group, blood glucose (BG) continued to rise in the HFD
group mice 30 minutes after oral glucose administration and
remained at a higher level for the next 90 minutes (Fig. 1D).

SSA treatment significantly (p < 0.05) inhibited the rise in
BG levels in the HFD group after oral glucose administra-
tion. The AUC was significantly (p < 0.05) lower in the
HFD+SSA mice compared to the HFD mice (Fig. 1E), sug-
gesting that SSA improved glucose tolerance in HFD-fed
mice. Similar findings were shown in the IPITT experi-
ment; the HFD+SSA group had significantly (p < 0.05)
lower BG levels (Fig. 1F) and AUC (Fig. 1G) than the HFD
group after insulin injection, indicating that SSA increased
insulin utilization and improved insulin sensitivity in HFD-
fed mice. These results suggest that SSA can attenuate the
metabolic disorders in DIO mice.

SSA Alleviates Intestinal Barrier Damage in DIO
Mice

High energy consumption has recently been reported
to induce intestinal inflammation and impaired permeabil-
ity of the intestinal epithelium and is associated with the
progression of several metabolic diseases [24]. There-
fore, we assessed intestinal histopathology in mice by H&E
staining (Fig. 2A). Compared with mice in the NCD group,
mice in the HFD group had disorganized colonic tissue
cells, distorted crypt structures, and reduced numbers of
goblet cells, indicating that the high-fat diet severely dis-
rupted the intestinal wall barrier structure and function.
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Fig. 4. SSA activates the nuclear factor-E2-related factor 2 (Nrf2)/antioxidant response element (ARE) signaling pathway to
increase antioxidant capacity in DIO mice. (A) Catalase (CAT) and (B) Superoxide dismutase (SOD) in colonic tissue. (C) The
relative mRNA levels of Ngo! and Ho-1. (D) Western blot and (E,F) quantification of Nrf2 and phospho-Nrf2 (p-Nrf2) in the colon.
Data are represented as mean += SEM, n=10. *p < 0.05, **p < 0.01 and ***p < 0.001.

Mice receiving SSA had tightly arranged colonic cells, in-
tact crypt structure, increased and slightly enlarged goblet
cells, and a significantly (p < 0.05) lower histopathological
score than mice in the HFD group (Fig. 2B).

In addition, we measured the expression of molecules
related to intestinal barrier function at the transcriptional
level, such as epithelial tight junction molecule ZO-1, JAM,
and closure proteins (Occludin-1 and Claudin-4), which
are markers of epithelial cell integrity. As expected, the
transcript levels of ZO-1 and Occludin-1 were significantly
(p < 0.05) decreased in the colonic tissue of mice in the
HFD group compared to the NCD group (Fig. 2C). Tran-
script levels and protein levels of ZO-1 and Occludin-1 were
greatly increased after treatment with SSA in HFD-fed mice
(Fig. 2D-F). These data suggest that SSA attenuates intesti-
nal barrier damage in DIO mice.

SSA Attenuates Intestinal Inflammatory Responses
and Oxidative Stress in DIO Mice

Inflammatory responses and oxidative stress are ele-
vated in the gut of obese patients and progressively worsen
with the disruption of the intestinal barrier [25]. As shown
in Fig. 3A,B, a chronic high-fat diet increased the transcript
levels of inflammatory factors (TNF-a, IL-15, and IL-6) in
the intestine of obese mice compared to the NCD group and
promoted the secretion of inflammatory factors. After treat-
ment with SSA intervention, mRNA levels of Tnf-a and 11-6

were significantly (p < 0.05) down-regulated in the intes-
tine of mice, and the corresponding levels of inflammatory
factors were also decreased (Fig. 3A,B).

We further examined the levels of oxidative stress
in the intestinal tissues of DIO mice. As noted above,
4-Hydroxynonenal (4-HNE) and malondialdehyde (MDA)
are cytotoxic products of lipid peroxidation. In addition,
oxidative modification of protein side chain amino acids by
free radical attack results in a significant increase in pro-
tein carbonyl content (PCC). HFD dramatically increased
4-HNE levels in mouse colon tissue, whereas SSA admin-
istration significantly (p < 0.05) reduced this protein mod-
ification (Fig. 3C). Similarly, MDA and PCC levels in the
intestine of mice in the HFD group were significantly (p <
0.05) increased compared to the NCD group, indicating that
a chronic HFD led to intestinal oxidative stress and substan-
tial free radical accumulation. These indices were signifi-
cantly (p < 0.05) reduced in mice in the HFD+SSA group
(Fig. 3D,E), suggesting that SSA has the effect of alleviat-
ing intestinal oxidative stress in DIO mice. In conclusion,
these data suggest that SSA effectively attenuates intestinal
inflammatory responses and oxidative stress in DIO mice.
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Fig. 5. SSA alleviates palmitic acid (PA) and lipopolysaccharide (LPS)-induced human epithelial colorectal adenocarcinoma

(Caco-2) cell injury and oxidative stress. (A) Relative mRNA levels of pro-inflammatory cytokines (TNF-a, IL-1/3, and IL-6) and

tight junction-related proteins (ZO-1 and Occludin-1). (B) The transepithelial electrical resistances (TEERs). (C) Reactive oxygen
species (ROS) content. (D) Western blot of Nrf2 and p-Nrf2 and (E,F) quantification of Nrf2 and p-Nrf2 in Caco-2 cells. Data are
represented as mean £ SEM, n= 6. *p < 0.05, **p < 0.01 and ***p < 0.001.

SSA Activates the Nrf2/Antioxidant Response
Element (ARE) Signaling Pathway to Increase
Antioxidant Capacity in DIO Mice

To investigate the mechanism of SSA’s role in alle-
viating oxidative stress in mouse intestinal tissues induced
by HFD, we further measured the levels of antioxidant en-
zymes in the mouse intestine. Compared to the NCD group,
the catalase (CAT) activity of mice in the HFD group was
significantly decreased (p < 0.01), indicating increased lev-
els of oxidative stress. In contrast, SSA significantly (p <
0.001) inhibited the decrease in CAT enzyme activity in-
duced by HFD feeding (Fig. 4A). In addition, we also com-
pared levels of superoxide dismutase (SOD), an important
indicator of cellular antioxidant capacity. It was found that
HFD feeding reduced SOD enzyme activity by approxi-
mately 50%, whereas SSA administration significantly (p
< 0.05) inhibited this reduction (Fig. 4B).

Spontaneous or passive activation of the Nrf2/ARE
pathway, an antioxidant defense system, has a preven-
tive and reparative effect on oxidative stress damage in
body tissues. Total Nrf2 and phosphorylated Nrf2, as well
as its downstream antioxidant genes, including NAD(P)H
quinone dehydrogenase 1 (Ngol) and heme oxygenase-1
(Ho-1), were measured. Assessed by immunoblotting and
quantitative qRT-PCR, Nrf2 protein expression was found
to be significantly (p < 0.05) up-regulated in the intestine of
mice in the HFD+SSA group compared to the HFD group
(Fig. 4C—E). Furthermore, SSA promoted more Nrf2 phos-

phorylation, and the entry of phosphorylated Nrf2 into the
nucleus continuously activated the antioxidant response and
initiated the expression of antioxidant genes, as verified by
the elevated transcript levels of Ngol and Ho-1 (Fig. 4F).
Overall, SSA activates the Nrf2/ARE signaling pathway to
increase antioxidant capacity in DIO mice.

SSA4 Alleviates PA and LPS-Induced Caco-2 Cell
Injury and Oxidative Stress

To further investigate the mechanism by which SSA
alleviates intestinal damage and oxidative stress, Caco2
cells were co-stimulated with PA (200 puM) and LPS (10
pg/mL) for 6 hours to mimic the intestinal condition of DIO
mice. The co-stimulation by PA and LPS significantly (p <
0.05) promoted the transcription of pro-inflammatory fac-
tors (TNF-a, IL-6, and IL-1[3) in Caco-2 cells. In contrast,
transcript levels of epithelial cell tight junction molecules
(ZO-1 and Occludinl) were significantly (p < 0.05) re-
duced. As expected, treatment with SSA (5 uM) attenuated
the increased mRNA expression of TNF-« and //-6 and de-
creased transcript levels of ZO-1 and Occludin-1, which is
similar to those observed in vivo (Fig. 5A). To further deter-
mine the effect of SSA on cell barrier integrity, TEER was
measured at 0, 4, and 12 h in three groups of Caco-2 cells.
After 4 h and 12 h of PA+LPS treatment, the TEER of the
PA+LPS group was significantly (p < 0.05) reduced when
compared to the control group, and this effect was reversed
by SSA incubation (Fig. 5B), indicating that SSA treatment
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protects the integrity of the cell barrier. In conclusion, these
findings suggest that the intestinal inflammatory response
was significantly (p < 0.05) alleviated and cell barrier in-
tegrity increased following SSA treatment.

Intracellular ROS levels are one of the classic indica-
tors for monitoring oxidative stress [26]. Co-culture with
PA and LPS resulted in increased intracellular ROS levels
in Caco-2 cells, whereas SSA intervention significantly (p
< 0.05) reduced the accumulation of ROS in cells (Fig. 5C).
Furthermore, western blot results showed that SSA signifi-
cantly (p < 0.05) increased intracellular Nrf2 and phospho-
rylated Nrf2 protein levels compared to the PA+LPS group
(Fig. 5D-F), suggesting that SSA activated the Nrf2/ARE
pathway to attenuate PA-induced intestinal injury and ox-
idative stress in Caco-2 cells.

SSA Reduces Cellular Damage and Oxidative Stress
via Nrf2/ARE Pathway

To further explore the Nrf2/ARE signaling pathway
as a mediator of SSA action, Nrf2 was silenced by small
RNA interference in Caco-2 cells (Fig. 6A). When Nrf2 was
knocked down in Caco-2 cells, incubation with SSA failed
to increase the transcript levels of ZO-1 and Occludinl, and
the repressive effect on TNF-« and IL-6 transcription was
lost (Fig. 6B). Also, after knock-down of Nrf2, the TEER
in the SSA-treated group was much lower than in the con-
trol and PA+LPS+SSA groups, indicating that SSA was un-
able to maintain the integrity of the cell barrier (Fig. 6C).
Furthermore, the absence of Nrf2 resulted in a dramatic in-
crease in intracellular ROS levels, and the addition of SSA

did not accelerate the clearance of ROS (Fig. 6D). Thus,
SSA-only treatment effectively scavenged the accumula-
tion of oxidized lipid substances induced by PA and LPS,
whereas 4-HNE, MDA, and PCC levels remained high in
the PA+LPS+SSASN'2 group (Fig. 6E-G). These data sug-
gest that SSA works by activating the Nrf2/ARE pathway
to attenuate PA- and LPS-induced Caco-2 cell damage, in-
flammatory responses, and oxidative stress.

Discussion

Inflammation and oxidative stress are key factors in
the development of obesity and contribute to the occurrence
of metabolism-related complications. Researchers believe
that high calorie intake can disrupt intestinal flora and in-
testinal epithelial cells and cause endotoxemia, thereby pro-
moting chronic low-grade systemic inflammation and obe-
sity. Saikosaponins ameliorate inflammation and metabolic
disease in mammals by targeting fat mass and obesity
associated protein (FTO), AMP-activated protein kinase
(AMPK), mitogen-activated protein kinases (MAPK), and
other pathways [27,28]. However, it remains unknown
whether the protective effect of SSA against obesity is
linked to the modulation of intestinal barrier function and
oxidative stress. In this study, we found that SSA sig-
nificantly inhibited intestinal barrier damage, colonic in-
flammation, and oxidative stress, and increased the antioxi-
dant capacity of epithelial cells by activating the Nrf2/ARE
pathway, thereby enhancing intestinal integrity and amelio-
rating inflammation and metabolic disorders in DIO mice.
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This work provides evidence that the protection of the in-
testinal barrier and the inhibition of oxidative stress by SSA
are mechanisms by which SSA ameliorates metabolic dys-
function and intestinal inflammation in DIO mice (Fig. 7).

A high-fat diet increases intestinal permeability, lead-
ing to the development of metabolic endotoxemia as LPS
contained in food and bacterial metabolites are released
into the organism [7]. Metabolic endotoxemia is an im-
portant obesogenic mechanism that triggers an inflamma-
tory signaling cascade to activate various pro-inflammatory
pathways. The binding of LPS to TLR4 increases ox-
idative stress, ultimately leading to systemic inflammation
and IR [9,29]. Therefore, we focused on the effects of
SSA on intestinal inflammation in DIO mice. Our results
showed that in HFD-fed mice, SSA administration sig-
nificantly reduced the levels of pro-inflammatory factors
(TNF-« and IL-6) in the colon. Previous study has shown
that TNF-« is closely associated with IR and that it can
promote IR by activating inflammatory signaling cascades,
such as the nuclear factor Kappa B (NF-xB), c-Jun NH2-
terminal kinase (JNK), and extracellular signal-regulated
kinase (ERK) pathways, and inhibiting insulin-induced ty-
rosine phosphorylation and downstream signaling [30]. In
addition, IL-6 has also been reported to block insulin sig-
naling through activation of the STAT1/3 pathway, leading
to metabolic disorders and reduced insulin sensitivity [31].
Thus, our results suggest that SSA can improve metabolic
inflammation in the gut, which may contribute to improved
metabolic disorders caused by obesity.

According to our data, DIO mice exhibited high levels
of oxidative stress, as indicated by decreased CAT and SOD
enzyme activity and increased levels of MDA, 4-HNE, and
protein carbonylation. MDA and 4-HNE are toxic metabo-
lites of lipid/protein peroxidation, which is widely used as
a biomarker of oxidative stress during the pathogenesis of
many metabolic diseases [32,33]. Similarly, excess hy-
droxyl radicals act on protein peptide bonds, creating car-
bonyl groups at the peptide bond breaks and disrupting pro-
tein function [34]. These are all indicators of elevated lev-
els of oxidative stress in the organism. When the compo-
nents of the antioxidant system are diminished, ROS cannot
be adequately scavenged, leading to a redox imbalance that
further triggers the development and progression of obesity
and intestinal inflammation. A recent report showed that
SSA exhibited significant protective effects on intestinal
tissues in 5-fluorouracil-induced intestinal colitis mice by
enhancing antioxidant enzymes (CAT, HO-1, SOD, NQOI,
and glutathione S-transferase (GST)) while reducing MDA
[35]. In SSA-treated HFD-fed mice, we observed reduced
levels of MDA, PCC, and 4-HNE, and increased levels of
SOD and CAT enzymes, which is also consistent with pre-
vious reports. In addition, we found that SSA administra-
tion protected the integrity of the intestinal barrier in mice,
which is likely to be closely related to its effect in alleviat-
ing oxidative stress.

The NF-£B, ERK, and JNK pathways are activated by
oxidative stress, and it is hypothesized that reducing oxida-
tive stress levels is one of the important strategies for the
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treatment of metabolic inflammation [23,36]. Nrf2/ARE
is a classical antioxidant signaling pathway in the body,
controlling the gene expression of a variety of antioxidant
enzymes and phase II detoxification enzymes [37]. Due
to the close relationship between oxidative stress and obe-
sity, impaired function of the Nrf2/ARE pathway has been
associated with the progression of obesity and multiple
metabolic disorders. Uruno et al. [38] suggest that when
Nrf2 is overexpressed in a mouse model, it ameliorates IR
and metabolic disorders caused by a high-calorie diet. The
mechanism is hypothesized to be that activation of Nrf2
significantly increases the transcript levels of genes related
to antioxidant activity, energy consumption, and glucose
metabolism in tissues and ultimately suppresses obesity and
its complications in DIO mice. Furthermore, Jiang et al.
[39] suggested that activation of the Nrf2/ARE signaling
pathway significantly reduced the production of ROS in mi-
tochondria and improved mitochondrial function to allevi-
ate HFD-induced kidney injury in obese rats. Increasing
evidence suggests that dietary SSA is a potential activa-
tor of Nrf2 signaling. Chen et al. [40] reported that SSA
significantly inhibited cigarette smoke-induced MPO and
MDA levels in lung tissue and suppressed lung inflamma-
tion by upregulating expression of Nrf2 and HO-1. More-
over, SSD significantly slowed H2O3-induced MDA and
lactate dehydrogenase release, and increased SOD and CAT
enzyme activity, thereby reducing apoptosis. Lin et al. [41]
also showed that another saikosaponin compound could in-
hibit HoO4-induced apoptosis in PC12 cells by scaveng-
ing ROS, and the mechanism may be related to blocking
MAPK-dependent oxidative damage. A recent study also
found that SSA attenuated acute pancreatic injury induced
by sodium taurocholate injection, and the mechanism may
be related to the Nrf2-mediated antioxidant pathway [42].
Our results show that SSA activates the Nrf2/ARE antioxi-
dant signaling pathway and enhances the enzymatic activity
of SOD and CAT to scavenge excess oxygen radicals and
lipid peroxidation products.

While our study demonstrates the beneficial effects
of SSA on metabolic disorders and intestinal inflammation
in DIO mice, there are several limitations that must be ac-
knowledged. First, our research relied solely on a single an-
imal model, the DIO mouse, which, although widely used,
may not fully represent the complexity of human obesity
and metabolic diseases. The physiological and metabolic
responses in mice can differ significantly from those in hu-
mans, which may limit the translatability of our findings.
Additionally, we did not use a variety of dosages and treat-
ment durations for SSA, which means that the optimal dose
and treatment regimen for potential clinical applications re-
main undetermined. Furthermore, our study focused on
the Nrf2/ARE signaling pathway to explain the protective
mechanisms of SSA, but other pathways and mechanisms
might also play significant roles. Future studies should ex-
plore these additional pathways to provide a more compre-
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hensive understanding of SSA’s effects. Lastly, the study
did not consider potential long-term effects or toxicity of
SSA administration, which are critical for evaluating its
safety and efficacy for clinical use. Addressing these limita-
tions in future research will be essential for translating these
promising findings into practical therapeutic strategies for
obesity and related metabolic disorders.

Conclusion

In this study, we demonstrated that SSA effectively
alleviates metabolic disorders, intestinal inflammation, and
oxidative stress in DIO mice. The protective effect of SSA
is likely due to the increased antioxidant capacity of the in-
testinal epithelium through activating the Nrf2/ARE signal-
ing pathway, inhibiting diet-induced intestinal inflamma-
tion and oxidative stress damage. The resulting low levels
of ROS benefit intestinal barrier function and reduce the
possibility of LPS leakage into the circulation. These find-
ings provide new insights into the protective role of SSA
in obesity and metabolic diseases, suggesting its potential
as a therapeutic agent for improving intestinal health and
mitigating metabolic disturbances associated with obesity.
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