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Abstract. Oridonin (Ori) attenuates dextran sulfate
sodium-induced ulcerative colitis (UC) in mice,
and its underlying mechanism involves the sirtuin 1
(SIRT1)/NF-kB/p53 pathway. In the present study, lipopolysac-
charide (LPS)-stimulated Caco-2 cells were used as an in vitro
model to mimic human intestinal epithelial inflammation, to
ascertain the anti-inflammatory effects of Ori on a cell model
of UC. The concentrations of TNF-a and IL-1p were quanti-
fied using ELISA, the expression levels of SIRT1, NF-xB and
p53 were assessed through western blot analysis, and cell
viability was determined using the Cell Counting Kit-8. The
results showed that cell viability was affected by treatment
with Ori at different doses. Ori significantly inhibited the
optical density values in a dose-dependent manner at the doses
of 5.0-80.0 uM whereas it did not affect viability at the doses
of 0.625-2.50 uM, compared with in the control group. These
findings suggested that the inhibitory effect of Ori on intestinal
epithelial cells did not result from cytotoxic action at the doses of
0.625-2.50 uM. Furthermore, Ori suppressed the inflammatory
response in intestinal epithelial cells by significantly reducing
LPS-induced secretion of the pro-inflammatory cytokines
TNF-a and IL-1f with a ~2-fold reduction. Additionally, Ori
significantly increased the protein expression levels of SIRTI,
and decreased the protein expression levels of NF-kB and p53.
In conclusion, the present results indicated that the inhibition
of NF-kB-mediated inflammation may be a key mechanism by
which Ori exerts its therapeutic effects on UC.

Introduction

Ulcerative colitis (UC) refers to prevalent chronic,
non-specific localized inflammation of the intestine, marked
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by the presence of local ulcers (1). This condition can lead
to damaged intestinal mucosa, causing symptoms such as
abdominal pain, diarrhea, and bloody or pus-filled stools,
which markedly affect patient health (2). The exact etiology
of UC remains unclear, but involves immune, genetic, environ-
mental and dietary factors, and treatment strategies typically
encompass a combination of pharmacological interventions,
dietary modifications and psychological support to alleviate
symptoms, control disease progression and enhance the
quality of life of patients. Notably, the incidence of colitis
and colitis-related colon cancer has been increasing in China;
despite extensive research into the influencing factors of UC,
the precise pathogenesis remains unclear (3,4). Advancements
in understanding UC pathogenesis have emphasized the role of
dysregulated inflammatory responses, particularly the exten-
sive tissue damage caused by the release of pro-inflammatory
mediators (5,6).

Sirtuin 1 (SIRT1), a histone deacetylase III widely present
in human cells, has been implicated in regulating various
biological processes, including modulation of the tumor
suppressor pS3 and NF-«kB through deacetylation, thereby
influencing multiple biological activities (7). Acetylation of
p53 affects its transcriptional activity, and SIRT1 specifically
deacetylates the lysine 382 of p53. Beyond acetylation, histone
glycoxidation can induce aggregation and conformational
changes in nuclei that perturb chromatin architecture and gene
regulation, intersecting with SIRT1/NF-kB/p53 crosstalk in
inflamed epithelia (8). Moreover, p53 forms a negative feed-
back loop by inhibiting SIRT1 transcription through binding
to the p53 response element in the SIRT1 promoter. Increasing
evidence has reported that pro-inflammatory mediators,
including TNF-a and IL-1f, contribute to intestinal inflamma-
tion in UC primarily via NF-kB-mediated pro-inflammatory
effects (7,9). Use of natural products and their derivatives in
treating UC is gaining traction; Donglingcao (Rabdosia rube-
scens) is commonly used in traditional Chinese medicine to
treat inflammatory conditions, and is often administered for
chronic tonsillitis, pharyngitis, laryngitis and stomatitis in
China (6), Notably, spontaneous recovery from UC has been
reported following Donglingcao administration (10). These
phenomena have demonstrated that Donglingcao may exert
anti-UC effects; however, Donglingcao has not been formally
approved for the treatment of UC in China. Oridonin (Ori), a
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bioactive tetracyclic diterpenoid compound, is derived from
Donglingcao (6,11), and our previous study indicated that
SIRT1 is a primary target of Ori, which may mitigate dextran
sulfate sodium-induced UC in mice by activating the SIRT1
signaling pathway (12). Therefore, Ori shows promise as a
future therapeutic agent for UC; however, the molecular mech-
anisms underlying its efficacy require further investigation.

The present study aimed to evaluate the SIRTI
signaling pathway in an in vitro model of lipopolysac-
charide (LPS)-treated human intestinal Caco-2 cells, and
to evaluate the safe concentrations for the potential treat-
ment of UC. LPS-stimulated Caco-2 cells were used to
establish a cell model representing the inflamed human
intestinal epithelium; subsequently, the impact of Ori on the
SIRT1/NF-xB/p53 signaling pathway within the inflamed
Caco-2 cells was assessed. Using this approach, the current
study aimed to provide insights into the potential therapeutic
mechanisms of Ori in mitigating inflammation and preserving
intestinal barrier function in vitro.

Materials and methods

Reagents. LPS (batch no. L2630) was purchased from
MilliporeSigma and Ori (batch no. 17073013) was obtained
from Baoji Chenguang Biotechnology Co., Ltd.; the purity
of Ori (as determined by high-performance liquid chro-
matography) was 98%. Both reagents were dissolved in
sterile distilled water to a concentration of 10 mM and
stored at -20°C for later use. The following antibodies were
purchased from Cell Signaling Technology, Inc. and were used
for western blotting: SIRT1 (1:1,000; cat. no. 8469), NF-kB
(1:1,000; cat. no. 6956), p53 (1:1,000; cat. no. 18032) and
GAPDH (1:1,000; cat. no. 51332); the horseradish peroxidase
(HRP)-conjugated secondary antibody (cat. no. 7074) was
purchased from Cell Signaling Technology, Inc. (1:5,000).

Cell culture and cell viability assay. The Caco-2 human colon
adenocarcinoma cell line was used in the present study. The
cells were cultured in 24-well plates according to a previously
published method (9). Briefly, the fully differentiated Caco-2
cells were seeded into 96-well plates at a density of 10,000 cells/
well and were cultured in DMEM (cat. no. C11995500BT,;
Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS
(cat. no. 10091148; Gibco; Thermo Fisher Scientific, Inc.) in
an incubator containing 5% CO, at 37°C. After adhering to the
plate for 24 h, the cell culture medium was discarded and fresh
DMEM was supplemented with Ori at distinct concentrations
(0.625,1.25,2.5,5.0,10.0, 20.0, 40.0 and 80.0 uM). After treat-
ment for 24 h at 37°C, 10 ul Cell Counting Kit (CCK)-8 solution
(Sigma-Aldrich; Merck KGaA) was added to each well and the
plate was incubated for 1.5 h at 37°C. The optical density (OD)
was determined at 450 nm using a microplate reader (model
550; Bio-Rad Laboratories, Inc.). A total of 6 parallel wells were
established at each concentration. Cell viability calculations
were repeated three times.

ELISA. Differentiated, well-grown Caco-2 cells (20 days
post-confluence) in 24-well plates at a density of
10,000 cells/well were randomly divided into four groups:
Normal control (NC), 20 ug/ml LPS, and LPS (20 pg/ml) +

high-dose Ori (2.5 uM, Ori-H) and LPS (20 ug/ml) + low-dose
Ori (1.25 uM, Ori-L) groups. Briefly, both Ori-H and Ori-L
groups were incubated with Ori for 1 h prior to stimulation with
LPS (20 ug/ml) for 12 h at 37°C. The NC group was incubated
with 10 u1 0.75% saline, whereas the LPS group was incubated
with LPS (20 ug/ml) for 12 h at 37°C. At the end of the experi-
ment, the supernatants were collected by centrifugation of the
cell culture medium at 3,000 x g for 10 min at 4°C. The levels
of TNF-a and IL-1p in cells were measured by ELISA using
commercially available ELISA kits according to the manu-
facturer's instructions. The human TNF-a (cat. no. 430204)
and IL-1f (cat. no. 437007) ELISA kits were obtained from
BioLegend, Inc.

Western blot analysis. Western blot analysis was performed as
previously described (7). Briefly, differentiated cells (20 days
post-confluence) in 6-well plates were incubated, grouped and
treated with various concentrations of Ori and LPS as afore-
mentioned; however, they were only stimulated with LPS for
30 min, not 12 h. Cells were harvested and lysed with lysis
buffer [SO mM Tris-HCI (pH 7.4), 150 mM NaCl, 0.5% NP-40,
5 mM EDTA, 50 mM NaF and 1 mM PMSF; Gibco, Thermo
Fisher Scientific, Inc.]. After complete homogenization, the
supernatant was centrifuged at 10,000 x g for 10 min at 4°C
and collected, and the protein concentration in the superna-
tant was determined using the BCA quantitative method.
Subsequently, the supernatant was placed in boiling water for
10 min to denature the protein and 10 ug proteins/lane under-
went SDS-PAGE on 10% gels and were transferred to a PVDF
membrane. The membrane was blocked with 5% skimmed
milk (Procell Life Science & Technology Co., Ltd.) for 1 h
at room temperature and was then incubated overnight at 4°C
with SIRT1, NF-xB and p53 antibodies (1:1,000); after which,
an appropriate HRPconjugated secondary antibody was added
(1:5,000) and incubated at room temperature for 2 h. The blots
were visualized by enhanced chemiluminescence imaging
(Amersham; Cytiva), and proteins levels were semi-quantified
using Imagel software (version 1.46; National Institutes of
Health) to analyze the grey value of each protein band, with
GAPDH used as an internal control.

Statistical analysis. All data were statistically analyzed
and plotted using SPSS 20.0 (IBM, Corp.) and GraphPad
Prism software 8.0 (Dotmatics). The data are presented as
the mean + standard deviation. One-way analysis of vari-
ance followed by Bonferroni post hoc analysis was used for
data analysis between the groups. All measurements were
performed in triplicate. P<0.05 was considered to indicate a
statistically significant difference.

Results

Effects of Ori on the viability of Caco-2 cells. To investigate the
effect of Ori on the viability of Caco-2 cells, cell viability was
assessed using the CCK-8 method after treatment with different
concentrations of Ori for 24 h. The results demonstrated that
cell viability was affected by treatment with Ori at different
doses; 5.0-80.0 M Ori significantly inhibited the OD values
in a dose-dependent manner (P<0.01), whereas 0.625-2.50 puM
Ori did not inhibit viability (P>0.01), compared with in the
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Figure 1. Effect of oridonin on the viability of Caco-2 cells. “P<0.01. NC,
normal control; ns, not significant.
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Figure 2. Ori inhibits the secretion of pro-inflammatory mediators TNF-a
and IL-1p in LPSexposed, differentiated Caco-2 cells. (A) Densitometric
analysis of TNF-a levels. (B) Densitometric analysis of IL-1f levels.
“P<0.01. H, high-dose; L, low-dose; LPS, lipopolysaccharide; NC, normal
control; Ori, oridonin.

control group (Fig. 1). These findings suggested that the inhibi-
tory effect of Ori on intestinal epithelial cell viability did not
result from a cytotoxic action at doses of 1.25 or 2.50 uM.
Therefore, two concentrations of Ori, 1.25 and 2.50 M, were
selected for subsequent functional and mechanistic experi-
ments due to their lack of toxicity. In addition, the IC, value
of Ori on Caco-2 cells was calculated to be 7.51 uM.

Effects of Ori on LPS-induced secretion of inflammatory
factors in Caco-2 cells. After pre-treatment of Caco-2 cells
with Ori for 0.5 h and stimulation with 20 yg/ml LPS for 24 h,
it was observed that LPS stimulation significantly induced the
release of TNF-a and IL-1f in Caco-2 cells, compared with
that in the NC group (P<0.01; Fig. 2). However, Ori treatment
significantly reduced the LPS-induced secretion of TNF-a
and IL-1p in a concentration-dependent manner (P<0.01),
indicating that Ori may suppress the inflammatory response in
intestinal epithelial cells at doses of 1.25 and 2.50 yM.

Effect of Ori on LPS-induced protein expression in Caco-2
cells. Compared with in the NC group, LPS significantly

LPS group (P<0.01; Fig. 3). These findings indicated that Ori
may reduce the LPS-induced expression of members of the
NF-«kB signaling pathway and increase SIRT1 expression,
which might inactivate NF-kB/p53 acetylation and promote
SIRT1 transcription through inhibiting nuclear transloca-
tion and binding to the p53 response element in the SIRT1
promoter (9), thereby reducing intestinal inflammatory
response and improving UC.

Discussion

At present, the cause and onset of UC is not yet fully under-
stood; however, it is known that it is related to immunity and
is associated with recurrent attacks (4). UC is mainly treated
with symptomatic drugs, such as aminosalicylic acids, corti-
costeroids, immunosuppressants and biologics (5); however,
while these drugs can alleviate disease symptoms, they have
toxic side-effects (6). Therefore, research into the pathogenesis
and treatment of UC is increasingly important. Studies have
reported that the SIRT1/NF-kB/p53 signaling pathway has
marked effects on inflammation and inflammation related to
cancer development (13,14), and is therefore of interest as a
target to treat UC.

LPS is a notable pathological stimuli of intestinal epithelial
cells, which stimulates macrophages to increase the secretion
of IL-1p and TNF-a. Pro-inflammatory cytokines produced
in the intestine cause damage to intestinal epithelial cells
through various pathways, thus adversely affecting their
function (14). Furthermore, IL-1 increases intestinal tight
junction permeability by activating NF-xB and myosin light
chain kinase, thus decreasing barrier function in experimental
colitis (15). TNF induces pro-inflammatory processes in the
pathogenesis of UC, including neoangiogenesis and activation
of myofibroblasts, macrophages and T cells; consequently, the
release of cytokines is regarded as a marker of the inflamma-
tory response. Inhibition of IL-1 and TNF-a function has been
shown to ameliorate the inflammatory activity of experimental
colitis in animal models and reduce inflammation-associated
carcinogenesis (16). Therefore, in the current study, LPS was
used to stimulate Caco-2 cells to simulate the inflammatory
environment, with the aim of assessing the effects of Ori on
inflammatory factors in this environment. The results demon-
strated that LPS significantly activated the inflammatory
markers TNF-a and IL-1p in Caco-2 cells compared with that
in the NC group. After treatment with Ori, the levels of these
markers were significantly decreased, indicating that Ori may
inhibit the secretion of pro-inflammatory cytokines induced
by LPS stimulation. In addition, after treatment with Ori, the
expression levels of SIRT1 were increased, whereas those of
NF-«kB and p53 were decreased, compared with those in the
LPS-treated group. Notably, Ori has garnered considerable
attention from researchers due to its pharmacological proper-
ties, including antibacterial, anti-inflammatory, pro-apoptotic
and antitumor effects (12). Accumulating evidence has demon-
strated that the mechanisms underlying the pharmacological
activities of Ori are primarily mediated through signaling
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Figure 3. Effect of Ori on the protein expression levels of SIRT1, NF-«B and p53 in LPSexposed, differentiated Caco2 cells. (A) SIRT1, NF-xB and p53 were
detected by western blot analysis, with GAPDH as the internal control. Densitometric analysis of (B) pS3/GAPDH, (C) SIRT1/GAPDH, and (D) NF-xB/GAPDH.
“P<0.01. H, high-dose; L, low-dose; LPS, lipopolysaccharide; NC, normal control; Ori, oridonin.

pathways such as c-Met, Notch and VEGF (15,16). Consistent
with previous findings, studies have reported that Ori reduces
the inflammatory response and inhibits activation of the key
SIRT]1 signaling axis, which is associated with inflammation
in LPS-induced cells (13,17).

In the present study, the findings demonstrated that Ori
inhibited LPS-induced inflammatory cytokine response
in intestinal epithelial cells to alleviate the inflammatory
response. In a previous study, Ori has been reported to inhibit
the phosphorylation of SIRT1 and prevent the nuclear trans-
location of NF-kB in a mouse model of colitis (13). Similarly,
this finding shows that Ori suppresses the activation of the
NF-kB signaling pathway. Mechanistically, SIRT1-mediated
deacetylation notably impacts multiple biological processes,
including cellular senescence, apoptosis, sugar and lipid
metabolism, oxidative stress and inflammation (18). A recent
study has revealed marked links between SIRT1 and inflam-
mation, in which alterations to SIRT1 expression and activity
have been linked to inflammatory diseases (19). Specifically,
the present study determined that Ori notably increased the
protein expression levels of SIRT1, and decreased those of
NF-«B and p53 through the NF-kB signaling pathway, which
may reduce the intestinal inflammatory response and promote
UC recovery. Another study showed that Ori can inhibit the

phosphorylation of SIRT1 and prevent the nuclear trans-
location of NF-xB in a mouse model of UC (13). As such,
SIRTI1-targeted anti-inflammatory therapies are attracting
increasing attention for their clinical applications in treating
inflammatory diseases (7). The present study investigated the
effect of Ori on UC-related inflammation in LPS-induced
Caco-2 cells, an in vitro model of inflamed human intestinal
epithelium. The Caco-2 cell line, derived from a human colon
carcinoma, has been proven to be a good alternative to an
intestinal epithelial cell model, and is the most commonly
used cell line for studies of the structural and functional
characteristics of human differentiated intestinal epithelial
cells (20-22). Taken together, the present study showed that
Ori may be considered a promising drug for treating UC
depending on its suitable concentration (14,19,20).

However, the present study has some limitations; the study
mainly focused on the in vitro Caco-2 cell model and there-
fore does not fully represent the intestinal epithelium in UC.
In addition, another limitation of the present study is that it
contains preliminary research, which did not systematically
reveal if Ori directly modulates SIRT1 activity or whether
changes are secondary to reduced inflammation. Furthermore,
the effect of Ori on cytokine levels in cells that were not
treated with LPS was not explored. In future studies, in vitro



wd 2| SPANDIDOS
) PUBLICATIONS

and in vivo experiments will be supplemented using pharma-
cological inhibitors or small interfering RNA to confirm the
dependence of the effects of Ori on SIRT1.

In conclusion, to the best of our knowledge, the present
study is the first to provide evidence of the suppressive effects
of Ori on LPS-induced inflammatory responses in intestinal
epithelial cells through inhibition of the SIRT1/NF-xB/p53
signaling pathway, and the increased expression of SIRT1.
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