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Oridonin ameliorates ulcerative colitis by regulating
the PI3K/AKT/mTOR signaling pathway to activate autophagy
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Abstract. The present study aimed to investigate the therapeutic
effects and underlying mechanism of oridonin (ORI) in ulcer-
ative colitis (UC) using the lipopolysaccharide (LPS)-induced
macrophage inflammatory model in vitro and the dextran
sulfate sodium (DSS)-induced mouse UC model in vivo. Cell
Counting Kit-8 assay was used to determine the appropriate
drug concentrations for the in vitro experiments. Western
blotting and reverse transcription-quantitative polymerase
chain reaction were performed to evaluate the expression
levels of proteins and mRNAs related to signaling pathways,
autophagy and inflammatory cytokines. The autophagy
inhibitor 3-methyladenine was applied to verify the role of the
PI3BK/AKT/mTOR pathway. In vivo, the disease activity index
(DAI) was recorded and colon tissue damage was assessed by
hematoxylin and eosin staining. Serum inflammatory cytokines
were measured using an enzyme-linked immunosorbent assay.
Network pharmacology based on GeneCards and Traditional
Chinese Medicine Systems Pharmacology databases, along
with Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes enrichment analysis, predicted involvement of
the PI3K/AKT/mTOR pathway in the pathogenesis of UC,
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which was further validated by the immunohistochemistry,
immunofluorescence and western blotting of colon tissues.
The results indicated that ORI significantly reduced the
expression of pro-inflammatory cytokines and increased the
anti-inflammatory cytokine interleukin-10 in LPS-stimulated
macrophages. In DSS-induced colitis mice, ORI treatment
alleviated body weight loss, decreased DAI scores, improved
colon shortening and upregulated the expression of intestinal
tight junction proteins. Mechanistically, ORI inhibited the
PI3K/AKT/mTOR pathway and altered autophagy-related
molecular markers, as evidenced by increased levels of
autophagy-related (ATG)13, beclin-1, ATG12, ATG7 and
ATGS as well as decreased expression of p62. In conclusion,
ORI alleviates inflammatory responses in vitro and mitigates
UC-related pathological changes in vivo, which may be associ-
ated with suppression of the PI3K/AKT/mTOR pathway and
modulation of autophagy-associated protein markers.

Introduction

Ulcerative colitis (UC), a type of inflammatory bowel disease
(IBD), is characterized by chronic, relapsing, non-specific
inflammation; its core pathological mechanisms involve
disruption of intestinal immune homeostasis and compromise
of the mucosal barrier (1). Clinically, UC is distinguished
from Crohn's disease primarily by anatomical involvement.
Although both disorders share symptoms such as abdominal
pain, diarrhea, rectal bleeding and bloody mucopurulent
stools, UC is typically confined to the colonic mucosa, causing
inflammation and ulceration of the superficial intestinal
layers. By contrast, Crohn's disease can affect any part of the
gastrointestinal tract and features deeper transmural ulcers (2).
In 2023, there were ~5 million cases of UC globally, with the
highest incidence in Northern Europe, North America and
Oceania. In Asia, prevalence is projected to increase up to
four-fold by 2035 (3).

Current UC management strategies include phar-
macological and non-pharmacological approaches.
Pharmacological treatments encompass S-aminosalicylic acid
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(5-ASA), corticosteroids, immunosuppressants and biologics.
Non-pharmacological options include newer methods such as
leukocytapheresis, fecal microbiota transplantation and nutri-
tional therapy (4). However, conventional drugs often produce
unsatisfactory outcomes, with patients developing resistance
and experiencing adverse effects such as intestinal dysbiosis,
which substantially diminish their quality of life. While
emerging therapies are innovative and practicable, their high
costs impose a considerable economic burden on patients (5).

The PI3K/AKT/mTOR signaling pathway regulates
various physiological processes, including cell metabolism,
growth and survival (6). Aberrant activation of this pathway
is well-documented in patients with UC and experimental
models, where hyperactivation promotes transcription and
secretion of pro-inflammatory cytokines, such as interleukin
(IL)-6, IL-1p and tumor necrosis factor-a (TNF-a), triggering
arobust inflammatory cascade (7). These cytokines recruit and
activate immune cells, disrupting the intestinal mucosal barrier
and amplifying the inflammatory cascade, thereby exacer-
bating UC symptoms (8). Given the pivotal role of this pathway
in inflammation, targeting the inhibition of PI3K/AKT/mTOR
is a potential therapeutic strategy for UC, as demonstrated
by rhein effectively mitigating experimental colitis by
inhibiting the PI3K/AKT/mTOR signaling pathway (7). The
PI3K/AKT/mTOR pathway does not operate in isolation;
rather, it exhibits extensive crosstalk with key inflamma-
tory pathways such as NF-kB and MAPK. Activation of the
pathway can indirectly enhance the transcriptional activity of
NF-kB by phosphorylating downstream targets, forming posi-
tive feedback loops that collectively upregulate the expression
of pro-inflammatory mediators (8). These networked interac-
tions establish the PI3K/AKT/mTOR pathway as a critical
hub connecting cellular metabolism, survival signals and
inflammatory responses, rendering its role in UC even more
complex and significant. Notably, mTORCI serves as a key
negative regulator of autophagy, primarily by suppressing
the expression of various autophagy-related (ATG) proteins
and impacting the autophagic process (9). Building on these
insights and supported by network pharmacology predictions,
the present study focused on the PI3K/AKT/mTOR signaling
pathway as a central mechanistic avenue.

Autophagy disruption is another critical factor in UC
pathogenesis. Macroautophagy and microautophagy are
highly conserved processes in eukaryotic cells involving the
lysosomal degradation of cytoplasmic materials, regulated
by gene products such as ATG proteins (10). During inflam-
mation, autophagosome formation begins with activation of
unc-51 like autophagy activating kinase 1 (ULKI), which
forms a complex with proteins such as ATG13 and FIP200.
Upon initiation of the ULK1 complex, involvement of the
ATGI12-ATG5-ATGI16L system and ATG7 catalyzes the
conjugation of LC3 to phosphatidylethanolamine, facilitating
conversion from LC3-I to LC3-II. Following autophagosome
formation, fusion with the lysosome forms an autolysosome
for the degradation of its contents (11). In UC, persistent
inflammation inhibits the activation and effector roles of ATG
proteins and the surge in inflammatory factors can silence
ATG gene expression (12). Research indicates that suppressed
autophagy can activate NF-kB, leading to the release of
pro-inflammatory cytokines. For example, ATG5 deficiency

elevates reactive oxygen species (ROS) levels, while ATG7
deficiency triggers inflammasome activation, reduces intestinal
occludin levels and increases epithelial permeability, thereby
influencing UC progression (13). Thus, we propose that using
natural Chinese medicine to enhance colonic autophagy could
help clear inflammatory cytokines, protect the mucosal barrier
and alleviate UC symptoms.

In recent years, Chinese herbal medicine has attracted
widespread academic interest in medical research for its
multi-target effects, minimal side effects and reduced
recurrence rates (14). Oridonin (ORI), a natural terpenoid
compound from the Chinese herb Rabdosia rubescens (15),
exhibits a broad spectrum of pharmacological activities,
including anticancer, anti-inflammatory and protective effects
on the liver, kidneys and heart (16). Specifically, ORI inhibits
the NF-xB pathway to mitigate inflammation in osteoar-
thritis (17). Evidence suggests that ORI exerts anti-breast
cancer activity by suppressing the PI3K/AKT pathway (18).
Moreover, ORI has been reported to boost autophagic flux and
accelerate autophagosome formation, thereby contributing to
its anti-inflammatory role in autoimmune diseases (19). ORI
has also shown efficacy in relieving symptoms associated with
colon cancer (20). Given these properties, ORI was selected as
the investigational compound for UC treatment in the present
study.

The present study aimed to investigate the inhibitory
effect of ORI on inflammation in vitro, confirm its efficacy in
alleviating UC symptoms in model mice and utilize network
pharmacology along with validation experiments to eluci-
date the potential mechanism through which ORI exerts its
anti-inflammatory effects and mitigates UC symptoms. The
findings are intended to provide new experimental evidence
for the treatment of UC and the further development and
clinical application of ORI.

Materials and methods

Reagents. ORI (high-performance liquid chromatography
purified, =98%; cat. no. WKQ-0000182) was purchased from
Sichuan Weikeqi Biotechnology Co., Ltd. Lipopolysaccharide
(LPS), 5-ASA and carboxymethyl cellulose sodium (CMC-Na)
were obtained from MilliporeSigma. 3-Methyladenine (3-MA)
was procured from AbMole Bioscience. ATP was provided
by Coolaber Science & Technology. Dextran sulfate sodium
(DSS) was purchased from MP Biomedicals, LLC. Dulbecco's
Modified Eagle Medium (DMEM) was obtained from Gibco
(Thermo Fisher Scientific, Inc.). A Cell Counting Kit-8
(CCK-8) assay kit was acquired from APeXBIO Technology
LLC. The total protein extraction kit and TriQuick Reagent for
RNA extraction were supplied by Beijing Solarbio Science &
Technology Co., Ltd. A specific reverse transcription (RT) kit
for RT-polymerase chain reaction (RT-PCR) and TB Green®
Premix Ex Taq™ IT were purchased from Takara Biotechnology
Co., Ltd.

Cell culture. RAW264.7 mouse macrophages, purchased from
the American Type Culture Collection (ATCC), were cultured
in DMEM supplemented with 10% fetal bovine serum
(Biological Industries; Sartorius AG) and 1% penicillin-strep-
tomycin (Gibco; Thermo Fisher Scientific, Inc.). The cells were
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cultured in a 5.0% CO, atmosphere at 37°C. THP-1 human
acute monocytic leukemia cells, also obtained from ATCC,
were maintained in RPMI-1640 medium containing 10% fetal
bovine serum and 1% penicillin-streptomycin. Both cell lines
were used for in vitro assays.

Network pharmacology databases. The GeneCards database
(http://www.genecards.org) was used to retrieve disease-related
genes, the STRING database (https://www.string-db.org/) was
employed for protein-protein interaction (PPI) analysis and
the DAVID database (https://david.ncifcrf.gov/) was utilized
for Gene Ontology (GO) enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis. Cytoscape software (v3.9.1; https://cytoscape.
org/download.html) was used to visualize target-pathway
networks. The chemical structure of ORI was retrieved and
confirmed using the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/). Potential target proteins of ORI were systemati-
cally collected from two publicly accessible online databases:
The Traditional Chinese Medicine Systems Pharmacology
(TCMSP) database (http://old.tcmsp-e.com/tcmsp.php) and
the Bioinformatics Analysis Tool for Molecular Mechanisms
of Traditional Chinese Medicine (BATMAN-TCM) database
(http://bionet.ncpsb.org.cn/batman-tcm/).

CCK-8 cell viability assay. Cells in good growth condition,
with regular morphology, clear cell margins and no over-
crowding, were collected and seeded into 96-well plates at
100 pl per well (100,000 cells/ml). After overnight incubation
at 37°C with 5% CO,, cells were treated with various concen-
trations of ORI for 24 h. Then, 10 ul of CCK-8 solution was
added to each well and incubated at 37°C for 4 h in the dark.
The optical density (OD) was measured at 450 nm.

Cellular inflammation model. RAW264.7 and THP-1 cells
were randomly divided into five groups: Control, LPS, ORI
high-dose (ORI-H; 20 M), LPS + ORI low-dose (ORI-L;
10 pkM) and LPS + ORI-H. After removing the old medium,
fresh medium with or without ORI was added accordingly.
ORI-treated groups were incubated with the corresponding
concentrations of ORI at 37°C for 18 h. After this, the LPS and
LPS + ORI groups were stimulated with 1 ug/ml LPS at 37°C
for 6 h. Cells were then collected for subsequent experiments.

Animal model. Wild-type C57BL/6 male mice, 6-8 weeks
old and weighing 18-22 g, were purchased from Shenyang
Changsheng Biotechnology Co., Ltd. Before the experiment,
all mice were acclimatized for 1 week under standard housing
conditions (22+2°C, humidity 55-65%, light period from 6:00
to 18:00 and ambient pressure) with free access to food and
water. All animal procedures were conducted in compliance
with the Guide for the Care and Use of Laboratory Animals.
This study combined with the pathological characteristics of
DSS-induced UC model mice, formulated quantifiable humane
endpoint criteria, including weight loss =20% compared with
the baseline, persistent unrelieved severe UC-related symp-
toms, abnormal motor and mental status and abnormal signs
and complications. Euthanasia was performed immediately
if any one of the criteria appeared and persisted for >24 h.
During the experiment, the body weight of the model mice
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was recorded regularly every day. In the DSS model group,
3 mice showed a body weight loss of >20% on the 7th day,
euthanasia was performed humanely by intravenous injection
of an excessive dose of sodium pentobarbital (200 mg/kg).

A total of 30 male C57BL/6 mice were divided into
five groups (n=6 per group): Control, DSS, DSS + 5-ASA
(200 mg/kg), DSS + ORI-L (6 mg/kg) and DSS + ORI-H
(12 mg/kg). Mice in the ORI treatment groups received daily
oral gavage of ORI dissolved in 5% CMC-Na for 14 days. The
positive control group (DSS + 5-ASA) received 200 mg/kg
5-ASA in 5% CMC-Na via daily oral gavage. The control and
DSS groups received 5% CMC-Na daily. Starting from day 8,
all groups except the control were given 3% DSS in drinking
water for 7 days to induce acute UC. Body weight, mental
status, fecal characteristics and bleeding were recorded daily.
The experiment was repeated at least three times. Following
the final observations, blood samples were collected via the
orbital venous plexus (0.5-1.0 ml of blood from each mouse)
under general anesthesia (intraperitoneal injection of sodium
pentobarbital at a dose of 50 mg/kg). Mice were euthanized by
cervical dislocation immediately after blood collection. Colon
tissues were rapidly excised, measured and sampled for further
analysis. The Disease Activity Index (DAI) was calculated
based on weight loss, stool consistency and bleeding, using the
formula: DAI=(weight loss index + stool consistency score +
bleeding score)/3.

Hematoxylin and eosin (H&E) staining. Fresh colon tissues
were fixed in 4% paraformaldehyde at 4°C for >24 h. After
routine processing, paraffin-embedded sections were cut at
2-4 ym thickness and stained with H&E (hematoxylin for
8 min and eosin for 1 min at room temperature) for histo-
logical evaluation, including damage and ulceration of the
colon epithelium, vascular congestion and erosion as well as
necrosis of intestinal mucosal epithelial cells under an optical
microscope (Olympus Corporation).

Western blotting. The colon tissue samples (~0.1 g per sample)
were collected from three randomly selected mice in each
experimental group and homogenized in radioimmunopre-
cipitation assay (RIPA) lysis buffer for protein extraction.
For cultured cells, following treatment, adherent cells were
detached using pre-chilled phosphate-buffered saline and
collected via centrifugation at 600 x g for 5 min at 4°C. After
supernatant removal, the cell pellet was resuspended in RIPA
buffer for lysis. The protein concentration was accurately
quantified via the BCA assay (Beijing Solarbio Science &
Technology Co., Ltd.) and denatured samples were prepared
for electrophoresis. Each electrophoresis lane was loaded
with 20 pg of total protein. The proteins were separated by
6-15% SDS-PAGE and transferred onto PVDF membranes
(MilliporeSigma). The membranes were blocked with 5%
non-fat milk (20 ml) for 1 h at room temperature, followed
by overnight incubation with primary antibodies at 4°C.
Subsequently, the membranes were washed three times with
PBST (PBS containing 0.1% Tween-20) and incubated with
appropriate HRP-conjugated secondary antibodies for 1 h
at room temperature. Finally, protein bands were visualized
using the cECL Western Blot Kit (CWBio; Jiangsu Kangwei
Century Biotechnology Co., Ltd.). Blots were visualized using
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a chemiluminescence imaging system (Chemi Dog Ultra;
Shanghai Tanon Science & Technology Co., Ltd.). Band inten-
sities were analyzed with ImageJ software (National Institutes
of Health). Detailed antibody specifications and supplier infor-
mation are outlined in Table SI.

RT-quantitative PCR (RT-qPCR). RNA was extracted using
TriQuick Reagent. Genomic DNA was removed in a reaction
containing 2 ul RNA (1 pg), 2 ul 5X gDNA Eraser Buffer,
1 ul gDNA Eraser and 5 ul RNase-free dH,0. The cDNA
was synthesized using the PrimeScript”™ RT reagent Kit with
gDNA Eraser (Takara Bio, Inc.) following the manufacturer's
instructions, with the specific temperature protocol as below:
RNA denaturation at 65°C for 5 min, followed by immediate
placement on ice for 2 min to prevent RNA renaturation; RT
at 37°C for 15 min; enzyme inactivation at 85°C for 5 sec to
terminate the reaction. The synthesized cDNA was stored at
-20°C for subsequent qPCR experiments.

gPCR was conducted on a StepOnePlus™ Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.)
using the SYBR® Premix Ex Taq™ II Kit (Takara Bio, Inc.). The
thermocycler conditions were set as follows: Pre-denaturation
at 95°C for 30 sec; amplification cycle (40 cycles) at 95°C for
5 sec and 60°C for 30 sec; melting curve analysis at 95°C for
15 sec, 60°C for 1 min and then heating to 95°C at a rate of
0.3°C per sec. Glyceraldehyde-3-phosphate dehydrogenase
was selected as the internal reference gene in this study. The
relative expression level of the target gene was quantified
using the 244% method (21). Primer sequences are provided
in Table SII.

Enzyme-linked immunosorbent assay (ELISA). Blood was
collected from the mouse orbital venous plexus and centri-
fuged at 900 x g at room temperature for 10 min to isolate
the supernatant serum. The captured antibodies against mouse
IL-6, TNF-q., IL-10 and IL-1§ (Table SI) were pre-coated onto
microwells. The OD of each well was measured at 450 nm and
the cytokine concentrations were determined based on the
standard curve.

Immunohistochemistry (IHC). IHC was performed to deter-
mine the expression levels of IL-6, TNF-a, IL-10 and IL-1p
in colon tissues from the DSS, 5-ASA and ORI treatment
groups. Tissues were fixed in 4% paraformaldehyde at 4°C for
24 h, embedded in paraffin and sectioned at 4-6 ym. Antigen
retrieval was performed using 3% citrate buffer at 98°C for
20 min. Endogenous peroxidase activity was quenched with
3% H,0, for 10 min at room temperature. Non-specific
binding was blocked with 5% non-fat milk for 60 min at room
temperature. Permeabilization was performed with 0.1%
Triton X-100 for 15 min. Sections were incubated overnight
at 4°C with the primary antibodies listed in Table SI. This
was followed by incubation with HRP-conjugated secondary
antibody (Table SI) for 1 h at room temperature. Detection was
performed using DAB chromogen (2-step plus Poly-HRP Anti
Rabbit/Mouse IgG Detection System; Elabscience Bionovation
Inc.) and slides were counterstained with hematoxylin. The
sections were observed and imaged under a light microscope
(Olympus Corporation). The mean OD was analyzed using
ImagelJ software. A higher mean density value indicated

stronger protein expression, while a lower value suggested
weaker expression.

Immunofluorescence assay. Immunofluorescence staining was
conducted using the beclin antibody to evaluate autophagy
activation in colon tissues across different experimental
groups. Additionally, the mTOR antibody was used to assess
the status of the PI3K/AKT/mTOR pathway. Fresh tissue
specimens were immersed in 4% paraformaldehyde solution
for 24 h at 4°C and cut into 4-6 ym sections. Tissue antigen
retrieval was conducted in 3% citrate buffer under continuous
heating at 95-98°C for 20 min. After thermal repair, slices
were gradually rehydrated through a series of gradient ethanol
solutions (100, 95, 80 and 70%, 2 min each) and washed three
times with PBS, each lasting 5 min. To facilitate the labeling of
intracellular targets, tissue slices were treated with 0.1% Triton
X-100 for 15 min under ambient conditions. Background
interference was minimized by sealed incubation with 5%
non-fat milk containing 0.1% Tween-20 for 1 h at room
temperature. Afterwards, tissue slices were cultured with the
following primary antibodies at 4°C overnight: Anti-F4/80
(cat. no. GB11027; 1:500; Wuhan Servicebio Technology
Co., Ltd.), beclin (cat. no. A22361; 1:100; ABclonal Biotech
Co., Ltd.) and phospho-mTOR (Ser2448) (cat. no. AF3308;
1:100; Affinity Biosciences). After primary antibody incuba-
tion, fluorescent secondary antibodies (cat. no. S0018; 1:100;
Affinity Biosciences) were added for a 60-min light-shielded
incubation at room temperature. Cell nuclei were dyed with
1 pug/ml DAPI working solution at room temperature for
5 min, then all slices were sealed with anti-fading mounting
medium. High-resolution tissue imaging was observed with
a fluorescence microscope (Olympus Corporation). ImageJ
software was employed for quantitative analysis of the immu-
nofluorescence results.

Statistical analysis. All experiments were indepen-
dently repeated at least three times. Data are presented as
mean =+ standard deviation. Statistical analyses were performed
using GraphPad Prism version 10.1.2 (Dotmatics). Differences
between two groups were analyzed using the unpaired Student's
t-test, while comparisons among three or more groups were
evaluated by one-way analysis of variance followed by Tukey's
HSD post hoc test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Anti-inflammatory effects of ORI in vitro. To evaluate the
anti-inflammatory effects of ORI in vitro, the cytotoxic effects
of ORI were first assessed using the CCK-8 assay (22). When
the ORI concentration reached 64 M, cell viability decreased
to below 50% (Fig. 1A). The LPS-stimulated RAW264.7 cells
were treated with different doses of ORI. RT-qPCR results
indicated that 10 uM ORI significantly inhibited IL-6 and
moderately promoted IL-10 expression (Fig. 1B).

To further investigate the effect of ORI in RAW264.7
cells, key inflammatory cytokines were detected using ELISA,
western blot and RT-qPCR (23). Treatment with ORI-H alone
did not affect cytokine expression, showing no statistical
difference compared with the control group. LPS stimulation
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Figure 1. ORI cytotoxicity and its effects on inflammatory factors were evaluated. (A) Cell Counting Kit-8 was used to detect the toxic effects of ORI. (B) The
effects of different concentrations of ORI solution on the expression levels of IL-6 and IL-10. (C) Enzyme-linked immunosorbent assay for the secretion
of IL-6, TNF-a, IL-1f3 and IL-10 in the supernatants of cells treated with LPS. (D) RT-qPCR was employed to determine the mRNA contents in cells.
(E) Western blot detected the protein level in cells. (F) RT-qPCR was employed to determine the mRNA contents in cells. Comparison with the control group:
"P<0.01, ""P<0.001; comparison with the LPS group: “P<0.01, “"P<0.001. ORI, oridonin; CG, control group; LPS, lipopolysaccharide; RT-qPCR, reverse
transcription-quantitative polymerase chain reaction; IL, interleukin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TNF, tumor necrosis factor.

markedly increased the levels of pro-inflammatory cytokines  group than the LPS + ORI-L group (Fig. 1C). Both RT-qPCR
and suppressed the anti-inflammatory cytokine IL-10. ORI  (Fig. 1D) and western blot (Fig. 1E) analyses further confirmed
treatment notably reversed these LPS-induced alterations, with ~ that ORI suppressed the pro-inflammatory cytokine expres-
the LPS + ORI-H group exhibiting results closer to the control  sion and enhanced the release of anti-inflammatory cytokines.
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These observations support an association between ORI expo-
sure and attenuated inflammatory responses in RAW264.7
cells in vitro. To determine whether the anti-inflammatory
effect of ORI is cell-specific, THP-1 cells were treated with
ORI and subjected to RT-qPCR analysis of inflammatory cyto-
kines. The trend was similar to that observed in RAW264.7
cells (Fig. 1F). Hence, ORI at various concentrations exhibited
anti-inflammatory activity in vitro and this effect was not
cell-specific.

Attenuation of UC symptoms by ORI in vivo. UC-related
symptoms and the effects of ORI were evaluated by comparing
changes in body weight, DAI scores and colon length.
Pretreatment with ORI resulted in body weight trends similar
to those of the control group. Starting from day 8, compared
with the control group, mice treated with DSS exhibited
varying degrees of weight loss. However, administration of
5-ASA,DSS + ORI-L or DSS + ORI-H significantly alleviated
DSS-induced weight loss (Fig. 2A). The DSS group showed
rapid weight loss and a sharp increase in DAI scores, whereas
the 5-ASA, ORI-L and ORI-H groups displayed lower and
more gradually increasing DAI scores (Fig. 2A). The DSS
group showed obvious bleeding points with colon shortening
by 43% compared with the control group. By contrast, treat-
ment with 5-ASA or different doses of ORI effectively reversed
DSS-induced colon shortening, yielding results closer to those
of the control group (Fig. 2B). These findings demonstrated
that ORI administration notably alleviated UC symptoms
induced by DSS.

To further investigate whether ORI attenuates DSS-induced
colon damage, H&E staining and histopathological evaluation
were conducted. The assessment covered characteristic patho-
logical changes, including mucosal damage, necrosis, crypt
architecture loss, edema and infiltration of neutrophils and
monocytes in submucosal regions (24). H&E results showed
that ORI treatment effectively ameliorated pathological colon
damage. Compared with the control group, the DSS group
exhibited hyperemia, edema, loss of crypts and depletion of
intestinal epithelial and goblet cells. By contrast, the DSS
+ 5-ASA, DSS + ORI-L and DSS + ORI-H groups showed
notable improvement in colon histopathology (Fig. 2C). The
distribution of F4/80*" macrophages was assessed using immu-
nofluorescence (25). Pronounced macrophage aggregation
was observed in the DSS group, which was markedly reduced
in the DSS + 5-ASA and DSS + ORI groups, indicating
that ORI mitigated DSS-induced macrophage infiltration
(Fig. 2D). This observation indicated that ORI mitigated
DSS-induced colonic macrophage infiltration but did not
confirm phenotypic polarization of macrophages toward an
anti-inflammatory profile.

Based on these findings, we hypothesized that the improve-
ment in the colon histological improvements by ORI might be
mediated through the regulation of tight junction proteins.
Western blot analysis was used to detect the expression levels
of ZO-1, occludin and claudin-1. Protein expression was signif-
icantly reduced in the DSS group compared with the control
group. By contrast, the DSS + 5-ASA, DSS + ORI-L and DSS
+ ORI-H groups showed markedly increased expression of
Z0-1, occludin and claudin-1 compared with the DSS group
(Fig. 2E). These data indicated that ORI may be associated

with the upregulated expression of tight junction proteins at
the molecular level.

Protective effect of ORI against DSS-induced colitis in mice.
To localize the inflammatory cytokine expression levels in
mouse intestinal cells, IHC was used to perform chromogen
labeling of cytokines (including IL-6, TNF-a, IL-1f and
IL-10) in the colon (26) and their distribution in intestinal
epithelial cells was observed under a microscope. Compared
with the control group, pro-inflammatory cytokines were
more concentrated in the DSS group, while the intracellular
content of the anti-inflammatory cytokine IL-10 was notably
low. However, DSS + 5-ASA, DSS + ORI-L and DSS + ORI-H
treatment significantly reversed the intracellular distribution
of inflammatory cytokines (Fig. 3A).

Meanwhile, an ELISA was conducted on mouse serum. The
experimental results demonstrated that the secretion levels of
inflammatory cytokines in the DSS group were significantly
higher than those in the control group, while the secretion level
of IL-10 was significantly lower. Administration of 5-ASA or
ORI significantly reduced the expression levels of pro-inflam-
matory cytokines and increased the secretion level of IL-10
(Fig. 3B). To further verify the effect of ORI, western blot
analysis was performed to detect the protein expression levels
of inflammation-related cytokines in the colonic tissues (27).
Compared with the control group, the expression level of
IL-10 in the DSS-treated group was significantly decreased,
while the expression levels of IL-6, TNF-a and IL-1p were
significantly increased. After treatment with 5-ASA or ORI,
the expressions of IL-6, TNF-a and IL-1p were significantly
inhibited, while the expression of IL-10 was restored to a
certain extent (Fig. 3C). These results confirmed that ORI
reduced intestinal inflammatory responses in DSS-induced
colitis but did not define the specific macrophage phenotypes
responsible for these cytokine changes.

Identifying targets and pathways of ORI in UC through
network pharmacology. Based on the prior experiments,
network pharmacology was employed to elucidate the targets
of action. First, the structure of ORI was determined using
the PubChem database (Fig. 4A) (28). Potential target proteins
of ORI were retrieved from the TCMSP and BATMAN-TCM
databases (29). Topological comparison with UC-related
protein targets collected from the GeneCards database
identified 54 core overlapping targets (Jaccard similarity
coefficient=0.143; Fig. 4B). A PPI network was constructed
using the STRING database and visualized with Cytoscape
software (30). Among the identified 54 overlapping proteins,
IL-6, TNF-a, IL-1p, SRC, NF-xB and BCL2 were closely
associated with UC treatment, and PI3K, AKT and mTOR
proteins showed strong relevance (Fig. 4B).

To further analyze the interactions and biological functions
among these 54 overlapping proteins, the DAVID database
was utilized for GO analysis of the potential target genes. The
genes were analyzed from three aspects (cellular component,
molecular function and biological process) with the top 10
significantly enriched functions in each category being retained
for further analysis (31) (Fig. 4C). Concurrently, the KEGG
database was used to analyze the highly correlated signaling
pathways among the potential genes involved in ORI treatment
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Figure 2. In vivo assessment of disease activity, colon morphology, inflammation and tight junction protein expression. (A) Weight change of mice and the
Disease Activity Index score. (B) Colonic length image and statistical chart. (C) Hematoxylin and eosin staining of colonic tissues (magnification, x20).
(D) Immunofluorescence for the expression of F4/80* receptor in colonic tissues. (E) Western blot analysis of protein expression of occludin, claudin-1
and ZO-1 in mouse colon tissues. Comparison with the control group: ##P<0.001; comparison with the DSS group: "P<0.05, “P<0.01, ““P<0.001. CON,
control; DSS, dextran sulfate sodium; SASA, 5-aminosalicylic acid; ORI-L, oridonin low-dose; ORI-H, oridonin high-dose; ZO-1, zonula occludens-1;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

of UC. The top 20 enriched signaling pathways retained from  findings regarding overlapping proteins (Fig. 4C). Therefore, the
the enrichment results included the PI3K/AKT/mTOR  PI3K/AKT/mTOR signaling pathway may represent a plausible
signaling pathway, which was consistent with the PPI network  pathway through which ORI exerts its therapeutic effects on UC.
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ORI is associated with suppressed activation of the
PI3K/AKT/mTOR signaling pathway. The PI3K/AKT/mTOR
signaling pathway is closely associated with critical biological
processes such as inflammation and apoptosis, and its aber-
rant activation is a hallmark feature in patients with UC,
indicating its significant role in UC pathogenesis (32). To
investigate whether ORI is associated with changes in the
PI3BK/AKT/mTOR pathway during its anti-inflammatory action
in vitro,the mRNA expression levels of PI3K, AKT and mTOR
across different cell groups were measured using RT-qPCR
and protein expression and phosphorylation was assessed via
western blotting. Compared with the control group, the LPS
group exhibited significantly increased mRNA expression of
PI3K, AKT and mTOR, along with hyperactivation of phos-
phorylation. Treatment with varying concentrations of ORI
significantly suppressed both the mRNA expression (Fig. 5A)
and phosphorylation levels (Fig. 5B). No significant difference
was observed between cells treated with ORI alone and the
control group, demonstrating that ORI may be associated
with suppressed activation of the PI3K/AKT/mTOR signaling
pathway during its suppression of inflammation in vitro.
Tofurthervalidate the effectof ORIonthe PI3K/AKT/mTOR
pathway in vivo, the phosphorylation of related proteins was
examined. Compared with the control group, the DSS group
showed aberrant activation of PI3K, AKT and mTOR phos-
phorylation. However, the DSS + 5-ASA, DSS + ORI-L and
DSS + ORI-H groups showed reduced phosphorylation levels

of the PI3K/AKT/mTOR pathway, with the DSS + ORI-H
group exhibiting the lowest phosphorylation (Fig. 5C). In
addition, the distribution and expression of p-mTOR protein
in mouse colon tissues were observed, with p-mTOR being
particularly aggregated at lesion sites. The DSS + 5-ASA group
showed partially reduced mTOR expression, whereas the DSS
+ ORI-L and DSS + ORI-H groups showed more pronounced
inhibition of mTOR expression (Fig. 5D). Collectively, ORI
exposure was associated with reduced PI3K/AKT/mTOR
pathway activation both in vitro and in the DSS colitis model.

Autophagy activation is associated with the anti-inflammatory
patterns observed following ORI treatment. Dysregulation
of autophagy has been suggested as one of the key factors
contributing to the pathogenesis of UC (33). It was therefore
further investigated whether ORI is associated with enhanced
autophagy. The expression levels of ATG genes and proteins
were assessed using western blotting and RT-qPCR. RT-qPCR
analysis revealed that pretreatment with ORI increased the
mRNA expression levels of ATG7, ATGS and LC3II/I, while
decreasing the mRNA level of p62. Notably, 20 M ORI treat-
ment resulted in a more pronounced activation of autophagy
compared with the 5 yM treatment group (Fig. 6A). Western
blot results demonstrated that LPS stimulation significantly
reduced the expression of ATG proteins and increased p62
levels in RAW264.7 cells, suggesting that inflammatory
stimulation suppressed autophagy. Treatment with ORI was
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associated with restored autophagy activity in a dose-dependent
manner, as evidenced by increased expression of ATG proteins
and decreased p62 levels, indicating enhanced autophagosome
formation (Fig. 6B). These findings suggested that ORI was
associated with upregulated expression of ATG genes and thus
enhanced autophagy in LPS-stimulated RAW264.7 cells.

To further evaluate the role of autophagy in the effects
of ORI against UC, the expression of ATG proteins in colon
tissues were examined using western blot and immuno-
fluorescence staining for Beclin. DSS-induced UC led to a
significant increase in p62 expression and downregulation
of ATG proteins, indicating inhibition of autophagy in colon
tissues. By contrast, the DSS + 5-ASA, DSS + ORI-L and DSS
+ ORI-H groups exhibited markedly increased expression of
ATG proteins and reduced p62 levels, suggesting that drug
treatments promoted autophagosome formation in the colon
(Fig. 6C). Immunofluorescence staining further confirmed
that ORI treatment significantly enhanced the fluorescence
intensity of beclin compared with the DSS group, consistent
with the western blot results (Fig. 6D). These data indicated
that ORI was associated with upregulated ATG protein
expression, enhanced autophagy and alleviated colon injury in
DSS-induced colitis.

Furthermore, it was investigated whether the autophagy
inhibitor 3-MA could attenuate the promotive effect of ORI
on autophagy in LPS-stimulated RAW264.7 macrophages.
RT-gPCR results showed that the LPS + 3-MA group signifi-
cantly suppressed mRNA expression of ATG7, ATGS5 and
LC3II/I, while upregulating p62 mRNA levels (Fig. 6E). The
regulatory effects of ORI on ATG7, ATGS5, LC3II/I and p62
mRNA expression were markedly attenuated in the LPS +
3-MA + ORI group. Similarly, western blot analysis indicated
that 3-MA treatment further inhibited the expression of ATG
proteins and increased p62 levels compared with the LPS
group. The promotive effect of ORI on ATG protein expression
was significantly suppressed in the LPS + 3-MA + ORI group
and the inhibitory effect on p62 was also weakened (Fig. 6F).
These results confirmed ORI may participate in autophagy
flux but cannot prove upstream causality. Notably, authentic
autophagic flux was not measured via lysosomal inhibition; all
autophagy-related alterations reflect indirect marker changes
only.

Discussion

UC is an idiopathic, recurrent IBD characterized by abdominal
pain, fatigue and hematochezia (34). A prominent pathological
feature of UC is extensive inflammatory cell infiltration into the
colorectal mucosa (35), with macrophages emerging as central
players in orchestrating recruitment and infiltration (36).
Macrophages represent one of the most prevalent leukocyte
populations in the colon, and the intestine hosts the highest
density of macrophages, accounting for 30-40% of intestinal
leukocytes. Their phenotypic polarization can profoundly
shape both innate and adaptive immune responses at the
mucosal interface; when microbes breach intestinal epithelia,
macrophages help preserve mucosal homeostasis via phago-
cytosis and cytokine secretion. Previous work has confirmed
that, during inflammation, these cells release pro-inflamma-
tory mediators such as IL-6, TNF-a and IL-1f, alongside the

anti-inflammatory cytokine IL-10 (37). The present study
assessed the anti-inflammatory potential of ORI in vitro using
RAW264.7 and differentiated THP-1 cells, inducing inflam-
mation with LPS. Notably, ORI treatment markedly lowered
IL-6, TNF-a and IL-1f levels while elevating IL-10, thus
providing clear evidence of its anti-inflammatory activity in
cellular models. The present study focused on the critical role
of macrophages in UC and confirmed that ORI can reduce the
infiltration of F4/80* macrophages in colonic tissues. However,
this finding alone does not confirm an anti-inflammatory
macrophage phenotype, as F4/80 is a pan-macrophage marker
that does not distinguish between pro-inflammatory and
anti-inflammatory subsets. Previous studies have reported the
potential mechanism by which ORI regulates macrophage
polarization (16,38,39), and ORI-induced autophagy activation
may promote the polarization of macrophages toward the M2
phenotype, thereby synergizing its anti-inflammatory effects.
The present study lacks an analysis of macrophage phenotypic
polarization, which prevents a comprehensive elaboration of
the potential multi-level immunomodulatory effects of ORI
in UC. Future studies are planned to further elucidate its
therapeutic mechanisms.

Beyond the aforementioned macrophage-associated and
autophagy-related changes, the therapeutic effect of ORI on
UC may involve the regulation of multiple key intestinal cell
types, which collectively regulate the expression of intestinal
tight junction proteins and support immune homeostasis.
In the context of IBD, persistent inflammatory stimuli can
trigger epithelial-mesenchymal transition (EMT) in intestinal
epithelial cells, ultimately driving barrier dysfunction and
progressive intestinal fibrosis (40). Evidence indicates that
ORI can attenuate TNF-a-induced EMT via suppressing the
NF-«xB pathway, thereby preserving epithelial integrity and
limiting excessive fibrogenesis (41). Moreover, ORI has been
reported to reduce the upregulation of endoplasmic reticulum
stress-related proteins triggered by LPS, which helps sustain
the survival and physiological function of intestinal epithelial
cells (42). In adaptive immunity, ORI may restore the disturbed
Th17/Treg balance frequently observed in UC. By inhibiting the
NLRP3/IL-1f signaling axis, ORI potentially restrains exces-
sive Th17 cell differentiation while supporting the functional
recovery of regulatory T cells (38). In addition, ORI suppresses
core signaling cascades including PI3K/AKT and NF-«xB, both
of which are critical for T-cell activation, proliferation and
survival (38,43). Accumulated evidence indicates that ORI
exerts inhibitory effects on Th17 cell activation and differen-
tiation mainly via suppressing the NF-kB signaling pathway.
A study has have demonstrated that ORI restrains Th1/Th17
polarization and reduces the secretion of typical Thl7-related
pro-inflammatory cytokines, such as IL-17 and IL-6 (44). ORI
has also been reported to downregulate microglial pro-inflam-
matory mediators including IL-1f and IL-6, thereby remodeling
the inflammatory microenvironment and indirectly affecting
Th17 differentiation (44.,45). In terms of immune recruitment
potential, ORI can covalently target the NLRP3 inflamma-
some and block its assembly and activation, further limiting
the release of downstream pro-inflammatory cytokines that
drive the infiltration and recruitment of neutrophils and macro-
phages. Moreover, dual suppression of the NF-xB/NLRP3 axes
may reduce the expression of chemokines, thereby restraining
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the migration of Thl7 cells and other immune cells toward
inflamed lesions (38,46). Although the present study lacks direct
experimental data on Th17 polarization, cytokine profiling
and dynamic immune cell recruitment, these mechanisms
deserve in-depth verification in further UC-focused investiga-
tions. Thus, these findings suggest that ORI participates in a
multi-target regulatory network, acting directly on intestinal
epithelial cells while indirectly modulating T lymphocytes and
neutrophils. Such combined effects are conducive to reshaping
adaptive immune equilibrium and upregulating tight junction
protein levels in intestinal tissue. Nevertheless, most supportive
evidence originates from alternative disease models or in vitro
experimental systems; direct mechanistic validation focusing
on specific cellular subsets within dedicated UC animal models
or clinical samples remains limited and requires further clarifi-
cation in future investigations.

At present, UC lacks targeted therapeutics in the clinic
and conventional treatments achieve limited remission rates,
often come with substantial costs (47). Furthermore, the high
relapse rate in UC not only compromises the quality of life but
also elevates colorectal cancer risk, contributing to increased
mortality (48). Hence, there is a pressing demand for new
pharmacologic strategies that improve immunomodulatory
outcomes. In recent years, natural products sourced from herbs
have shown distinctive benefits in managing chronic conditions.
ORI, the primary active constituent of Rabdosia rubescens,
displays a spectrum of pharmacological properties, including
antitumor, anti-inflammatory and antibacterial effects; it has
demonstrated regulatory potential in osteoarthritis and auto-
immune conditions (49). Another advantage lies in its wide
availability, ease of cultivation and cost-effective extraction (50).
For example, ORI curbs gastric cancer cell proliferation in vitro
and in vivo by downregulating vascular endothelial growth
factor, integrin B3 and proliferating cell nuclear antigen (51).
Meanwhile, ORI mitigates autoimmune-related cognitive
impairment via PTEN/AKT pathway inhibition (52). Since
UC is considered an autoimmune disorder, the present study
utilized DSS to induce experimental colitis in mice (53) as this
DSS-based model recapitulates key features of human UC (54).
Although the ORI doses (6 and 12 mg/kg) used in the present
study were determined based on preliminary experiments, no
direct pharmacokinetic evidence is available to confirm that
these doses achieve effective concentrations specifically in
colon tissues. Existing pharmacokinetic studies have focused
primarily on plasma concentrations and the reported data do
not align precisely with our dosing regimen (55-58). Therefore,
whether the observed therapeutic effects are mediated by local
colonic accumulation of ORI or systemic actions remains to be
clarified. Future studies should incorporate targeted measure-
ments of ORI levels in colonic tissue to establish a more
definitive dose-effect relationship.

To dissect the molecular mechanisms of ORI in UC,
the present study adopted a network pharmacology frame-
work (59), integrating multiple databases to identify potential
overlapping targets of ORI in UC treatment. The GO/KEGG
enrichment analyses further suggested a strong link between
its therapeutic actions and the PI3K/AKT/mTOR signaling
axis. This pathway participates broadly in cellular metabolism,
growth and survival and exerts a major influence on inflam-
matory processes. PI3K/AKT/mTOR signaling is hyperactive
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in patients with UC, driving elevated cytokine secretion and
symptom aggravation (60). To explore the mechanisms of ORI,
RT-gPCR, western blotting and immunofluorescence analyses
of RAW?264.7 cells and mouse colon tissues were performed in
the present study. The datarevealed that ORI was associated with
suppressed mRNA expression of PI3K/AKT/mTOR-related
genes and curtailed phosphorylation-mediated activation.
Taken together, these results support that ORI may be associ-
ated with alleviated inflammatory responses and UC pathology
by restraining PI3K/AKT/mTOR activation.

Autophagy is a cellular catabolic process that degrades
damaged organelles and serves as a reported downstream asso-
ciation of the PI3K/AKT/mTOR signaling pathway, wherein
mTOR acts as a classic negative regulator of autophagy (61).
Previous studies have shown that natural products can alle-
viate inflammatory responses by modulating autophagy. For
instance, procyanidin A1 activated the AMPK/mTOR/p70S6K
signaling pathway, increased the expression of beclin-1 and
the LC3II/I ratio, reduced p62 levels and ameliorated colitis
symptoms in colon tissues (62). In the present study, to further
validate the relationship between ORI-mediated anti-inflam-
mation and autophagy, RAW264.7 cells were treated with
the autophagy inhibitor 3-MA to establish an autophagy
suppression model. Notably, 3-MA treatment attenuated
the anti-inflammatory effects of ORI, providing verification
that autophagy activation is a core mechanism of its action.
Notably, rescue experiments using PI3K/AKT/mTOR activa-
tors were not performed in the present study. Therefore, a
strict causal relationship linking PI3K/AKT/mTOR inhibition
directly to ORI-mediated pro-autophagic and anti-inflam-
matory effects cannot be concluded. The present study
evaluated autophagy-associated alterations by only detecting
the expression of ATG family proteins, the LC3-II/LC3-I ratio
and p62 levels. Since autophagic flux assays using lysosomal
inhibitors were not performed, the increased abundance of
LC3-II and ATG markers cannot exclude a potential blockage
during autophagosome fusion or the subsequent degradation
process. Therefore, changes in autophagy described in the
present study are concluded based on indirect protein markers
and a productive, complete autophagic flux has not been
directly demonstrated. All pathway-related interpretations are
restricted to associations and definitive mechanistic validation
remains necessary in follow-up investigations.

Although network pharmacology predictions and experi-
mental data from the present study confirmed that ORI targets
this pathway, the present study did not artificially reactivate the
PI3K/AKT/mTOR pathway during or post-ORI treatment to
determine whether its anti-inflammatory and pro-autophagic
effects could be reversed. Furthermore, additional feedback
mechanisms may exist within the complex regulatory network
governing inflammation and autophagy. Rescue experiments
could help clarify whether ORI-induced cellular or tissue
responses are completely abrogated upon forced reactivation
of the PI3K/AKT/mTOR pathway or if alternative compensa-
tory protective pathways are involved, thus enabling a more
in-depth elucidation of the underlying mechanism. As a chronic
non-specific IBD, UC typically requires lifelong medication for
patients. In subsequent studies, it is necessary to further extend
the duration of ORI action to comprehensively observe the
effects of long-term ORI treatment on the mouse body. Previous
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Figure 7. Schematic diagram showing the relationships observed in the present study. ORI, oridonin; DSS, dextran sulfate sodium; LPS, lipopolysaccharide;
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ULKI1, unc-51 like autophagy activating kinase 1.

studies have indicated that chronic ORI administration fails
to induce significant organ toxicity (63-67). Nevertheless, this
evidence cannot supersede a direct safety assessment in the
context of colitis models. Although the present findings offer
a preliminary proof-of-concept for ORI-based UC therapy, the
long-term therapeutic efficacy, optimal dosing schedule and
systemic safety profile necessitate specialized examination in
chronic animal models.

In colon cancer cells, ORI has been shown to induce
autophagy-dependent apoptosis via the ROS/AMPK/
mTOR/ULKI1 signaling axis (68). This suggests that the
capacity of ORI to modulate the autophagy pathway may play a
pivotal role in its anti-UC effects. Rapamycin, a classic mTOR
inhibitor, promotes intestinal barrier repair in UC models by
inhibiting mTOR signaling and subsequently modulating the
PBLD/AMOT pathway, thereby exerting immunomodula-
tory and tissue-protective effects through the suppression of
autophagy (69). By contrast, resveratrol is a pleiotropic natural
polyphenol that exerts anti-inflammatory, antioxidant and gut
microbiota-modulating effects by activating multiple pathways,
including AMPK and SIRT1 (70). Although it boasts a broad
spectrum of action and a high safety profile, its specificity and
potency are relatively limited due to its multi-target nature.
Compared with rapamycin and resveratrol, ORI demonstrates

unique potential in UC treatment through multi-target and
multi-pathway synergistic effects. The most notable advan-
tage of ORI lies in its ability to act as a specific covalent
inhibitor of the NLRP3 inflammasome, potently blocking key
inflammatory pathways at the source (38). Simultaneously, it
alleviates tissue damage via the SIRT1/NF-xB/p53 pathway
and promotes mucosal repair by modulating autophagy and
apoptosis. These characteristics position ORI as a promising
novel therapeutic candidate for UC that combines potent
anti-inflammatory effects with mucosal repair capabilities.
However, further in-depth research is required to fully eluci-
date its regulatory role in autophagy within the context of UC
and to evaluate its clinical translation value.

In summary, ORI can reduce colonic injury and inflamma-
tion and suppress PI3K/AKT/mTOR activity in DSS-induced
UC, alongside altering autophagy-related markers and upregu-
lating tight junction protein expression (Fig. 7). Although
ORI decreased inflammatory cytokines and macrophage
infiltration, confirmation of anti-inflammatory macrophage
polarization remains absent. Notably, changes in ATG proteins,
LC3-II/LC3-I ratio and p62 only reflect indirect autophagy
alterations; complete autophagic flux was not verified via lyso-
somal inhibition, so enhanced productive autophagy cannot be
confirmed, and a potential fusion/degradation block cannot be
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excluded. Moreover, no PI3K/AKT/mTOR rescue assays were
performed, leaving the causal link between pathway suppres-
sion and ORI-mediated effects unproven. Overall, ORI shows
promising therapeutic potential for UC, while key mechanistic
limitations require further validation in future studies.
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