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Purpose: Inflammatory bowel diseases (IBDs) are global health problems that are associated with 
immune regulation, but clinical IBDs treatment is currently inadequate. Effective preventive or 
therapeutic methods for immune disorders rely on controlling the function of immune cells. 
Isosteviol sodium (STV-Na) has antioxidant activity, but the therapeutic effect of STV-Na against 
IBD remain undocumented. Herein, we investigated the therapeutic effect of STV-Na in mice 
models with IBDs.
Methods: Mice received 3.5% DSS for 7 days to establish IBD models. Intraperitoneal STV-Na 
was given 2 days before DSS and lasted for 9 days. Commercially available drugs used in treating 
IBDs (5-aminosalicylic acid, dexamethasone, and infliximab) were used as positive controls. 
Samples were collected 7 days after colitis induction. Histopathological score, biochemical para-
meters, molecular biology methods, and metabolomics were used for evaluating the therapeutic 
effect of STV-Na.
Results: Our data revealed that STV-Na could significantly alleviate colon inflammation in mice 
with colitis. Specifically, STV-Na treatment improved body weight loss, increased colon length, 
decreased histology scores, and restored the hematological parameters of mice with colitis. The 
untargeted metabolomics analysis revealed that metabolic profiles were restored by STV-Na 
treatment. Furthermore, STV-Na therapy suppressed the number of CD68 macrophages and F4/ 
80 cell infiltration. And STV-Na suppressed M1 and M2 macrophage numbers along with the 
mRNA expressions of proinflammatory cytokines. Moreover, STV-Na administration increased the 
number of regulatory T (Treg) cells while decreasing Th1/Th2/Th17 cell counts in the spleen. 
Additionally, STV-Na treatment restored intestinal barrier disruption in DSS-triggered colitis 
tissues by ameliorating the TJ proteins, increasing goblet cell proportions, and mucin protein 
production, and decreasing the permeability to FITC-dextran, which was accompanied by 
decreased plasma LPS and DAO contents.
Conclusion: These results indicate that STV-Na can ameliorate colitis by modulating 
immune responses along with metabolic reprogramming, and could therefore be 
a promising therapeutic strategy for IBDs.
Keywords: inflammatory bowel disease, isosteviol sodium, macrophage polarization, Th 
cells, barrier function, metabolomics

Introduction
The hallmarks of inflammatory bowel diseases (IBDs), which comprise Crohn’s 
disease (CD) and ulcerative colitis (UC), are chronic, persistent, and recurrent 
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intestinal ulcers. IBDs have been classified as modern 
refractory diseases by the WHO.1 The one of common 
clinical manifestation of IBDs is refractory colonic bleed-
ing from ulcerations resulting from the erosion of blood 
vessel, which invariably leads to iron deficiency anemia.2 

Millions of patients around the world suffer tremendously 
from IBD, leading to insurmountable socioeconomic 
losses.3 To date, the pathogenesis of IBDs has been incom-
pletely elucidated, in part due to the complex nature of 
these diseases. IBDs are thought to involve genetic sus-
ceptibility, external environmental stimulation, host 
immune dysfunction, metabolic disorder, and intestinal 
mucosal barrier damage.4,5 The microbiome invading 
intestinal tissues during injury trigger a strong immune 
response leading to excessive inflammatory cytokines 
release, which propagates the disease.6 IBDs have been 
thought to be primarily mediated by macrophages.7 

Macrophages are able to be induced into two primary 
polarities, namely the classically activated macrophages 
(M1 phenotype) and alternatively activated macrophages 
(M2 phenotype). Upon injury, inflammation induces the 
formation of M1 macrophages. Once the injury stabilizes, 
inflammation is halted by M2 macrophages.8 Activation of 
the immune response in turn impairs the intestinal 

epithelial barrier function by reducing the number of 
tight junction (TJ) proteins, further promoting 
inflammation.9 Therefore, IBD treatment revolves around 
inflammation suppression and control as well as mucosal 
barrier repair.

In addition to macrophages, the adaptive immune sys-
tem heavily features T helper (Th) cells. Naïve T cells are 
able to differentiate into a myriad of effector T cells such 
as Treg cells, Th1, Th2, and Th17 cells, releasing 
a plethora of cytokines specific to each T cell subtype. 
Chronic inflammation in IBDs is marked by a pro- 
inflammatory cellular milieu in addition to dysfunctional 
T cell responses. The development and progression of 
IBDs hinges on the delicate balance between anti- and pro- 
inflammatory cytokines. Imbalances in the Th1/Th2/Th17/ 
Treg cell numbers are considered to be an essential cause 
of IBDs.10,11 Additionally, a series of proinflammatory 
factors, such as interleukin (IL)-1β, interferon-γ (IFN-γ), 
and tumor necrosis factor-α (TNF-α), are released in IBDs 
and contribute to disease progression.12 Therefore, anti- 
inflammatory drugs (5-aminosalicylic acid (5-ASA) and 
corticosteroids (dexamethasone, Dex)), anti-TNF-α mono-
clonal antibodies (infliximab (IFX)), and immunosuppres-
sive agents (vedolizumab) are frequently used for the 
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treatment of IBDs.13,14 However, these drugs are expen-
sive and result in severe and debilitating side effects, such 
as systemic immunosuppression, kidney toxicity, diabetes, 
weight gain, and hypertension.13,15 Therefore, novel ther-
apeutic agents with fewer undesirable adverse reactions 
are necessary. Recently, several natural plants, including 
indigo,16 berberine,17 and rutaecarpine,18 have demon-
strated promising therapeutic effects and safety profiles 
when used to treat IBDs. However, the exact therapeutic 
mechanisms of these natural products remain poorly 
understood. Moreover, the metabolic consequences of cur-
rent therapeutic agents used to treat IBD have not been 
comprehensively analyzed.

Recent evidence indicates that metabolic disorders cri-
tically modulate the pathogenesis of IBDs by activating 
intestinal immune cells. Thus, investigating whether colitis 
can be alleviated by inducing metabolic changes would be 
meaningful.5,19 Furthermore, researchers have successfully 
elucidated the potential targets and mechanisms underly-
ing candidate drugs in specific diseases through metabo-
lomics approaches.20,21 UHPLC-TIMS-TOF-MS/MS 
(ultrahigh-performance liquid chromatography combined 
with trapped ion mobility spectrometry coupled to time 
of flight tandem mass spectrometry), is a means of analyz-
ing metabolic profiles as it exhibits a high resolution and 
sensitivity in measuring plasma levels of metabolites. 
Therefore, our study seeks to determine the metabolic 
changes in colitis undergoing treatment in an effort to 
identify novel pathways that may be targeted by novel 
agents.

Isosteviol sodium (STV-Na, Figure 1A) is a natural 
terpenoid derived from stevioside, a plant belonging to 
the Stevia rebaudiana composite family. Previous stu-
dies have demonstrated the antiapoptotic and antioxidant 
effects of STV-Na.22,23 STV-Na protects against diabetic 
myocarditis,22 exhibits anti-myocardial ischemic activ-
ity, and yields a significant anti-myocardial ischemia 
effect.24 However, the therapeutic value and underlying 
mechanism of action of STV-Na against IBD remain 
unclear. This series of investigations seeks to understand 
the therapeutic effect of STV-Na against IBDs by 
employing a dextran sulfate sodium (DSS)-induced 
IBD mouse model. Our data demonstrate that STV-Na 
can alleviate colitis by regulating inflammatory activity, 
the immune response and metabolic reprogramming. 
This study provides a new treatment option and novel 
therapeutic strategy for IBDs.

Materials and Methods
Chemicals and Reagents
STV-Na was supplied by Key-Pharma Biological Inc. 
(Dongguan, China). The 5-ASA and Dex were procured 
from Shanghai Yuanye Bio-Technology Co., Ltd 
(Shanghai, China); infliximab was obtained from Pfizer 
Pharmaceuticals Ltd (Janssen Biotech, Horsham, PA, 
USA); fluorescein isothiocyanate (FITC)-dextran (average 
molecular weight (mw) 4000) was purchased from Sigma- 
Aldrich (St. Louis, MO, USA); DSS (mw 36,000–50,000), 
the MolPure® Cell/Tissue Total RNA Kit, Hieff 
UNICON® Universal Blue qPCR SYBR Green Master 
Mix and Hifair® III 1st Strand cDNA Synthesis were 
obtained from Yeasen Biotech (Shanghai, China); the 
Th1/Th2/Th9/Th17/Th22/Treg Cytokine 17-Plex Mouse 
ProcartaPlex™ Panel was purchased from ThermoFisher 
Scientific (Waltham, MA, USA); a mouse lipopolysacchar-
ide (LPS) ELISA kit and mouse diamine oxidase (DAO) 
activity assay kit were obtained from Cusabio Biotech Co. 
Ltd. (Hubei, China); Alexa Fluor 488 anti-mouse CD3, 
Brilliant Violet (BV)-605 anti-mouse CD4, BV-711 anti- 
mouse CD25, PE/Dazzle 594 anti-mouse IFN-γ, BV-421 
anti-mouse IL-4, BV-510 anti-mouse IL-17A, phycoery-
thrin (PE) anti-mouse Foxp3, PE anti-mouse F4/80, BV- 
421 anti-mouse CD11c, FITC anti-mouse CD206, and cell 
activation cocktail (with Brefeldin A) were bought from 
BioLegend Company (San Diego, CA, USA); Anti-CD86 
antibody (bs-1035R) and anti-CD163 antibody (bs-2527R) 
were obtained from Bioss Biotechnology (Bioss, Beijing, 
China). An anti-ZO-1 primary antibody was acquired from 
Affinity Biosciences (Cincinnati, OH, USA); an anti- 
MUC2 primary antibody was procured from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA); and an anti- 
claudin-1 primary antibody was procured from Abcam 
(Cambridge, MA, USA). The highest analytical grade 
reagents were utilized for these experiments.

Animals
Male BALB/c mice (6 to 8 weeks old; weighing 20 to 22 g) 
were obtained from the Guangdong Medical Laboratory 
Animal Center (Guangzhou, China). All mice were allowed 
to acclimatize for a week before any experiments were 
performed under specific pathogen-free conditions compris-
ing 50–55% humidity, a 12-h light/12-h dark cycle, and 
a temperature of 24–25 °C. Food and water were provided 
ad libitum. The Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health, USA) was closely 
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Figure 1 STV-Na protects mice against IBDs. Male Balb/c mice were intraperitoneally administered 10 mg/kg or 15 mg/kg STV-Na or normal saline twice daily for two 
consecutive days from days −2 to 7 and fed drinking water supplemented with 3.5% (w/v) DSS ad libitum from days 0 to 7. (A) Chemical structure of STV-Na. (B) Schematic 
diagram of the experiment. (C) Representative bloody stool samples from mice. (D) The body weight was measured daily. Data are charted in terms of percentages of basal 
body weight. (E) Colonic tissue samples. The distance between the red dotted line indicates the length of the colon. The colon length of the DSS model group is the shortest 
among different groups. (F) Length of the colon (cm) in the different groups was measured at the end of the experiment. (G) Spleen weight to body weight ratio. (H) 
Representative photographs of whole colon sections stained with H&E. Scale bars, 200 μm (50 µm in the magnified images). The arrows indicate inflammatory cell infiltration 
(red), crypt architectural abscess and distortion (yellow), and epithelial ulceration and erosion (black). (I) Histological scores of the H&E stained sections. Data are published 
in terms of means±SDs. The statistical analyses were performed with Student’s t-test or one-way ANOVA followed Turkey’s post hoc test (n = 6 to 12 mice per group; each 
data point represents one mouse); *P < 0.05 and **P < 0.01 in contrast to the DSS group. 
Abbreviation: ns, not significant.
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adhered to in the formulation of all animal experimental 
procedures. All experimental animal protocols were passed 
by the Institutional Animal Care and Use Committee of Sun 
Yat-sen University, Guangzhou, China (Ethical Approval 
No. IACUC 20140515171141).

The mice were arbitrarily split into 8 cohorts 
(Figure 1B): (1) the control group, (2) the STV-Na refer-
ence (15 mg/kg) group, (3) the DSS group, (4, 5) two DSS 
+STV-Na (10 and 15 mg/kg) groups, (6) the DSS+5-ASA 
(50 mg/kg) group, (7) the DSS+Dex (0.25 mg/kg) group 
and (8) the DSS+IFX (10 mg/kg) group. To further unravel 
the protective mechanisms of STV-Na when used to treat 
DSS-induced colitis, control mice were administered intra-
peritoneal saline, and those in the DSS+STV-Na group 
received intraperitoneal STV-Na dissolved in saline twice 
per day from days −2 to 7. The mice of the DSS and DSS 
+STV-Na groups were fed 3.5% (wt/vol) DSS in their 
drinking water, which was provided ad libitum, from 
days 0 to 7 to induce acute colitis, according to the 
methods published by Li et al.25 The 5-ASA, Dex, and 
IFX were used as positive control drugs and administered 
to the mice at dosages corresponding to those used 
clinically.26–28 The 5-ASA was administered daily via 
intragastric methods from day −2 to day 7. The adminis-
tration dosage, method and time of STV-Na treatment 
were chosen based on the literature.29,30 Dex was intraper-
itoneally injected twice a day from day −2 to day 7, and 
IFX was injected into the peritoneum once on day −2. The 
mice in the control and DSS groups were intraperitoneally 
administered the same volume of PBS. The body weight of 
all mice was monitored daily. On day 8, mice were sacri-
ficed and their colon lengths were measured. The whole 
blood was obtained and centrifuged at 2000 g for 15 min 
at 4°C to collect plasma samples. The spleens were 
removed aseptically and weighed, and plasma, spleen, 
and colon tissues were stored for further analysis.

Intestinal Permeability
Fluorescein isothiocyanate-dextran (FITC-dextran) (4 
kDa, Sigma Aldrich, USA) was used to assess intestinal 
permeability, based on methods from a previous 
publication.31 Briefly, the mice were fasted overnight and 
intragastrically infused with FITC-dextran at a dose of 
500 mg/kg. Blood samples were drawn after 6 h, with 
serum samples collected upon centrifuging whole blood 
at 4 °C and 5000 rpm for 10 min. An equal volume of PBS 
(pH 7.4) was used to dilute the serum before a SpectraMax 
M3 microplate reader (Molecular Devices, Sunnyvale, 

CA, USA) with an excitation wavelength of 485 nm and 
an emission wavelength of 520 nm was used to analyze the 
FITC-dextran concentrations, which were calculated based 
on a standard curve generation using PBS-diluted FITC- 
dextran (concentrations of 0, 125, 250, 500, 1000, 2000, 
4000, 6000, and 8000 ng/mL).

Hematological Analysis
Blood sample was collected from each group in an EDTA- 
containing tube at the end of the experiment. 
Hematological parameters were determined using an 
IDEXX ProCyte DX hematology analyzer (IDEXX, 
Westbrook, ME, USA). Measured parameters included 
red blood cell (RBC) counts, hematocrit (HCT), hemoglo-
bin (HGB), monocytes (MONO), lymphocytes (LYMPH), 
and total white blood cell (WBC) counts.

Metabolomics
An untargeted metabolomic profiling of plasma samples 
was performed as described in our previous 
publication.32,33 Progenesis QI V2.4 (Waters Corporation, 
Milford, MA, USA) was used to remove background dis-
ruptions from the data before it was normalized against 
a reference sample (probabilistic quotient normalization), 
corrected to peak selection and retention times. 
Multivariate statistical analyses, including orthogonal par-
tial least squares-discriminant analysis (OPLS-DA), partial 
least squares-discriminant analysis (PLS-DA), and princi-
pal component analysis (PCA) allowed us to identify the 
altered compounds in each group. Metabolites that were 
most likely to explain metabolome variance among the 
control, DSS, STV-Na, 5-ASA, Dex and IFX groups 
were identified using OPLS-DA. Variables with fold 
change (FC) values > 2, variable importance in projection 
values (VIP) > 1, and p < 0.05 were considered candidate 
metabolites. The accurate mass and MS/MS spectra of the 
candidate metabolites were then contrasted against entries 
in the METLIN database (www.metlin.scipps.edu/), Lipid 
Maps (http://www.lipidmaps.org), and Human 
Metabolome Database (HMDB, http://www.hmdb.ca/) to 
identify potential biomarkers. MetaboAnalyst 5.0 (https:// 
www.metaboanalyst.ca) was used to perform the pathway 
analysis.

Cytokine Microarray Assay
High-throughput liquid protein chips (Luminex 200, USA) 
were used to evaluate mouse serum. The Th1/Th2/Th9/ 
Th17/Th22/Treg Cytokine 17-Plex Mouse ProcartaPlex™ 
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Panel (EPX170-26087-901, Thermo Fisher Scientific) 
allowed the quantification of: GM-CSF, IFN-γ, IL-1β, IL- 
2, IL-4, IL-5, IL-6, IL-12p70, IL-13, IL-18, TNF-α, IL-9, 
IL-10, IL-17A, IL-22, IL-23, and IL-27. Not all analytes 
could be detected. Specifically, five cytokines were 
detected in this study. The cytokines in the samples were 
detected accordance to instructions stipulated by the 
manufacturer.

Flow Cytometric Analysis
To determine the proportion of macrophages existing as 
different phenotypes (M0, M1, and M2) among spleens, 
splenocytes were treated with BV-421 anti-mouse CD11c 
antibody (117330), FITC anti-mouse CD206 antibody 
(141704) and PE anti-mouse F4/80 antibody (123110) 
(BioLegend, San Diego, CA, USA). The T helper (Th1/ 
Th2/Th17/Treg) cell population was assessed by first 
stimulating splenocytes with BD GolgiPlug (550583) 
(BD Bioscience, San Jose, CA, USA) and a leukocyte 
activation cocktail for 6 h. Stimulated cells were then 
incubated with Alexa Fluor 488-conjugated anti-mouse 
CD3 (100210), BV-605-conjugated anti-mouse CD4 
(100548), BV-711-conjugated anti-mouse CD25 
(102038), PE/Dazzle 594-conjugated anti-mouse IFN-γ 
(505846), BV-421-conjugated anti-mouse IL-4 (504127), 
BV-510-conjugated anti-mouse IL-17A (506933), and 
PE-conjugated anti-mouse Foxp3 (320008) antibodies 
(BioLegend, San Diego, CA, USA). A FACS Celesta 
flow cytometer (BD Bioscience, San Jose, CA, USA) 
was then used to evaluate fractions of macrophage phe-
notypes and Th cells.

Real-Time Quantitative Polymerase Chain 
Reaction (RT-qPCR)
Total colonic RNA was isolated with the help of the 
MolPure® Cell/Tissue Total RNA Kit (Yeasen Biotech, 
Shanghai, China). cDNA was reverse transcribed using 
the Hifair® III 1st Strand cDNA Synthesis kit (Yeasen 
Biotech, Shanghai, China) and quantified with a real- 
time PCR system (LightCycler 96, Roche, Germany) 
using qPCR SYBR Green Master Mix. The 2−ΔΔCt 

method was used to assess relative gene expression 
levels. Rpl32 was used as an endogenous control 
because its expression is stable throughout gut inflam-
mation. Supplementary Table 1 lists all the primer 
sequences used.

Measurement of LPS and Diamine 
Oxidase (DAO)
The serum LPS levels and DAO activity were quantified 
with commercial kits based on included manufacturer pro-
tocols (Cusabio Biotech Co. Ltd, Hubei, China).

Alcian Blue-Periodic Acid-Schiff (AB-PAS) 
Staining of Colon Tissues
The depth of crypts and number of goblet cells were observed 
under a microscope, measured and counted using Image-Pro 
Plus software 6.0 (Media Cybernetics, Inc., Rockville, VA, 
USA) after cells were stained with AB-PAS.

Histology, Immunohistochemistry (IHC) 
and Immunofluorescence (IF)
The distal colon (2–3 cm from the anus) was fixed in 10% 
neutral-buffered formalin, paraffin embedded, and used to 
produce 5 mm-thick sections. Hematoxylin and eosin 
(H&E) were used to stain samples which were then scored 
with a blinded scoring system (Supplementary Table 2). For 
IHC staining, paraffin-embedded colon fragments were pro-
cessed using a standard IHC protocol. Briefly, the slides were 
incubated with rabbit antibodies against ZO-1 (1:100) 
(AF5145, Affinity Biosciences, Cincinnati, OH, USA), 
MUC2 (1:100) (sc-59859, Santa Cruz Biotechnology, CA, 
USA) or claudin-1 (1:100) (ab15098, Abcam Company, 
Cambridge, MA, USA). Immunodetection was accomplished 
with diaminobenzidine (DAB) reagent (DAKO ChemMate, 
DK). The expression of colonic tissue claudin-1, MUC2, and 
ZO-1 was semi-quantified based on the ratio of the integrated 
optical density (IOD) to the area (within at least three fields in 
each section) using Image Pro Plus 6.0 software (Media 
Cybernetics, Inc., Rockville, VA, USA). For IF staining, 
slides were incubated with primary antibodies (F4/80 
(1;1000), CD86 (1:500), CD163 (1:300)) and with secondary 
antibodies for 1 h at room temperature. The 4´, 6-diamidino- 
2-phenylindole (DAPI) used to counterstain nuclei. The fluor-
escence was visualized using a fluorescence microscope.

Statistical Analysis
All data are depicted in terms of mean ± SDs. Using the 
GraphPad prism 5.0 software (GraphPad Software Inc., San 
Diego, CA) was analyzed with either the Student’s t-test or 
one-way ANOVA followed by Tukey’s post hoc analysis test. 
Statistical significance was granted when the P value was 
<0.05. Multivariate data analysis carried out using EZinfo 3.0 
(Waters Corporation, Milford, MA, USA). Significant p values 
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related to metabolite abundances gained using untargeted 
metabolomics were analyzed by one-way ANOVA and 
adjusted using the Benjamini-Hochberg FDR method with 
Progenesis QI.

Results
STV-Na Ameliorates IBD-Associated 
Phenotypes
Oral administration of DSS destroys the integrity of the 
colonic epithelial barrier, allowing it to become permeable 
to bacterial influx and thereby stimulating inflammation.1 

To evaluate the effect of STV-Na on IBDs, male BALB/c 
mice were exposed for 7 days to 3.5% DSS and received 
STV-Na (10 and 15 mg/kg, i.p. twice a day from day −2 
to day 7), 5-ASA (75 mg/kg, P.O. daily from day −2 
to day 7), Dex (0.25 mg/kg, i.p. twice a day from day −2 
to day 7) or IFX (10 mg/kg, i.p. once on day −2). During 
the experimental process, DSS treatment caused more 
severe hematochezia and higher weight loss in all groups 
in contrast to the control mice. In line with a previous 
report,10 our study showed that DSS-induced colitis could 
mimic the clinical symptoms of human IBDs. 
Furthermore, STV-Na, 5-ASA, or IFX significantly 
relieved the IBD symptoms, whereas the mice in the Dex 
group continued to show bloody stools and weight loss, 
and these symptoms were more severe in this group than 
in the DSS group. (Figure 1C and D). Mice with DSS- 
induced colitis exhibited a shorter colon length than con-
trol mice (Figure 1E and F), and STV-Na, 5-ASA, Dex, 
and IFX significantly abated this colon shortening.

Splenomegaly is often observed in patients with 
IBDs, and spleen weight is defined as an index of phe-
notyping systemic inflammation.34,35 Consistent with 
previous studies,36 enlarged spleens were observed in 
mice with DSS-induced colitis. As expected, STV-Na, 
5-ASA, Dex, and IFX markedly reversed splenomegaly 
in mice with colitis (Figure 1G). A histological analysis 
of the distal colon demonstrated significant mucosal infil-
tration of inflammatory cells (Figure 1H). Colonic edema, 
crypt distortion and reduced number of goblet cells were 
observed in mice with colitis (Figure 1H). Notably, STV- 
Na, 5-ASA, and IFX treatments all induced notable his-
tological improvements in crypt architecture and reduced 
levels of edema, mucosal injury and inflammatory cells 
infiltration. Compared with the DSS group, the histo-
pathological scores were significantly and dose- 
dependently decreased in the DSS+STV-Na groups and 

the effects in these groups were notably better than those 
that were treated with 5-ASA or IFX (Figure 1I). In 
contrast, Dex did not improve or even aggravate histo-
pathological damage.

In summary, the STV-Na reference group demon-
strated no apparent weight loss, change in the colon 
length, or histopathological damage in contrast to the 
control group. These results indicated that STV-Na 
effectively reversed the colitis progression in a dose- 
dependent manner and that its efficacy is superior to 
that of Dex and 5-ASA.

STV-Na Attenuates Intestinal 
Inflammation in DSS-Induced Colitis
Hematological parameters have shown diagnostic importance 
in inflammation. As shown in Figure 2A–G, the DSS group 
displayed approximately twice as many white blood cells 
(WBCs) in contrast to the control group. Among WBCs, 
neutrophils (NEUTs), lymphocytes (LYMPHs), monocytes 
(MONOs), red blood cells (RBCs), hemoglobin (HGB), and 
hematocrit (HCT) were susceptible to DSS administration, as 
demonstrated by approximately 2.60-, 1.34-, and 3.06-fold 
higher and 0.87-, 0.87-, and 0.84-fold lower levels, respec-
tively, in the DSS group than in the control group. 
Hematological parameters, such as WBCs, NEUTs, 
LYMPHs, and MONOs, markedly improved following STV- 
Na, 5-ASA, and IFX treatment.

Cytokines play essential roles in the etiology of IBDs. 
To investigate the systemic inflammatory pathways 
induced by gut inflammation, we quantified 17 inflamma-
tion-related cytokines. Among the 17 cytokines, five pro- 
inflammatory cytokines, namely, IFN-γ, IL-1β, IL-2, 
TNF-α, and IL-18, were consistently identified in the 
serum of DSS-treated mice (Figure 2H–L). The serum 
levels of IFN-γ, IL-1β, IL-2, TNF-α, and IL-18 in the 
DSS group were elevated approximately 1–3 times in 
contrast to those in the control group, and STV-Na sig-
nificantly suppressed the DSS-induced burst of these pro- 
inflammatory cytokines. A similar reduction in IFN-γ was 
observed following 5-ASA and IFX treatment. It is worth 
noting that IFX exhibited a significant inhibitory effect on 
TNF-α, whereas Dex did not significantly change the 
release of these cytokines. These results suggested that 
STV-Na alleviated inflammation in mice with DSS- 
induced colitis. Overall, we successfully established 
a colitis model and demonstrated that STV-Na ameliorated 
inflammation in IBD in a dose-dependent manner.
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Figure 2 STV-Na ameliorates inflammation of DSS- triggered colitis in mice. (A–D) The following hematological parameters were determined from the whole blood of mice: the 
numbers of WBCs (A), NEUTs (B), LYMPHs (C), MONOs (D), RBCs (E), HGB (F), and HCT (G). (H–L) Mice serum was evaluated for multiple inflammatory cytokines using the 
Cytokine 17-Plex Mouse ProcartaPlex™. Data are published in terms of means ± SDs. The statistical analyses were performed with Student’s t-test or one-way ANOVA followed 
Turkey’s post hoc test (n = 4 to 12 mice per group; each data point represents one mouse); *P < 0.05 and **P < 0.01 in contrast to the DSS group. 
Abbreviation: ns, not significant.
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STV-Na Modulates the Plasma Metabolic 
Profiles in Colitis
STV-Na was further subjected to a plasma metabolite- 
based untargeted metabolomic study to discern the phar-
macological mechanisms and likely pathogenesis of 
colitis. Metabolomics, a powerful systems biology 
approach, is used in evaluating medicines, discovering 
novel therapeutic agents, and monitoring treatment.37 

The metabolic impact and molecular mechanisms of 
drugs may be uncovered through the identification of 
various metabolites.38

This experiment utilized a metabolomic approach to 
study the metabolic responses of mice following DSS 
challenge and STV-Na treatment. OPLS-DA was used to 
investigate the differences between the DSS group and the 
treatment groups and between the control and DSS groups. 
In addition, PCA was used to determine the intrinsic simi-
larity of the spectral profiles (Figure 3A and B). Each 
scatterplot displays a plasma sample in the positive-ion 
mode (R2=88%) (Figure 3A) and negative-ion mode 
(R2=89%) (Figure 3B). To assess the changes in metabo-
lite abundances and to identify markedly varied metabo-
lites, pairwise comparisons of the samples were conducted 
and analyzed by PLS-DA (Figure 3C and D). The PLS-DA 
plots obtained in this study fully segregated into an indi-
vidual cluster, which illustrated that the plasma metabolic 
profiles showed marked changes among the groups. The 
PLS-DA plots obtained in the positive-ion mode, which 
exhibited an R2 of 95% and Q2 of 76% (Figure 3C), and 
the negative-ion mode, which exhibited an R2 of 95% and 
Q2 of 85% (Figure 3D) were capable of distinguishing 
each group.

These findings suggested the excellent discriminative 
performance of the model, with both control and DSS 
groups demonstrating metabolic phenotype separations. 
Control and STV-Na groups had more similar metabolic 
patterns in contrast to those of the DSS and control groups. 
Therefore, we revealed that the STV-Na and control 
groups exhibited similar metabolic phenotypes, which sug-
gested that STV-Na treatment could prevent the DSS- 
triggered variations in plasma metabolites in mice with 
colitis.

The VIP and P values were then used to screen for 
potential variables likely causing group separation. The 
UpSet plot illustrated that the 10 overlapping metabolites 
were identified in the positive-ion mode (Figure 3E). 
A total of 13 metabolites overlapped in the negative-ion 

mode (Figure 3F). Total metabolites found in each group 
are illustrated by the horizontal bars, whereas the vertical 
bars demonstrate intergroup intersections, shown in the 
matrix below the graph.

Volcano plots show the variables with contents that 
differ between groups (Figure 3G and H). The screened 
variables were identified using MS/MS fragmentation. 
Plasma analysis revealed 23 differentially accumulated 
metabolites (Supplementary Table 3 and Supplementary 
Figure 1). These metabolites comprised of glutaminyl- 
tryptophan, PIP3(18:1(11Z)/20:3(8Z,11Z,14Z)), OPC8- 
CoA, DL-homocystine, and PG(P-16:0/12:0), etc. 
A hierarchical clustering heatmap also suggested that 
these differentially accumulated metabolites were visibly 
differentiated between the control and DSS groups and 
were altered in the STV-Na groups (Figure 4A), which 
suggested that these metabolites were significant in IBDs 
after STV-Na treatment.

To explore the effect of STV-Na treatment on the IBD 
metabolic pathway, MetaboAnalyst 5.0 was used to carry 
out plasma analysis. Our data revealed the involvement of 
four major metabolic pathways: glycerophospholipid 
metabolism, riboflavin metabolism, porphyrin and chloro-
phyll metabolism, and phenylalanine metabolism 
(Figure 4B). Metabolites involved in these metabolic path-
ways were glycerophospholipids, riboflavin, porphyrin and 
chlorophyll, and phenylalanine. These metabolites were 
observably altered in the DSS group and adjusted follow-
ing STV-Na treatment. These data demonstrated that STV- 
Na protected against IBDs by regulating metabolic 
reprogramming.

STV-Na Regulates the Balance of M1/M2 
Macrophage Polarization in Colitis
IBD development relies heavily on macrophage 
functions.7 In an inflammatory state, macrophages secrete 
proinflammatory cytokines that result in tissue damage. 
M1 macrophages highly express TNF-α and IL-1β, 
which are associated with inflammation, chemotaxis, and 
the induction of matrix degradation. M2 macrophages 
exhibit anti-inflammation, tissue repair, and angiogenic 
properties. This study examined spleen and colon macro-
phage infiltration using by qPCR, flow cytometry, and 
immunofluorescence staining (Figure 5A). First, we eval-
uated the M1 macrophage mRNA expression profile in 
colonic tissue. We found that TNF-α and IL-1β expres-
sions were significantly increased in the DSS group, which 
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Figure 3 An untargeted metabolomics study revealed that STV-Na could regulate the metabolic profiles in mice with colitis. (A and B) PCA score plots of plasma samples 
obtained from different groups in the ESI positive-ion mode (A) and negative-ion mode (B). (C and D) PLS-DA scores scatter plot. The discriminant models distinguished 
different groups in the ESI positive-ion mode (C) and ESI negative-ion mode (D). (E and F) UpSet plot showing the overlap of metabolites identified across each group. The 
horizontal bars demonstrate total metabolites characterized in each group in both the ESI positive-ion mode (E) and ESI negative-ion mode (F). The vertical bars indicate 
intergroup intersections, as depicted in the matrix below the graph. (G and H) Volcano plot. A total of 144 and 138 variables were selected based on the fold change (>2) 
and P (<0.05) values in the ESI positive-ion mode (G) and ESI negative-ion mode (H) (n = 6 to 12 mice per group).
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Figure 4 (A) Heatmap of differentially accumulated metabolites. Each metabolite is represented by a row and each sample is represented by a. The red color represents 
high abundance, and blue indicates low abundance (n = 7 to 9 mice per group). (B) Metabolic pathway analysis of effects of STV-Na on colitis. Circle colors represent 
p values (y-axis) while circle sizes indicate the pathway impact (x-axis). The involved pathways of the circles are shown, with the red circles indicating pathways with 
significant changes.
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corroborated with the finding that DSS challenge induces 
macrophage polarization. In contrast, mRNA expressions 
of TNF-α and IL-1β were reduced in the STV-Na-, 

5-ASA-, Dex-, and IFX-treated groups (Figure 5B and 
C). In addition, an immunofluorescence analysis of colon 
tissue using F4/80 (marker of macrophages including M0 

Figure 5 STV-Na regulates the balance of M1/M2 macrophage polarization in mice with IBD. (A) Schematic of experiments analyzing macrophage polarization in DSS- 
triggered colitis. (B and C) TNF-α and IL-1β gene expression in colon tissues were examined by RT-qPCR. (D) Immunofluorescence staining (scale bars: 100 µm) of F4/80+ 
and F4/80+CD86+ macrophages in colonic tissues from mice with DSS-induced colitis. (E and F) Quantification of M1 (CD86+F4/80+) (E) and M0 (F4/80+) (F) 
macrophages per field. Data are published in terms of means ± SDs. The statistical analyses were performed with Student’s t-test or one-way ANOVA followed Turkey’s 
post hoc test (n = 3 to 6 mice per group; each data point represents one mouse); *P < 0.05 and **P < 0.01 in contrast to the DSS group. 
Abbreviation: ns, not significant.
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macrophages) and CD86 (marker of M1 macrophages) 
demonstrated that STV-Na, 5-ASA and IFX significantly 
inhibited both M0 and M1 macrophages in the colons of 
mice with DSS-induced colitis (Figure 5D–F and 
Supplementary Figure 3), In the present study, Dex treat-
ment did not significantly inhibit M0 and M1 macro-
phages. Furthermore, colonic specimens of each group 
did not demonstrate marked variability in the M2 macro-
phage population or in CD163 expression (Supplementary 
Figures 2 and 3).

This phenomenon was also demonstrated using flow 
cytometry analysis (Figure 6). A previous study has 
shown that DSS-induced colitis increased the spleen 
index of mice,35 which is in line with our findings. 
To investigate the effects of STV-Na on macrophage 
polarization in the spleens of mice with DSS-triggered 

colitis, a flow cytometric analysis was performed which 
revealed a higher ratio and absolute cell numbers of 
M0 (F4/80+CD11c-CD206-), M1 (F4/80+CD11c 
+CD206-), and M2 (F4/80+CD11c-CD206+) macro-
phages in the DSS group in contrast to the control 
group. In addition, STV-Na or IFX treatment reduced 
the ratio and absolute cell numbers of M0, M1, and M2 
macrophages in mice with colitis in contrast to those of 
the DSS cohort (Figure 6A and B and Supplementary 
Figure 4). Interestingly, 5-ASA inhibited M1, but not 
M2 macrophage polarization, while Dex failed to inhi-
bit either of these processes. These results suggested 
that STV-Na resolved colonic inflammation in part by 
balancing the degree of M1 and M2 macrophage polar-
ization, thereby promoting recovery of the injured 
colon.

Figure 6 STV-Na restores the balance of M1/M2 macrophage polarization in the spleens of mice with IBDs. (A and B) The percentages and absolute numbers of M1 
macrophages (F4/80+CD11c+CD206-) (A) and M2 macrophages (F4/80+CD11c-CD206+) (B) in the spleen were analyzed by flow cytometry. Data are published in terms 
of means ± SDs. The statistical analyses were performed with Student’s t-test or one-way ANOVA followed Turkey’s post hoc test (n = 6 to 12 mice per group; each data 
point represents one mouse); *P < 0.05 and **P < 0.01 in contrast to the DSS group. 
Abbreviation: ns, not significant.
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STV-Na Restores the Balance of Treg, 
Th17, Th2, and Th1 Cells in Mice with 
DSS-Induced Colitis
In addition to macrophages, CD4+ Th cells play a pivotal 
role in the pathogenesis of IBDs.6 IBDs are associated 
with a distinct populations pattern of Th cells. Previous 
studies have observed raised Th1 and Th2 cell numbers in 
the injured intestinal lamina propria of IBD patients, with 
Th17 and Treg cells specifically found to be related to 
IBDs.39 Therefore, we sought to characterize the general 
Th cell population and identify distinct populations of Th 
cells in the colons and spleens of our mice models. To 
elucidate the underlying mechanism through which STV- 
Na ameliorates colitis, the effects of STV-Na treatment on 
T cell activation and the induction of regulatory T cells 
were evaluated using colons of mice with colitis. We first 
examined the mRNA expression levels of Th1 cells (IFN- 
γ), Th2 cells (IL-4), and Th17 cells (IL-17A) in colon 
tissues by qPCR. Our results revealed that DSS challenge 
increased the mRNA levels of IL-17A, IL-4, and IFN-γ by 
7.52-, 2.70-, and 3.09-fold, respectively, in contrast to 
those of the control group (Figure 7A). The STV-Na, 
5-ASA, Dex, and IFX groups demonstrated suppressed 
mRNA expression levels of IFN-γ, IL-4, and IL-17A in 
the colon in comparison to the DSS group.

Furthermore, the general splenic T cell population was 
characterized using a combination of CD3 and CD4 mar-
kers. We isolated splenocytes from each group and pheno-
typed these cells using flow cytometry. The general T cell 
population was notably suppressed in DSS-induced mice, 
whereas STV-Na and 5-ASA treatment significantly 
increased the number of T cells. Treatment with Dex or 
IFX trended toward a higher T cell population in contrast 
to those of the DSS group (Supplementary Figure 5).

We then performed intracellular/intranuclear staining 
to identify the effect of STV-Na on specific CD4+ T cell 
subsets, such as the Treg (CD4+CD25+Foxp3+) cells, 
Th17 (CD4+IL-17A+) cells, Th2 (CD4+IL-10+) cells, 
and Th1 (CD4+IFN-γ+) cells. Our data showed significant 
decreases in both the percentage and absolute counts of 
Th1, Th2, and Th17 cells in the STV-Na treatment group 
compared with the DSS group. Interestingly, these sup-
pressive effects of STV-Na were similar to those of 
5-ASA, Dex, and IFX (Figure 7B–D). Our findings are 
in line with the results of colonic tissue RT-qPCR analysis 
of the colon (Figure 7A). In contrast, intranuclear staining 
for Tregs, which usually suppress inflammation, showed 

significant decreases in both their percentage and absolute 
cell number in the DSS groups, STV-Na or Dex groups but 
not the 5-ASA or IFX group reversed this effect 
(Figure 7E).

Collectively, these data showed that STV-Na treatment 
could regulate the balance of Th1, Th2, Th17, and Tregs in 
DSS induced IBD mice by reducing the Th1, Th2, and 
Th17 cell responses and promoting the production of spe-
cific T cell subsets, mainly Treg-producing CD3+CD4+ 
cells. Overall, these findings indicated that STV-Na 
exerted protective effects when used for IBDs treatment, 
with these effects partly mediated through maintenance of 
the Th1/Th2/Th17/Treg balance.

STV-Na Ameliorates DSS-Induced 
Damage to the Intestinal Barrier by 
Restoring the Functions of Tight Junctions
The selectively permeable intestinal barrier protects enter-
ocytes against external threats such as toxins, antigens, and 
pathogenic microorganisms. DAO is a cytoplasmic 
enzyme that is present in mammalian mucosa and is abun-
dantly found in the intestinal mucosa, but rarely in serum. 
Cytoplasmic DAO is released systemically through the 
bloodstream upon intestinal mucosal epithelial damage.40 

The impact of STV-Na on intestinal epithelial permeability 
was investigated using an in vivo permeability assay with 
FITC-dextran was performed. STV-Na treatment resulted 
in notably less permeable intestinal barriers compared to 
that observed in DSS-treated groups (Figure 8A). 
Furthermore, LPS and DAO serum were notably elevated 
in the DSS group in contrast to the control group, suggest-
ing that DSS made the intestinal barrier more permeable. 
However, STV-Na significantly decreased the levels of 
LPS and DAO by 53.02% and 48.20%, respectively, in 
contrast to those seen in the DSS group (Figure 8B and C).

AB-PAS staining was conducted to examine the intest-
inal crypt morphology and the population of mucin-filled 
goblet cells upon drug treatment. DSS treatment resulted 
in a loss of goblet cells in contrast to the control group, 
a finding that was reversed with STV-Na exposure. 
Similarly, DSS caused reduced crypt depths while STV- 
Na again reversed this finding (Figure 8D–F).

STV-Na, 5-ASA, and IFX treatments were protective 
against goblet cell loss (Figure 1H). Regenerating islet- 
derived 3γ (Reg3γ), an antimicrobial peptide, is associated 
with pathological injury and inflammation levels. Goblet 
cells produce MUC2 which critically contributes towards 
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Figure 7 STV-Na restores the balance of Th1 cells, Th2 cells, Th17 cells, and Tregs by enhancing the production of Tregs in mice with IBDs. Mice with DSS-triggered acute 
colitis were administered either saline, STV-Na, 5-ASA, Dex, or IFX. (A) IFN-γ, IL-4, and IL-17A gene expression in colon tissues was examined by real-time qPCR. (B–E) 
The percentages and absolute numbers of Th1 (CD4+IFN-γ+) (B), Th2 (CD4+IL-10+) (C), Th17 (CD4+IL-17A+) (D), and Treg (CD25+Foxp3+) (E) cells in the spleen were 
analyzed by flow cytometry. Data are published in terms of means ± SDs. The statistical analyses were performed with Student’s t-test or one-way ANOVA followed Turkey’s 
post hoc test (n = 4 to 12 mice per group; each data point represents one mouse); *P < 0.05 and **P < 0.01 in contrast to the DSS group. 
Abbreviation: ns, not significant.
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Figure 8 STV-Na improves intestinal permeability in mice with IBDs. (A) Intestinal permeability was analyzed via the intragastric administration of 4.0-kDa FITC-dextran. 
(B) DAO activity in plasma. (C) Endotoxin (LPS) levels in plasma. (D) Typical histological images of AB/PAS-stained colonic tissue from different groups. Scale bars, 200 μm 
(50 µm in the magnified images). (E) Number of goblet cells. (F) The crypt depth in each group was assessed. Data are published in terms of means ± SDs. The statistical 
analyses were performed with Student’s t-test or one-way ANOVA followed Turkey’s post hoc test (n = 3 to 8 mice per group; each data point represents one mouse); *P < 
0.05 and **P < 0.01 in contrast to the DSS group. 
Abbreviation: ns, not significant.
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intestinal barrier function as it represents a principal mole-
cule in intestinal mucus.

In contrast to the control group, DSS exposure showed 
remarkably increased mRNA expression of Reg3γ and 
decreased mRNA expression of MUC2. Conversely, STV- 
Na, 5-ASA, Dex, and IFX significantly downregulated the 
expression of Reg3γ (Figure 9A). The DSS group showed 
reduced MUC2 mRNA and protein expressions in colon 
tissue in contrast to the control group (Figure 9B, F, and 
G), while STV-Na, 5-ASA, Dex, and IFX significantly 
upregulated the mRNA and protein expressions of 
MUC2 (Figure 9B, F, and G). STV-Na treatment restored 
the lost MUC2 expression (Figure 9F and G), indicating 
that STV-Na could maintain the epithelial barrier by pro-
tecting the mucus layer and restricting goblet cells.

Epithelial integrity is maintained by epithelial tight 
junctions, which critically protect against inflammation. 
Therefore, STV-Na effects on colonic tight junction pro-
teins mRNA expression, including ZO-1, claudin-1, and 
occludin were evaluated by RT-qPCR and immunohisto-
chemical analysis. As depicted in Figure 9C, D, and E, the 
mRNA expressions levels of ZO-1, claudin-1, and occlu-
din were markedly downregulated in the DSS group. In 
addition, STV-Na treatment significantly restored the 
mRNA expression of ZO-1 and claudin-1. 
Immunohistochemical evaluation revealed widely distrib-
uted ZO-1 and claudin-1 across the superficial layer of the 
lamina and epithelium in the control group (Figure 9F, H, 
and I).

Likewise, there were notably suppressed claudin-1 and 
ZO-1 mRNA and protein levels seen in the DSS group. 
STV-Na exposure maintained epithelial cell expressions of 
these molecules at the baseline levels. Thus, these findings 
demonstrated that STV-Na might render the colonic 
epithelium less permeable by protecting TJs.

Discussion
This series of experiments explores the effects and under-
lying mechanisms of STV-Na treatment in IBDs by utiliz-
ing a DSS-stimulated IBD mouse model. The findings 
obtained in this study demonstrate that STV-Na confers 
a therapeutic effect on colitis through inhibition of macro-
phage infiltration and polarizing macrophage phenotypes, 
regulating the Th1/Th2/Th17/Treg balance, metabolic pro-
gramming, and maintaining epithelial integrity. We con-
clude that these findings underscore the therapeutic 
potential of STV-Na for preventing and treating IBDs by 

modulating the immune response and metabolic 
reprogramming.

The pathogenesis of IBDs remains unclear. Mounting 
evidence suggests that the etiology of IBDs may be asso-
ciated with an excessive immune response and various 
metabolic dysregulations.4,5 Current therapeutic drugs 
against IBDs exhibit limited efficacy, unsatisfactory clin-
ical outcomes, and severe side effects, while incurring 
high costs, all of which further limit the clinical applica-
tion of these drugs.13,15 Some studies also found that 
terpenoids and anti-oxidants can relieve the intestinal 
inflammation of IBDs.41–43 In the present work, three 
drugs, commonly prescribed for the management of IBDs 
which included 5-ASA, Dex, and IFX, were used as posi-
tive controls to assess the efficacy of STV-Na. In the 
present study, we found that the efficiency of STV-Na 
was equal to or even greater than that of 5-ASA and 
Dex. More benefits were seen at high doses of STV-Na 
at a high dose (STV-Na, 15 mg/kg) for treating experi-
mental IBDs.

IBDs are characterized by body weight loss, bloody 
feces, diarrhea, shortening of the colon length, and 
splenomegaly.1 We found significant reductions in body 
weight and colon length, along with increases in the spleen 
index following DSS exposure. STV-Na was able to alle-
viate these symptoms. Additionally, STV-Na induced 
a noticeable decline in microscopic epithelium disruption 
and decreased the levels of WBCs, NEUTs, LYMPHs, and 
MONOs. These findings further confirm and provide evi-
dence that STV-Na exerts a protective effect on DSS 
induced IBDs and may have clinical utility in treating of 
IBDs.

A previous study suggested results in severe gastroin-
testinal tract bleeding, RBC hemolysis, and poor intestinal 
iron absorption. Both children and adults with IBDs com-
monly exhibit anemia.44 RBCs, HGB, and HCT are 
usually lower in patients with IBDs than in healthy indi-
viduals. A decrease in RBCs reveals an imbalance 
between the production and loss of RBC’s.45 Our data 
demonstrated that DSS-stimulated colitis yielded markedly 
reduced RBCs and HGB levels. STV-Na administered at 
the doses used in this study and for the duration of the 
experiment appeared to improve the RBC and HGB counts 
in contrast to those found in the control group. Based on 
these data, we revealed that STV-Na completely inhibited 
the effect of DSS on colonic blood loss.

An increasing number of research have revealed that 
IBDs harbor a proinflammatory profile comprising of 
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Figure 9 STV-Na ameliorates DSS-induced damage to the intestinal barrier through the restoration of tight junction function. (A–E) The mRNA levels of colonic Reg3γ (A), 
MUC2 (B), ZO-1 (C), Claudin-1 (D), and Occludin (E) were examined by RT-qPCR. (F) The distribution of MUC2, ZO-1, and Claudin-1 in colonic tissues was evaluated by 
immunohistochemical staining. (G–I) Quantification of the immunohistochemical intensity reflecting the expression of MUC2 (G), ZO-1 (H), and claudin-1 (I) in the mice 
colon. Data are published in terms of means ± SDs. The statistical analyses were performed with Student’s t-test or one-way ANOVA followed Turkey’s post hoc test (n = 4 
to 10 mice per group; each data point represents one mouse); *P < 0.05 and **P < 0.01 in contrast to the DSS group. 
Abbreviation: ns, not significant.
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increased IL-1β, IFN-γ, IL-2, TNF-α, and IL-18 levels, 
which are speculated to be vital initiating and perpetuating 
agents of intestinal inflammation.6 The early phase of 
inflammation is triggered by IFN-γ and IL-1β.46 TNF-α 
perpetuates an inflammatory cycle by stimulating cytokine 
release from T cells and macrophages, which results in 
altered intestinal barrier function and causes intestinal 
epithelial cell apoptosis.47 IL-18 is a crucial epithelial- 
derived cytokine regulating distinct subsets of intestinal 
CD4+ T cells in proinflammatory microenvironments. 
Additionally, nuclear factor (NF)-κB is involved in the 
regulation of IL-18 and IL-1β gene expression.12

IL-2 expression is induced by IL-1β, thereby accelerat-
ing inflammation.48 Furthermore, IL-18 stimulates IFN-γ 
release while augmenting Th1 cell proliferation that goes 
on to modify the inflammatory response.49 Moreover, 
colitis-associated anemia occurs as a result of raised 
inflammatory cytokines such as TNF-α and IL-1β. IL-1β 
negatively regulates the absorption and release of iron 
while the amount of iron is reduced by TNF-α-instigated 
elevations in ferritin production. Patients with IBDs are 
iron-deficient,45 and iron deficiency exerts subtle effects 
on the immune function as it is involved in ferroptosis.50 

Several studies have shown that ferroptosis is an essential 
contributor to the development of IBDs.51 The current 
study shows that mice with colitis with initially elevated 
levels of IL-1β, IFN-γ, IL-2, TNF-α, and IL-18 had these 
cytokines suppressed upon STV-Na treatment, an occur-
rence that directly attributed to the inhibition of NF-κB 
activation. Our previous studies have shown that STV-Na 
can inhibit NF-κB in diabetic cardiomyopathy in rats.22 

More in-depth investigations looking into the potential 
interactions between STV-Na and NF-κB in IBDs are 
warranted. In addition, colitis-associated anemia may 
also occur as a result of this pathway due to inflammation 
causing iron deficiency. These findings are in line with the 
hematological results and suggest that STV-Na may ame-
liorate the pathology by regulating immune-associated 
cytokines. Further research is needed to determine whether 
STV-Na is involved in ferroptosis-mediated inhibition of 
IBDs.

Recent studies have shown that altered metabolite 
levels may potentially function as a biological indicator 
of gut health.5 The production of specific metabolites 
highlights ongoing inflammation and activated immune 
cells. Inflammation induces macrophages, neutrophils, 
and Th cell aggregation while promoting lipid oxidation 
and the production of inflammatory cytokines.52 

Therefore, high levels of lipid oxidation and excessive 
inflammatory cytokine levels indicate inflammatory cell 
infiltration. Intraperitoneal administration of STV-Na 
reversed the effects of colitis on metabolites involved in 
lipid oxidation and inflammation, and the levels obtained 
with this treatment reflected those obtained in the control 
group. Thus, we hypothesize that these metabolites may 
play an indispensable role in IBDs. Our analysis revealed 
several metabolic pathways that significantly differed after 
treatment. Lipid metabolism is critically modulated by 
glycerophospholipid metabolism. This pathway is con-
stantly stimulated during inflammation and in response to 
oxidative stress, which might alter the expressions of the 
immune-related cytokines IFN-γ and IL-2,53 in agreement 
with our study. However, the effect of STV-Na on oxida-
tive stress requires further exploration, and more in-depth 
investigations are needed in this area. Phenylalanine is an 
endogenous energy-promoting neuroamine regulating phy-
siological stress that has been linked to inflammation.54 

Stress-induced increase in energy metabolism could likely 
be behind the metabolic profile changes in our IBD mice 
models, in order to account for additional energy demand 
due to inflammation. Yu et al reported similar findings55 

and found that IBD is associated to changes in lipid 
metabolism and energy metabolic intermediates that 
occur to match the metabolic demands of intestinal inflam-
mation. Hemoglobin is dependent on chlorophyll and por-
phyrin metabolisms,56 while riboflavin metabolism may be 
related to the production of inflammatory cytokines in 
IBDs.57 STV-Na administration significantly changed 
these metabolic pathways by inhibiting inflammation. 
However, the relationship between immune cells like Th 
cells and macrophages and metabolism requires further 
experimental verification. A comprehensive analysis con-
sisting of hematological evaluation, cytokine microarray 
assay, and untargeted metabolomics suggested that the 
immune response is the dominant mechanism through 
which STV-Na protects against colitis.

IBD severity and incidence are closely linked to the 
profile and extent of immunological activation.1 

Macrophage populations are more prominent in patients 
with active IBDs compared to in healthy donors.7 Th (Th1/ 
Th2/Th17/Treg) cells are pivotal in maintaining inflamma-
tory homeostasis in both diseased and healthy conditions. 
Depleted T cell and macrophage populations prior to the 
onset of DSS-induced colitis cause disease 
exacerbations.11 The current experiments observed the 
impact of STV-Na on splenic and colonic macrophages 
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and Th cells in DSS-induced IBDs mice, and STV-Na 
treatment attenuated the increases in macrophages, and 
restored the Th1/Th2 and Treg/Th17 cell balance.

Immune responses are mediated by macrophages acti-
vation, which act as immune system sentinels in peripheral 
tissue sentinels. A proinflammatory state is mediated by 
M1 macrophages while tissue repair and inflammation 
resolution are mediated by M2 macrophages. 
A dysregulated balance between these two polarized states 
results in inflammatory injury and IBD repair.7 We sought 
to determine whether STV-Na could abolish the inflamma-
tory response in IBD by regulating macrophage 
polarization.

As expected, STV-Na-treated mice showed down- 
regulated mRNA expression of M1-related cytokines 
TNF-α and IL-1β in contrast to the DSS group mice. 
Additional investigations found that the primary cells 
responsible for synthesizing and releasing inflammatory 
factors are M1 macrophages.8 STV-Na treatment promoted 
anti-inflammatory activity by suppressing M1 macrophage 
polarization in spleen and colon tissue and releasing 
inflammatory factors in mice with DSS-induced IBD, 
which resulted in a reduction in intestinal injury. In animal 
models of ischemic stroke, STV-Na has also been demon-
strated to attenuate neuroinflammation by suppressing M1 
microglia/macrophage responses.30 STV-Na also exerts 
a protective effect against diabetic cardiomyopathy in 
rats by inhibiting cardiac inflammation.22 We therefore 
postulate that the anti-inflammatory effects of STV-Na 
may be linked to suppression of M1 macrophage polariza-
tion. Similarly, STV-Na suppressive effects on M2 macro-
phage polarization, as seen by a decreased M2 proportion. 
The induction of a higher number of M2 macrophage in 
IBD patients may be an essential mechanism resulting 
from the induction of matrix deposition and fibrosis.58 

However, future studies are needed to clarify whether 
STV-Na inhibits M2 polarization through proliferation 
and induction of matrix deposition. These observations 
suggest that STV-Na suppresses the inflammatory 
response by inhibiting M1 and M2 macrophage polariza-
tion rather than shifting M1 to M2 macrophages. These 
findings are also in line with previous studies on STV-Na.

Besides macrophage activation, disrupted Th17/Treg 
and Th1/Th2 homeostasis also brings about uncontrolled 
inflammation that culminates in progressive mucosal 
damage and disease propagation given the unrestrained 
production of inflammatory factors such as IL-17 and 
IFN-γ.59 Herein, we found that STV-Na treatment 

sufficiently normalized splenic Th17/Treg and Th1/Th2 
balances in a DSS-induced IBD mice model, while simul-
taneously suppressing the mRNA expression of IFN-γ, IL- 
4, and IL-17A. Additionally, our results reflect those of 
previous studies that noted decreased T cell percentages 
and reduced CD4+ T cell counts in iron deficiency.50 

However, STV-Na administration decreased IL-4 secre-
tion, although there was also a decrease in the number of 
Th2 cells, which we attribute to the dual role of IL-4 in 
colitis. The progression from acute to chronic 
inflammation is accompanied by a shift from primarily 
Th1/Th17-mediated immune responses toward one that 
predominantly features Th2-mediated inflammatory 
responses, which in turn is marked by raised IL-4 and 
decreased IL-17 levels.59

Previous investigations have found that IL-33 
mediated exacerbations of acute colitis are reliant on 
IL-4 expression.60 STV-Na exposure triggers a complex 
cascade that regulates the initiation and persistence of 
inflammation. In any case, IFN-γ and IL-4 have been 
demonstrated to exert antagonistic effects on Treg cell 
conversion during inflammation.61 Therefore, the STV- 
Na administration-induced increase in Treg cells may 
also negatively regulate IL-4 production. Interpreted as 
a whole, STV-Na appears to be effective in controlling 
the Th1/Th2 and Th17/Treg cell balance in maintaining 
immune homeostasis. Normalizing the relative frequen-
cies of Th1/Th2/Th17/Treg cells might serve as an effica-
cious means of alleviating IBD-associated morbidity. 
However, the potential mechanisms through which macro-
phages interact with T cells have not yet been fully 
explored, and more in-depth investigations are needed in 
this area.

TJs are well-known components contributing to intest-
inal integrity and dysfunction and are highly associated 
with metabolic and inflammatory diseases.1 The disruption 
of TJs is involved in IBD development by allowing the 
translocation of macromolecules, endotoxins, and bacteria. 
Consistent with data from patients with IBDs,62 DSS- 
triggered colitis caused disrupted ZO-1, claudin-1, and 
occludin TJs. We also found that STV-Na prevented the 
DSS-induced disruption of TJs. This phenomenon agrees 
with other studies that showed increased occludin expres-
sion in glucose and oxygen-deprived murine brain capil-
lary cerebellar endothelial cells.63 In addition, STV-Na 
made the intestinal barrier less permeable by inhibiting 
the DSS-induced increases in FITC-dextran, endotoxin 
and DAO levels. Cerebral ischemia-induced injury appears 
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to be alleviated upon exposure to STV-Na.23,30 Based on 
the present data, whether the protective effects of STV-Na 
are mediated through central mechanisms is unclear. 
Neuroprotective agents that act via the brain-gut axis 
have been proposed for the treatment of patients with 
IBDs.64 It appears that this underrecognized pathway 
may be central in the protective effects of STV-Na in 
IBDs, although further study is needed. Moreover, the 
expression of mucus layer protecting proteins (MUC2) 
and antimicrobial proteins (Reg3γ), the number and size 
of goblet cells and the crypt depth were significantly 
increased after STV-Na treatment, which indicated that 
STV-Na promoted goblet cell function and inner mucus 
layer production. These results suggest that STV-Na 
restores the intestinal barrier integrity and mucosal home-
ostasis and relieves colon damage.

In summary, this series of experiments sought to 
reveal the therapeutic effect of STV-Na against DSS- 
induced murine experimental colitis. STV-Na may 
potentially mediate this positive effect by regulating 
the immune response and metabolic reprogramming. 

This study showed that STV-Na exerted an appreciable 
anti-colitic effect in the treatment of murine experimen-
tal UC induced by DSS. Our present study provides 
a foundation and justification for future research. STV- 
Na is a potential complementary therapeutic agent that 
can be combined with or used as an alternative to 
currently available drugs.

Conclusion
Our study uncovers novel insights into the anti-colitic 
effects of STV-Na against DSS-induced mice models of 
colitis. STV-Na likely exerts its positive effects by regulat-
ing the immune response, reprogramming the metabolic 
profile associated with the regulation of the immune 
response and metabolic reprogramming, maintenance of 
the integrity of the intestinal barrier, and subsequent down-
regulation of inflammatory mediators (Figure 10). Our 
investigation provides experimental evidence for the phar-
maceutical application of STV-Na as a promising candi-
date in the treatment of IBDs and opens up a possible 
clinical application of STV-Na.

Figure 10 Proposed mechanism through which STV-Na suppresses DSS- triggered IBD in mice. In the pathogenesis of colitis, a dysregulated immune response (macrophage 
polarization and Th1/Th2/Th17/Tre cells imbalance) accounts for the abnormal metabolism. Cytokine expression levels were significantly altered in DSS-induced mice 
compared with healthy controls, and this alteration led towards disrupted intestinal barrier integrity in mice. The treatment of DSS-induced mice with STV-Na resulted in 
marked improvements in dysregulated metabolic profiles, primarily glycerophospholipid, riboflavin, porphyrin and chlorophyll, and phenylalanine metabolism. STV-Na further 
improved the immune response and intestinal barrier dysregulation by reconstituting the gut barrier integrity in mice with DSS-induced IBDs.
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Abbreviations
IBDs, inflammatory bowel diseases; UC, ulcerative colitis; 
CD, Crohn’s disease; STV-Na, isosteviol sodium; DSS, 
dextran sodium sulfate; 5-ASA, 5-aminosalicylic acid; 
Dex, dexamethasone; IFX, infliximab; LPS, lipopolysac-
charides; DAO, diamine oxidase; TJ, tight junction; AB/ 
PAS, Alcian blue/periodic acid-Schiff; UHPLC-TIMS- 
TOF-MS/MS, ultra-high performance liquid chromatogra-
phy combined with trapped ion mobility spectrometry 
coupled to time-of-flight tandem mass spectrometry; 
FITC, fluorescein isothiocyanate; BV, brilliant violet; PE, 
phycoerythrin; WBC, white blood cell; NEUT, neutrophil; 
LYMPH, lymphocyte; MONO, monocyte; HGB, hemoglo-
bin; HCT, hematocrit; RBC, red blood cell; PCA, principal 
component analysis; PLS-DA, partial least squares- 
discriminant analysis; OPLS-DA, orthogonal partial least 
squares-discriminant analysis; TNF-α, tumor necrosis fac-
tor-α; IL-2, interleukin-2; IL-1β, interleukin-1β; IL-18, 
interleukin-18; IFN-γ, interferon-γ; IL-17A, interleukin- 
17A; IL-10, interleukin-10; Treg, regulatory T; Th17, 
T helper type 17; Th1, T helper type 1; Th2, T helper 
type 2; VIP, variable importance in projection; FC, fold 
change; HMDB, Human Metabolome Database; PG, phos-
phatidylglycerol; PS, phosphatidylserine; ELISA, enzyme- 
linked immunosorbent assay.
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