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 Colitis is an intestinal disorder characterized by uncontrolled inflammation and 
epithelial barrier dysfunction, with limited effective pharmacological options 
available for veterinary clinical application. Our work evaluated the protective 
effects and mechanisms of Vaccarin (a flavonoid glycoside from Vaccaria 
segetalis) in a C57BL/6 murine model of dextran sulfate sodium (DSS)-induced 
colitis. The mice were randomized into 5 groups: Control, DSS, DSS+Vaccarin-L 
(1mg/kg), DSS+Vaccarin-H (4mg/kg), and DSS+mesalazine (100mg/kg, a 
reference drug used off-label in veterinary practice). Vaccarin improved clinical 
presentation, including reduced DAI, weight loss, and colon shortening. Besides, 
the results indicate that Vaccaria preserved epithelial structure, attenuated apoptosis, 
restored tight junction proteins, suppressed IL-1β and IL-18 production, and 
reversed autophagy impairment. Transcriptomics and protein validation identified 
FSTL3 as a novel target, with DSS-induced FSTL3 upregulation suppressed by 
Vaccarin in a dose-dependent manner. Autophagy inhibitor 3-MA abrogated 
Vaccarin’s protective effects, confirming the FSTL3-autophagy axis. In conclusion, 
Vaccarin ameliorates colitis by maintaining intestinal epithelial integrity, 
suppressing inflammation, and restoring autophagy flux via FSTL3 regulation, 
highlighting its potential as a veterinary therapeutic for colitis to alleviate gut-
related morbidity and improve animal welfare. 
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INTRODUCTION 

 
Colitis is a chronic intestinal inflammatory disorder 

that poses a significant threat to the health and welfare of 
animals worldwide (Hussein & Sakuma, 2005; Hussein, 
2007; Zhang & Li, 2014). In veterinary settings, colitis 
often manifests as diarrhea, weight loss, and reduced 
productivity in livestock, or chronic gastrointestinal 
distress in companion animals, severely impacting animal 
quality of life and imposing economic losses in the 
livestock industry (Fluke et al., 1989; Marks et al., 2011; 
King et al., 2024; Salvarani et al., 2025). Companion 
animals such as dogs and cats frequently suffer from 
chronic enteropathies that share pathological similarities 

with human colitis (Marks et al., 2011; Jergens, 2012; 
Suchodolski, 2022; Remmel et al., 2023). Likewise, 
livestock species, particularly swine and poultry, are 
vulnerable to intestinal inflammatory disorders that 
compromise nutrient absorption, growth performance, and 
overall animal welfare, leading to substantial economic 
losses in animal husbandry (Mohsin et al., 2024; Finatto 
et al., 2025; Wei et al., 2025). Although current therapies, 
including corticosteroids, immunosuppressants, and 
biologics targeting cytokines or adhesion molecules, have 
improved patient outcomes, their long-term use is often 
limited by high costs, adverse side effects, and the risk of 
secondary infections (Baumgart & Le Berre, 2021; Altieri 
et al., 2025). Thus, novel therapeutic approaches that 
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restore intestinal homeostasis and limit inflammation are 
highly relevant to veterinary clinical practice and the 
livestock industry (Lin et al., 2020). 

Dysregulated autophagy plays a pivotal role in the 
pathogenesis of colitis (Li & Law, 2022). Autophagy 
maintains intestinal homeostasis by regulating epithelial 
barrier integrity, immune cell activation, and microbial 
clearance (Li & Law, 2022). Given that impaired 
autophagy aggravates mucosal injury, while enhanced 
autophagy strengthens tight junctions, preserves barrier 
integrity, eliminates intracellular pathogens, and 
suppresses excessive inflammation, thereby maintaining 
intestinal homeostasis (Lassen & Xavier, 2018; Pott et al., 
2018; Zhang et al., 2021). Therefore, targeting autophagic 
function has emerged as a promising therapeutic strategy 
for ulcerative colitis. In this context, attention has 
increasingly focused on upstream regulatory molecules 
that may affect autophagic processes. Among them, 
follistatin-like 3 (FSTL3), a secreted glycoprotein of the 
follistatin family, has been implicated in immune 
regulation, tissue remodeling, and metabolic homeostasis 
(Li et al., 2024), suggesting it may also play an important 
but as yet undefined role in the modulation of autophagy 
during colitis both in humans and animals. 

Natural products provide a valuable reservoir for drug 
discovery in inflammatory diseases (Liu et al., 2022; 
Wang et al., 2024a). Vaccarin, a bioactive flavonoid 
glycoside isolated from Vaccaria segetalis 
(Caryophyllaceae), has been reported to modulate 
signaling pathways related to oxidative stress and immune 
responses (Gong et al., 2019). Preliminary studies suggest 
that Vaccarin modulates signaling pathways involved in 
oxidative stress and immune responses, yet its therapeutic 
potential in colitis and the underlying mechanisms remain 
unclear (Xie et al., 2015; Fan et al., 2025). 

Based on these findings, we hypothesized that 
Vaccarin might ameliorate colitis by regulating 
autophagic flux through FSTL3 and suppressing excessive 
inflammatory responses, thereby holding relevance for 
both human and veterinary colitis management. To test 
this hypothesis, we established a murine model of DSS-
induced colitis, a well-validated preclinical model widely 
used to mimic colitis pathologies observed in veterinary 
patients, such as dogs, cats, and pigs, and evaluated the 
therapeutic efficacy of Vaccarin (Chassaing et al., 2014). 
The aims of this study were to evaluate the therapeutic 
efficacy of Vaccarin in DSS-induced colitis and 
investigate whether its effects are mediated by the FSTL3-
autophagy axis, focusing on the regulation of epithelial 
barrier function, inflammation, and autophagic flux. This 
study confirmed Vaccarin’s veterinary translational value, 
including easing reliance on antibiotics and mitigating 
side effects of conventional anti-inflammatory drugs, 
while highlighting the cross-species FSTL3-autophagy 
axis for animal colitis therapy. 
 

MATERIALS AND METHODS 
 

Animal Model: Male C57BL/6 mice (Beijing Huafukang 
Biotechnology Co., Ltd) were maintained under standard 
environmental conditions (temperature: 22±2°C, humidity 
50±10%, 12-hour light/12-hour dark cycle, free access to 
standard mouse food and water).  

Male C57BL/6 mice were randomized into 5 groups: 
Control, DSS, DSS+Vaccarin-L, DSS+Vaccarin-H, and 
DSS+mesalazine. Experimental ulcerative colitis was 
induced by administration of 3% (wt/vol) dextran sulfate 
sodium (DSS, MP Biomedicals, USA) in drinking water 
for 10 consecutive days (Cui et al., 2021). Mice in the 
DSS + Vaccarin-L and DSS + Vaccarin-H groups 
received intraperitoneal injections of 1 mg/kg and 4 
mg/kg Vaccarin (Sun et al., 2021b), respectively, while 
mice in the positive control group were administered 100 
mg/kg Mesalazine intragastrically (Sun et al., 2021b). On 
day 11, all animals were sacrificed and colon tissues were 
harvested, colon length, and representative colon imaging 
were recorded. The disease activity index (DAI) and body 
weight of the mice were monitored by the research team 
throughout the experimental period. 

To further evaluate the role of autophagy, an 
additional cohort of mice (n = 8 per group) was treated 
with DSS + Vaccarin-H or DSS + Vaccarin-H combined 
with 10 mg/kg 3-methyladenine (3-MA, intraperitoneal, 
every other day). 
 
H&E staining: Colon sections (4 μm) were prepared 
according to the standard procedure and stained with 
hematoxylin and eosin (Sun et al., 2021b). 
 
TUNEL staining: The fixed colon sections exposed to 50 
μL TUNEL reaction mixture (KeyGEN BioTECH, 
China), followed by DAPI counterstaining and imaging 
under a fluorescence microscope (Olympus BX53, Japan) 
(Bai et al., 2020). 
 
Immunohistochemistry (IHC): Colon sections (4 μm) 
were with primary antibodies against FSTL3 (1:2000, 
AB232761, Abcam, USA) or p62 (1:500, AB91526, 
Abcam, USA) incubated overnight at 4°C, followed by 1 
h of incubation at room temperature with HRP-conjugated 
secondary antibodies (1:4000, RGAR011, Proteintech, 
China), visualized using DAB chromogen, and finally 
imaged under a light microscope (Ren et al., 2020). 
 
Immunofluorescence (IF): Colon sections were 
incubated with the corresponding primary antibodies 
overnight at 4°C and Alexa Fluor-conjugated secondary 
antibodies (1:50, 128-545-003, Jackson ImmunoResearch, 
USA) for 1h at 25°C in the dark, counterstained with 
DAPI, and imaged by fluorescence microscopy (Zhang et 
al., 2024).  

The primary antibodies information: Occludin (1:200, 
AB216327, Abcam, USA) and ZO-1 (1:500, AB307799, 
Abcam, USA). 

 
ELISA assay: Serum and colon tissue homogenates were 
collected, and IL-1β and IL-18 concentrations were 
determined by commercial ELISA kits (eBioscience, 
USA) with experimental procedures strictly following the 
manufacturers’ instructions. Serial dilutions of 
homologous recombinant standard substances were used 
to generate standard curves. In short, after completing the 
antibody incubation and color development steps with 
tetramethylbenzidine (TMB) substrate, the OD values 
were measured at a wavelength of 450nm using a 
microplate reader (Yao et al., 2017). 
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RNA Sequencing: Total RNA was extracted from colon 
tissues of DSS and DSS + Vaccarin-H groups and high-
throughput mRNA sequencing was implemented on an 
Illumina NovaSeq 6000 platform. 
 
Quantitative Real-Time PCR: Total RNA from colon 
tissues was reverse transcribed into cDNA using a 
commercial kit (Takara, Japan). qRT-PCR was performed 
using SYBR Green Master Mix (Applied Biosystems, 
USA). Primer sequences are provided in Table 1. 
 
Table 1: Primer sequences used for qRT-PCR 

Gene Primer sequences(5´→3´) 
GAPDH-F TCACCATCTTCCAGGAGCGAGAC 
GAPDH-R TGAGCCCTTCCACAATGCCAAAG 
FSTL3-F CTACATCTCCTCGTGCCACA 
FSTL3-R TCTTCTGCAGACTCACCACCT 

 
Western blotting: Proteins from colon tissues were 
extracted, quantified, and subjected to SDS-PAGE, followed 
by transfer to PVDF membranes. In turn, the membranes 
were incubated with primary antibodies and HRP-conjugated 
secondary antibodies, bands were visualized by ECL and 
quantified with ImageJ (Li et al., 2023). 

The primary antibodies information: LC3 (1:5000, 
AB48394, Abcam, USA), p62 (1:1000, AB109012, 
Abcam, USA), Beclin-1 (1:2000, AB207612, Abcam, 

USA), (Occludin (1:2000, AB216327, Abcam, USA), ZO-
1 (1:2000, AB307799, Abcam, USA), and FSTL3 
(1:2000, AB232761, Abcam, USA) 
 
Statistical analysis: All data are expressed as mean ± SD. 
For comparisons between two groups, a student's t-test 
was employed; for groups of three or more, one-way 
analysis of variance (ANOVA) followed by Tukey's post-
test was used. A P-value less than 0.05 was considered 
statistically significant. 

 
RESULTS  

 
Vaccarin alleviates clinical and histological features of 
DSS-induced colitis: Mice exhibited typical symptoms, 
including colon shortening, elevated DAI, and body 
weight loss after modeling (P<0.01; Fig. 1A-C). Vaccarin 
treatment alleviated the reductions in colon length, 
increases in DAI scores, and decreases in body weight. 
Histologically, DSS induced extensive epithelial damage 
and crypt destruction, while Vaccarin markedly reduced 
mucosal injury (Fig. 1D). TUNEL staining confirmed 
increased apoptosis in DSS colons, which was strongly 
attenuated by Vaccarin, particularly at high dose, similar 
to mesalazine (Fig. 1E). Collectively, Vaccarin improved 
clinical manifestations and inhibited epithelial apoptosis 
in mice. 

 

 
 
Fig. 1: Vaccarin ameliorates DSS-induced colitis in mice. (A) Colon length. (B) DAI scores during disease course. (C) Body weight changes. (D) 
Representative H&E staining of colon tissues. (E) TUNEL staining showing epithelial apoptosis. Data are expressed as mean ± SD (n = 8–10). **P< .01 
vs. Con; ##P<0.01 vs. DSS (one-way ANOVA). 
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Vaccarin restores intestinal barrier integrity: DSS 
challenge markedly disrupted the intestinal barrier, as 
evidenced by reduced Occludin and ZO-1 staining in 
colonic tissues compared with controls (Fig. 2A and 
B). High dose Vaccarin treatment restored barrier 
protein expression almost to the control group, which 
was in consistent with the results of Western blotting 
(P<0.01; Fig. 2C). Together, these findings indicate 
that Vaccarin effectively preserves intestinal barrier 
integrity in mice. 

Vaccarin attenuates inflammatory responses in DSS-
induced colitis: Then, the pro-inflammatory cytokine IL-
1β and IL-18 in both serum and colon tissues were 
detected. DSS markedly increased IL-1β (Fig. 3A and C) 
and IL-18 (Fig. 3B and D) levels in both serum and colon 
tissues compared with controls. At the same time, 
Vaccarin treatment significantly reduced these elevations 
(P<0.01), indicating that Vaccarin effectively suppresses 
DSS-induced inflammatory cytokine production in both 
systemic circulation and local intestinal tissues. 

 

 
 
Fig. 2: Vaccarin restores intestinal barrier integrity in DSS-induced colitis. (A) Immunofluorescence of Occludin and ZO-1 in colon tissues. (B) 
Western blot analysis of Occludin and ZO-1 expression, with GAPDH as a loading control. Data are expressed as mean ± SD (n = 6–8). **P < 0.01 
vs. Con; ##P<0.01 vs. DSS (one-way ANOVA). 
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Vaccarin regulates FSTL3 expression in DSS-induced 
colitis: To explore the molecular mechanism of Vaccarin, 
transcriptomic analysis was performed on colon tissues 
from DSS and DSS+Vaccarin-H mice. Volcano plots 
revealed significantly differentially expressed mRNAs 
between the two groups (Fig. 4A), while GO and KEGG 
enrichment analyses indicated enrichment of pathways 
related to autophagy and inflammation (Fig. 4B-C). 

Further validation of FSTL3 expression was conducted. 
DSS markedly upregulated FSTL3 expression compared 
with controls, while Vaccarin treatment reduced FSTL3 
expression (P<0.01; Fig. 4D-E). This phenomenon was 
subsequently confirmed by immunohistochemical testing 
targeting FSTL3 (Fig. 4F), indicating that Vaccarin 
ameliorates DSS-induced colitis at least in part by 
downregulating intestinal FSTL3 expression. 

 

 
 
Fig. 3: Vaccarin suppresses inflammatory cytokine production in DSS-induced colitis. (A) Serum IL-1β levels measured by ELISA. (B) Serum IL-18 
levels measured by ELISA. (C) Colonic IL-1β levels measured by ELISA. (D) Colonic IL-18 levels measured by ELISA. Data are expressed as mean ± 
SD (n = 6–8). **P < 0.01 vs. Con; ##P < 0.01 vs. DSS (one-way ANOVA). 

 

 
 
Fig. 4: Vaccarin regulates FSTL3 expression in DSS-induced colitis. (A) Volcano plot showing differentially expressed mRNAs between DSS and DSS 
+ Vaccarin-H groups. (B) GO enrichment analysis of differentially expressed genes. (C) KEGG pathway analysis. (D) Real time-PCR detection of 
FSTL3 expression in colon tissues. (E) Western blot analysis of FSTL3 expression, with GAPDH as a loading control. (F) Immunohistochemistry of 
FSTL3 expression in colon tissues. Data are expressed as mean ± SD (n = 6–8). **P<0.01 vs. Con; ##P<0.01 vs. DSS (one-way ANOVA). 
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Vaccarin regulates autophagy in DSS-induced colitis: 
DSS modeling markedly suppressed autophagy, as 
indicated by decreased LC3II/I and Beclin-1 levels and 
increased p62 accumulation compared with controls, and 
Vaccarin treatment reversed these changes (P<0.01; Fig. 
5A). Immunohistochemistry further confirmed enhanced 
p62 staining in DSS colons, which was attenuated by 
Vaccarin treatment (Fig. 5B). To investigate whether 
autophagy mediates the protective effects of Vaccarin, a 
well-established autophagy inhibitor 3-MA was co-
administered with high-dose Vaccarin. In comparison to 
the DSS+Vaccarin-H group, combined treatment with 3-
MA significantly shortened colon length and abrogated 
the beneficial effects of Vaccarin on DAI scores as well as 
body weight recovery. (Fig. 5C, E, and F). Histological 
examination by H&E also revealed more severe mucosal 
damage in the DSS + Vaccarin-H + 3-MA group 
compared with Vaccarin alone (Fig. 5D), indicating that 
Vaccarin restores autophagic flux, and that inhibition of 
autophagy abolishes its protective effects. 
 

DISCUSSION 
 

In animals, colitis-like intestinal inflammation is 
often presented as chronic diarrhea, weight loss, and 
reduced productivity in livestock or impaired welfare in 
companions. Its pathogenesis is conserved across species 
(Le Berre et al., 2023; Peng et al., 2023). Current 
interventions targeting colitis have notable limitations, 
though they overlap, and there is an overlap between 

human and veterinary practice. In animals, conventional 
options, including corticosteroids and antibiotics for 
secondary infections and supportive care, offer 
symptomatic relief but are constrained by side effects 
such as gut dysbiosis and immunosuppression (Wangchuk 
et al., 2024). Natural bioactive compounds with 
pleiotropic effects are therefore receiving increasing 
attention as alternative or adjunctive therapies. For 
example, sedanolide, a natural phthalide from celery seed 
oil, alleviated DSS-induced colitis by reducing 
inflammation and fortifying the intestinal barrier (Li et al., 
2025). Vaccarin, a flavonoid glycoside derived from 
Vaccaria segetalis, significantly ameliorates DSS-induced 
colitis by improving clinical and histological outcomes, 
preserving intestinal barrier integrity, attenuating 
inflammatory cytokine release, downregulating FSTL3, 
and restoring autophagic flux. These findings not only 
highlight Vaccarin as a promising therapeutic candidate 
for human colitis but also underscore its considerable 
translational value for veterinary medicine, offering a 
potential novel option for managing colitis-like disorders 
in companion animals and livestock. 

Our results confirmed that DSS administration 
induces classical colitis symptoms, such as colon 
shortening, body weight loss, increased DAI, epithelial 
destruction, and apoptosis, consistent with previous 
studies (Oh et al., 2014; Cui et al., 2021). Vaccarin dose-
dependently ameliorated these manifestations, with 
efficacy comparable to mesalazine, a standard drug for 
colitis.  Similar  protective effects have been described for 

 

 
Fig. 5: Vaccarin regulates autophagy in DSS-induced colitis. (A) Western blot analysis of LC3II/I, Beclin-1, and p62 expression in colon tissues, with 
GAPDH as a loading control. (B) Immunohistochemistry of p62 in colon tissues. (C) Representative colon images and DAI scores in DSS + Vaccarin-
H and DSS + Vaccarin-H + 3-MA groups. (D) H&E staining of colon tissues. (E) Body weight changes during treatment. Data are expressed as mean ± 
SD (n = 6–8). **P<0.01 vs. Con; ##P<0.01 vs. DSS (one-way ANOVA). 
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phytochemicals such as curcumin, resveratrol, and 
quercetin, which also reduce histological injury and 
improve survival in DSS colitis models (Gao et al., 2024; 
Wang et al., 2024b; Yu et al., 2024). By extending this 
evidence, our study identifies Vaccarin as an additional 
bioactive compound mitigating colitis progression, 
reinforcing the therapeutic value of plant-derived agents 
in intestinal inflammation. 

Epithelial barrier dysfunction is widely recognized as 
a key driver of colitis pathogenesis (Moeser et al., 2017; 
Fang et al., 2021). Tight junction proteins, including 
occludin and ZO-1, are critical for maintaining epithelial 
integrity, and their disruption facilitates bacterial 
translocation and mucosal immune activation (Kuo et al., 
2021; Pham et al., 2021). Vaccarin was found to reverse 
the impaired expression of Occludin and ZO-1 following 
DSS challenge, thereby strengthening the epithelial 
barrier. Similarly, to the established action of berberine, 
this highlights the potential of Vaccarin and other natural 
compounds to target and fortify epithelial junctions (Yan 
et al., 2022). Thus, our findings underscore barrier 
preservation as a fundamental mechanism by which 
Vaccarin confers mucosal protection. 

Inflammation plays a central role in the perpetuation 
of colitis (Li et al., 2021). Our data revealed pronounced 
DSS-induced increases in IL-1β and IL-18 levels in serum 
and colon tissue, which were significantly suppressed by 
Vaccarin. These cytokines are canonical products of 
NLRP3 inflammasome activation, a pathway strongly 
implicated in colitis pathogenesis (Lv et al., 2021). 
Comparable anti-inflammatory effects have been reported 
for natural flavonoids that attenuate NF-κB and MAPK 
signaling cascades (Ren et al., 2020; Chu et al. 2025). 
Collectively, these findings suggest that Vaccarin acts as a 
potent immunomodulator, disrupting pro-inflammatory 
signaling at multiple levels. 

Transcriptomic and experimental validation identified 
FSTL3 as a novel target of Vaccarin. DSS markedly 
upregulated FSTL3 expression, whereas Vaccarin 
suppressed it in a dose-dependent manner. Although 
FSTL3, a member of the follistatin family, is known to 
regulate TGF-β signaling, metabolism, and tissue 
remodeling (Liu et al., 2021; Sun et al., 2021a), its role in 
colitis remains unclear. Our results suggest that aberrant 
FSTL3 expression may exacerbate inflammation and 
impair autophagy, whereas Vaccarin-induced 
downregulation of FSTL3 promotes mucosal recovery.  

The mechanistic analysis confirmed that autophagy is 
indispensable for Vaccarin’s protective effects. DSS 
impaired autophagic flux, as reflected by decreased 
LC3II/I and Beclin-1 and accumulation of p62, in 
agreement with earlier findings that defective autophagy 
promotes uncontrolled inflammation and tissue injury in 
colitis (Larabi et al., 2020). Vaccarin restored autophagy, 
while co-treatment with 3-MA abolished its beneficial 
effects, underscoring the pivotal role of autophagy in 
mediating its actions. These findings are consistent with 
studies showing that pharmacological agents or genetic 
interventions that restore autophagic flux ameliorate 
experimental colitis (Duan et al., 2021; Kim et al., 2021). 
Together, our data establish the FSTL3–autophagy axis as 
a novel mechanism through which Vaccarin protects 
against colitis. 

Beyond its implications for human medicine, our 
findings may also bear translational significance for 
veterinary practice. Chronic enteropathies are highly 
prevalent in companion animals such as dogs and cats, as 
well as in livestock, where intestinal inflammation 
compromises growth performance and welfare (Makielski 
et al., 2019). The ability of Vaccarin to restore barrier 
integrity, suppress inflammation, and modulate autophagy 
suggests potential applications across species, bridging 
preclinical and veterinary medicine. 

In conclusion, this study demonstrates that Vaccarin 
effectively ameliorates DSS-induced colitis in mice by 
targeting a FSTL3-mediated regulatory axis. Our findings 
advance knowledge of Vaccarin’s pharmacological effects 
and provide robust support for its development as an IBD 
therapeutic significant veterinary value for addressing key 
unmet needs in treating colitis-like disorders in animals, 
alongside its use in humans. Collectively, these future 
endeavors will not only refine our understanding of the 
FSTL3-mediated pathogenesis of colitis but also 
accelerate the translational potential of Vaccarin as a 
targeted therapy for both human and veterinary IBD. 
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