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ABSTRACT: Sunset yellow (SY) is a widely used food additive. However, its impacts on ulcerative colitis (UC) development
remain unclear. Here, SY exposure exacerbated dextran sulfate sodium (DSS)-induced UC symptoms in mice, including body weight
loss, elevated disease activity index, histological damage, inflammation, gut barrier impairment, disruption of gut microbiota
composition, and sulfur metabolism. Moreover, fecal microbiota transplantation from SY-exposed mice also exacerbated colitis in the
recipient mice. Notably, SY exposure both in vivo and in vitro inhibited the growth of Akkermansia muciniphila (AKK). Nontargeted
metabolomics revealed that SY exposure impaired glutathione (GSH) metabolism, as evidenced by reduced GSH and glutathione
disulfide levels in both normal and colitis mice. In AKK, SY exposure significantly decreased GSH content, suppressed glutathione S-
transferase activity, and disrupted sulfur metabolism. Importantly, GSH supplementation markedly reversed the SY-induced AKK
growth inhibition. Collectively, these findings suggest that long-term SY exposure promotes experimental colitis in mice through gut
microbiota-dependent GSH metabolic dysregulation.
KEYWORDS: food additives, ulcerative colitis, glutathione, oxidative stress, gut microbiota, metabolome, transcriptome

■ INTRODUCTION
Ulcerative colitis (UC) is a type of inflammatory bowel disease
(IBD), similar to Crohn’s disease (CD). UC can significantly
impact patients’ quality of life and may lead to serious
complications. Long-term UC can result in structural and
functional changes in the colon, increasing the risk of
colorectal cancer.1,2 The incidence of IBD is highest in
Western countries, with rates ranging from 10 to 30 per
100,000 people.3 As the incidence of UC continues to rise
globally, the overall disease burden is expected to increase due
to its relatively low mortality rates.4 Although genetic
predisposition, disturbances in gut microbiota, and environ-
mental factors are known contributors to IBD onset,5,6 the
exact pathogenesis remains unclear. There is increasing
evidence that diet plays a key role in the development of
IBD.7,8

Food additives such as emulsifiers, sweeteners, and synthetic
colorants are widely used to improve the texture, taste, and
color of processed foods. Although food additives are generally
recognized as safe, emerging evidence suggests their potential
adverse health effects, including dysbiosis, increased intestinal
permeability, and inflammation.9 Higher intake of emulsifier
was positively correlated with serum inflammatory biomarker
glycoprotein acetyls.10 Compared with healthy controls, CD
patients in Australia and China consumed more food additives,
including total emulsifiers, sweeteners, and titanium dioxide
(TiO2) nanoparticles, in the past year.11 Polysorbate 80 and
sucralose decreased butyrate-producing bacteria, while in-
creased bacterial species positively correlated with intestinal
inflammation and fibrosis, especially in donors in remission of
IBD.12 TiO2, commonly used as a whitener or brightener,

exacerbated DSS-induced colitis by disrupting intestinal barrier
function and activating the inflammasome.13 Previous studies
revealed that chronic exposure to Allura Red, a common
synthetic colorant, promotes experimental colitis via intestinal
serotonin in gut microbiota-dependent and -independent
pathways in mice.14 SY was prioritized due to its widespread
usage and insufficient toxicological characterization in
inflammatory bowel contexts.

Sunset yellow (SY), a common azo dye, is approved for use
as a food additive in many countries, though it has been
banned in Finland and Norway. In 2009, the European Food
Safety Authority (EFSA) reassessed SY’s safety as a food
additive with the European Union, temporarily reducing its
acceptable daily intake (ADI) to 1 mg/kg bw/day. Following
re-evaluation, EFSA established an updated ADI of SY 4 mg/
kg bw/day.15 Even at the ADI level, SY has been shown to
negatively impact brain tissue by inducing oxidative stress.16

SY exhibited teratogenic effects on chicken embryos, causing
hepatocyte necrosis and multiple degenerative changes in the
kidney.17 Additionally, research has shown that SY can induce
colitis in mice through dysregulated IL-23 expression.18 SY has
also been observed to alter the gut microbiota of male Wistar
rats, compromising intestinal integrity.19 However, the effect of
SY on colitis has not been clearly elucidated.
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In this study, the effects and underlying mechanism of SY on
the pathogenesis of colitis were investigated by integrating gut
microbiota sequencing profiling, metabolomics, and fecal
microbiota transplantation (FMT). Long-term exposure to
SY increased susceptibility to experimental colitis in mice,
accompanied by altered gut microbiota and serum metabolic
profiles. Notably, FMT from SY-exposed mice also exacerbated
DSS-induced colitis, revealing the critical role of gut micro-
biota. Additionally, SY exposure aggravated DSS-induced
oxidative stress by disrupting glutathione (GSH) metabolism.
Furthermore, SY exposure impaired the sulfur metabolism of
AKK, which may have contributed to its reduced abundance
both in vitro and in vivo. GSH supplementation markedly
reversed the SY-induced inhibition of AKK growth. These
findings indicated that chronic exposure to SY promotes
experimental colitis by altering GSH metabolism in a gut
microbiota-dependent manner. This study highlights the need
for stricter evaluation of SY usage in the food industry and may
enhance public awareness of potential health risks associated
with dietary colorants.

■ MATERIALS AND METHODS
Animals. Male C57BL/6J mice, aged 5−6 weeks, were purchased

from the Animal Core Facility of Nanjing Medical University. All
mice were housed in a specific pathogen-free (SPF) chamber with free
access to autoclaved standard food and water. The environmental
conditions were controlled at 50−53% humidity and a temperature of
21−22 °C, with a 12 h light/dark cycle. Before any experiments were
begun, the mice were acclimated for 7 days. In this study, mice (n =
10 per group) were exposed to SY (C16H10N2Na2O7S2, CAS: 2783-
94-0, Sigma-Aldrich, USA) in drinking water (0.1% w/v, 0.1 mg/mL)
for 13 weeks. The dose of the SY level was chosen based on the EFSA
revised maximum allowable level in food. During this procedure,
water was changed twice a week, and the intake of SY was about 0.4
mg/day per mouse. A human equivalent dose of 1.3 mg/kg/day was
calculated from the FDA guidelines for scaling between species,20

which did not reach the ADI of SY 4 mg/kg bw/day. Experimental
colitis was induced by 2% DSS (molecular mass 36−50 kDa, MP
Biomedicals, USA) for 7 days (from weeks 12 to 13). All animal
experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) of Nanjing Medical University (IACUC-
2302039).

Depletion of Gut Microbiota. The mice were orally gavaged
with 200 μL cocktail of antibiotics (ABX) for 1 week to deplete gut
microbiota. The ABX contains 50 mg/kg/day vancomycin hydro-
chloride (Maclin Biochemical Technology Co., Ltd., Shanghai,
China), 1 mg/kg/day amphitromycin B, 100 mg/kg/day neomycin
sulfate (Solarbio Science & Technology Co., Ltd., Beijing, China),
100 mg/kg/day metronidazole, and 100 mg/kg/day, ambenomycin
sodium (Sangon Biotech Co., Ltd., Shanghai, China).

Fecal Microbiota Transplantation. Following 12 weeks of
treatment with either 0.1 mg/mL SY or water (control), fresh fecal
samples were collected from the donor mice. Then, 10 mg aliquots of
feces were homogenized in 1 mL of sterile PBS. The suspensions were
then centrifuged at 600 × g for 5 min at room temperature to pellet
insoluble particulate matter. All sample processing was performed
immediately after collection to ensure sample integrity.21 Recipient
mice (n = 10 per group) were treated with ABX for 1 week to deplete
gut microbiota, and then they were orally administered with 200 μL
suspension once every 3 days for 3 weeks. Then, these mice were
given 2% DSS for 1 week and then changed to normal drinking water
for 1 day to recover.

Assessment of Colitis Severity. Disease activity index (DAI) is a
combined score of weight loss, stool viscosity, and fecal bleeding. The
scoring method was as follows: weight loss: 0 = no loss, 1 = 0−5%, 2
= 5−10%, 3 = 10−20%, 4 > 20%; stool: 0 = normal, 2 = soft stool, 4 =
loose stool; and bleeding: 0 = no blood, 2 = a little blood, 3 = distinct

blood, and 4 = gross blood (blood around anus). Scores were
conducted during DSS treatment.

Hematoxylin and Eosin and Immunohistochemical (IHC)
Staining. The colon was washed with normal saline, fixed with 4%
paraformaldehyde for 24 h, embedded with paraffin, and stained with
hematoxylin and eosin (H&E). After air drying for a week, all colon
tissue sections were observed and analyzed using a Pannoramic digital
section scanner (Pannoramic SCAN, 3DHISTECH Kft, Budapest,
Hungary). Pathological scores were evaluated blindly according to
previously published methods.22 Briefly, the slices were scored based
on three parameters of tissue damage and four parameters of
inflammation, and these scores were multiplied with factors that
considered how affected the tissue was.

For IHC staining, 5 mm-thick paraffin-embedded sections were
deparaffinized. Different sets of colon sections were used for IHC
staining to assess the expression of Muc2 and ZO-1. Staining intensity
was evaluated by using ImageJ software.

Quantitative Real-Time Polymerase Chain Reaction. Total
RNA from colon tissues was extracted using Trizol reagent (Tiangen
Biotech, Beijing) and quantified using NanoDrop 2000 (Thermo
Fisher Scientific, Canada). Complementary DNA (cDNA) was
prepared from 1 μg of total RNA using HiScript II Q RT SuperMix
(Vazyme Biotech, Nanjing, China). Relative quantitative real-time
polymerase chain reaction (qRT-PCR) amplification was performed
using LightCycler 480 II (Roche, Ltd.) with specific primers. Data
were analyzed according to the 2−ΔΔCT method with GAPDH as the
internal standard. Primer sequences are listed in Table S1.

Enzyme-Linked Immunosorbent Assay (ELISA). Colon tissue
was homogenized in PBS (pH 7.4, 0.01 M) supplemented with
protease inhibitor. The colon homogenates were then centrifuged at
5000 × g for 10 min at 4 °C, and the supernatant was stored at 80 °C
until analysis. The levels of colonic IL-1β and TNF-α were measured
by ELISA per manufacturer’s procedure (Elabscience, Wuhan,
China).

Western Blotting. Protein extraction from colonic tissues was
performed using the Protein Extraction Kit (KeyGEN biotech,
KGB5303-50), with protein concentrations quantified using the BCA
Protein Assay Reagent (Beyotime Biotechnology, Shanghai, China).
Protein samples were denatured by boiling at 95 °C for 5 min in
Laemmli buffer, separated by 10% SDS-PAGE, and subsequently
transferred to polyvinylidene difluoride membranes (Millipore,
Billerica, MA, USA). Membranes were blocked and then incubated
overnight at 4 °C with rabbit anti-Occludin (1:1000, Proteintech,
27260-1-AP), rabbit anti-ZO-1 (1:5000, Proteintech, 21773-1-AP) or
mouse anti-GAPDH (1:1000, Proteintech, 10494-1-AP). Following
primary antibody incubation, membranes were probed with the
appropriate horseradish peroxidase (HRP)-conjugated secondary
antibodies. Protein bands were visualized using an enhanced
chemiluminescence detection system, and band intensities were
quantified using ImageJ software.

16S rRNA Sequencing. Total DNA was extracted from the
collected stool samples. The quality, concentration, and purity of
DNA were detected by 1% agarose gel electrophoresis and
instruments. 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and
1492R (5′-GGTTACCTTGTTACGACTT-3′) were used to amplify
the full-length 16S rRNA gene. The PCR products were recovered,
purified, and quantified. The quantitative PCR products were
sequenced by an Illumina MiSeq instrument (PE300). Operational
taxonomic unit (OTU) clustering was performed based on the
optimized sequences to obtain OTU tables. Subsequently, the data
were analyzed on the Majorbio online platform (www.majorbio.com).
Among them, the gut microbiota health index (GMHI) was calculated
using a biologically interpretable mathematical formula for predicting
the likelihood of disease independent of the clinical diagnosis. GMHI
is more robust and consistent predictor of disease presence (or
absence) compared to α-diversity indices.23 Microbiota dysbiosis
index (MDI) was calculated as the log of (total abundance in genera
increased in the disease group) over (total abundance in genera
decreased in the disease group).24 Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States 2 (PICRUSt2)
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was used to predict the functional information on microbial
communities, and Kyoto Encyclopedia of Genes and Genomes
(KEGG) combined with STAMP software (version 2.1.3) was used to
analyze the species and functional composition and differences.

Serum Metabolomes and Data Processing. The UHPLC
Ultimate 3000 system coupled with a Q Exactive hybrid quadrupole-
orbitrap mass spectrometer (UPLC-MS) was employed to analyze
serum metabolic profiling according to our previous study.25 An
aliquot of the same volume from each sample were pooled to prepare
the quality control (QC) sample for checking the stability of the
instrument. Simca14.0 software (version 14.1.0.2047) was used for
systematic analysis, such as orthogonal partial least-squares discrim-
inant analysis (OPLS-DA), to obtain variable weight importance
ranking (VIP). The statistically differential metabolites were identified
according to VIP > 1, P value < 0.05, and fold change > 1.2. The
metabolic pathways were annotated using MetaboAnalyst 6.0 (www.
metaboanalyst.ca) and the KEGG database.

Bacterium Culture. AKK MucT (ATCC BAA-835) was cultured
in brain heart infusion broth supplemented with 10 mg/L resazurin
(an oxidation−reduction indicator) and 0.1 mg/L cysteine under
strict anaerobic conditions.26 Five concentration gradients of SY were
introduced into the anaerobic culture tube in accordance with the

Chinese national standards for use of food additives of China (GB
2760−2024). To explore the role of oxidative stress in AKK growth,
AKK was treated with 1.0 mg/L SY in the presence or absence of 1 M
GSH for 24 h. The growth of AKK was monitored by using a bacterial
turbidimeter.

Measurement of Oxidative Stress. AKK was treated with 1.0
mg/L SY for 24 h and harvested for homogenization in PBS to extract
the total protein. Following centrifugation at 12,000 rpm for 15 min at
4 °C, the supernatant was collected for protein quantification using a
BCA protein assay kit. Then, reactive oxygen species (ROS) levels,
GSH contents, and GST activity were determined in accordance with
the manufacturer’s protocols (Jiancheng Bioengineering Institute,
Nanjing, China).

Prokaryotic Transcriptome Analysis. AKK was treated with or
without 1 mg/mL SY for 24 h, after which the bacteria were collected
for RNA extraction. The TruSeq Stranded Total RNA Library Prep
kit (Illumina, CA, USA) was used to prepare the sequence library.
Library sequencing was performed on an Illumina HiSeq4000 SBS
instrument (CA, USA). Differential expression analysis was conducted
using EdgeR, with differentially expressed genes identified based on
the criteria of FDR < 0.05 and |log2FC| ≥ 1. Functional enrichment of

Figure 1. SY exposure increased susceptibility to colitis. (A) Schematic diagram of the experimental design (n = 10). (B) Body weight is expressed
as the mean change from the starting body weight. (C) Disease activity index (DAI). (D) Colon length. (E) Representative HE staining of colon
and pathological scores (n = 5), scale bar: 100 μm. IHC staining and average optical density of (F) Muc2 and (G) ZO-1 in distal colon sections,
scale bar: 100 μm (n = 5). The levels of (H) IL-1β and (I) TNF-α expression in the colon tissues. The mRNA expression of (J) IL-1β, (K) TNF-α,
and (L) MUC-2 in the colon tissues (n = 10). Data were presented as the mean ± SEM and analyzed by ordinary two-way ANOVA with Tukey’s
multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group; #P < 0.05, ##P < 0.01 compared with the intragroup.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.5c06410
J. Agric. Food Chem. 2025, 73, 23633−23643

23635

http://www.metaboanalyst.ca
http://www.metaboanalyst.ca
https://pubs.acs.org/doi/10.1021/acs.jafc.5c06410?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.5c06410?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.5c06410?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.5c06410?fig=fig1&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.5c06410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


KEGG pathways and Gene Ontology (GO) terms was subsequently
performed using the Majorbio online platform.

Statistical Analysis. The data of body weight, DAI, colon length,
and gene expression were analyzed using a two-tailed t test or
ANOVA with Tukey’s multiple comparisons. The Wilcoxon rank-sum
test was used to compare the difference in bacteria between the two
groups. Correlations between metagenomics and metabolomics data
were analyzed using the Mantel test and Spearman’s rank test. All data
are presented as mean ± SEM unless otherwise stated. P < 0.05 was
considered statistically significant.

■ RESULTS
SY Exposure Aggravated DSS-Induced Colitis in Mice.

To investigate the effect of SY on the development of colitis,
C57BL/6 mice were given drinking water with or without SY
(0.1 mg/mL) throughout the experiment, followed by
treatment with 2% DSS in the last week (Figure 1A). Mice
treated with DSS experienced weight loss (P < 0.001), which
was further exacerbated in the SY-exposed group (P < 0.001,
Figure 1B). Mice in the SY+DSS group exhibited a higher DAI
(P < 0.01) and significantly reduced colon length (P < 0.05)

Figure 2. Alterations in the composition and function of gut microbiota induced by SY exposure. Gut microbiota health index in normal mice
followed by (A) DSS and (B) SY treatment (n = 10). (C) Gut microbiota health index of colitis mice exposed to SY. (D) Microbial dysbiosis index
among the four groups. (E) Projection to latent structure discriminant analysis (PLS-DA) of the OTU among groups. (F) Cladogram based on
LEfSe analysis was used to show the community composition of the gut microbiota. (G) Differentially enriched gut microbiota in each group at the
genus level by linear discriminant analysis (LDA). (H) Differential bacteria at the genus level between control and DSS groups. Differential bacteria
at the genus level in (I) normal and (J) colitis mice exposed to SY. Data were presented as the mean ± SEM and analyzed by the Wilcoxon rank-
sum test. ***P < 0.001 compared with the control group.
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compared to the DSS-only group (Figure 1C,D). Histological
analysis revealed greater destruction of crypt structures and
extensive infiltration of immune cells in the mucosa and
submucosa, and an elevated pathological score in the SY+DSS
group in comparison with the DSS group (P < 0.05, Figure
1E). Furthermore, SY exposure significantly inhibited the
expression of Muc2 and ZO-1 in DSS-induced colitis mice,
exacerbating the impairment of the intestinal mucus barrier (P
< 0.05, Figure 1F,G). Colonic IL-1β and TNF-α levels were
significantly increased in the DSS+SY group (P < 0.01, Figure
1H,I). Additionally, the expression of IL-1β and TNF-α was
higher in the DSS+SY group compared to the DSS group (P <
0.05, Figure 1J,K). Meanwhile, the expression of Muc2 was
decreased in the DSS+SY group (P < 0.05, Figure 1L).

SY Altered Gut Microbiota Composition and De-
creased the Abundance of AKK. Next, we investigated
whether the gut microbiota contributed to the increased
susceptibility to colitis in SY-exposed C57BL/6 mice.
Compared to the control (Con) group, the GMHI was
significantly decreased (P < 0.001) in both the DSS group
(Figure 2A) and the SY group (Figure 2B), with a further
reduction (P < 0.001) observed in the DSS+SY (Figure 2C).
Additionally, the MDI increased (P < 0.001) in both the DSS
and DSS+SY groups (Figure 2D). These findings suggest that
the intestinal health of mice with UC was negatively impacted
by exposure to SY. Despite significant interindividual variation,
partial least squares discriminant analysis (PLS-DA) revealed
distinct clustering of fecal microbiota among the four groups

Figure 3. Gut microbiota-mediated exacerbation of colitis in SY-treated mice. (A) Schematic diagram of the experimental design (n = 10). (B)
Body weight. Data for weight changes from the starting body weight. (C) Disease activity index. (D) Colon length. (E) Representative HE staining
of colon and (F) pathological scores (n = 5), scale bar: 100 μm. (G) IHC staining for Muc2 in distal colon sections and (H) average optical
density, scale bar: 100 μm. The levels of (I) IL-1β and (J) TNF-α in the colon tissues. (K) The mRNA expression of IL-1β, TNF-α, MUC-2,
Occludin, and ZO-1 in the colon tissues. (L) Representative image of Western blot and (M) relative quantification of Occludin, ZO-1, and GAPDH.
Data were presented as the mean ± SEM and analyzed by an unpaired two-tailed t test. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the
control group.
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(Figure 2E), indicating group-specific differences in gut
microbial composition. The microbial cladogram of differential
abundance and linear discriminant analysis effect size (LEfSe)
analysis revealed that SY had a significant impact on
Verrucomicrobia (phylum level), Akkermansiaceae (family
level), and Akkermansia (genus level) (Figure 2F,G). Notably,
the relative abundance of AKK in both the SY and DSS groups
was significantly lower than that in the control group (Figure
2H,I). The proportion of Enterobacter in the DSS+SY group
was higher than that in the DSS group (Figure 2J).

Gut Microbiota Mediated the Exacerbation of Colitis
in Mice Exposed to SY. Alterations in microbiota
composition and metabolism have been shown to regulate
susceptibility to colitis. Thus, we hypothesized that the SY-
induced shift in gut microbiota composition and activity
predisposed SY-treated mice to colitis. To test the role of the
gut microbiota, the impact of FMT was assessed (Figure 3A).
Mice that received fecal transplants from SY-exposed mice
(FMT-SY) showed increased colitis severity compared to
those that received feces from control mice (FMT-C), as
evidenced by significant weight loss (P < 0.05), higher DAI
scores (P < 0.05), and shorter colon length (P < 0.05) in the
FMT-SY group (Figure 3B−D). Histological analysis revealed
inflammatory cell infiltration, destruction of crypt structures,
and elevated pathological score in the FMT-SY group (P <
0.05, Figure 3E,F). IHC staining revealed a significant
reduction in Muc2 expression compared to the FMT-C
group (P < 0.01, Figure 3G,H). The levels of IL-1β (P < 0.05)
and TNF-α (P < 0.01) in the colon tissues from the FMT-SY
group were significantly increased compared with those from
the FMT-C group (Figure 3I,J). Colonic mRNA expression of
IL-1β and TNF-α was upregulated in the FMT-SY group, while
Muc2, Occludin, and ZO-1 were significantly downregulated
compared with the FMT-C group (P < 0.001, Figure 3K).
Moreover, the protein expression of Occludin and ZO-1 was
downregulated in the FMT-SY group, revealing impairment of
the gut barrier (Figure 3L,M).

SY Exposure Disrupted the GSH Metabolism. We
conducted serum metabolomics to investigate how exposure to

SY affects the relevant molecular mechanisms. PLS-DA analysis
revealed significant differences in the serum metabolic profiles
of mice treated with or without DSS (Figure 4A). Notably, SY-
exposed mice exhibited enrichment in the GSH metabolism
pathway, irrespective of whether they were treated with DSS
(Figure 4C) or not (Figure 4B). Both GSH and glutathione
disulfide (GSSG) levels were significantly downregulated (P <
0.05) across groups (Figure 4D,E).

SY Exposure Regulated GSH-Related Genes and Gut
Microbiota Function. The expression of glutathione
peroxidase (GSH-Px), GST, catalase (CAT), and cyclo-
oxygenase-2 (COX2) in colon tissue was markedly decreased
following SY exposure (P < 0.05, Figure 5A−D). Additionally,
we observed significant reductions in the mRNA levels of
GSH-Px, GST, CAT, and COX2 in the colon tissues of FMT-
SY mice (P < 0.05, Figure 5E−H). The Mantel test was
performed to assess the relationship between SY-associated
genera and differential metabolites between the control and SY
groups. The relative abundance of AKK was positively
correlated with GSH levels (Figure 5I). Additionally,
PICRUSt2 analysis indicated that exposure to SY significantly
inhibited the sulfur metabolism of gut microbiota in mice
treated with or without DSS (P < 0.001, Figure 5J). These data
suggested that SY exposure disrupted GSH metabolism by
regulating the host’s related genes and modulation of gut
microbiota.

SY Inhibited the Growth of AKK by Disrupting GSH
Metabolism. Bacteria were cultured in vitro to further
elucidate the effects of SY on AKK. A dose-dependent decrease
in AKK viability (P < 0.05) was observed following exposure to
varying doses of SY (Figure 6A). SY exposure significantly
increased ROS levels (P < 0.001, Figure 6B), decreased GSH
contents, and suppressed GST activity (P < 0.05, Figure 6C,D)
in AKK. RNA-seq analysis was performed to gain further
insight into the potential mechanisms linked to the effect of
AKK on GSH metabolism. AKK followed SY treatment had a
total of 64 differentially expressed genes (DEGs), of which 19
were upregulated and 45 were downregulated (Figure 6E).
Among them, the expression of phosphoadenylyl-sulfate (PAPS)

Figure 4. SY exposure disrupted glutathione metabolism. (A) PLS-DA plots of serum metabolomics among groups (n = 10). (B) Pathway analysis
of differential metabolites in normal mice with or without SY exposure. (C) Pathway analysis of differential metabolites in colitis mice with or
without SY exposure. The relative intensity of serum (D) glutathione and (E) glutathione disulfide. Data were presented as the mean ± SEM and
analyzed by ordinary two-way ANOVA with Tukey’s multiple comparisons and unpaired two-tailed t test, #P < 0.05, compared with the intragroup.
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reductase, cysteine kinase (CysK), and cysteine synthase
(CysD) was downregulated (Figure 6F). Gene Ontology
(GO) enrichment analysis revealed that the DEGs were
primarily associated with sulfur- and sulfate-related biological
processes (Figure 6G). Sulfur metabolism was the most
enriched pathway in response to the SY treatment (Figure
6H). Notably, GSH supplementation effectively restored AKK
growth inhibited by SY (P < 0.001, Figure 6I).

■ DISCUSSION
Since the 19th century, shifts in diet and lifestyle have led to an
increase in the consumption of processed foods, which
coincided with the rise of IBD. By the late 20th century,
both the incidence and prevalence of IBD had significantly
increased.27 Humans are exposed to various chemicals daily
through their diet, and children’s diets, in particular, are rich in
synthetic pigments that enhance the visual appeal of foods.
While the dietary risk factors linked to chronic disease have
been identified,28−30 our understanding of the role of food
colorants in the pathogenesis of IBD remains limited. In this
study, we provide evidence that the widely used synthetic
colorant SY enhances susceptibility to colitis in mice under

healthy conditions by altering the gut microbiota composition
and function.

Although the exact cause of IBD remains unknown,
disruption in gut microbiota composition and function are
recognized as key factors that increase susceptibility to
IBD.31,32 This study demonstrated that SY exacerbated DSS-
induced colon inflammation and gut microbiota dysbiosis, as
evidenced by reduced GMHI and increased MDI. FMT is an
efficacious tool for repairing the gut microbiota. Germ mice
receiving an FMT from obese mice treated with aspartame or
stevia, a low-calorie sweetener, had greater weight gain and
body fat and impaired glucose tolerance compared with
control mice.33 Thus, we validated the role of gut microbiota in
SY-trigged UC by FMT experiment. Mice receiving FMT from
SY-exposed mice exhibited worsened DSS-induced colitis,
indicating that gut microbiota mediated this exacerbation,
corroborating recent findings on food additive-microbiota
interactions.34,35 Consistent with previous studies,36,37 we
observed a significant increase in the abundance of Escherichia
and Shigella at the genus level in mice with DSS-induced
colitis. Additionally, SY increased the relative abundance of
Enterobacter at the genus level, which was overabundant in

Figure 5. SY exposure GSH-related genes and gut microbiota function. (A−D) Colonic mRNA expression of GSH-px, GST, CAT, and COX2 in
mice chronically exposed to SY (n = 10). (E−H) Colonic mRNA expression of GSH-px, GST, CAT, and COX2 in mice treated with fecal bacteria
transplants (n = 10). (I) Mantel test of differential genera with metabolites in the glutathione metabolism pathway between Con and SY groups. (J)
The abundance of sulfur metabolism predicted by PICRUSt 2.0 (n = 10). Data were presented as the mean ± SEM and analyzed by unpaired two-
tailed t test and ordinary two-way ANOVA with Tukey’s multiple comparisons. *P < 0.05, ***P < 0.001, compared with the control group; #P <
0.05, compared with the intragroup.
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patients with colorectal cancer (CRC).38 Notably, the
significant depletion of AKK observed in our study parallels
the dysbiotic effects reported for common food additives.39,40

Both DSS and SY exposure reduced the relative abundance of
AKK, a beneficial microbe that colonizes the intestinal mucus
layer and has been identified as a promising target for IBD
treatment.41,42 These findings indicated that gut microbiota
mediated the exacerbation of DSS-induced colitis by SY in
mice.

The metabolomics approach provides substantial evidence
of altered metabolic profiles and disrupted metabolic pathways
in patients with IBD.43,44 In line with a previous study,45 mice
with DSS-colitis also exhibited a distinct metabolic profile
compared to the control group. SY exposure disrupted three
metabolic pathways under normal conditions and four
pathways under colitis conditions, with GSH metabolism
being the overlapping pathway. GSH metabolism plays a
crucial role in cellular redox reactions, providing antioxidant
defenses and regulating physiological processes in both
humans and other organisms.46,47 Our findings revealed that
serum concentrations of both GSH and GSSG were
significantly decreased in mice exposed to SY. As the most
abundant intracellular antioxidant, GSH neutralizes ROS and
limits their accumulation.48 Within cells, GSH levels are
dynamically maintained by GSH reductase, which regenerates

GSH from GSSG during redox cycling, while antioxidant
enzymes, such as GSH-Px and glutaredoxin, facilitate GSSG
production during oxidative detoxification.49

High levels of ROS can cause cell damage during oxidative
stress and are closely associated with the pathological process
of UC.50 When GSH metabolism is disrupted, insufficient
GSH fails to adequately defend against ROS damage, leading
to an imbalance in intestinal homeostasis.51,52 To counteract
ROS-mediated tissue damage, endogenous defense mecha-
nisms employ antioxidant enzymes, such as GSH-Px, Gst,
CAT, and COX2.53 Food additives are generally recognized as
safe, and SY did not show any kind of mutagenic and
carcinogenic effects. A few studies also documented that it
even exhibited antioxidant and anti-inflammatory properties.54

However, SY exposure exacerbated the upregulation of these
genes, especially in colitis mice, indicating that SY may
enhance oxidative-stress-mediated colonic damage. This
selective modulation warrants further investigation into the
safety of food additives under subhealth and even pathological
conditions.
AKK is positively associated with intestinal and metabolic

health,55 and AKK treatment has been proven to ameliorate
high-fat and high-cholesterol diet-induced oxidative stress,
thereby inhibiting apoptosis in gut.56 AKK ameliorated the
intestinal mucosal damage caused by cadmium through

Figure 6. SY-inhibited AKK growth by disrupting GSH metabolism. (A) Inhibitory effects of SY on AKK growth (B) ROS levels, (C) GSH
contents, and (D) GST activity in AKK following SY exposure (n = 5). (E) GSH-mediated restoration of SY-inhibited AKK growth. (F) Numbers
of differentially expressed genes (DEGs). (G) mRNA expression of phosphoadenylyl-sulfate reductase, CysK, and CysD in AKK. (H) Altered GO
terms and (I) pathway analysis of DEGs in biological process. Data were presented as the mean ± SEM and analyzed by ordinary two-way ANOVA
with Tukey’s multiple comparisons and unpaired two-tailed t test. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the control group; ###P <
0.001, compared with the intragroup.
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increasing melatonin production and scavenging ROS.57 SY
exposure inhibited the growth of AKK both in vivo and in
vitro. The relative abundances of AKK and serum GSH were
positively correlated following SY exposure. Our results were
further supported by studies showing that oral administration
of AKK caused significant changes in GSH metabolism and
increased GSH concentration in mice by spatially resolved
metabolomics analysis.58 SY disrupted the sulfur metabolism of
gut microbiota, especially in AKK.

SY exposure may significantly decrease the contents of GSH
and downregulate the expression of PAPS reductase, CysK, and
CysD, involved in sulfur metabolism in AKK. These findings
suggest impaired sulfur assimilation, which may directly impact
GSH biosynthesis since cysteine availability serves as the
primary rate-limiting factor.59 Notably, GSH supplementation
significantly reversed the SY-induced inhibition of AKK
growth. These findings indicate that SY may inhibit AKK
growth by triggering oxidative stress through the disruption of
sulfur metabolism.

This study is the first to demonstrate that long-term
exposure to SY increases the susceptibility to DSS-induced
colitis. The adverse health effects of SY were mediated by gut
microbiota disruption, specifically evidenced by reduced
abundance of AKK and altered sulfur metabolism. SY
exacerbated intestinal inflammation through a GSH metabo-
lism disruption. However, several shortcomings remain. The
dose used may not fully represent the average human exposure
in daily life, suggesting the need for population-based studies,
including those of patients with IBD, to determine if synthetic
food coloring intake correlates with colitis development. Given
that dietary products often contain multiple colorants, it would
also be valuable to investigate whether interactions among
these additives influence colitis susceptibility. As research on
the link between gut microbiota dysbiosis and IBD progresses,
diet is increasingly recognized as a public health concern. Our
findings lay a foundation for exploring the role of SY in colitis
and open avenues for examining the impact of other food
colorants on IBD pathogenesis.
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