
Journal of Functional Foods 117 (2024) 106229

Available online 7 May 2024
1756-4646/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Integrative metabolomics and gut microbiota analyses reveal the protective 
effects of DHA-enriched phosphatidylserine on bisphenol A-induced 
intestinal damage 

Qiaoling Zhao a,1, Fei Yang b,1, Qiuyan Pu c,1, Rui Zhao c, Su Jiang d, Yunping Tang c,* 

a Zhoushan Institute for Food and Drug Control, Zhoushan, 316000, China 
b Hangzhou Women’s Hospital (Hangzhou Maternity and Child Health Care Hospital), Neonatal Intensive Care Unit, Hangzhou, 310008, China 
c School of Food and Pharmacy, Zhejiang Ocean University, Zhoushan 316022, China 
d ECA Healthcare Inc, Shanghai 201101, China   

A R T I C L E  I N F O   

Keywords: 
DHA-enriched phosphatidylserine 
Bisphenol A 
Intestinal injury 
Non-targeted metabolomics 
Gut microbiota 

A B S T R A C T   

The protective effects of docosahexaenoic acid-enriched phosphatidylserine (DHA-PS, 50 or 100 mg/kg) on 
bisphenol A (BPA)-induced intestinal damage were assessed. The biochemical indices, pathological examination, 
non-targeted metabolomics integrated with gut microbiota analysis, and immunofluorescence analysis were used 
to investigate the protective effects of DHA-PS and its underlying regulatory mechanism. The DHA-PS treatment 
improved the pathology of intestinal tract and increased the expression levels of Claudin-1, Occludin, and ZO-1. 
In addition, the DHA-PS treatment also notably decreased the levels of interleukin (IL)-1β, IL-6, and tumor ne-
crosis factor (TNF)-α, and increased the antioxidant enzymes activities. Moreover, DHA-PS treatment increased 
the relative abundances of Akkermansia, Alistipes, Butyricicoccus, Coriobacteriaceae_UCG-002, Enterorhabdus, and 
Lachnospiraceae_UCG-006. DHA-PS treatment alleviated BPA-induced intestinal damage by regulating the 
kynurenine pathway of tryptophan, lipid, and arachidonic acid metabolisms. Overall, this study suggested that 
DHA-PS could alleviate BPA-induced intestinal damage by enhancing the intestinal barrier integrity, improving 
gut microbial composition and metabolites, and inhibiting the TLR4/NF-κB pathways.   

1. Introduction 

The health of the intestine, the organ with the largest contact area in 
the body, is very important to human health (Camilleri et al., 2012; 
Garrett et al., 2010). However, the intestinal tract can be affected by 
different exogenous factors (bacteria, endotoxins, viruses, etc.), which 
can cause intestinal mucosal damage, intestinal barrier dysfunction, 
imbalance of internal environmental homeostasis, and enteritis 
(Groschwitz & Hogan, 2009; Sartor, 2008). Bisphenol A (BPA) is a 
common industrial substance, which is mainly involved in synthesizing 
polycarbonate plastic, epoxy resin, and other polymeric materials 
(Almeida et al., 2018; Ma et al., 2019). Owing to its ubiquitous use, 
humans are easily exposed to BPA through oral, inhalation, or dermal 
absorption (Almeida et al., 2018; Song et al., 2019). Increasing studies 
have demonstrated that long-term exposure to BPA can also cause in-
testinal dysfunction as well as dysbiosis of gut microbiota (Feng et al., 

2020; Wang et al., 2021; Yao et al., 2023a). Therefore, a substantial 
concern has been raised about the harmful effects of BPA on intestinal 
health, and the strategies to alleviate its damaging effects are explored. 

Marine phospholipids (PLs), especially docosahexaenoic acid (DHA)- 
and eicosapentaenoic acid (EPA)-enriched PLs, have multiple beneficial 
effects on human health, including protecting liver and kidney, 
improving memory, relieving inflammatory responses, and regulating 
the composition of gut microbiota (Li et al., 2022; Liu et al., 2017; Qian 
et al., 2022; Tang et al., 2023; Zhang et al., 2019). Recent studies have 
demonstrated that marine PL treatment can improve the intestinal 
barrier. For example, Cao et al. (Cao et al., 2019) revealed that DHA-PL 
and EPA-PL could effectively ameliorate chronic stress-caused murine 
intestinal dysfunction. Che et al. (Che et al., 2021) revealed that DHA-PL 
showed outstanding advantages by regulating dextran sodium sulfate- 
induced inflammatory responses, oxidative stress, and intestinal 
dysfunction. Du et al. (Du et al., 2022) demonstrated that DHA-PL and 
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EPA-PL could ameliorate lipopolysaccharide (LPS)-induced intestinal 
dysfunction by activating the SIRT-1/Nrf2 pathway and restraining the 
NF-κB and MAPK pathways. DHA-enriched phosphatidylserine (DHA- 
PS) is a unique glycerophospholipid that incorporates the poly-
unsaturated fatty acid (DHA) at the sn-2 position within its molecular 
structure (Zhang et al., 2019; Zhang et al., 2022). DHA-PS is known for 
its wide range of biological functions, such as improving cognition, 
protecting liver and kidney injury, and regulating intestinal flora (Zhang 
et al., 2019; Zhou et al., 2021). Our previous study revealed that DHA- 
enriched phosphatidylserine (DHA-PS) could improve the BPA-induced 
murine nephrotoxicity (Pu et al., 2023). However, whether DHA-PS can 
improve BPA-induced intestinal damage is still unknown. 

The current study investigated the alleviation effects of orally 
administrated DHA-PS on BPA-induced intestinal damage. For this 
purpose, different indicators, including the levels of LPS, inflammatory 
factors, oxidative stress, and tight junction proteins, were analyzed. 
Additionally, a non-targeted gut metabolomics approach in combination 
with gut microbiota and immunofluorescence analysis was further used 
to understand the underlying regulatory mechanism of protecting effects 
of DHA-PS on BPA-induced intestinal damage. These findings might 
provide a possible defense against the harmful effects of BPA. 

2. Materials and methods 

2.1. Materials and reagents 

The BPA (purity > 99 %) was supplied by Aladdin (Shanghai, China). 

The DHA-PS was prepared as described in our previous studies (Zhang 
et al., 2023; Zhou et al., 2021). The primary antibodies against NF-κB 
p65 (AF0246), p-NF-κB p65 (AF5875), and TLR4 (AF8187) were pro-
vided by Beyotime (Shanghai, China), while the primary antibodies 
against Claudin-1 (28674–1-AP), Occludin (13409–1-AP), ZO-1 
(21773–1-AP), IκBα (66418–1-Ig), and p-IκBα (82349–1-RR) were pro-
vided by Proteintech Group (Wuhan, China). 

2.2. Animal treatments 

After 7 days of acclimatization, male C57BL/6J mice (n = 24, 5- 
week-old, weighing 15–17 g) were randomly assigned to 4 groups 
(Fig. 1A, n = 6 per group), including control group (CON, Milli-Q water), 
model group (MOD, 5 mg/kg BPA), 50 DHA-PS group (50 mg/kg DHA- 
PS + 5 mg/kg BPA), and 100 DHA-PS group (100 mg/kg DHA-PS + 5 
mg/kg BPA). The mice were all given the normal chow diet and intra-
gastrically administered with BPA (MOD and DHA-PS groups) or a 
certain amount of Milli-Q water (CON) for 6 weeks. DHA-PS was 
intragastrically administered half an hour after BPA. Finally, the mice 
were deprived of water for 12 h and then euthanized by cervical dislo-
cation. Their blood samples were obtained by retro-orbital bleeding, and 
jejunum tissues were removed and preserved for subsequent experi-
ments. The fecal samples were obtained a day before sacrificing animals 
for the gut microbiota analysis. 

Fig. 1. Effects of BPA exposure on the murine jejunum injury. (A) Experimental design (n = 6); (B) H&E staining (n = 3, 400 × ); (C) AB-PAS staining (n = 3, 400 × ), 
Arrow: the goblet cells; (D) The villus length; (E) The ratio of villus to crypt. Ratio of villi length to crypt depth in the jejunum; (F) The number of goblet cells per 4 
villi. Different letters over bars indicate statistical significance between two groups (P < 0.05), the same as below. 
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2.3. Biochemical parameter analysis 

The blood samples were centrifuged to collect serum, and the serum 
LPS level was analyzed using the related kit (Xiamen Bioendo Biotech-
nology, Xiamen, China). After the jejunum tissues were rinsed with 
normal saline to remove residual feces, the supernatant was collected by 
centrifugation. The levels of tumor necrosis factor (TNF)-α, interleukin 
(IL)-1β, IL-6, IL-10, and secretory immunoglobulin A (sIgA) in the 
jejunum supernatant were analyzed using their respective kits pur-
chased from Elabscience Biotechnology (Wuhan, China). The malon-
dialdehyde (MDA) level and the catalase (CAT), glutathione peroxidase 
(GSH-Px), and superoxide dismutase (SOD) activities in the supernatant 
were analyzed using their respective kits purchased from Jiancheng 
(Nanjing, China) (Wang et al., 2024). 

2.4. Histopathological analysis 

After fixing the jejunum tissues in a paraformaldehyde solution (4 %) 
for 24 h, they were embedded in a paraffin block, followed by slicing 
into 5-μm-thick slices, dewaxing, and staining with hematoxylin-eosin 
(H&E) solution or Alcian blue-Periodic acid-Shiff (AB-PAS) solutions 
(Tian et al., 2023; Zheng et al., 2023). The light microscopy CX31 
(Olympus, Tokyo, Japan) was used to photograph. 

2.5. Analysis of gut microbiota 

The total fecal bacterial DNA was extracted, and purified for 16S 
rRNA sequencing (Qian et al., 2022). The hypervariable V3-V4 regions 
of the 16S rRNA gene were amplified using 338F and 806R primers and 
sequenced by Majorbio (Shanghai, China). After sequencing, the raw 
data were spliced and filtered to obtain the filtered reads, followed by 
the operational taxonomic units (OTUs) clustering and species classifi-
cation analysis. The representative sequences for each OTU were an-
notated using the species information, allowing the retrieval of species- 
specific details and their corresponding abundance distribution. 

2.6. Non-targeted metabolomics 

Non-targeted metabolomic of the fecal samples (50 mg) was 
analyzed by Majorbio (Shanghai, China). Multiplicative analyses of 
variance and the Student’s t-test were performed. The metabolites with 
P-values < 0.05 and VIP > 1 were considered differential metabolites. 
Using the KEGG database, the enrichment of differential metabolites in 
primary biochemical metabolic processes and the signal transduction 
pathways were investigated. 

2.7. Immunohistochemistry and immunofluorescence 

Immunohistochemistry analysis was performed according to previ-
ous work (Tang et al., 2023; Wang et al., 2020). The paraffin-embedded 
jejunum tissue sections (5 µm thick) were incubated with primary an-
tibodies against Claudin-1, Occludin, and ZO-1 overnight, followed by 
incubation with a biotinylated secondary antibody for 30 min. After 
counterstaining with DAB concentration kit (DA1010, Solarbio) and 
hematoxylin, the slides were sealed and photographed under a CX31 
biological microscope, and analyzed by Image J 1.52i software. The 
immunofluorescence experiments were performed as described previ-
ously (Chen et al., 2023). The antibodies against the following proteins 
were used: TLR4, NF-κB p65, p-NF-κB p65, I-κBα, and p-I-κBα. 

2.8. Statistical analyses 

The experimental data was statistically analyzed using SPSS 26.0 and 
plotted using Origin (Version 2022). The biological data were expressed 
as mean ± standard error of the mean for all the results. The difference 
with a P-value < 0.05 was considered statistically significant. 

3. Results 

3.1. DHA-PS alleviated the BPA-induced murine jejunum damage 

As shown in Fig. 1B, the morphology and structure of intestinal 
mucosa in the CON group were unaltered. The intestinal villi were 
aligned neatly with shallow recesses and clearly visible boundaries. In 
contrast, the exposure to BPA damaged jejunum morphology, showing 
the loss of intestinal epithelial integrity, disordered intestinal villi with 
apical absence, and villi breakage or shedding. Furthermore, the crypt 
was deep with no obvious boundaries, decreased ratio of intestinal villi 
length to crypt depth, thinned mucosal muscular layer (Fig. 1D and E). 
Interestingly, the mice administered with DHA-PS exhibited relatively 
well-preserved histological morphology with a marked increase in villi 
length, a decrease in crypt depth, and a marked increase in the ratio of 
intestinal villi length to crypt depth (Fig. 1D and 1E). 

As shown in Fig. 1C, the AB-PAS staining results indicated that goblet 
cells of the normal jejunum mucosa were round or oval, numerous, 
clearly visible without obvious defects and loss, and densely distributed 
in all parts of the villi. However, the mucosal layer of the MOD was 
significantly damaged with reduced and scattered intestinal mucosal 
goblet cells in the intestinal villi (Fig. 1F). As compared with MOD, the 
mucous membrane improved, and the loss of goblet cells decreased in 
the DHA-PS group. Moreover, the goblet cells number notably increased 
in both the treatment groups, especially in the 100 DHA-PS (Fig. 1F). 

3.2. Effect of DHA-PS on intestinal tight junction proteins 

In order to explore the intestinal barrier integrity, the expression 
levels of tight junction protein were determined using immunohisto-
chemistry analysis (Fig. 2). The jejunum tissues of the MOD had 
considerably lower expression levels of Claudin-1, Occludin, and ZO-1 
as compared to those of the CON (P < 0.01), suggesting that pro-
longed exposure to BPA caused damage to the jejunum. As compared to 
the MOD, the expression levels of tight junction proteins significantly 
increased after DHA-PS treatment (P < 0.01). 

3.3. Effects of DHA-PS on LPS and sIgA levels 

The serum LPS levels in the MOD were considerably higher than 
those in the CON (Fig. 3A, P < 0.01). After DHA-PS treatments, the LPS 
levels substantially decreased by 22.93 ± 0.10 % (50 DHA-PS) and 
29.27 ± 0.02 % (100 DHA-PS) as compared to the MOD, respectively. 
Moreover, the jejunum sIgA levels were determined to evaluate the 
integrity and damage degree of the intestinal immune barrier. After BPA 
treatment, the sIgA levels decreased by 50.05 ± 0.07 % as compared to 
the CON (Fig. 3B) increased by 81.07 ± 0.30 % (50 DHA-PS) and 75.92 
± 0.35 % (100 DHA-PS) after DHA-PS treatments. 

3.4. Effects of DHA-PS on the cytokine levels 

As seen in Fig. 3C-F, the IL-1β, IL-6, and TNF-α levels were notably 
higher (P < 0.01), while that of IL-10 was notably lower in the jejunum 
tissues of MOD group as compared to the CON group (P < 0.01). 
Nevertheless, the DHA-PS treatments restored these cytokine levels. 
Specifically, after the DHA-PS administration (100 mg/kg), the IL-1β, IL- 
6, and TNF-α levels decreased by 46.14 ± 37.93 %, 58.40 ± 3.05 %, and 
36.51 ± 0.37 %, respectively, while the IL-10 levels increased by 77.41 
± 16.70 % as compared to the MOD. 

3.5. Effects of DHA-PS on oxidative stress indices 

As seen in Fig. 3G and 3H, the BPA exposure increased the MDA 
levels by 63.20 ± 0.02 % as compared to the CON and decreased the 
CAT, GSH-Px, and SOD activities by 47.44 ± 0.05 %, 68.13 ± 2.57 %, 
and 45.47 ± 0.17 %, respectively. On the other hand, DHA-PS treatment 
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notably decreased MDA levels (Fig. 3G, P < 0.01) and increased the CAT, 
GSH-Px, and SOD activities (Fig. 3H, P < 0.01). 

3.6. Effects of DHA-PS on the murine gut microbiota 

The previous results showed that the 100 mg/kg DHA-PS effectively 
alleviated the BPA-induced intestinal barrier damage. Therefore, the gut 
microbial composition of the 100 DHA-PS was investigated. A total of 
963 OTUs were obtained from all the samples, of which, 532 were 
common among the three groups. There were 119 unique bacteria in the 
CON, 42 in the MOD, and 112 in the 100 DHA-PS (Fig. 4A). This indi-
cated that gut microbiota changed after treatment with BPA, which was 
restored by DHA-PS to the levels of the CON. The rarefaction curves of 
the Sobs index demonstrated that the sparse curve tended to be flat, 
indicating that the depth and width of the sequencing samples were 
sufficient (Fig. 4B). Moreover, as compared to CON, BPA exposure 
resulted in a decrease in gut microbiota alpha-diversity index (Chao1, 
Shannon and ACE) and an increase in Simpson index, which was almost 
restored by the DHA-PS treatment (Supplementary Fig. S1A). 

The effects of DHA-PS on the overall structural alterations in gut 
microbiota were examined using the PCoA and sample hierarchical 
clustering tree. As shown in Fig. 4C, the principal components (PCs) of 
the MOD and CON were clearly separated, showing that BPA changed 
the structure of gut microbiota. In addition, the same phenomena were 
observed in the hierarchical clustering tree, showing that each of the 
three groups was clearly separated from each other (Fig. 4D). It was 
observed that the 100 DHA-PS was closer to the CON than the MOD, 
indicating that DHA-PS repaired the changes in the structure of gut 
microbiota. 

The structure and composition of gut microbiota at the phylum and 

genus levels were examined to compare the effects of BPA and DHA-PS 
treatments on the gut microbiota. As seen in Fig. 4G, the predominant 
gut microbial phyla included Firmicutes, Bacteroidota, Verrucomicro-
biota, Actinobacteriota, Proteobacteria, Patescibacteria, and Proteo-
bacteria at the phylum level. In comparison to CON, the MOD showed a 
notable increase in the abundance of Firmicutes, which was reduced by 
DHA-PS treatment. However, except for Actinobacteriota and Proteo-
bacteria, there were no obvious variations in the relative abundances of 
other genera among the three groups (Supplementary Fig. S1B). 
Moreover, the main gut microbiota at the genus level included nor-
ank_f__Muribaculaceae and Lactobacillus, followed by Akkermansia, nor-
ank_f__norank_o__Clostridia_UCG-014, Lachnospiraceae_NK4A136_group, 
and Prevotellaceae_UCG-001 (Fig. 4H). As compared to the CON, the gut 
microbiota at the genus level showed a decrease in the abundance of 
Coriobacteriaceae_UCG-002, Akkermansia, Alistipes, Butyricicoccus, 
Enterorhabdus, and Lachnospiraceae_UCG-006 in the MOD compared to 
the CON (Supplementary Fig. S2). The DHA-PS treatment restored the 
relative abundances of Coriobacteriaceae_UCG-002, Akkermansia, Alis-
tipes, Butyricicoccus, Enterorhabdus, and Lachnospiraceae_UCG-006 to 
normal as compared to the MOD. On the contrary, the abundance of 
Desulfovibrio increased after BPA treatment and was restored by the 
DHA-PS treatment. Among these different genera, Faecalibaculum, Cor-
iobacteriaceae_UCG-002, Akkermansia, Alistipes, Butyricicoccus, and 
Lachnospiraceae_UCG-006 were associated to the short-chain fatty acids 
(SCFAs) production (Supplementary Fig. S2). Similarly, as compared to 
the MOD, the heatmap analysis of gut microbiota at the genus level 
confirmed that the DHA-PS treatment successfully restored their abun-
dance (Supplementary Fig. S1C). Overall, DHA-PS treatment could 
modulate gut microbiota at the phylum and genus levels. 

The diversity of gut microbiota was examined using the multi-level 

Fig. 2. Effect of DHA-PS on BPA-induced intestinal tight junction proteins (n = 3). (A) Immunohistochemical analysis (200 × ); (B) Quantification average optical 
density (AOD) values of Claudin-1 (a), Occludin (b), and ZO-1 (c) in the jejunum. 
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species hierarchy of LEfSe. The cladogram and LDA histogram (Fig. 4E 
and 4F) indicated that 24 species exhibited differences in their relative 
abundances among the three groups, including 17, 2, and 5 species 
belonging to the CON, MOD, and 100 DHA-PS, respectively. The relative 
abundances of Turicibacter, Erysipelotrichales, Actinobacteriota, and Bifi-
dobacteriaceae were abundant in the CON, while those of unclassi-
fied_f__Muribaculaceae and UBA1819 were abundant in the MOD. 
Moreover, the relative abundances of Faecalibaculum, Harryflintia, Neg-
ativibacillus, and Clostridiaceae were enriched in the 100 DHA-PS. 

Furthermore, PICRUSt was performed to understand the potential 
role of alterations in the gut microbiota. The top 10 metabolic pathways 
showing notable differences were as follows: microbial metabolism in 
diverse environments, carbon metabolism, purine metabolism, cysteine 
and methionine metabolism, alanine, aspartate, and glutamate meta-
bolism, lysine biosynthesis, propanoate metabolism, carbon fixation in 
photosynthetic organisms, beta-lactam resistance, and fatty acid meta-
bolism (Supplementary Fig. S1D). 

3.7. DHA-PS treatment altered metabolomic profiling 

As shown in Fig. 5A-D, the results of OPLS-DA models indicated that 
the gut metabolites were similar within each group but varied between 
groups, since each group was clearly separated in both the negative and 
positive modes. The resilience of OPLS-DA models was further demon-
strated using the permutation test, which revealed that all the R2 and Q2 
values of the models were lower than their starting values (Supple-
mentary Fig. S2A-D). Venn diagram showed that metabolites differed 
significantly between the groups (Supplementary Fig. S2E). The number 
of different metabolites shared by the three groups was 26, while 45 
were unique to MOD vs CON, 79 were unique to MOD vs 100 DHA-PS, 
and 411 were unique to CON vs 100 DHA-PS. 

The differential metabolites were identified based on parameters 
VIP > 1.0 and P < 0.05. A total of 113 differential metabolites were 
down-regulated and 80 were up-regulated in the MOD as compared to 
the CON, while 139 were up-regulated and 670 were down-regulated in 

Fig. 3. Effect of DHA-PS on murine biochemical indices (n = 6). (A) LPS; (B) sIgA; (C) IL-1β; (D) IL-6; (E) TNF-α; (F) IL-10; (G) MDA; (H) CAT, GSH-Px, and SOD.  
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the 100 DHA-PS as compared to the MOD (Fig. 5E-F). The detected 
differential metabolites were subjected to a cluster heatmap analysis, 
and the differences in the top 50 metabolites among the groups are 
shown in Fig. 6 and Supplementary Tables S1 and S2. Subsequently, the 
metabolites were categorized based on their involvement in pathways 
using the KEGG database (Fig. 5G). These metabolites were found to be 
mainly involved in the following pathways: metabolism, organismal 
systems, cellular processes, drug development, human diseases, envi-
ronmental information processing, and genetic information processing. 
Interestingly, the amino acid and lipid metabolism pathways were 
notably enriched in the metabolism category (Fig. 5G). 

In addition, the significantly altered differential metabolites were 
further performed using KEGG pathway enrichment analysis to explore 
the underlying mechanism of DHA-PS improving the murine intestinal 
barrier. The main metabolic pathways between MOD and CON groups 
were pyruvate metabolism, phenylalanine metabolism, and biosynthesis 
of alkaloids derived from ornithine, lysine, nicotinic acid, histidine, and 
purine (Fig. 5H). The main metabolic pathways of 100 DHA-PS and 
MOD included arginine and proline metabolism, glycerophospholipid 

metabolism, tryptophan metabolism, NF-κB, and MAPK (Fig. 5I). 
Furthermore, in order to further identify the most influential relevant 
metabolic pathways, the KEGG enrichment analysis of the top 50 dif-
ferential metabolites in the 100 DHA-PS vs MOD was performed. The NF- 
κB pathway was notably enriched and ranked second (Supplementary 
Fig. S2F). 

3.8. Effects of DHA-PS on NF-κB pathway 

As seen in Fig. 7, as compared to the CON, BPA induced the phos-
phorylation and nuclear translocation of NF-κB p65 (Fig. 7A), up- 
regulated the expression levels of TLR4 (116.73 ± 13.90 vs. 48.88 ±
3.88, P < 0.01), p-IκBα (119.50 ± 5.12 vs. 55.81 ± 7.42, P < 0.01), p- 
NF-κB p65 (80.36 ± 14.22 vs. 61.56 ± 9.01, P < 0.05), and down- 
regulated that of IκBα (41.56 ± 2.45 vs. 135.35 ± 16.64, P < 0.01). 
However, the DHA-PS treatment reversed the changes in these protein 
levels in the BPA-induced mice. 

Fig. 4. Effects of BPA exposure on gut microbial communities (n = 4). (A) Venn diagram of OTUs distribution; (B) Rarefaction curve; (C) PCoA analysis; (D) Hi-
erarchical clustering; (E) LEfSe cladogram; (F) LDA value distribution histogram; (G) Gut microbiota composition at phylum level; (H) Gut microbiota composition at 
genus level. 
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3.9. Correlation analysis 

Spearman correlation analysis was further applied to elucidate the 
relationship between gut microbiota and biological indices. At the 
phylum level, Actinobacteriota was negatively related to the levels of 
sIgA, IL-10, and antioxidant enzymes, but positively related to IL-6, TNF- 
α, and LPS levels (Fig. 8A). Interestingly, Bacteroidota showed the 
opposite trend. At the genus level, Gordonibacter, Coriobacteriaceae_UCG- 
002, and Turicibacter were positively related to CAT, SOD, and GSH-Px 
activities and negatively related to levels of sIgA, IL-6, TNF-α, and 
LPS, while norank_f__Muribaculaceae showed the opposite trend 

(Fig. 8B). 
Spearman correlation analysis was used to elucidate the correlations 

between 10 biochemical parameters and 20 differential metabolites. A 
total of 17 metabolites were found to be correlated significantly (Fig. 8C, 
P < 0.05). Interestingly, S-lactoylglutathione and lactucin were posi-
tively related to the levels of LPS, IL-1β, IL-6, TNF-α, and MDA but 
negatively related to the levels of sIgA and IL-10 as well as CAT, SOD, 
and GSH-Px activities. Specifically, 17-beta-estradiol-3, 17-beta-sulfate, 
ganoderiol I, cyclopassifloic acid A, alliospiroside C, and araliasaponin II 
belonged to the superclass of lipids and lipid-like molecules. 

Spearman correlation analysis was further used to investigate the 

Fig. 5. Effect of DHA-PS on metabolome profile (n = 6). (A, C): OPLS-DA score plot of the CON and MOD groups in the positive and negative ion; (B, D): OPLS-DA 
score plot of the 100 DHA-PS and MOD groups in the positive and negative ion; (E, F): Volcanic plots of differential metabolites in the MOD vs CON and DHA-PS vs 
MOD; (G) KEGG pathway classification; (H) Metabolic pathway enrichment analysis of the MOD vs CON. (I) Metabolic pathway enrichment analysis of the DHA-PS 
vs MOD. 
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relationship between gut microbiota and metabolites after DHA-PS 
treatment (Fig. 8D). Specifically, genera Bifidobacterium, Parasutterella, 
and Coriobacteriaceae_UCG-002 were positively related to Cis-p-menth- 
2-en-1-ol, annoglabasin C, procurcumadiol, deoxynivalenol, cucurbita-
cin B, and gamma-eudesmol rhamnoside and negatively related to 
tryptophan glutamate, 4a-hydroxytetrahydrobiopterin, methionyl- 

histidine, histidylmethionine, and chondroitin. In contrast, genus Fae-
calibaculum was negatively related to Cis-p-Menth-2-en-1-ol, annogla-
basin C, procurcumadiol, deoxynivalenol, cucurbitacin B, and gamma- 
eudesmol rhamnoside, which belonged to the superclass of lipids and 
lipid-like molecules. 

Fig. 6. Heat map of the top 50 metabolites (n = 6). (A) Heat map of the top 50 metabolites in the MOD vs CON group; (B) Heat map of the top 50 metabolites in the 
DHA-PS vs MOD group. 
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4. Discussion 

The human intestine is the largest digestive organ, where the most 
important part of the digestive process occurs (Ber et al., 2021). 
Numerous studies have indicated that prolonged exposure to BPA has 
detrimental effects on intestinal health, such as dysfunction of intestinal 
mucosal homeostasis and gut microbiota as well as enhanced suscepti-
bility to inflammatory bowel disease (IBD) (Feng et al., 2019; Yao et al., 
2023b). Therefore, researchers have paid more attention to the BPA- 
induced intestinal dysfunction and are actively searching for strategies 
to alleviate this dysfunction. A previous study demonstrated that DHA- 
PS improved the HFD-induced murine jejunum damage and effectively 
regulated the dysfunction of gut microbiota (Tian et al., 2023). There-
fore, the protective effects of DHA-PS on BPA-induced intestinal damage 
are worthy to be studied. 

The intestinal barrier is a key factor to prevent intestinal pathogenic 

microorganisms and harmful substances from entering the body and 
endangering the host’s health (Wang et al., 2022). It is mainly composed 
of physical, chemical, microbial, and immune barriers (Gonzalez-Correa 
et al., 2017). The physical barrier maintains the selective permeability of 
intestinal epithelium by regulating paracellular and extracellular path-
ways, while the chemical barrier is formed of mucin secreted by goblet 
cells (Grondin et al., 2020). The immune barrier is formed by the 
secretion of cytokines, immunoglobulin, and antimicrobial peptides, 
which shield the host against infection (Rescigno, 2011). In this study, 
the proportion of goblet cells and the levels of Claudin-1, Occludin, ZO- 
1, sIgA, and IL-10 notably decreased, while the IL-1β, IL-6, and TNF-α 
levels notably increased in the MOD. This demonstrated that long-term 
exposure to BPA caused intestinal barrier dysfunction (Wang, et al., 
2021). However, DHA-PS alleviated the BPA-induced jejunum damage 
by notably increasing the proportion of goblet cells and levels of 
Claudin-1, Occludin, ZO-1, sIgA, and IL-10 while decreasing the levels of 

Fig. 7. Effects of DHA-PS on NF-κB pathway. (A-C) Representative images of the expression of TLR4, IκBα, p-IκBα, NF-κB p65 and p-NF-κB p65 in four groups (n = 3); 
(D) Fluorescence intensity of mean immunofluorescence staining. The white arrow showed the translocation of NF-κB p65. TLR4, IκBα, p-IκBα, NF-κB p65 and p-NF- 
κB p65 (red), DAPI (blue), scale bar = 100 μm. 
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proinflammatory factor; this was consistent with our previous study 
(Tian et al., 2023). 

A recent study demonstrated that BPA exposure could disrupt redox 
homeostasis and induce oxidative stress in the body (Mueller et al., 
2018). In addition, intestinal inflammation can commonly stimulate 
other immune cells and trigger T-cell reactions through the immune 
system, further causing oxidative damage to the intestine (Yang et al., 
2023). In this study, the BPA exposure decreased the CAT, SOD, and 
GSH-Px activities and increased the MDA, IL-1β, IL-6, and TNF-α levels 

in the jejunum tissues, indicating the imbalance of oxidative status in the 
jejunum. In this study, DHA-PS treatment alleviated the BPA-induced 
jejunum damage by inhibiting oxidative, which was consistent with 
previous researches (Cao et al., 2019; Che et al., 2021). 

Gut microbiota performs various physiological functions, including 
immune, metabolic, and endocrine functions, and plays vital roles in 
maintaining host health (Buffie & Pamer, 2013). Researches have re-
ported that BPA can affect the composition of gut microbiota (Feng 
et al., 2020; Lai et al., 2016). This study confirmed that BPA exposure 

Fig. 7. (continued). 
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Fig. 8. Correlation analysis amongst biochemical parameters, microbiome and metabolome. (A) Spearman’s correlation of biochemical parameters and gut 
microbiota at phylum level. (B) Spearman’s correlation of biochemical parameters and gut microbiota at genus level. (C) Spearman’s correlation of biochemical 
parameters and differential metabolites. (D) Spearman’s correlation between gut microbiota and differential metabolites at genus level. * P < 0.05, ** P < 0.01 and 
*** P < 0.001 indicated significant correlation. 
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caused the dysbiosis of gut microbiota with a change in α-diversity and 
β-diversity; this result was consistent with previous studies (Feng et al., 
2020; Lai et al., 2016). Nevertheless, the relative abundance of certain 
bacterial taxa also changed, and Bacteroidetes and Firmicutes became 
the dominant phyla in the MOD, accounting for more than 90 % of the 
total gut microbial species, which was similar with a previous study by 
Liu et al. (Liu et al., 2022). However, the DHA-PS treatment increased 
the ACE, Chao, and Shannon indices and decreased the Simpson index, 
showing that DHA-PS could effectively reverse the BPA-induced 
decrease in α-diversity. Similarly, the β-diversity analysis and hierar-
chical cluster analysis suggested that BPA could significantly alter the 
composition of gut microbiota, which was reversed by DHA-PS. 

Gram-positive bacteria known as Actinobacteria play critical roles in 
keeping the homeostasis of the intestinal barrier (Binda et al., 2018). 
However, Bacteroides, the proinflammatory bacteria, are correlated 
with IBD (Takayama et al., 2021). A clinical study showed that in pa-
tients with IBD, the abundance of Actinobacteria decreased, while that 
of Bacteroides increased (Alam et al., 2020); this was consistent with the 
current study results. The administration of DHA-PS reversed this trend, 
and the correlation analysis showed that Actinobacteria was negatively 
associated with sIgA, IL-10, and antioxidant enzymes, and positively 
associated with IL-6, TNF-α and LPS levels, while Bacteroides showed 
the opposite trend. 

SCFAs are created by gut microbiota through the fermentation of 
undigested carbohydrates, such as butyric, propionic, and acetic acids 
(Yue et al., 2023). In this study, DHA-PS treatment significantly 
improved the relative abundances of beneficial bacterial genera, 
including Akkermansia, Alistipes, Butyricicoccus, Coriobacteriaceae_UCG- 
002, Enterorhabdus, and Lachnospiraceae_UCG-006 and decreased that of 
harmful bacteria (Desulfovibrio). Interestingly, the majority of these 
beneficial bacteria are related to the production of SCFAs (Deng et al., 
2023; Wang et al., 2023). However, the harmful bacterial genus Desul-
fovibrio might degrade SCFAs and amino acids, producing hydrogen 
sulfide, which could damage intestinal epithelial cells in mice (Wei 
et al., 2023). Akkermansia, as a probiotic in gut microbiota, could 
improve the intestinal barrier and inhibit inflammation by elevating the 
expressions of tight junction protein in C57BL/6 mice (Chelakkot et al., 
2018). In addition, Alistipes, Butyricicoccus, Coriobacteriaceae_UCG-002, 
and Lachnospiraceae_UCG-006 are also SCFA-producing bacteria (Li 
et al., 2023; Wang et al., 2023). The functional mechanism analysis of 
gut microbiota also showed the relationship between gut microbiota and 
propanoate metabolism. Taken together, DHA-PS could alleviate intes-
tinal inflammatory damage by regulating gut microbiota. 

Gut microbial metabolites play vital roles in maintaining gut health 
and homeostasis (Belizário et al., 2018). Tryptophan is involved in 
regulating immune response, oxidative stress, and inflammation (Anesi 
et al., 2019). Only a minor portion of tryptophan is metabolized via the 
serotonin pathway, while the rest is transformed via the kynurenine and 
indole pathways (Chen et al., 2022). Notably, both the LPS and in-
flammatory cytokines can activate indoleamine 2, 3-dioxygenase 1 and 
promote tryptophan metabolism through the kynurenine pathway 
(Fujigaki et al., 2001; Liu et al., 2015). In this study, DHA-PS inhibited 
the kynurenine pathway of tryptophan metabolism, thereby increasing 
the levels of tryptophan and finally inhibiting intestinal inflammation. 

Tryptophan, phenylalanine, and tyrosine are aromatic amino acids 
that are essential for biological metabolism by synthesizing reductive 
chemicals, thereby maintaining cell redox status in equilibrium (Aon 
et al., 2020). Glutaminylphenylalanine and 2, 2′-bityrosine are mainly 
associated with phenylalanine metabolism. Previous studies demon-
strated a marked increase in the serum levels of tyrosine and phenylal-
anine in diabetic rats, showing their potential role as biomarkers of the 
disease. In this study, the correlation analysis of various lipids and lipid- 
like molecules (such as 17-beta-estradiol-3, 17-beta-sulfate, ganoderiol 
I, cyclopassifloic acid A, alliospiroside, and caraliasaponin II) with 
physiological indices demonstrated their positive correlation with IL-1β, 
IL-6, and TNF-α, and serum LPS levels and negative correlation with 

antioxidant enzymes and IL-10. Among all the emphasized lipid mole-
cules, it was worth noting that arachidonoylcarnitine was related to the 
arachidonic acid metabolism, a precursor to eicosanoids and prosta-
glandins that mediate a range of reactions causing inflammation and 
mitochondrial dysfunction (Natarajan et al., 2010). Interestingly, the 
DHA-PS treatment decreased the arachidonoylcarnitine contents, indi-
cating that DHA-PS could improve arachidonic acid metabolism by 
down-regulating arachidonoylcarnitine. 

The KEGG enrichment analysis of the top 50 differential metabolites 
with the highest influence suggested that the NF-κB was the most 
influential pathway. In addition, structural alterations in gut microbiota 
could cause an imbalance in bacterial dynamics and elevate the abun-
dance of Gram-negative bacteria, thereby leading to produce endotoxins 
(Zhang et al., 2022). The breakdown of the intestinal barrier increases 
intestinal permeability, which further increases the risk of LPS entering 
the bloodstream (Ye et al., 2021). Moreover, the high levels of endotoxin 
bind to TLR4 and activate the NF-κB pathway, which leads to the pro-
duction of various inflammatory mediators and cytokines, thereby 
promoting apoptosis, increasing intestinal permeability, and acceler-
ating the occurrence of intestinal diseases (Chen et al., 2022; Zhao et al., 
2023). In this study, exposure to BPA could break down the intestinal 
tight junctions and increase intestinal permeability. However, DHA-PS 
treatment decreased the serum LPS levels and restrained the LPS- 
mediated TLR4/NF-κB pathway. 

5. Conclusions 

Overall, the current study suggested that DHA-PS could alleviate the 
BPA-induced intestinal damage. Specifically, the beneficial effects of 
DHA-PS might be through relieving oxidative stress and inflammation, 
regulating the imbalance of gut microbiota, increasing tight junction 
protein expressions, and enhancing intestinal barrier function, thus 
reducing the leakage of LPS into the bloodstream and restraining LPS/ 
TLR4/NF-κB pathway. In addition, DHA-PS treatment elevated the level 
of tryptophan and regulated lipid and arachidonic acid metabolism, 
further improving BPA-induced intestinal damage. Nevertheless, the 
metabolism and absorption of DHA-PS, and the other molecular forms of 
DHA/EPA need to be further studied in the future. 
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