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a b s t r a c t

Zearalenone (ZEN) is a mycotoxin that extensively contaminates food and feed, posing a significant threat to
public health. However, the mechanisms behind ZEN-induced intestinal immunotoxicity remain unclear. In
this study, Sprague-Dawley (SD) ratswere exposed to ZENat a dosage of 5mg/kg/day b.w. for a duration of 14
days. The results demonstrated that ZEN exposure led to notable pathological alterations and immunosup-
pression within the intestine. Furthermore, ZEN exposure caused a significant reduction in the levels of
apolipoprotein E (ApoE) and liverX receptor (LXR) (P< 0.05). Conversely, it upregulated the levels ofmyeloid-
derived suppressor cells (MDSCs) markers (P < 0.05) and decreased the presence of 27-hydroxycholesterol
(27-HC) in the intestine (P < 0.05). It was observed that ApoE or LXR agonists were able to mitigate the
immunosuppressive effects induced by ZEN. Additionally, a bioinformatics analysis highlighted that the
downregulation of ApoE might elevate the susceptibility to colorectal, breast, and lung cancers. These find-
ings underscore the crucial role of the 27-HC/LXR/ApoE axis disruption in ZEN-induced MDSCs proliferation
and subsequent inhibition of T lymphocyte activationwithin the rat intestine. Notably, ApoEmay emerge as a
pivotal target linking ZEN exposure to cancer development.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zearalenone (ZEN) is a mycotoxin produced by fungi of the
Fusarium genus [1] and is commonly present in crops such as
wheat, soybeans, and corn [2]. It is frequently detected as a
contaminant in maize, legumes, and feed mixes, with contamina-
tion rates exceeding 75% and a maximum concentration of
1,560 mg/kg [3]. ZEN exhibits estrogenic effects and is known to
cause reproductive toxicity [4] and hepato-renal toxicity [5] in
humans. To regulate its presence, most countries and organizations
have established maximum residue limits for ZEN in food and feed
[6]. Human exposure is typically close to the provisional maximum
tolerable daily intake of 0.5 mg/kg/day b.w. for the total intake of
ZEN and its metabolites, as indicated by numerous studies [7,8]. The
University
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International Agency for Research on Cancer has classified ZEN as
Group 3, meaning it is not classifiable regarding its carcinogenicity
to humans [9].

In addition to its impact on estrogenic compounds in the human
body, ZEN can disrupt other endocrine metabolites and cause
toxicity by affecting their corresponding nuclear receptors and
downstream targets [10]. Metabolomic data from in vitro culture
models of porcine follicles exposed to ZEN (0, 3, 10, and 30 mM, 12
days) revealed a depletion of lysophosphatidylcholine accumula-
tion during follicle growth [11]. Furthermore, hepatic lipidomics
and serum metabolomics conducted after ZEN exposure in mice
(2 mg/kg/day b.w., i.g., 63 days) demonstrated disturbances in he-
patic lipid metabolism [12]. Additionally, metabolomic and tran-
scriptomic analyses on porcine intestinal epithelial cells exposed to
ZEN (10 mg/mL, 24 h) revealed significant effects on lipid meta-
bolism [13].

ZEN has also been shown to exhibit immunotoxicity [14] and
intestinal toxicity [15]. As the largest immune system compart-
ment, the intestine is increasingly recognized for its role in disease
progression [16], and numerous studies have examined ZEN's
University. This is an open access article under the CC BY-NC-ND license (http://
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impact on intestinal immunotoxicity. Recent research using mouse
spleen lymphocytes exposed to ZEN (10 and 20 mM, 72 h) revealed
immunosuppression through the inhibition of CD4þ T cell activa-
tion [17]. Proteomic analyses conducted on an in vitro culturemodel
of pig jejunal explants exposed to ZEN (100 mM, 4 h) demonstrated
that ZEN affected immune function in the pig intestine, with
observed alterations linked to carcinogenesis [18]. Furthermore,
ZENwas found to exert immunosuppressive effects on the intestine
of grass carp through dietary exposure to varying levels of ZEN
(0�2,507 mg/kg diet) for 70 days [19].

The potential associations between exposure to mycotoxins and
diseases of unknown origin have been largely overlooked [20].
Currently, the link between aflatoxin B1 exposure and liver cancer
is well-established [21], while the carcinogenicity of other myco-
toxins is under extensive investigation [22]. Several case reports
have indicated a strong correlation between inhalation exposure to
mycotoxins and Alzheimer's disease (AD) [23]. Additionally, Payros
et al. [24] discovered an increased risk of inflammatory bowel
disease due to deoxynivalenol exposure. The use of bioinformatics
analysis has been widespread in identifying potential connections
between external exposures and diseases [25].

Our study revealed significant alterations in the expression
levels of the apolipoprotein E (ApoE) protein in the intestine of rats
exposed to ZEN. ApoE, as one of the crucial apolipoproteins in the
human body, plays a key role in lipid accumulation, transport,
secretion, and metabolism [26]. It is closely associated with cell
proliferation, metabolism, and immune status [27]. There is sub-
stantial evidence supporting the notion that ApoE dysfunction is a
major risk factor for AD [28], atherosclerosis [29], hyperlipidemia
[30], and other diseases.

Emerging evidence suggests a close relationship between innate
immune responses and lipid metabolism [31]. Given that the
mechanisms underlying ZEN-induced intestinal immunosuppres-
sion remain unclear, we aimed to investigate the potential
involvement of lipid metabolism imbalance. Gaining a better un-
derstanding of the mechanistic effects of ZEN could contribute to
the identification of preventive and therapeutic strategies for ZEN-
induced immunotoxicity. Furthermore, we conducted a bio-
informatic analysis combining our experimental results with the
latest cancer gene database to explore the connection between ZEN
exposure and cancer. These findings provide a theoretical founda-
tion for further regulations on ZEN in food and feed products.

2. Materials and methods

2.1. Chemicals and reagents

ZEN and lipopolysaccharide (LPS) were obtained from Yuanye
Co., Ltd. (Shanghai, China). Liver X receptor (LXR)-623 and a peptide
fragment of ApoE and an a7 nAChR antagonist (C97H181N37O19,
COG-133) were obtained from GlpBio Co., Ltd. (Montclair, CA, USA).
Roswell Park Memorial Institute (RPMI)-1640 culture medium,
penicillin/streptomycin (100�), and fetal bovine serum (FBS) were
obtained from Corning Inc. (New York City, NY, USA). Detailed in-
formation regarding the antibodies is shown in Section S1.1 in the
Supplementary data.

2.2. Animal study

The animal study was conducted in accordance with a stan-
dardized protocol and received approval from the Laboratory Ani-
mal Center, Institute of Medicinal Plant Development, Chinese
Academy of Medical Sciences & Peking Union Medical College,
Beijing, China (Approval No.: SLXD-20210422017). The study
adhered to the guidelines outlined in the Guide for the Care and Use
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of Laboratory Animals published by the US National Institutes of
Health and the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines. Sprague-Dawley (SD) rats were randomly
divided into two groups: a control group (n ¼ 10) and a ZEN group
(n ¼ 10). The ZEN group received ZEN at a dosage of 5 mg/kg/day
b.w., dissolved in 0.3% sodium carboxymethyl cellulose, adminis-
tered via gavage for a period of 14 days. The control group received
an equivalent volume of vehicle (0.3% sodium carboxymethyl cel-
lulose) to match the ZEN group. The chosen dosage was based on a
previous animal study that demonstrated ZEN-induced changes in
intestinal barrier functions in SD rats using a dosage of 5 mg/kg/day
b.w [32]. Further details regarding the animal study procedure is
shown in Section S2.1 in the Supplementary data.
2.3. Hematoxylin and eosin (HE) staining

HE staining was conducted according to a previously described
method [33] using a standardized protocol. Detailed descriptions of
the HE staining procedure is shown in Section S2.2 in the Supple-
mentary data.
2.4. Immunohistochemical (IHC) staining

IHC staining was conducted using a standardized protocol,
following the previously described method [34]. Detailed expla-
nations of the IHC staining procedure is shown in Section S2.3 in
the Supplementary data.
2.5. Immunofluorescence (IF) staining

IF staining was carried out using a standardized protocol,
following the previously described method [35]. Detailed de-
scriptions of the IF staining procedure is shown in Section S2.4 in
the Supplementary data.
2.6. Western blot

Western blot analysis was conducted using a standardized
protocol, following the previously described method [36]. Detailed
descriptions of theWestern blot procedure is shown in Section S2.5
in the Supplementary data.
2.7. Metabolomic analysis of rat serum

Rat serum metabolites were assayed and analyzed using pre-
viously described methods [37], following standard operating
procedures. Detailed descriptions of the procedure is shown in
Section S2.6 in the Supplementary data.
2.8. Proteomic analysis of rat intestine

Proteomic analysis of rat intestine was conducted and analyzed
using previously described methods [38], following standard
operating procedures. Detailed descriptions of the procedure is
shown in Section S2.7 in the Supplementary data.
2.9. Rat 27-hydroxycholesterol (27-HC) enzyme-linked
immunospecific assay (ELISA)

A rat 27-HC ELISA was conducted following a standardized
protocol, as previously described [39]. Detailed descriptions of the
procedure is shown in Section S2.8 in the Supplementary data.
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2.10. Rat spleen lymphocyte suspension preparation

Ten female SD rats were euthanized using an intraperitoneal
injection of urethane (20%, 1 g/kg). The spleen was then collected,
gently ground, and prepared as a single-cell suspension. Rat spleen
lymphocytes were isolated following the standard procedure of a
rat spleen lymphocyte isolation medium kit [40]. Detailed de-
scriptions of the procedure for preparing the rat spleen lymphocyte
suspension is shown in Section S2.9 in the Supplementary data.

2.11. Cell culture

Rat spleen lymphocytes were cultured under routine conditions
in RPMI-1640 supplemented with 10% FBS and 1% penicillin/
streptomycin at 37 �C, pH 7.4, in a 5% CO2 atmosphere. A total of
3 � 106 cells/mL were plated in 6-well plates, and the groups were
categorized based on the following compound administration
methods: 1) control group: RPMI-1640 only; 2) LPS group: LPS
(0.5 mg/mL) dissolved in RPMI-1640; 3) ZEN low-dose group: LPS
(0.5 mg/mL) þ ZEN (5 mM) dissolved in RPMI-1640 containing
0.005% methanol; 4) ZEN high-dose group: LPS (0.5 mg/mL) þ ZEN
(10 mM) dissolved in RPMI-1640 containing 0.01% methanol; 5)
COG-133 (ApoE agonist) group: LPS (0.5 mg/mL) þ ZEN
(10 mM) þ COG-133 (10 mM) dissolved in RPMI-1640 containing
0.01% methanol; and 6) LXR-623 (LXR agonist) group: LPS (0.5 mg/
mL) þ ZEN (10 mM) þ LXR-623 (4 mM) dissolved in RPMI-1640
containing 0.01% dimethyl sulfoxide (DMSO). Detailed de-
scriptions of how compounds were administered to the cells is
shown in Section S2.10 in the Supplementary data.

2.12. Flow cytometry

Flow cytometry was conducted following a standardized pro-
tocol, as previously described [41]. Detailed descriptions of the flow
cytometry procedure is shown in Section S2.11 in the Supplemen-
tary data.

2.13. Bioinformatics analysis

Bioinformatics analysis was conducted following a standardized
protocol, as previously described. To assess ApoE gene expression
differences between tumors and adjacent normal tissues of various
tumor types or subtypes from the The Cancer Genome Atlas (TCGA)
dataset, the “Gene-DE” module of tumor immune estimation
resource (TIMER2, version 2, http://timer.cistrome.org/) was utilized.
In addition, UALCAN's “individual cancer stages” module (http://
ualcan.path.uab.edu/analysis-prot.html) was used to generate ApoE
expression box plots for low-ApoE-expressing TCGA tumors in
different pathological stages (stages I, II, III, and IV). Protein expres-
sion analysis was performed using the Clinical Proteomic Tumor
Analysis Consortium (CPTAC) dataset in UALCAN. Detailed de-
scriptions of the bioinformatics analysis procedure is shown in
Section S2.12 in the Supplementary data [42e51].

2.14. Statistical analyses

Statistical analyses were conducted using GraphPad Prism 8.0.2
statistical software. Replicate measurements were obtained from
distinct biological samples. The data are presented asmean± standard
deviation (SD). Student's t-testwasemployed forall statistical analyses.
Probability values with P < 0.05 are considered statistically significant,
while probability values with P < 0.01 are considered extremely sig-
nificant. Kaplan-Meier (K-M) plots were generated with P-values ob-
tained from a log-rank test. Gene expression correlations were
assessed using Spearman's correlation. Receiver operating
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characteristic (ROC) curves were plotted using the “survival-ROC”
package in R. Cell clustering was performed using the FindClusters
function implemented in the Seurat R package.

3. Results

3.1. ZEN induces intestinal immunosuppression by inhibiting T
lymphocyte activation

To investigate the effects of ZEN on the intestine, we adminis-
tered ZEN (5 mg/kg/day) to rats. Compared to the control group,
rats in the ZEN group exhibited a significant reduction in body
weight (Fig. 1A). HE staining revealed dilatation of the intestinal
lumen, incomplete villus structure, mucosal erosion, and epithelial
cell loss due to ZEN exposure (Fig. 1B). Additionally, the levels of
tumor necrosis factor-a (TNF-a) and interferon-g (IFN-g), which
activate the innate immune response, were significantly decreased
in the ZEN group compared to the control group (Fig. 1C) (P < 0.05).
On the other hand, the levels of interleukin-10 (IL-10), transforming
growth factor-b (TGF-b), and arginase-1 (Arg-1), which limit the
innate immune response, were significantly higher in the ZEN
group than in the control group (P < 0.01 and P < 0.05) (Fig. 1D).

Previous studies have demonstrated the interference of ZEN
with mouse T lymphocyte activation [52]. To assess the impact of
ZEN on T lymphocytes in the rat intestine, we measured the levels
of CD3, CD4, and CD8. IHC results showed that CD3 levels were
significantly reduced in the ZEN group compared to the control
group (P < 0.05) (Fig. 1E). Furthermore, Western blot analysis
revealed a significant decrease in CD4 and CD8 levels in the ZEN
group (P < 0.05) (Fig. 1F). These findings suggest that ZEN may
induce immunosuppression in the rat intestine by inhibiting T
lymphocyte activation.

3.2. ZEN causes blood lipid metabolism disturbances

To gain further insights into the role of metabolic alterations in
ZEN-induced immunosuppression, we conducted metabolomics
analysis to investigate the effects of ZEN exposure on rat serum
metabolites. Principal component analysis (PCA) was performed on
the metabolome to visualize the overall metabolic profiles (Fig. 2A),
and orthogonal partial least squares discrimination analysis (OPLS-
DA) was employed to differentiate metabolic profiles between the
control group and ZEN group (R2X¼ 0.467, R2Y¼ 0.996, Q2¼ 0.729;
Figs. 2B and S1). By integrating log2(fold change) and variable
importance in projection (VIP), we identified 78 alteredmetabolites
in ZEN-exposed rat serum, including 25 downregulated and 53
upregulated metabolites (Fig. 2C). The cluster heatmap revealed
that the upregulated metabolites primarily belonged to organic
acids and their derivatives, amino acids and their metabolites, and
bile acids, while the downregulated metabolites mainly consisted
of fatty acids, hormones and hormone-related compounds, and
glycerophospholipids (Figs. 2D and S2 and Table S1).

Based on a significance threshold of P< 0.05, we further selected
differentially expressed metabolites (DEMs) by combining the top-
ranked metabolites derived from VIP (Fig. 2E) and log2(fold
change) (Fig. 2F). Among the identified DEMs, the most prominent
upregulated metabolites in the ZEN group (Fig. 2G) were bile acids,
such as 7-ketodeoxycholic acid and a-muricholic acid (P < 0.05 and
P < 0.01) (Fig. 2H). Notably downregulated DEMs in the ZEN group
included u-3 unsaturated fatty acids, such as eicosapentaenoic acid
and 14(S)-hydocosahexaenoic acid (HDHA) (P < 0.05), lysophos-
phatidylcholine, such as lysophosphatidylcholine (LPC) (20:5/0:0)
and lysophosphatidic acid (LPA) (0:0/18:0) (P < 0.01), carnitine,
such as carnitine C8:1 and carnitine C16:3 (P < 0.01), free fatty
acids, such as g-linolenic acid (C18:3) and docosahexaenoic acid
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Fig. 1. Zearalenone (ZEN) administration induces immunotoxicity in rat intestine. (A) Changes in body weight of rats in control and ZEN groups after 14 days of administration. (B)
Representative images of hematoxylin and eosin (HE) staining (100�) of intestine in control and ZEN groups. (C) Protein levels of tumor necrosis factor-a (TNF-a) and interferon-
g (IFN-g) in rat intestine of control and ZEN groups. (D) Protein levels of interleukin-10 (IL-10), transforming growth factor-b (TGF-b), and arginase-1 (Arg-1) in rat intestine of
control and ZEN groups. (E) Representative images of immunohistochemistry staining (100�) of CD3 positive cells and proportion of CD3 positive cells in rat intestine of control and
ZEN groups. (F) Protein levels of CD4 and CD8 in rat intestine of control and ZEN groups (n ¼ 3). The data are presented as mean ± standard deviation (SD). Student's t-test was
employed for all statistical analyses. Probability values with P < 0.05 are considered statistically significant, while probability values with P < 0.01 are considered extremely
significant. DAPI: 4',6-diamidino-2-phenylindole.
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Fig. 2. Metabolomics analysis of rat serum after zearalenone (ZEN) administration. (A) Principal component analysis (PCA) of the metabolome to intuitively showed the differences
between samples from control and ZEN groups as indicated. (B) Orthogonal partial least squares discrimination analysis (OPLS-DA) showed the possible discrimination of me-
tabolites in serum from control and ZEN groups as indicated. (C) The volcano plot of differentially expressed metabolites (DEMs) between control and ZEN groups. (D) Clustering
heatmap of the DEMs between control and ZEN groups. (E) Variable importance in projection (VIP) score plot of Top 20 DEMs between control and ZEN groups. (F) log2(fold change)
bar chart of Top 20 DEMs between control and ZEN groups. (G) The volcano plot of DEMs between control and ZEN groups. (H) Violin plots of representative DEMs between control
and ZEN groups. (I) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of DEMs between control and ZEN groups (n ¼ 6). The data are presented as mean ±
standard deviation (SD). Student's t-test was employed for all statistical analyses. Probability values with P < 0.05 are considered statistically significant, while probability values
with P < 0.01 are considered extremely significant. FFA: free fatty acid; HEPE: 5-hydroxyeicosapentaenoic acid; DC: deoxycytidine; LPE: lysophosphatidyl ethanolamine; LPC:
lysophosphatidylcholine; PE: phosphatidyl ethanolamine; HDoHE: 14-hydroxyeicosapenoic acid; EPA: eicosapentaenoic acid; HODE: hydroxyoctadecadienoic acid; EODA: epox-
yoctadecanoic acid; HDHA: hydocosahexaenoic acid; HETE: hydroxyeicosatetraenoic acid; EET: epoxyeicosatrienoic acid; PC: phosphatidylcholine; SM: sphingomyelin; LPA:
lysophosphatidic acid; DHA: docosahexaenoic acid; TRP: tryptophan.
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(P < 0.01 and P < 0.05), and sterols, such as desoxycortone and 21-
deoxycortisol (P < 0.05 and P < 0.01) (Fig. 2H). Moreover, DEM
correlation analysis revealed significant associations among lipid
compounds, including fatty acids, bile acids, hormones, and
hormone-related components (Fig. S3). Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis of the DEMs (Fig. 2I) indicated
that ZEN exposure disrupted lipid metabolism pathways, particu-
larly primary bile acid biosynthesis, unsaturated fatty acid
biosynthesis, and cholesterol metabolism pathways, by elevating
bile acid levels and reducing unsaturated fatty acid levels, thereby
leading to disturbances in lipid metabolism.

3.3. ZEN induces lipid abnormalities in rat intestine

ZEN exposure had a systemic impact on lipid metabolism, as
evident from the analysis of rat serum. To investigate the specific
effects of ZEN on the rat intestine, we conducted proteomic ana-
lyses. OPLS-DA was employed to differentiate proteomes between
the control group and the ZEN group (R2X¼ 0.719, R2Y¼ 0.999, and
Fig. 3. Proteomic analysis of rat intestine after zearalenone (ZEN) administration. (A) Ort
discrimination of proteins in intestine from control and ZEN groups as indicated. (B) The vo
(C) Clustering heatmap of the DEPs between control and ZEN groups. (D) The Gene Ontolo
enrichment analysis of DEPs between control and ZEN groups. (F) The protein-protein intera
plots of representative DEPs between control and ZEN groups (n ¼ 3). The data are present
analyses. Probability values with P < 0.05 are considered statistically significant, while proba
LSS: lanosterol synthase; MSMO1: methylsterol monooxygenase 1; EPHX2: bifunctional e
farnesyl pyrophosphate synthase; CYP51A1: lanosterol 14-alpha demethylase; APP: amyloi
prolow-density lipoprotein receptor-related protein 1; A1BG: alpha-1B-glycoprotein; OAT
endoplasmic reticulum lipid raft-associated protein 1; APOB: apolipoprotein B; SC5D: la
phosphatase non-receptor type 11; LDH: lactate dehydrogenase.
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Q2 ¼ 0.557; Figs. 3A and S4). By integrating log2(fold change) and
P-values, we identified 22 altered proteins (11 downregulated and
11 upregulated) in ZEN-exposed rat intestine (Fig. 3B). Cluster
heatmap analysis was performed using the differentially expressed
proteins (DEPs) (Table S2 and Fig. 3C).

Clusters of Orthologous Groups (COG) and Gene Ontology (GO)
protein classification analyses indicated that the functions of the
DEPs were primarily associated with lipid transport and meta-
bolism, as well as transporter activity structure (Figs. S5A and B).
Notably, extracellular proteins accounted for 40.91% of the DEPs
(Fig. S5C). GO enrichment analysis of the DEPs revealed that ZEN
exposure affected metabolic pathways in the rat intestine, including
lipid metabolism and regulation of cholesterol metabolic processes.
Additionally, ZEN activated pathways associated with the response
to toxic substances (Fig. 3D). Furthermore, biological process
enrichment analysis identified the impact of ZEN exposure on sterol
and steroid synthesis and metabolism in the rat intestine (Fig. 3E).

To further investigate the key targets of ZEN-induced intestinal
immunotoxicity in rats, we intersected the DEPs with key
hogonal partial least squares discrimination analysis (OPLS-DA) showed the possible
lcano plot of differentially expressed proteins (DEPs) between control and ZEN groups.
gy (GO) analysis of DEPs between control and ZEN groups. (E) The biological process
ction (PPI) network analysis of intersection of DEPs and immunotoxic targets. (G) Violin
ed as mean ± standard deviation (SD). Student's t-test was employed for all statistical
bility values with P < 0.01 are considered extremely significant. ApoE: apolipoprotein E;
poxide hydrolase 2; LRP8: low-density lipoprotein receptor-related protein 8; FDPS:
d-beta precursor protein; ALDH18A1: delta-1-pyrroline-5-carboxylate synthase; LRP1:
: ornithine-delta-aminotransferase; LDLR: low-density lipoprotein receptor; ERLIN1:
thosterol oxidase; PON3: serum paraoxonase/lactonase 3; PTPN11: tyrosine-protein
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immunotoxicity targets and screened for overlapping targets.
Protein-protein interaction network analysis revealed the involve-
ment of proteins such as ApoE, lactate dehydrogenase (LDH), lan-
osterol 14-alpha demethylase (CYP51a1), and serum paraoxonase/
lactonase 3 (Pon3) (Figs. 3F and G) in ZEN-induced intestinal
immunotoxicity. Notably, among the DEPs in the control vs. ZEN
comparison, ApoE exhibited the highest fold change (FC) value.
Therefore, we consider ApoE to play a crucial role in the ZEN-
induced intestinal toxicity in rats.

3.4. ZEN downregulates 27-HC level, inhibits LXR/ApoE activation,
and promotes MDSCs proliferation

Lipid metabolism plays a critical role in regulating T cell re-
sponses. To investigate the impact of ZEN-induced disruption of
lipid metabolism on T cell immunity, we identified key targets
associated with abnormal lipid metabolism by combining serum
metabolomic analysis and intestinal proteomic analysis in rats.
Among the identified targets, ApoE stood out as a protein of in-
terest. ApoE is involved in lipid transport and plays a crucial role in
lipid metabolism. Consequently, we assessed ApoE protein levels in
the rat intestine using IF staining and Western blot. The IF staining
revealed a significant reduction in ApoE levels in the ZEN group
compared to the control group (Fig. 4A). Similarly, theWestern blot
results demonstrated that ZEN exposure significantly inhibited
ApoE expression in the rat intestine (P < 0.01) (Fig. 4B).

LXR a and b are transcriptional regulators of cholesterol, fatty
acid, and phospholipid metabolism and serve as upstream regula-
tors of ApoE [53]. Previous studies by Tavazoie et al. [54] demon-
strated the involvement of the LXR/ApoE axis in regulating innate
immune suppression, where downregulation of ApoE promotes the
proliferation of circulating myeloid-derived suppressor cells
(MDSCs), leading to the inhibition of T lymphocyte activation.
Based on this knowledge, we speculated that the immunosup-
pressive effect of ZEN on T lymphocytes might be associated with
the LXR/ApoE/MDSCs axis. To explore this further, we examined the
levels of LXRs and MDSCs markers in the rat intestine using
Western blot. Compared to the control group, both LXR a and b
were significantly downregulated in the ZEN group (P < 0.05 and
P < 0.01) (Fig. 4C), with LXR b exhibiting a greater FC (FC ¼ 4.46)
than LXR a (FC ¼ 1.79). Gr-1 and CD11b are widely utilized as
markers for detecting MDSCs and assessing their proliferation [55].
Our experimental results demonstrated significantly higher levels
of Gr-1 and CD11b in the rat intestine of the ZEN group compared to
the control group (P < 0.01 and P < 0.05) (Fig. 4D), indicating that
ZEN exposure promoted MDSCs proliferation.

Proteomic analysis revealed that ZEN exposure affected sterol and
steroid synthesis and metabolism (Fig. 3E). LXR transcriptional ac-
tivity is regulated by oxysterols, oxidized forms of cholesterol.
Among these, 27-HC is amajor endogenous oxysterol that has drawn
interest in the fields of lipid metabolism and immunology as an LXR
agonist [56]. LXR agonists, including 27-HC, have been shown to
inhibit MDSCs proliferation by activating LXRs/ApoE, thereby pro-
moting T lymphocyte activation [57]. Therefore, we measured the
levels of 27-HC in the rat intestine using ELISA and found that it was
significantly downregulated in the ZEN group compared to the
control group (P < 0.01) (Fig. 4E). These findings suggest that ZEN
suppresses T lymphocytes by downregulating 27-HC, which inhibits
LXRs/ApoE and promotes MDSCs proliferation in the rat intestine.

3.5. ApoE or LXR agonists alleviate ZEN's inhibitory effect on T
lymphocyte activation

To validate the involvement of LXRs/ApoE in ZEN-induced
immunosuppression, we utilized a rat spleen lymphocyte model.
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In this model, we first activated T lymphocytes by administering
LPS and then inhibited T lymphocyte proliferation through ZEN
exposure. Subsequently, we investigated the impact of ApoE or LXR
agonists (COG-133 or LXR-623) [58,59] on ZEN-induced T
lymphocyte immunosuppression using flow cytometry.

Our findings revealed significantly lower levels of CD3þ lym-
phocytes (T lymphocytes) in the ZEN groups (P < 0.01) compared to
the LPS group (Fig. 5A), indicating that ZEN exposure hindered T
lymphocyte activation. Further experiments demonstrated that
ZEN exposure concurrently suppressed the activation of CD3þCD4þ

lymphocytes (helper T lymphocytes (Th cells)) (P < 0.01) (Fig. 5B)
and CD3þCD8þ lymphocytes (cytotoxic T lymphocytes (CTLs))
(P < 0.01) (Fig. 5C).

Comparatively, treatment with ApoE or LXR agonists exhibited a
significant alleviation of ZEN-induced inhibition on Th cells
(P < 0.01) (Fig. 5B) and CTLs (P < 0.01) (Fig. 5C) when compared to
the ZEN high-dose group. These results strongly suggest that LXR/
ApoE inhibition is a critical mechanism underlying ZEN-induced
immunotoxicity (Fig. 6).

3.6. The ApoE gene is significantly downregulated in colon
adenocarcinoma and other specified cancers

Our experimental findings provide evidence that ZEN exposure
significantly reduces the expression of ApoE in tissues by affecting
serum metabolites, leading to immunosuppression through ApoE
downregulation. Immunosuppression is closely linked to the
occurrence and progression of cancer. ZEN, recognized as a
carcinogen by the World Health Organization (WHO), has been
extensively studied for its mutagenic and carcinogenic effects. A
systematic review has suggested a potential association between
ZEN and its metabolites and an increased risk of breast cancer
[60]. Moreover, recent research has indicated that ZEN promotes
the advancement of colon cancer by enhancing the BEST4/AKT/
ERK1/2 pathway [61]. However, the precise carcinogenic mecha-
nism of ZEN and the relationship between low ApoE expression
and cancer remain unclear. Therefore, we conducted a pan-cancer
analysis of ApoE to explore the possible connection between ZEN-
induced downregulation of ApoE and the occurrence and devel-
opment of cancer, providing insights for future cancer research
involving ZEN.

In our analysis of the TCGA dataset, we performed a differential
expression analysis of the ApoE gene in tumors. We observed
significant abnormal expression of the ApoE gene in 16 normal
and tumor cancer tissues among 34 different cancers (Fig. 7A).
Notably, the ApoE gene exhibited significant downregulation in
tumor tissues of seven cancers compared to normal tissues,
including adrenocortical carcinoma (ACC) (P < 0.01), chol-
angiocarcinoma (CHOL) (P < 0.01), acute myeloid leukemia
(LAML) (P < 0.01), lung squamous cell carcinoma (LUSC)
(P ¼ 0.03), colon adenocarcinoma (COAD) (P ¼ 0.02), rectum
adenocarcinoma (READ) (P ¼ 0.03), and ovarian serous cys-
tadenocarcinoma (OV) (P < 0.01) (Fig. 7B). Furthermore, the
UALCAN “individual cancer stages” module analysis revealed that
the downregulation of the ApoE gene in CHOL, COAD, and lung
adenocarcinoma (LUAD) was associated with pathological cancer
stage (Fig. 7C).

3.7. ApoE protein is significantly downregulated in colon
adenocarcinoma and other specified cancers

The analysis of the CPTAC dataset (Fig. 8A) revealed lower
expression of ApoE total protein in breast cancer, renal cell carci-
noma (RCC), head and neck squamous cell carcinoma (HNSC), uter-
ine corpus endometrial carcinoma (UCEC), ovarian cancer, colon



Fig. 4. Zearalenone (ZEN) exerts immunotoxicity by interfering with the liver X receptor (LXR)/apolipoprotein E (ApoE)/myeloid-derived suppressor cells (MDSCs) by down-
regulating 27-hydroxycholesterol (27-HC) levels. (A) Representative images of immunofluorescence staining (100�) of ApoE positive cells in control and ZEN groups. (B) Protein
level of ApoE in control and ZEN groups. (C) Protein level of LXR a and LXR b in control and ZEN groups. (D) Protein levels of CD11b and Gr-1 in control and ZEN groups. (E) Enzyme-
linked immunospecific assay (ELISA) of 27-HC levels in control and ZEN groups (n ¼ 3). The data are presented as mean ± standard deviation (SD). Student's t-test was employed for
all statistical analyses. Probability values with P < 0.05 are considered statistically significant, while probability values with P < 0.01 are considered extremely significant. DAPI: 4',6-
diamidino-2-phenylindole.
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cancer, and LUAD primary tissues compared to normal tissues
(P < 0.01) (Fig. 8B). Additionally, the UALCAN “individual cancer
stages” module analysis indicated that the downregulation of ApoE
protein in breast cancer, RCC, HNSC, ovarian cancer, colon cancer, and
LUAD was correlated with the pathological cancer stage (Fig. 8C).

Considering the significant downregulation of ApoE gene or pro-
tein levels in tumor tissues based on the TCGA and CPTAC databases,
as well as the correlation between ApoE expression and tumor
pathological stage,we selected tumorswith lowApoE expression that
exhibited significant differences and strong correlations for further
in-depth analysis. These tumors included breast cancer, colorectal
cancer (COAD and READ), and lung cancer (LUSC and LUAD).
3.8. Low ApoE gene expression is significantly associated with poor
overall survival (OS) prognosis in LUAD patients

Based on our survival analysis, we found that low ApoE
expression was not correlated with poor prognosis in breast inva-
sive carcinoma (BRCA) overall (Fig. S6A) (P ¼ 0.93). However, it was
significantly associated with poor prognosis in postmenopausal
BRCA patients (P ¼ 0.017) (Fig. S6A). Furthermore, low ApoE
expression did not correlate with poor OS prognosis in READ
(P ¼ 0.44) (Fig. S6B). On the other hand, we observed a significant
association between low ApoE expression and poor OS prognosis in
LUAD patients (P ¼ 0.038) (Fig. S6C).
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3.9. Uterine carcinosarcoma (UCS) cases with altered ApoE showed
poor survival prognosis

We analyzed various tumors in the TCGA database to assess
ApoE genetic alterations and discovered that the most frequent
alteration (>8%) occurred in patients with UCS categorized as
“amplification” (Fig. S7A). These genetic alterations primarily
manifested as ApoE missense mutations. Specifically, we identified
the K87N alteration within the apolipoprotein A1/A4/E domain,
which was observed in two cases of skin cutaneous melanoma and
led to a frame shift mutation in the ApoE gene (Fig. S7B). We also
visualized the 3D structure of the ApoE protein with the K87N site
alteration (Fig. S7C). Among UCS patients with altered ApoE, the
overall clinical prognosis was notably poor (P < 0.01), with lower
disease-specific survival (P < 0.01) and progression-free survival
(P < 0.01) compared to cases without ApoE alteration (Fig. S7D).
This finding warrants further investigation.
3.10. The ApoE gene is positively correlated with DNA methylation
in colorectal and lung cancer

We conducted an analysis using the TCGA database to explore
the relationship between ApoE DNA methylation and breast,
colorectal, and lung cancers. The correlation analysis between
ApoE and cg08955609 (Fig. 9A) revealed a weak or non-existent
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Fig. 6. Toxic mechanism of zearalenone (ZEN) induced intestinal immunosuppression:
ZEN promotes myeloid-derived suppressor cells (MDSCs) proliferation by disrupting
the 27-hydroxycholesterol (27-HC)/liver X receptor (LXR)/apolipoprotein E (ApoE) axis,
thereby inhibiting T lymphocyte activation in the rat intestine. LPC:
lysophosphatidylcholine.
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correlation in BRCA (r ¼ 0.114) (P < 0.01). On the other hand, the
correlation analysis between ApoE and cg01032398 (Fig. 9A)
demonstrated a positive correlation between ApoE expression and
DNA methylation in COAD (r ¼ 0.367) (P < 0.01), READ (r ¼ 0.316)
(P < 0.01), LUAD (r ¼ 0.326) (P < 0.01), and LUSC (r ¼ 0.394)
(P < 0.01). These findings suggest that DNA methylation of the
ApoE gene may be associated with the development of colorectal
and lung cancers.

3.11. ApoE is significantly negatively correlated with MDSCs
immune infiltration in breast, colorectal, and lung cancer

Our experimental findings demonstrated that exposure to ZEN
resulted in the downregulation of ApoE, which in turn promoted
the proliferation of MDSCs in the rat intestine. To investigate the
impact of ApoE on MDSCs in cancer patients, we utilized the TCGA
database to analyze the relationship between ApoE gene expression
and MDSCs infiltration levels in breast cancer, colorectal cancer,
and lung cancer tumor samples. The results revealed a significant
negative correlation between ApoE expression and MDSCs immune
infiltration (Fig. 9B) in BRCA (r ¼ �0.327) (P < 0.01), BRCA-Her2
(r ¼ �0.511) (P < 0.01), COAD (r ¼ �0.506) (P < 0.01), READ
(r ¼ �0.429) (P < 0.01), LUAD (r ¼ �0.38) (P < 0.01), and LUSC
(r ¼ �0.605) (P < 0.01). These correlation analyses between ApoE
expression and MDSCs immune infiltration in clinical tumor sam-
ples are consistent with our experimental findings.

3.12. ApoE is significantly positively correlated with LXR in breast,
colorectal, and lung cancer

Our experimental findings demonstrated that exposure to
ZEN in the rat intestine resulted in the downregulation of ApoE
expression through the inhibition of LXR. To further investigate
the relationship between ApoE and LXR expression in cancer
Fig. 5. A peptide fragment of apolipoprotein E (ApoE) and an a7 nAChR antagonist (C97H1

zearalenone (ZEN) on activation of T lymphocytes. (A) Flow cytometry count of T lymphocytes
group. (C) Flow cytometry count of cytotoxic T lymphocytes (CD3þCD8þ) in each group (n
employed for all statistical analyses. Probability values with P < 0.05 are considered statisticall
SSC: side scatter; APC: allophycocyanin; LPS: lipopolysaccharide; FITC: fluorescein isothiocya
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patients, we examined the correlation between their expression
levels in breast cancer, colorectal cancer, and lung cancer tumor
samples obtained from the TCGA database. The results revealed
a significant positive correlation between ApoE and LXR
expression (Fig. 10) in BRCA (R ¼ 0.538) (P < 0.01), COAD/READ
(R ¼ 0.455) (P < 0.01), COAD (R ¼ 0.503) (P < 0.01), LUAD
(R ¼ 0.562) (P < 0.01), and LUSC (R ¼ 0.702) (P < 0.01). These
findings are consistent with our experimental results, indicating
that ApoE expression levels and LXR levels are correlated in
clinical tumor samples.

3.13. Certain immune cell lineages downregulate ApoE in colorectal
cancer

To further investigate the potential association between ZEN-
induced ApoE downregulation and colorectal cancer risk, we con-
ducted a single-cell analysis to examine ApoE expression and dis-
tribution in both normal tissue and colorectal cancer clinical
samples. This study included seven samples obtained from three
colorectal cancer patients, resulting in the analysis of 14,526 cells
from normal tissues and 15,464 cells from tumor tissues (Fig. S8A).
After eliminating batch effects, regressing out unique molecular
identifiers (UMIs) and mitochondrion-derived UMIs counts, and
applying quality filtering, a total of 25,650 cells with at least 200
UMIs were included in the analysis (Fig. S8B).

Surprisingly, ApoE emerged as one of the top 10 magnet genes
with a significant fold difference, making it suitable for clustering
and cell identification purposes (Fig. S8C). This highlights the
crucial role of ApoE in the pathogenesis and progression of colo-
rectal cancer. By screening for effective PCs (Fig. S8D), we divided
the cells into 25 major cell lineages, which comprised nine immune
cell lineages (CD45þ), including natural killer cells, T helper cells, T
cells, B cells, NKTcells, CD4þ Tcells, CD1Cþ-B dendritic cells, plasma
cells, and mast cells, as well as ten non-immune cell lineages
(CD45�), including LGR5þ stem cells, neural progenitor cells, tro-
phectoderm cells, goblet cells, sertoli cells, DCLK1þ progenitor cells,
intestinal glial cells, cancer stem cells, paneth cells, intestinal
epithelial cells, and MKI67þ progenitor cells (Figs. 11A and B).

Analysis of ApoE gene expression revealed a significant
downregulation in tumor tissues compared to normal tissues in
B cells, CD4þ T cells, CD1Cþ-B dendritic cells, plasma cells,
neural progenitor cells, and paneth cells (Fig. 11C). Further-
more, the immune cell lineage scale histogram demonstrated
significantly lower levels of T cells and NK cells in colorectal
cancer tissue samples compared to normal tissue samples
(Fig. 11D). These findings suggest a potential link between the
observed T cell suppression and ApoE downregulation in colo-
rectal cancer.

4. Discussion

ZEN, known for its toxicity as an estrogen receptor activator,
has been extensively studied but its multi-organ toxicity remains
incompletely understood. This study aimed to investigate the
mechanisms underlying ZEN-induced immunosuppression by
examining the relationships between metabolites, nuclear re-
ceptors, and key targets. Metabolomic analysis revealed that ZEN
exposure disrupted lipid metabolism and influenced levels of
endogenous metabolites, particularly cholesterol, bile acids, and
81N37O19, COG-133) or liver X receptor (LXR-623) can alleviate the inhibitory effect of
(CD3þ) in each group. (B) Flow cytometry count of Th lymphocytes (CD3þCD4þ) in each
¼ 3). The data are presented as mean ± standard deviation (SD). Student's t-test was
y significant, while probability values with P < 0.01 are considered extremely significant.
nate; PE: phycoerythrin.



Fig. 7. Expression level of apolipoprotein E (ApoE) gene in different tumors and pathological stages. (A) The expression status of the ApoE gene in different cancers or specific cancer
subtypes was analyzed through tumor immune estimation resource 2. (B) The expression status of the ApoE gene in ApoE gene low-expressed cancer was analyzed through UALCAN.
(C) The expression levels of the ApoE gene were analyzed by the main pathological stages of cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), and lung adenocarcinoma
(LUAD) based on individual cancer stages. *P < 0.05; **P < 0.01; and ***P < 0.001. log2(TPMþ1) was applied for log-scale. TPM: transcripts per kilobase of exon model per million
mapped reads; ACC: adrenocortical carcinoma; BLCA: bladder urothelial carcinoma; BRCA: breast invasive carcinoma; CESC: cervical squamous cell carcinoma and endocervical
adenocarcinoma; DLBC: lymphoid neoplasm diffuse large B-cell lymphoma; ESCA: esophageal carcinoma; GBM: glioblastoma multiforme; HNSC: head and neck squamous cell
carcinoma; HPV: human papilloma virus; KICH: kidney chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP: kidney renal papillary cell carcinoma; LAML: acute myeloid
leukemia; LGG: brain lower grade glioma; LIHC: liver hepatocellular carcinoma; LUSC: lung adenocarcinoma; MESO: mesothelioma; OV: ovarian serous cystadenocarcinoma; PAAD:
pancreatic adenocarcinoma; PCPG: pheochromocytoma and paraganglioma; PRAD: prostate adenocarcinoma; READ: rectum adenocarcinoma; SARC: sarcoma; SKCM: skin cuta-
neous melanoma; STAD: stomach adenocarcinoma; TGCT: testicular germ cell tumors; THCA: thyroid carcinoma; THYM: thymoma; UCEC: uterine corpus endometrial carcinoma;
UCS: uterine carcinosarcoma; UVM: uveal melanoma; FPKM: fragments per kilobase of transcript per million mapped reads; TCGA: The Cancer Genome Atlas.
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Fig. 8. Expression level of apolipoprotein E (ApoE) protein in different tumors and pathological stages. (A) The expression status of the ApoE protein in different cancers or specific
cancer subtypes was analyzed through UALCAN. (B) The expression status of the ApoE protein or ApoE protein low-expressed cancer was analyzed through UALCAN. (C) The
expression levels of the ApoE protein were analyzed by the main pathological stages of breast cancer, renal cell carcinoma (RCC), head and neck squamous cell carcinoma (HNSC),
ovarian cancer, colon cancer, and lung adenocarcinoma (LUAD). *P < 0.05; **P < 0.01; and ***P < 0.001. UCEC: uterine corpus endometrial carcinoma; PA: pilocytic astrocytoma;
CPTAC: Clinical Proteomic Tumor Analysis Consortium.

H. Ruan, J. Zhang, Y. Wang et al. Journal of Pharmaceutical Analysis 14 (2024) 371e388

382



Fig. 9. The potential correlation between apolipoprotein E (ApoE) gene expression and DNA methylation or immune infiltration of myeloid-derived suppressor cells (MDSCs) in
breast cancer, colorectal cancer, and lung cancer. (A) The potential correlation between ApoE gene expression and DNA methylation in breast invasive carcinoma (BRCA), colon
adenocarcinoma (COAD), rectum adenocarcinoma (READ), lung adenocarcinoma (LUAD), and lung squamous cell carcinoma (LUSC). (B) The potential correlation between ApoE gene
expression and tumor purity and immune infiltration of MDSCs in BRCA, BRCA-human epidermal growth factor receptor 2 (Her2), COAD, READ, LUAD, and LUSC. The data are
presented as mean ± standard deviation (SD). Student's t-test was employed for all statistical analyses. Probability values with P < 0.05 are considered statistically significant, while
probability values with P < 0.01 are considered extremely significant. TPM: transcripts per kilobase of exon model per million mapped reads; MDSC-TIDE: myeloid-derived
suppressor cells-tumor immune dysfunction and exclusion.
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u-3 unsaturated fatty acids. Proteomic analysis demonstrated that
ZEN affected sterol and steroid synthesis and metabolism, with
ApoE downregulation playing a crucial role in ZEN-induced in-
testinal immunotoxicity. Our experimental findings indicated that
ZEN promotes the proliferation of MDSCs and suppresses T lym-
phocytes by regulating 27-HC, LXRs, and ApoE. Previous research
has shown that unsaturated fatty acids enhance signaling protein
aggregation at membranes, facilitating rapid activation of CD4þ T
cells [62]. Conversely, ZEN-induced downregulation of u-3 un-
saturated fatty acids exacerbates T lymphocyte inactivation.
Through examination of the metabolite/nuclear receptor/key
383
target axis, we elucidated the mechanisms of ZEN-induced
immunosuppression in the intestine and identified new avenues
for toxicological studies of ZEN.

Although ZEN was classified as a class 3 carcinogen in 2017,
recent toxicology studies have underscored its carcinogenic poten-
tial. Two case-control studies conducted in Africa investigated the
association between ZEN and itsmetabolites with breast cancer risk,
yielding conflicting results [60]. Pajewska et al. [63] detected ZEN
and its metabolites in 47 out of 61 endometrial cancer patient tissue
samples, indirectly suggesting a link between endometrial cancer
and ZEN exposure. In addition to estrogen-sensitive cancers, a study



Fig. 10. The potential correlation between apolipoprotein E (ApoE) and liver X receptor (LXR) gene expression in breast invasive carcinoma (BRCA), colon adenocarcinoma (COAD)/
rectum adenocarcinoma (READ), COAD, lung adenocarcinoma (LUAD), and lung squamous cell carcinoma (LUSC). The data are presented as mean ± standard deviation (SD).
Student's t-test was employed for all statistical analyses. Probability values P < 0.001 are considered extremely significant. TPM: transcripts per kilobase of exon model per million
mapped reads.
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from Poland was the first to establish a connection between dietary
ZEN exposure and colorectal cancer development [64]. Moreover, Lo
et al. [65] demonstrated that ZEN promoted the growth of colon
cancer cells. Additionally, MDSCs play a significant role in the im-
mune microenvironment during chronic inflammation or tumor
development, contributing to inflammation and tumor progression
through immunosuppression [66]. Our study revealed that ZEN
enhances MDSCs proliferation in the intestine by inhibiting ApoE,
opening new avenues for a comprehensive exploration of ZEN's
carcinogenic properties. Through our pan-cancer analysis of ApoE,
we found that ZEN exposure may increase or accelerate the risk and
384
pathological progression of breast, lung, and colorectal cancers.
Single-cell analysis further highlighted the pivotal role of ApoE in
colorectal cancer, thereby supporting the hypothesis that ZEN
exposure detrimentally affects colorectal cancer.

As a complex neurodegenerative disorder, AD involves dysre-
gulation of numerous cellular and molecular processes, and its
primary cause remains unclear. Genome-wide association studies
have identified the ApoE ε4 allele (ApoE4) as the most significant
genetic risk factor for AD [67]. Additionally, extensive epidemio-
logical data have linked u-3 unsaturated fatty acid levels to AD risk
[68]. The multidomain Alzheimer preventive trial demonstrated



Fig. 11. Expression of apolipoprotein E (ApoE) in different cell lineages of colorectal cancer. (A) Cells are grouped by uniform manifold approximation and projection (UMAP) method
and manually annotated, and different numbers or colors represent different cell groups. (B) Distribution of cells detected in cancer or normal tissue. (C) Expression of ApoE in B
cells, CD4þ T cells, CD1Cþ-B dendritic cells, plasma cells, neural progenitor cells, and paneth cells in cancer and normal tissues. (D) The proportion of different immune cells in
cancer or normal tissue.
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that intake of u-3 unsaturated fatty acids improved cognitive
function in individuals with positive amyloid levels [69]. Another
study suggested that docosahexaenoic acid (DHA) supplementation
could benefit ApoE4 carriers before the onset of AD dementia [70].
In the past decade, substantial evidence has emerged linking my-
cotoxins to neurotoxicity and neurodegenerative diseases [71]. A
recent study indicated a connection between ZEN-induced mito-
chondrial fragmentation, apoptosis, and potential harm to in-
dividuals with Parkinson's disease [72]. In our study, we conducted
metabolomic analysis of rat serum and observed that ZEN exposure
significantly reduced eicosapentaenoic acid (EPA) and DHA levels
(Fig. 2H and Table S1), impairing u-3 unsaturated fatty acid syn-
thesis and metabolism. These findings suggest that dietary ZEN
exposure may increase the risk of AD. Although our study
demonstrated histopathological changes and significant effects on
ApoE expression in the liver and brain of rats exposed to ZEN (Figs.
S9AeC), it remains unclear whether ZEN causes ApoE4 gene mu-
tation. Further comprehensive investigations into the effects of ZEN
on the brain are necessary to determine the relationship between
dietary ZEN exposure and AD, and to explore new strategies for AD
prevention and treatment.

With advances in exogenous pollutant analysis technology and
improvements in food and drug quality supervision, acute food
poisoning caused by mycotoxins has gradually declined, although
sporadic cases still occur in recent years [73]. Moreover, mycotoxins
in animal feed severely impact animal growth and health [74].
Research has shown that the incidence of ZEN in animal feed in
China between 2018 and 2020 ranged from 96.9% to 100%, with
contamination levels of 226.0e1599.0 mg/kg [75]. A 2021 report
demonstrated a 47% incidence of ZEN in pig feed in the United
States [76]. Residues from ZEN ingestion by pigs, poultry, and ru-
minants can enter the human body through food consumption,
posing a risk to public health. However, there is currently no clinical
drug available to prevent or treat acute and chronic ZEN poisoning.
Our results indicated that LXR agonists or ApoE couldmitigate ZEN-
induced immunotoxicity. We believe that dietary supplementation
of 27-HC and the administration of LXR agonists or ApoE may
prevent or treat ZEN immunotoxicity in high-risk populations and
susceptible animals. These findings present a new avenue for
research aimed at developing clinical diagnosis and treatment
methods for acute and chronic ZEN poisoning.

However, the dose of ZEN (5 mg/kg/day, 14 days) used in the rat
model we established exceeded the human exposure dose. Our
current experimental results reflect the impact of ZEN exposure on
rats in a basic laboratory research setting and can only offer ideas
and directions for future research on the potential relationship
between ZEN exposure and human diseases. To establish a more
specific relationship between ZEN exposure and diseases, it is
necessary to develop a long-term low-dose exposuremodel for ZEN
and further explore its effects. Our future research will focus on
utilizing a ZEN long-term low-dose exposure model to address the
findings of this experiment.

5. Conclusion

ZEN has garnered attention among researchers as an estrogen-
like mycotoxin that contaminates food and feed extensively, yet
its mechanism of immunotoxicity in the intestine remains un-
clear. Recently, we have become particularly interested in the
severe lipid disorders induced by ZEN as an environmental
endocrine disruptor in the gut. Consequently, we conducted a
study examining the effect of ZEN exposure on the serum
metabolomics and intestinal proteomics of rats. Through com-
bined pathological experiments, we discovered that ZEN pro-
motes the proliferation of MDSCs by regulating the 27-HC/LXRs/
386
ApoE axis, thereby inhibiting the activation of T lymphocytes in
the rat intestine. Furthermore, bioinformatics analysis indicated
that ZEN exposure may increase or accelerate the risk of breast
cancer, lung cancer, and colorectal cancer. This study elucidates
the mechanism of ZEN-induced intestinal immunosuppression
and highlights a potential association between ZEN exposure and
cancer, providing a theoretical basis for the prevention of ZEN
poisoning and the improvement of ZEN limit standards in food
and feed.
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