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Abstract: Deoxynivalenol (DON) is a secondary metabolite of fungi. Ingestion of feed containing
DON causes severe intestinal damage in humans and animals, possibly due to cholesterol-enriched
lipid raft abnormalities. Cholic acid (CA) and lithocholic acid (LCA) are metabolites of cholesterol
transformation, which have been proven to benefit epithelial cell proliferation and reduce intestinal
inflammation and lesions. Therefore, we aimed to study the protective roles of CA and LCA ad-
ministration on the DON-exposed intestinal epithelial cells (IPI-2I) and the underlying mechanisms
involved in cholesterol metabolism. We found that LCA pretreatment, but not CA, alleviated the
reduction of cell numbers caused by DON exposure. Furthermore, we demonstrate that LCA restored
the DON-induced cell apoptosis by reducing the cleaved caspase 3 and cleaved PARP-1 expression.
DON-increased cellular cholesterol and bile acid contents were significantly reduced when LCA was
co-treated. Further transcriptomic analysis revealed that the aberrant cholesterol homeostasis genes
profile was observed in the cells exposed to DON or pretreated with LCA. We also validated that the
key genes involved in cholesterol biosynthesis and transformation (cholesterol to bile acids) were
strongly inhibited by the LCA treatment in the DON-exposed cells. Together, this study demon-
strated that LCA ameliorated DON-caused toxic apoptosis in IPI-2I cells by maintaining cholesterol
metabolism. We suggest that as an endogenous metabolite, LCA may be used as a therapeutic and/or
integrated into a dietary intervention against mycotoxin toxicity.

Keywords: lithocholic acid; deoxynivalenol; cholesterol; apoptosis; bile acid

1. Introduction

The secondary metabolites produced by fungi, i.e., mycotoxins, exist in the produc-
tion, processing, and storage of agricultural products (mainly cereals) [1,2]. Ingestion of
mycotoxin leads to its accumulation in organs and tissues of humans and animals, even
a low dose of mycotoxin can cause severe damage and poisoning [3,4]. Mycotoxins and
their derivatives are closely linked to food safety, in which deoxynivalenol (DON) is one
of the most widespread ones [5]. DON is a mycotoxin present in grains infected with
Fusarium graminearum and F. culmorum. It mainly exists in wheat, barley, rye, and corn [6].
Chronic low-dose exposure to DON contamination triggers vomiting, diarrhea, food rejec-
tion, weight loss, and even death in animals [7–10]. DON exposure causes huge economic
losses in the livestock sector and imposes threats on food safety for humans. However, till
today it is still difficult to eliminate DON from the environment, due to its strong stability
and wide range of existence. Therefore, it is urgent to unravel the regulatory mechanisms
of DON toxicology in the endogenous pathway of animals.
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One major function of intestinal epithelial cells is to act as a natural barrier to prevent
the penetration of toxins and pathogens in the intestine. Indeed, the gastrointestinal tract
(GI) is the first line of defense against DON exposure [11]. Pigs are highly susceptible to
DON exposure. It has been reported that DON ingestion breaks down the intestinal barrier
integrity by disrupting the expression of key genes involved in tight junction regulation
in pigs [12,13]. Furthermore, Wang et al. reveal that DON impaired the intestinal barrier
integrity in weaned piglets due to caspase-12 activation [14]. In vitro studies have shown
that at the cellular level, DON induces apoptosis, promotes inflammatory responses, and
reduces the expression of tight junction protein claudin-4 in intestinal epithelial cells [15–17].
Given the importance of bile acids for maintaining intestinal tight junction structure and
barrier function [18], a question raised is whether bile acids are critical for the protection
from DON exposure by improving intestinal guarding efficiency.

Bile acids, in particular, the primary ones, are transformed from cholesterol metabolism
by cholesterol 7α-hydroxylase (CYP7A1) and sterol 27-hydroxylase (CYP27A1) in mam-
mals [19]. CYP27A1-driven generation of 27-hydroxycholesterol is further hydroxylated
by oxysterol 7α-hydroxylase (CYP7B1). Afterward, the primary bile acids cholic acid (CA)
and chenodeoxycholic acid (CDCA) are secreted into the duodenum. Most bile acids (95%)
are then reabsorbed in the ileum, while unabsorbed bile acids enter the colon and are
metabolized into secondary bile acids through dehydroxylation [20]. Only a few known
bacteria (e.g., Lachnospiraceae and Ruminococcaceae families) perform 7α dehydroxylation
to produce lithocholic acid (LCA) [21]. LCA is one of the most abundant secondary bile
acids, with concentrations of about 160 µM in human cecal contents [22]. Importantly, LCA
has been demonstrated to promote the regeneration of intestinal epithelium by activating
G-protein-coupled bile acid receptor TGR5 in intestinal stem cells against epithelium dam-
age and the subsequent barrier destruction [10]. Additionally, LCA plays a protective role
in the dextran sulfate sodium (DSS) colitis model, and intragastric administration of LCA
performs an obvious repairing of intestinal barrier integrity [23].

In this study, we therefore investigated the possible anti-mycotoxin actions of two
candidate bile acids, CA and LCA, in the DON-exposed porcine IPI-2I cells focusing on
cell survival capacity. We detected the cholesterol and bile acid contents accumulation in
the DON-exposed cells, together with the protein expressions of the key enzymes in the
processes of cholesterol biosynthesis, efflux, and cholesterol transformation to bile acids
with or without LCA treatment. A transcriptomic pattern provided the signature genes
of cholesterol metabolism, as a potential mechanism behind LCA-restored toxicity caused
by DON.

2. Results
2.1. LCA Alleviates DON-Induced IPI-2I Cell Death

To test the protective effects of CA and LCA on intestinal epithelial cells exposed
to DON, we first used CA and LCA to pretreat IPI-2I cells for 24 h and then treated the
cells with DON for 48 h. The CCK-8 measurement of cell viability showed that LCA
pretreatment alleviated the reduction of IPI-2I cell number induced by DON, but not CA
(Figure 1A,B). Therefore, we focused on the protective reactions of LCA in the following
tests. In association with the CCK-8 results, LCA also recovered the cell number of IPI-2I
cells using cell counting analysis (Figure 1C,D). To further investigate how LCA alleviated
DON-reduced cell number of IPI-2I, the key proteins involved in cell proliferation and
apoptosis including cell cyclin kinase (CDK4), DNA polymerase helper protein (PCNA),
PARP-1, and cleaved caspase 3 were measured. Indeed, DON induced the expression of
the apoptotic proteins (cleaved PARP-1, cleaved caspase 3), and inhibited the expression of
CDK4 and PCNA significantly. Whereas LCA decreased the expression of DON-induced
apoptotic proteins (Figure 1E,F). These results suggest that LCA attenuates DON-induced
IPI-2I cell death probably via the apoptotic pathway.
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Figure 1. LCA pretreatment alleviates the DON-induced IPI-2I cell death. With CA (A) or LCA (B),
pretreatment in IPI-2I cells for 24 h, DON was added for another 48 h to process CCK-8 analysis.
(C) Cell number measurement at different time points (0, 24, 48, 72, 96 h) with indicated treatments.
(D) LCA pretreatment for 24 h, followed by DON for another 48 h, and cell morphology was captured
at 40× magnification. (E) Western blotting analyses of cleaved caspase 3, PARP-1, PCNA, CDK4,
and GAPDH (used as an internal reference). (F) The relative expression levels of cleaved caspase 3,
PARP-1, cleaved PARP-1, PCNA, and CDK4 were determined by GAPDH standardization. Results
are mean ± SD. n = 3. * represents DON group vs. vehicle group p < 0.05, # represents DON + LCA10
group vs. DON group p < 0.05. ## represents DON + LCA20 group vs. DON group p < 0.05. ns
represents no significant difference between the two groups.

2.2. LCA Restores the Cholesterol Homeostasis Pathway Altered in DON-Treated IPI-2I Cells

To uncover the critical pathway of LCA control in DON-treated IPI-2I cells, we per-
formed an RNA-seq analysis using the samples from DON, LCA10, LCA20, DON + LCA10,
DON + LCA20, and the vehicle group. The gene ontology (GO) analysis reveals that the
cholesterol homeostasis and the cholesterol efflux pathways were strongly activated when
IPI-2I cells were treated with DON (Figure 2A). Interestingly, the different concentrations
of LCA (10, 20 µmol/L) pretreatment showed a similar alteration of these two pathways
(Figure 2B,C). These results suggest that cholesterol homeostasis may be the predominant
event in the IPI-2I cells in response to LCA and/or DON.
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Figure 2. LCA alleviates the dysregulation of cholesterol homeostasis induced by DON. The genes
involved in the cholesterol homeostasis pathway and cholesterol efflux pathway were the most abundant
using GO analysis. (A) DON versus vehicle; (B) DON + LCA10 versus DON; (C) DON + LCA20 versus
DON. Red and blue represent the upregulated or downregulated signaling pathways when comparing
DON versus vehicle, DON + LCA10 versus DON, or DON + LCA20 versus DON, respectively.
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2.3. LCA Modulates Cellular Cholesterol Content Homeostasis

Consistent with the GO results, our pathway-focused analysis demonstrated that the
vast majority of the cholesterol-biosynthesis genes were significantly upregulated by the
DON treatment, including IDI1, GGPS1, TM7SF2, MSMO1, HSD17B7, and SC5D. We also
found that LCA could decrease these genes against DON exposure (Figure 3A). We further
verified the RNA-seq results by RT-qPCR (Figure 3B). The genes ABCG1, ABCG5, and
ABCG8 involved in cholesterol efflux were significantly downregulated at the transcrip-
tional level in the LCA-treated cells exposed to DON, compared to that of DON treatment
alone (Figure 3C). The alteration of the gene profiles is an indicator of changed cellular
cholesterol content in response to single DON or combined DON and LCA treatment.
We thus measured the total cholesterol concentration in IPI-2I cells. As expected, DON
triggered a hyper-cholesterol accumulation in cells while LCA efficiently reduced the overt
cholesterol content (Figure 3D). These results suggested that the cholesterol content change
may be associated with cell death responses in IPI-2I cells with the respective treatments.
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Figure 3. LCA modulates cellular cholesterol content homeostasis. (A) Heatmap analysis of gene
expression (RNA-seq) of key enzymes in cholesterol de novo synthesis (log2 transformed, normalized
to vehicle). (B) qRT-PCR detects the gene expression of key enzymes in cholesterol synthesis, the
relative expression levels were evaluated by qRT-PCR. (C) Heatmap analysis of gene expression
(RNA-seq) in cholesterol efflux. (D) The level of total cholesterol in cells under different treatments
was standardized by protein concentration. Results are mean ± SD. n = 3. * represents DON group
vs. vehicle group p < 0.05. # represents DON + LCA10 group vs. DON group p < 0.05. ## represents
DON + LCA20 group vs. DON group p < 0.05. ns represents no significant difference between the
two groups.

2.4. LCA Reduces DON-Increased Bile Acids Levels in IPI-2I Cells

Given that cholesterol homeostasis is maintained by several pathways such as choles-
terol biosynthesis, uptake, efflux, cholesterol transformation, etc., we next found that the
bile acid content was dramatically increased, along with the higher concentrations of choles-
terol induced by the DON treatment in IPI-2I cells. Again, LCA significantly reduced the
DON-triggered bile acids production with both doses of 10 and 20 µmol/L (Figure 4A).
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Elevated levels of bile acids are often attributed to the activated process of converting
cholesterol to bile acids. Thus, we studied the expression of key rate-limiting enzymes
CYP7A1 and CYP27A1 in this transformation. The results showed that DON significantly
increased the protein expression of CYP7A1, while LCA pretreatment obviously caused a
reduction of its expression (Figure 4B,C). In contrast, DON did not affect the expression of
CYP27A1 (Figure 4B,D). These data suggested that LCA reduced DON-caused bile acids
increment in IPI-2I cells, possibly via the activation of CYP7A1.
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Figure 4. LCA reduces DON-increased bile acids in IPI-2I cells. (A) Bile acid levels measurement
in IPI-2I with indicated treatments. (B) Western blot detected the expression of CYP7A1, CYP27A1,
and GAPDH protein. (C) The relative expression levels of CYP7A1 were determined by GAPDH
standardization. (D) The relative expression levels of CYP27A1 were determined by GAPDH stan-
dardization. Results are mean ± SD. n = 3. * represents DON group vs. vehicle group p < 0.05.
# represents DON + LCA10 group vs. DON group p < 0.05. ## represents DON + LCA20 group vs.
DON group p < 0.05. ns represents no significant difference between the two groups.

2.5. LCA Reprograms DON-Caused Abnormal Transcripts of Cholesterol Transformation

We demonstrated that the key enzymes of cholesterol transformation were vulnerable
to DON or LCA treatment. Next, we performed a GSEA analysis using the RNA-seq data
and demonstrated that the increased cholesterol transformation gene pathway caused by
DON was remarkably rescued when the IPI-2I cells were pretreated with LCA compared to
that of the group without LCA (Figure 5A–C). The pathway-focused transcriptome results
of the critical genes including CYP7A1, CYP7B1, CYP8B1, and CYP27A1 were significantly
elevated in DON-treated cells, and dramatically downregulated by LCA administration
(Figure 5D). Moreover, the altered transcriptional profile was also validated by qRT-PCR,
and further assured the effect of LCA on the cholesterol transformation pathway to resist
DON exposure (Figure 5E).
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3. Discussion

Deoxynivalenol contaminates cereal-based foods that are used to feed humans and
animals, increasing the risks of diseases, organ injury, and even death [24–26]. It is well-
known that the gastrointestinal tract is the vital physical barrier against mycotoxin entry and
acts as the first line of defense [27]. Herein, we observed significant cell apoptosis reflected
by caspase enzyme activities and PARP protein expression in the porcine intestinal epithelial
cells exposed to DON treatment with different concentrations. Given the important roles of
bile acids in the gut protection in vivo [18], we tried to demonstrate the recovery of DON-
induced IPI-2I cell death. The primary bile acid CA, in different doses in the DON-exposed
cells, has no obvious effects on the cell number and growth compared to that of a single
DON treatment. In contrast, the secondary bile acid, LCA, showed a strong anti-mycotoxin
capacity. Notably, in the previous studies on cancer cells, LCA was more likely to inhibit
cell viability and served as an anti-cancer agent [28,29]. However, in the normal cell lines,
we would like to address the protection role to suppress cell apoptosis. Indeed, the specific
roles in cell growth and death of LCA in different cell lines has been demonstrated [30].
Herein, the reduced cleavage of caspase 3 and RARP-1 enrolled in apoptosis were observed
in the cell with the treatment of LCA co-treated with DON compared to that of DON
treatment alone.

Accumulating evidence has shown that lipids, especially those that constitute the rafts
of cellular membrane, play protective roles against the exposure of mycotoxins such as
OTA and fumonisin B1, possibly via maintaining membrane properties and H+-ATPase
activity [31,32]. This would lead to the repair of the mycotoxin-induced structural failure of
the cell membrane by activating ceramide synthesis at the endoplasmic reticulum [33,34].
Given that those plasma membrane microdomains are enriched in cholesterol and sph-
ingolipids, we evaluated the cholesterol metabolism in response to DON and/or LCA
treatment in IPI-2I cells. DON increased the cholesterol concentration in IPI-2I cells. This
suggests that cholesterol enrichment in lipid rafts may facilitate DON entry and thus pro-
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mote cell death. Moreover, a high concentration of cholesterol accumulated the total bile
acids production. It is noted that LCA, a secondary bile acid produced only by microbiota,
is synthesized in the colon and thereafter transferred to blood circulation [20,35]. The in-
creased CA in the cells in vitro would not remarkably affect LCA concentration. Therefore,
DON-triggered CA accumulation showed no response to additional CA supply, but high
sensitization to LCA.

Consistent with the increased cellular contents of cholesterol and bile acids, the choles-
terol metabolism program is highly enriched in IPI-2I cells in response to DON. Again, the
selected genes of key enzymes involved in cholesterol metabolism were upregulated in
DON-exposed cells. The different appearance in the liver features an incongruity between
mRNA and protein expression in a negative-feedback loop [36,37]. In the IPI-2I cell, an
aberrant cholesterol metabolism is a lethal event in response to DON exposure, which
cannot resemble the compensation of cholesterol and bile acids in the liver. Interestingly,
the rate-limiting enzyme CYP7A1 involved in cholesterol–bile acids transformation was
significantly increased in IPI-2I cells in association with elevated total bile acids content
with treatment. It is worth mentioning that CA biosynthesis has mainly occurred in the
liver as documented and we provide a new potential reaction site of the CA synthesis in
the present study. Importantly, whether the high expression of CYP7A1 implies other vital
functions of this enzyme in the gut is unknown and should be explored in the near future.

It has been reported that LCA modulates cholesterol de novo biosynthesis using a
labeled [3H] cholesterol assay in vivo despite the unclear mechanisms [38]. In line with this
finding, we revealed the downregulated cholesterol biosynthesis genes possibly induced
by LCA administration in DON-exposed IPI-2I cells. Scientific reasons for this LCA action
are closely linked to a critical play of nuclear receptor RORγ [39]. RORγ is the dominant
transcription factor over the classic cholesterol metabolic modulator SREBP2 to positively
drive cholesterol biosynthesis, especially in the scenario of mycotoxin exposure. Interest-
ingly, recent studies have provided some clues that a derivative of LCA [40], 3-oxoLCA,
is defined to be a novel inhibitor of RORγ, suggesting that the LCA reduced cholesterol
de novo synthesis in DON-exposed IPI-2I cells in the current study, probably due to RORγ
inactivity. As mentioned before, given that LCA was predominantly derived from intestinal
bacteria, or the 3-oxoLCA as newly discovered [41,42], our follow-up study would validate
the deep mechanisms of RORγ-mediated protection by LCA against mycotoxin exposure.

In summary, the present study demonstrates that the DON toxicity on cell growth
and proliferation in intestinal epithelial cells could be recused by a secondary bile acid.
The cholesterol metabolic abnormality may be the critical event to link the association
between LCA and mycotoxin interaction and regulation. Due to the similarities to humans
in anatomy, body size, physiology, metabolism, and omnivorous habits, pigs are better
suited biomedical models for studying the mechanisms of mycotoxin-induced toxic re-
sponses compared to other animal models [43]. Although mostly descriptive, the results
presented here provide the first evidence that LCA is a potent candidate for anti-mycotoxin
therapeutics and related dietary interventions in humans and animals.

4. Materials and Methods
4.1. Cell Culture

Porcine ileum epithelial cell line IPI-2I (purchased from European Collection of Au-
thenticated Cell Cultures (ECACC)) were cultured in RPMI-1640 (Hyclone, Logan, UT,
USA) supplemented with 10% fetal bovine serum (Hyclone, USA), 100 U/mL penicillin
(Solarbio, Beijing, China), and 100 µg/mL streptomycin (Solarbio, China) at 37 ◦C with 5%
CO2 in a humidified incubator.

4.2. Cell Counting Kit-8 (CCK-8) Assay

When the cells in the culture dish grew to 90%, the cells were digested with trypsin and
the number was calculated under the microscope. In total, 3 × 103 cells were seeded into
a 96-well plate. When these cells grew to 50%, LCA (10, 20 µmol/L), CA (10, 20 µmol/L)
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or DMSO was added for 24 h. There, cells were further exposed to DON (250 ng/mL) or
DMSO for another 48 h. Next, 10 µL CCK-8 (Biosharp, Hefei, China) and 100 µL incomplete
medium were added to each well with a 1 h incubation at 37 ◦C. In the microplate reader,
the wavelength of 450 nm was selected to detect the absorbance.

4.3. Cell Counting Experiment

The cells in the 6-well plate were divided into vehicle, DON (250 ng/mL), LCA
(10 µmol/L), LCA (20 µmol/L), DON + LCA (10 µmol/L), and DON + LCA (20 µmol/L)
group. LCA (Shanghai yuanye, Shanghai, China) at concentrations of 10 or 20 µmol/L was
added to the indicated wells for 24 h. Then, DON (J&K Scientific, Beijing, China) or DMSO
were added accordingly for another 48h. The number of cells was counted at 0, 24, 48, 72,
and 96 h under the microscope.

4.4. qRT-PCR and RNA-seq

The cells in the 6-well plate were harvested and lysed using 1 mL trizol (Invitrogen,
Waltham, MA, USA) to extract total RNA and to be reverse-transcribed into cDNA accord-
ing to the instructions (Vazyme, Nanjing, China), and the cDNA was subjected to qRT-PCR
(Vazyme, Nanjing, China). The primers are shown in Table 1. The relative expression levels
of genes were analyzed using the 2−∆∆CT method. The RNA-seq libraries were generated
as previously described [36,37] with modifications. Total RNA (2 µg) was prepared using
Illumina Tru-Seq RNA Sample Prep Kit according to the manufacturer’s instructions. The
quality of RNA-seq libraries was tested with an Agilent Bioanalyzer (Agilent Technolo-
gies). The high throughput sequencing was performed on a BGISEQ-2000 at BGI Tech.
(Wuhan, China). The sequence data in FASTQ format was analyzed using the standard
BWA–Bowtie–Cufflinks workflow. Sequence reads were mapped to susScr3 assembly
with BWA and Bowtie software. The cufflinks package was used for transcripts assembly,
quantification of normalized gene and isoform expression, and analysis of differentially
expressed genes. The quantitative analysis of FPKM was selected for subsequent data
analysis. GSEA software was used to analyze the differential signal pathway, and Gene
Ontology (GO) analysis was performed using DAVID Bioinformatics Resources with gene
expression differences greater than 2.

Table 1. The table of gene primer sequences.

Gene Sequence

CYP7A1 Forward
CYP7A1 Reverse

TAGCAGGCTTCCCGATTC
CTGACCAGTTCCGAGATGTG

CYP27A1 Forward
CYP27A1 Reverse

TGTGGCTCGCATCGTTC
TCACCTGGCAGCTCCTT

CYP8B1 Forward
CYP8B1 Reverse

GCAGGCAAGAAGATCCACCACTAC
TGACCATGAGCAGCACAAAGAGC

CYP7B1 Forward ACATCATTTAGGCTTGCTC
CYP7B1 Reverse TGTAGTGTCAGGTCCTCTTG
ACAT2 Forward
ACAT2 Reverse

TAATGATGGTGCTGCTGCTGTGG
GCTTGCTTTATTGCCGGGATTGG

IDI1 Forward
IDI1 Reverse

TGCTCCAACAACGATCAGATGCC
TTAAACGCCTCTGTGCTGCTCTTC

GGPS1 Forward
GGPS1 Reverse

GTGGCACACAGCATCTATGGAA
GCCTTGGCCCTGATGTAGTT

TM7SF2 Forward
TM7SF2 Reverse

ACCCACGCATCTGTTCCTTTGAC
GGAAGCCATTGACCAGCCACATG

MSMO1 Forward
MSMO1 Reverse

CCTGGGTGACCGTTCGTTTGATAG
GGTGGAAGTCATGGTGACGAGAAC

HSD17B7 Forward
HSD17B7 Reverse

GAGGACATCCAGCACAGCAAAGG
CGGTTCAAAGCCACACTCACAAAG

SC5D Forward
SC5D Reverse

ACCCTCTGGATGGCTTCCTTCAG
AGCTCTGGGGAACACGGAAGTC

GAPDH Forward
GAPDH Reverse

GATTCCACCCACGGCAAGTTCC
AGCACCAGCATCACCCCATTTG
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4.5. Western Blot Assay

The cells were pretreated with LCA for 24 h, DON was added, and treated for 48 h,
the medium was discarded and washed with PBS. Then, 200 µL RIPA lysis buffer was
added to lyse the cells, extract the total protein of the cells, and determine the protein
concentration with a BCA kit (Phygene, Fuzhou, China). A total of 30 µg protein sample
was added to 10% SDS-PAGE separation gel, the separated protein was transferred to
PVDF membrane, and 5% skimmed milk powder sealed PVDF membrane, and then the
primary antibody was incubated on a 4 ◦C shaker overnight. The primary antibodies were
PARP-1 (Cell signaling technology, Danvers, MA, USA), Cleaved caspase 3 (Cell signaling
technology, USA) protein, CDK4 (Proteintech, Wuhan, China), and PCNA (Proteintech,
Wuhan, China), respectively. The PVDF membrane was washed with TBST solution on the
room temperature shaking table and this was repeated 3 times for 10 min each time. The
secondary antibody was incubated in the ratio of 1:3000 and on the shaking table for 2 h. The
PVDF membrane was washed again and then developed with ECL luminescent solution.
Western blot detected the expression of GAPDH and used GAPDH as the internal reference.

4.6. Detection of Cholesterol and Bile Acids

When the cells were pretreated with LCA for 24 h, DON was added and treated for
48 h, the RPMI-1640 medium was discarded and washed with PBS, 200 µL PBS was added
to 6-well plates, and the cells were scraped off with a cell brush. The cell suspension was
transferred to a centrifuge tube and centrifuged at 2000 rpm for 10 min. The supernatant of
centrifugation was used to determine the protein concentration, cholesterol concentration,
and bile acid concentration in the supernatant. Cholesterol was measured with a biochemi-
cal analyzer, bile acids were measured with a total bile acid assay kit (Nanjing jiancheng
bioengineering institute, Nanjing, China), and normalized to total protein.

4.7. Statistical Analysis

Graphpad prism 8.0 software was selected for data analysis, the data are expressed as
the mean ± SD of at least three independent experiments. p < 0.05 was considered significant.
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