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Abstract
Background The most commonly used organochlorine pesticide, chlorothalonil (CHI), is ubiquitous in a
natural environment and poses many adverse effects to organisms. Unfortunately, the toxicity
mechanisms of CHI have not been clari�ed yet.

Results: This study found that the low-dose CHI based on acceptable daily intake (ADI) level could induce
metabolic syndrome (MetS) in mice, including obesity, hepatic steatosis, dyslipidemia, and insulin
resistance. In addition, exposure to low-dose CHI could induce an imbalance in the gut microbiota of
mice, resulting in a signi�cant increase in the ratio of Firmicutes to Bacteroidetes. Furthermore, the results
of the antibiotic treatment and gut microbiota transplantation experiments showed that the low-dose CHI
could induce MetS in mice in a gut microbiota-dependent manner. Based on the results of targeted
metabolomics and gene expression analysis, the low-dose CHI could disturb the serum metabolism of
bile acids (BAs) in mice, causing the inhibition of the signal response of BAs receptor farnesol X receptor
(FXR) and leading to glycolipid metabolism disorders in liver tissue and epididymal white adipose tissue
(epiWAT) of mice. The administration of FXR agonist GW4064 and CDCA could signi�cantly improve the
low-dose CHI-induced MetS in mice.

Conclusions: In conclusion, the low-dose CHI was found to induce MetS in mice by regulating the gut
microbiota and BAs metabolism via the FXR signaling pathway. This study provides evidence linking the
gut microbiota and pesticides exposure with the progression of MetS, demonstrating the key role of gut
microbiota in the toxic effects of pesticides.

Background
In recent years, metabolic syndrome (MetS) has become an important public health issue worldwide [1].
As a multi-gene and multi-organ disease, MetS characterized by insulin resistance, obesity, dyslipidemia,
and hepatic steatosis [2]. In the United States, it affects at least 30% of adults and has been reported to
be associated with the increased incidence of type 2 diabetes, atherosclerosis, and coronary heart
disease [3]. The occurrence of MetS is mainly affected by genetic and environmental factors. As an
important environmental pollutant, exposure to pesticides causes MetS in the host. It has also been
con�rmed that exposure to pesticides, such as p,p’-DDE, chlorpyrifos, and imidacloprid, could induce
dyslipidemia, insulin resistance, or obesity [4-7]. In addition, several epidemiological studies have shown
clear correlations between the levels of organochlorine pesticides in the human body and the incidence of
MetS [8, 9]. As one of the most important organochlorine pesticides worldwide, chlorothalonil (CHI) is
used in agricultural production and effectively prevents the fungal diseases of many crops. Due to a large
number of its applications, CHI is widely present in many natural environments, such as water, air, and
soil [10]. In addition, it has also been detected in cabbage, tomato, and other vegetables, and its residual
concentration even exceeds its maximum residue limit (MRL) [11, 12]. Therefore, the effects of CHI on
organisms’ health have received more attention. Many previous studies have demonstrated the adverse
effects of CHI on organisms [13-19]. It could not only inhibit ovarian development through endocrine
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disruption but could also impair spermatogenesis through epigenetic pathways in mice [17, 20]. In
addition, a recent study showed that long-term exposure to CHI led to developing symptoms related to
MetS, including liver damage and glycolipid metabolism disorders in mice [21]. 

There is a dense and diverse microbial community in the intestine of mammals, known as gut
microbiota [22]. In the human gut, there are about 1014 bacterial cells, which are 10 times the number of
human cells. In addition, the gut microbiota has more than 5 million functional genes, which are related
to many basic physiological functions, including metabolism and nutritional homeostasis, immune
system maturation, and nervous system activity of the host. The imbalance of gut microbiota has been
reported to be related to many human diseases, such as MetS, colitis, type 2 diabetes mellitus, etc. [23-
25]. Importantly, the regulation of host physiological functions by gut microbiota has been demonstrated
to be closely related to the metabolites of gut microbiota [26, 27]. Bile acids (BAs), an important class of
microbially-produced metabolites, can regulate several host processes by activating the nuclear receptors
in the intestine, liver, and peripheral tissues [28]. As one of the most widely studied bile acid receptors, the
Farnesol X receptor (FXR) is a ligand-dependent transcription factor, which is widely distributed in organs
rich in BAs [29]. Previous studies have shown that FXR plays an important role in the maintenance of
energy homeostasis and regulation of glycolipid metabolism in the host [30, 31]. The activation of FXR
can effectively inhibit dyslipidemia and prevent liver steatosis in mice [32, 33]. Moreover, the activation of
FXR by BAs regulates glucose metabolism by improving insulin sensitivity and repressing hepatic
gluconeogenesis [28, 29]. Previous studies have demonstrated that the gut microbiota could cause diet-
induced obesity through FXR signaling [32, 34, 35]. Furthermore, the microbiota induced the in�ammation
of adipose tissue and increased the expression levels of genes responsible for fatty acid uptake in an
FXR-dependent manner [34]. In particular, several studies have reported that pesticide exposure can
disrupt the gut microbiota of the host [36, 37]. Among them, few studies have suggested that the gut
microbiota plays an important role in the pesticides’ effects on host health [4, 38]. Importantly, previous
studies have also shown that CHI exposure can lead to an imbalance of gut microbiota [21]. Based on
previous studies, it was hypothesized that CHI could induce MetS-related symptoms through the BAs-FXR
signaling pathway mediated by gut microbiota. 

Furthermore, it is worth mentioning that most of the previous studies have focused on the toxic effects of
exposure of organisms to high-dose pesticides [13, 18, 19, 21, 39]. The effects of low-dose pesticides on
host health have been overlooked, while they might be capable of altering the gut microbiota with lasting
consequences on hosts. Therefore, based on the acceptable daily intake (ADI) level, this study aimed at
investigating the effects of CHI exposure on the phenotypes associated with MetS, the composition of
gut microbiota, metabolic pro�les of BAs, and expression of glycolipid metabolism-associated genes in
mice. The underlying mechanism of low-dose chlorothalonil exposure-induced MetS in mice was
elucidated using antibiotics treatment, gut microbiota transplantation, and FXR agonist treatment. The
results indicated that the low-dose CHI exposure could induce MetS in mice by the regulation of gut
microbiota and BAs via FXR signaling pathways. This study provided new insights into the pesticide-
induced host health effects, demonstrated the role of gut microbiota in pesticide-induced host health
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effects, and provided valuable information for a comprehensive understanding of the health risks
associated with pesticides and their mechanisms.

Results
Low-dose CHI-induced MetS in mice

After 12 weeks of exposure to CHI, the body weights of the 18 week-old ICR mice increased signi�cantly
as compared to the Ctrl group. Eventually, the bodyweight of ICR mice also increased signi�cantly from 6
weeks to 18 weeks (Fig. 1B). In addition, the weights of liver tissues and epiWATs also signi�cantly
increased after CHI exposure (Fig. 1C and D). Meanwhile, the ratios of liver weight and epiWAT weight to
body weight were signi�cantly changed in the CHI groups as compared to the Ctrl group (Fig. 1C and D).
In particular, there were no signi�cant differences in food and water intake between the two treatment
groups (Fig. S2 A and B), indicating that the effects of CHI on mice, increasing their body weight, were not
due to the increased food consumption. Furthermore, CHI signi�cantly increased the contents of TC and
LDL-C and signi�cantly decreased that of TG in the serum of ICR mice, while that of HDL-C was not
observed to change in the CHI group (Fig. 1E and F). Similarly, the content of glucose and insulin in the
serum of ICR mice increased signi�cantly with the CHI exposure. Importantly, exposure to CHI caused a
signi�cant increase in insulin resistance index (HOMA-IR) of ICR mice (Fig. 1G). Subsequently, the
intrinsic effects of CHI on the liver tissue and epiWAT of ICR mice were further evaluated. The
histopathological analysis showed that the CHI promoted lipids accumulation in liver tissues and caused
liver damage (Fig. 1H). This was mainly due to the signi�cant increase in the ALT activity in serum and
content of TC contents in mice liver (Fig. 1I and 1J). In addition, the CHI also promoted lipids
accumulation in the epiWAT tissue of ICR mice (Fig. 1H). The average size of the epiWAT cells markedly
increased in the CHI group as compared to Ctrl group (Fig. 1K). Meanwhile, the mRNA expression levels of
IL22, TLR4, TNF-α, IL6, MCP1, IL-1β, and IFN-γ, as in�ammatory marker genes in liver tissue and epiWAT,
were quanti�ed. The results showed that CHI signi�cantly increased the mRNA expression levels of IL22,
TLR4, TNF-α, IL6, and MCP1 genes in the liver tissue and epiWAT (Fig. S3). These results also indicated
that CHI could cause obesity, hepatic steatosis, dyslipidemia, and insulin resistance in ICR mice.
Furthermore, obesity, hepatic steatosis, dyslipidemia, and insulin resistance in C57BL/6 mice after CHI
exposure were also observed (Fig. S1, Fig. S2 and Fig. S3). In short, these results implied that the low-
dose exposure to CHI could induce MetS in mice.

Low-dose CHI disrupted gut microbiota of mice

The emerging exploration of the association between pesticides and the host’s gut microbiota has
completely changed the traditional understanding of pesticide-induced health effects of the host [36, 37].
Several studies have proved the close association between gut microbiota and MetS [40-42]. The
imbalance of gut microbiota has been considered an important factor, inducing MetS in the host.
Therefore, in this study, the effects of CHI on the gut microbiota of mice were evaluated using 16S rRNA
gene sequencing. The principal component analysis (PCA), based on OTUs, showed that the gut
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microbiota of ICR mice altered with CHI exposure. PC1 and PC2 showed 23% and 19.5% variations,
respectively. Differences in the gut microbiota between CHI and Ctrl groups Ewere observed (Fig. 2A). This
indicated that CHI exposure induced remarkable changes in the overall structure and composition of gut
microbiota in ICR mice. Furthermore, as α-diversity indicators of gut microbiota, the Simpson, Shannon,
Chao1, and Observed_species indices did not change signi�cantly in the ICR mice after CHI exposure (Fig.
2B). Subsequently, changes in the compositions of gut microbiota between the CHI and Ctrl groups were
analyzed. The results showed that there were signi�cant differences in the relative abundances of gut
microbiota in ICR mice between the CHI and Ctrl groups (Fig. 2C and F). At the phylum level, exposure to
CHI resulted in a signi�cant increase and decrease in the relative abundances of Firmicutes and
Bacteroidetes, respectively (Fig. 2D). Meanwhile, the ratio of Firmicutes to Bacteroidetes in the CHI group
also increased signi�cantly (Fig. 2E). At the genus level, the relative abundance of Clostridiales
signi�cantly increased, while that of S24-7, Lachnospiraceae, and Bacteroides signi�cantly decreased in
the CHI group as compared to the Ctrl group (Fig. 2G). In addition, the OTUs that signi�cantly altered
between the CHI and Ctrl groups also showed imbalances in the gut microbiota of ICR mice (Fig.2H).
Similarly, CHI also caused signi�cant changes in the gut microbiota of C57BL/6 mice (Fig. S4). The
analysis of gut microbiota in C57BL/6 mice showed that CHI altered the relative abundances of
Firmicutes and Bacteroidetes and resulted in a signi�cant change in the ratio of Firmicutes to
Bacteroidetes at the phylum level (Fig. S4C-E). Moreover, at the genus level, the relative abundances of
Clostridiales and S24-7 also changed signi�cantly after CHI exposure (SI Appendix, Fig. S4 F and G).
Collectively, these results demonstrated substantial alterations in the gut microbiota of mice exposed to a
low dose of CHI.

Low-dose CHI altered BAs metabolic pro�les of mice

The effects of gut microbiota on a host’s health are usually closely related to the metabolic axis of host
gut microbiota [27, 43]. The above results showed that, at the genus level, the low-dose CHI exposure
caused signi�cant changes in the relative abundances of Clostridiales, S24-7, and Bacteroides. Previous
studies have also shown that Clostridiales, S24-7, and Bacteroides were closely related to the host’s BAs
metabolism [28, 29]. In order to further explore the role of gut microbiota in low-dose CHI-induced MetS in
mice, the contents of 41 BAs in serum were determined using UHPLC-MS/MS (Table S1). The typical
chromatograms of 41 BAs are provided in Fig. S5. The lowest limit of detection (LLOD) was 0.24 - 1.95
nmol/L and the lowest limit of quanti�cation (LLOQs) was 0.49 - 3.91 nmol/L. The linear regression
coe�cients were all above 0.9733. The quantitative results of 41 BAs in the serum samples of each
treatment group are listed in Tables S3 and S4. For ICR mice, the PCA analysis showed a signi�cant
difference between the CHI and Ctrl groups (Fig. 3A). In addition, as compared to the control group, the
total BA contents in the serum of the CHI treatment group signi�cantly increased (Fig. 3B). Additionally,
the content of primary and conjugated BAs increased signi�cantly (Fig. 3C and F). In the Ctrl and CHI
groups, a total of 18 BAs were detected (Fig. 3G). Among them, exposure to CHI caused signi�cant
changes in the content of 11 BAs (Fig. 3H). Speci�cally, the contents of 5 BAs, including CDCA,
taurodeoxycholic acid (TDCA), cholic acid (CA), lithocholic acid (LCA), and deoxycholic acid (DCA), in the
serum of CHI group signi�cantly decreased (Fig. 3I). In addition, the contents of 6 BAs, including taurine-
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α-murocholic acid (T-α-MCA), taurine-β-murocholic acid (T-β-MCA), taurolithocholic acid (TLCA),
taurochenodeoxycholic acid (TCDCA), taurocholic acid (TCA), and ursodeoxycholic acid (UDCA), in the
serum of the CHI group signi�cantly increased (Fig. 3I). Consistently, the low-dose CHI exposure also
caused signi�cant changes to the BAs metabolic pro�les in the serum of C57BL/6 mice (Fig. S6). Similar
to the ICR mice, the contents of 3 BAs, including T-α-MCA, T-β-MCA, and UDCA, increased signi�cantly,
while that of 5 BAs, including CDCA, TDCA, CA, LCA, and DCA, decreased signi�cantly in the serum of
C57BL/6 mice after CHI exposure (Fig. S6I). In short, the low-dose CHI disrupts the BAs metabolism in
mice.

Low-dose CHI induced MetS in mice in a microbiota-dependent manner

In order to further explore whether the low-dose CHI exposure-induced MetS in mice was dependent on the
presence of gut microbiota, the ICR mice were treated with CHI and a mixture of antibiotics, containing
vancomycin, neomycin, metronidazole, gentamicin, and ampicillin (Fig. 4A). Consistent with the above
�ndings, the CHI exposure induced obesity, hepatic steatosis, dyslipidemia, and insulin resistance in the
ICR mice as compared to Ctrl group. However, when the gut microbiota of mice was inhibited by
antibiotics, the symptoms of MetS in the CHI-induced ICR mice showed signi�cant improvement.
Speci�cally, the body weight and body weight gain of ICR mice in the CHI+ABX treatment group
decreased signi�cantly as compared to the CHI group (Fig. 4B). Consistently, the liver weight, epiWAT
weight, and tissue coe�cients were signi�cantly reduced after CHI+ABX exposure (Fig. 4C and D). In
addition, the contents of TG, TC, and LDL-C in the serum of ICR mice after CHI+ABX exposure also
decreased signi�cantly (Fig. 4E and F). As compared to the CHI group, the serum glucose level, insulin
level, and HOMA-IR index of the mice in CHI+ABX group were signi�cantly reduced. In addition, the
histopathological analysis showed that the ABX treatment also improved the deposition of lipids in the
liver tissue and epiWAT of mice (Fig. S7D). Meanwhile, the activities of ALT in serum and the contents of
TC in liver were signi�cantly down-regulated after exposure to CHI+ABX (Fig. S7A and B). Similarly, the
average size of epiWAT cells in the mice treated with CHI+ABX was signi�cantly reduced (Fig. S7C). In
summary, these results indicated that the low-dose CHI induced MetS in mice in a gut microbiota-
dependent manner.

Low-dose CHI-induced MetS in mice were transferable through gut microbiota

In order to further illustrate that gut microbiota mediated the occurrence of low-dose CHI-induced MetS in
mice, the cecal contents of low-dose CHI-treated mice were transferred to the recipient mice, followed by
the examination of MetS-related indicators (Fig. 5A). In order to verify the effectiveness of gut microbiota
transplantation, 16S rRNA gene sequencing analysis was performed on the cecal contents of T-Ctrl and T-
CHI groups. The PCA analysis showed signi�cant differences between the T-CHI and T-Ctrl groups (Fig.
5B). Consistently, as compared to the T-Ctrl group, the relative abundance of Firmicutes in the T-CHI group
signi�cantly increased, while that of Bacteroidetes decreased signi�cantly (Fig. 5C). Meanwhile, the
relative abundance ratio of Firmicutes to Bacteroidetes in the T-CHI group also increased
signi�cantly (Fig. 5D). In conclusion, the compositions of mice gut microbiota in the T-Ctrl and T-CHI
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groups were similar to that in the Ctrl and CHI groups, respectively (Fig. S8A-C). This indicated that the
gut microbiota transplantation could effectively transplant the microbiota-associated phenotypes from
the mice in Ctrl and CHI groups into the recipient mice. Subsequently, the MetS-related indicators in the
recipient mice were analyzed. As compared to the T-Ctrl group, the bodyweight and body weight gain of
mice in the T-CHI group increased signi�cantly (Fig. 5E and Fig. S8D). Similarly, the weights of liver and
epiWAT and its tissue coe�cients also increased signi�cantly in the T-CHI group (Fig. 5E and Fig. S9E
and F). In addition, the serum-related biochemical indicators in the T-CHI group also altered signi�cantly.
Speci�cally, the contents of TG and HDL-C signi�cantly decreased, while those of LDL-C signi�cantly
increased in the T-CHI group (Fig. 5F). Meanwhile, the serum glucose levels, insulin levels, and HOMA-IR
index of the mice in T-CHI group also increased signi�cantly (Fig. 5G). The histopathological analysis
showed that, as compared to the T-Ctrl group, the liver tissue and epiWAT of the mice in T-CHI group
exhibited obvious lipid deposition (Fig. 5K). In comparison with the T-Ctrl group, the activities of ALT in
serum and the contents TG of in liver in the T-CHI group altered signi�cantly (Fig. 5H and 5I). The size and
area of epiWAT cells in the T-CHI group also increased signi�cantly (Fig. 5J and Fig. S8K). 

In addition, the metabolic pro�les of serum BAs also altered signi�cantly in the T-Ctrl and T-CHI groups
(Tables S5 and Fig. S9A). In comparison with the T-Ctrl group, the contents total BAs in T-CHI group did
not change signi�cantly (Fig. S9B). However, the contents of secondary and unconjugated BAs were
signi�cantly down-regulated, while that of conjugated BAs were signi�cantly up-regulated in the serum of
T-CHI group mice (Fig. S9D-F). A total of 26 BAs were detected in the T-Ctrl and T-CHI groups (Fig. S9G).
As compared to the T-Ctrl group, the contents of 13 BAs in the serum of T-CHI group changed signi�cantly
(Fig. S9H). Among them, the contents of TLCA, T-β-MCA, and TCDCA increased signi�cantly (P <0.05, Fig.
2-10I). Moreover, the contents of 10 BAs, including α-murocholic acid (α-MCA), allocholic acid (ACA), CA,
CDCA, 3-dehydrocholic acid (3-DHCA), LCA, DCA, taurodeoxycholic acid (TDCA), 23-deoxycholic acid
medeoxycholic acid (23norDCA), and hyodeoxycholic acid (HDCA), decreased signi�cantly (Fig.
S9I). Together, these results demonstrated that the recipient mice recapitulated metabolic phenotypes as
observed in their respective donor mice. The gut microbiota-mediated MetS and BAs metabolism
disorders in mice were induced by low-dose CHI exposure.

Low-dose CHI induced glycolipid metabolism disorders in mice by inhibiting BAs receptors FXR

After exposure to low-dose CHI, the metabolic pro�le of serum BAs metabolism in mice changed
signi�cantly. In particular, it was found that the major BAs, which could regulate the signaling pathway of
an important nuclear BAs receptor FXR and included CDCA, CA, DCA, LCA, UDCA, TαMCA, and TβMCA,
were all changed signi�cantly [29]. This further prompted to explore the mRNA expression levels of Fxr
and its main downstream genes, such as Shp, Srebp-1c, and Chrebp, in the liver and epiWAT tissues of
ICR mice. The CHI exposure signi�cantly inhibited the relative RNA expression of Fxr (Fig. 6A). In addition,
the relative mRNA expression levels of Srebp-1c and Chrebp signi�cantly increased. In particular, the CHI
exposure also signi�cantly reduced the relative mRNA expression levels of Shp in liver tissues of ICR
mice (Fig. 6A). Similarly, the CHI exposure also signi�cantly inhibited the relative mRNA expression of
Fxr gene in liver tissue and epiWAT of C57BL/6 mice. Furthermore, the relative mRNA expression levels of
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Shp, Srebp-1c, and Chrebp were also signi�cantly changed after CHI exposure in liver tissue and epiWAT
of C57BL/6 mice (Fig. 6B). Importantly, the recipient mice after receiving the transplantation of gut
microbiota also demonstrated signi�cant changes in the mRNA expression levels of Fxr and other related
genes. As compared to the T-Ctrl group, the mRNA relative expression of Fxr gene in the liver tissue and
epiWAT of the T-CHI group was signi�cantly down-regulated (Fig. S10A), while that of the Chrebp gene
was signi�cantly up-regulated (Fig. S10D). In addition, in the T-CHI group, the relative mRNA expression of
Shp gene in the liver tissue was signi�cantly reduced, while that of the Srebp-1c gene in the epiWAT was
signi�cantly increased (Fig. S10B and C). These results demonstrated that the low-dose CHI exposure
could alter the mRNA expression levels of nuclear BAs receptor Fxr and its main downstream related
genes.

As an important nuclear BAs receptor, Fxr regulates the expression of various genes, which are related to
glycolipid metabolism. Furthermore, the mRNA expression levels of genes related to glycolipid
metabolism in the liver tissue and epiWAT after CHI exposure were analyzed, which included fatty acid
synthesis genes (Fasn, Acaca, Gpat1, Agpat1, Pparγ, Mogat1, Dgat1 and Dgat2), fatty acid uptake and
transport genes, (Cd36, Fabp1, Fabp2 and Fatp5), fatty acid oxidation genes (Cpt1α, Acot1, Acox1 and
Pparα), lipoprotein secretion genes (Mttp and Apod), glycogen synthesis (Gys2), gluconeogenesis genes
(Pepck and G6pase), glycolysis genes (Gck and Pklr), and glucose transport gene (Glut2) (Fig. 6C). For
the liver tissue of ICR mice, CHI exposure signi�cantly increased the relative mRNA expression levels of
Dgat1 and Fatp5 (Fig. 6D and E). As compared to the control group, the relative mRNA expression levels
of Cpt1α and Pparα in the CHI group were signi�cantly down-regulated (Fig. 6F). In addition, CHI exposure
also signi�cantly increased the relative mRNA expression levels of G6pase, Gck, and Glut2 (Fig. 6H). For
the epiWAT of ICR mice, exposure to CHI signi�cantly increased the relative mRNA expression levels of 6
fatty acid synthesis genes, including Fasn, Acaca, Agpat1, Pparγ, Mogat1, and Dgat1 (Fig. 6D). Similarly,
the relative mRNA expression levels of Cd36 and Fatp5 in the CHI group also signi�cantly increased (Fig.
6E). At the same time, exposure to CHI signi�cantly reduced the relative mRNA expression levels of Cpt1α,
Acox1, and Pparα (Fig. 6F). In addition, CHI exposure also signi�cantly increased the relative mRNA
expression level of G6pase (Fig. 6H). In particular, CHI exposure could also promote the mRNA expression
levels of fatty acid synthesis and uptake-related genes, inhibit the expression of fatty acid oxidation-
related genes, and activate the expression of gluconeogenesis -related genes in the liver tissue and
epiWAT of C57BL/6 mice (Fig. S11). These results implied that CHI exposure could cause the disorders of
glycolipid metabolism in the liver tissue and epiWAT of ICR and C57BL/6 mice. In conclusion, these
results con�rmed that the low-dose CHI exposure could induce glycolipid metabolism disorders in mice
by inhibiting the FXR signaling pathway.

FXR activators ameliorated the MetS of mice induced by low-dose CHI

In order to further determine the key role of BAs receptor FXR in the low-dose CHI-induced MetS, the ICR
mice were treated with CHI and FXR activators, which included GW4064 and CDCA (Fig. 7A). The analysis
of MetS-related indicators in each treatment group showed that both the FXR activators, GW4064 and
CDCA, effectively ameliorated the low-dose CHI-induced MetS in mice. In particular, as compared to the
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CHI group, the body weight and body weight gain of mice in the CHI+GW4064 and CHI+CDCA groups
were signi�cantly reduced (Fig. 7B and Fig. S12A). Similarly, in the CHI+GW4064 and CHI+CDCA groups,
the weight of liver tissue and epiWAT and its tissue coe�cients were also signi�cantly reduced (Fig.7B
and Fig. S12A). In addition, the GW4064 and CDCA activators also signi�cantly reduced the serum
glucose level, insulin level, and HOMA-IR index in mice (Fig. 7D). Meanwhile, the serum LDL-C contents in
the CHI+GW4064 group were signi�cantly reduced as compared to the CHI group (Fig. 7C). Furthermore,
the histopathological analysis showed no signi�cant lipid deposition in the liver tissue and epiWAT of the
mice in both the CHI+GW4064 and CHI+CDCA treatment groups as compared to the CHI group (Fig. 7G).
As compared to the CHI group, the liver ALT activity and TC and TG contents in the CHI+GW4064 and
CHI+CDCA groups were signi�cantly reduced (Fig. 7E and Fig. S12E). Similarly, the size and area of
epiWAT tissue cells in the CHI+GW4064 and CHI+CDCA groups were also signi�cantly reduced (Fig. 7F
and and Fig. S12F). These results indicated that both the FXR activators GW4064 and CDCA could
effectively ameliorate the low-dose CHI-induced MetS in mice, such as obesity, hepatic steatosis,
dyslipidemia, and insulin resistance.

Discussion
At present, MetS are developing into one of the most health-threatening diseases worldwide [3]. Previous
studies have shown that many environmental pollutants, including pesticides, �ame retardants, and
plasticizers, might be unfavorable factors in inducing MetS [44-47]. Several epidemiological studies have
shown a close association of organochlorine pesticides with host obesity or insulin resistance [8, 9]. In
addition, a previous study has also found that exposure to organochlorine pesticide CHI can cause
dyslipidemia and energy metabolism disorders in mice [21]. However, the adverse effects of CHI on
developing MetS-related symptoms, such as obesity, lipid deposition, and insulin resistance in mice are
still controversial. 

This study con�rmed that the low-dose CHI after 12 weeks of exposure could develop MetS-related
symptoms, which included obesity, hepatic steatosis, dyslipidemia, and insulin resistance in the ICR and
C57BL/6 mice. Based on previous studies conducted on the association of gut microbiota with MetS of
host [40-42, 45], it was speculated that the low-dose CHI-induced MetS might be related to the gut
microbiota of mice. Furthermore, the composition of mice gut microbiota in each treatment group was
determined using 16S rRNA gene sequencing technology. The results showed that the low-dose CHI could
cause the ecological imbalance of the gut microbiota of ICR mice and C57BL/6 mice. Consistently, as
compared to Ctrl group, low-dose CHI signi�cantly altered the relative abundances of Firmicutes and
Bacteroidetes, resulting in a signi�cant increase in the relative abundance ratio of Firmicutes to
Bacteroidetes. In particular, both these phyla play key roles in obesity-related metabolic diseases
mediated by host gut microbiota [48]. An increase in the ratio of Firmicutes to Bacteroidetes has been
found in obese humans [49, 50]. In addition, CHI also caused signi�cant alterations in the relative
abundances of Clostridiales, S24-7 and Bacteroides at genus level. Several studies have shown the close
association of Clostridiales with host obesity [51]. However, previous reports have shown that S24-7 can
promote the degradation of carbohydrates in host and its relative abundance has been reported to be
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signi�cantly increased in mice fed a low-fat diet [52]. In addition, recent studies also indicated that
Bacteroides alleviated obesity in mice and played an important role in human weight loss
interventions [53, 54]. These results implied that the low-dose CHI could induce MetS by changing the
composition of mice's gut microbiota. In order to further clarify the role of gut microbiota in the low-dose
CHI-induced MetS in mice, antibiotic treatment and gut microbiota transplantation were carried out. The
results con�rmed that the antibiotic treatment could improve the low-dose CHI-induced MetS. In addition,
this MetS could be transferred to the recipient mice through the gut microbiota. These �ndings proved
that the gut microbiota could mediate the low-dose CHI-induced MetS in mice.

Several have shown that the gut microbiota could induce health effects by changing the host metabolic
phenotype [55]. Many metabolites of gut microbiota act as signal molecules and substrates for the host's
metabolic reactions, thereby regulating the multiple physiological processes of host [43]. In this study,
signi�cant changes in the relative abundances of Clostridiales, S24-7 and Bacteroides were found.
Among them, the ability of Clostridiales to mediate the conversion of primary BAs to secondary BAs has
been demonstrated [56, 57]. In addition, Bacteroides can reduce the levels of T-β-MCA and TUDCA in the
host, thereby improving the host MetS by activating the BAs-FXR signaling pathway in mice [54]. The
effects of low-dose CHI exposure on the metabolic pro�les of serum BAs in mice were studied using
UPLC-MS/MS-based targeted metabolomics technology. The results indicated that the low-dose CHI
exposure could signi�cantly alter BAs metabolic pro�les in the serum of ICR and C57BL/6 mice. Among
them, the contents of CDCA and CA decreased signi�cantly, while that of T-β-MCA and UDCA increased
signi�cantly. In particular, the recipient mice recapitulated BAs metabolism phenotype of their respective
donor mice. As compared to the T-Ctrl group, the contents of CDCA and CA signi�cantly decreased, while
that of T-β-MCA increased signi�cantly in the T-CHI group. Currently, several studies have con�rmed the
interaction among MetS, gut microbiota, and BAs metabolism [58-60]. As effective ligands for BAs
receptor FXR, the CDCA and CA can activate the FXR signaling pathway [28, 29, 61]. However, the T-β-MCA
and UDCA can signi�cantly inhibit the FXR signaling pathway [28, 29, 62]. As the main BAs receptor, FXR
is involved in the metabolism of host glycolipid and energy expenditure, especially maintaining the
normal lipid metabolism and controlling in�ammation [28, 29]. The overexpression of FXR in host liver
tissue can prevent liver steatosis and regulate the levels of TG and BAs [63]. This study also showed that
the low-dose CHI exposure could signi�cantly reduce the mRNA expression of Fxr gene in liver tissue and
epiWAT of ICR and C57BL/6 mice, leading to signi�cantly alter the mRNA expression of Fxr downstream
genes, including Shp, Srebp-1c, and Chrebp. The expression analysis of 24 genes involved in glycolipid
metabolism in liver tissue and epiWAT of ICR and C57BL/6 mice showed that the low-dose CHI exposure
promoted the fatty acid synthesis and uptake, inhibited the fatty acid oxidation, and activated
gluconeogenesis. Subsequently, the key role of the BAs receptor FXR in CHI-induced MetS in mice was
further con�rmed through the FXR agonist treatment experiment. The results showed that the two FXR
agonists GW4064 and CDCA could effectively improve CHI-induced obesity, hepatic steatosis,
dyslipidemia, and insulin resistance in mice, respectively. In short, these results indicated that the
disorders of glycolipid metabolism in liver tissue and epiWAT, mediated by the BAs receptor FXR, were the
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inherent reason for the low-dose CHI-induction of MetS, which included obesity, hepatic steatosis,
dyslipidemia, and insulin resistance in mice. 

Overall, this study demonstrated that the low-dose CHI could induce MetS in mice by the regulation of gut
microbiota and BAs via FXR signaling pathways (Fig. S13). This study revealed that gut microbiota could
play a key role in the adverse effects of pesticides on organisms. This study also provided new insights
into the mechanism of pesticide toxicity. In the future, the effects of pesticides on the host's gut
microbiota should be evaluated more comprehensively and systematically.

Conclusions
In this study, it was found that the low-dose CHI could induce MetS in mice, which included obesity,
hepatic steatosis, dyslipidemia, and insulin resistance. In addition, the low-dose CHI could also cause the
dysbiosis of gut microbiota in mice. Antibiotic treatment and gut microbiota transplantation experiments
suggested that the gut microbiota could mediate the CHI-induced MetS in mice. In addition, the low-dose
CHI also disturbed the metabolic pro�les of BAs in mice. This further led to the signi�cant inhibition of
BAs receptor FXR signal, leading to the disturbance of glucose and lipid metabolism in the liver tissue
and epiWAT of mice. In particular, the administration of FXR agonists effectively improved low-dose CHI-
induced MetS in mice. In summary, the gut microbiota and BAs receptor FXR mediate the development of
low-dose CHI-induced MetS in mice.

Methods
Reagents

Chlorothalonil (CHI, purity 99.0%), vancomycin (purity 98.5%), neomycin (purity 99%), metronidazole
(purity 99.0%), gentamicin (purity 97.5%), ampicillin (purity 98%), GW4064 (purity 98%), and
chenodeoxycholic acid (CDCA, purity 98.0%) were purchased from Shanghai Aladdin (Shanghai,
China). All the BAs standards were purchased from Sigma-Aldrich (MO, USA) and Steraloids (RI, USA). 

Animal Experiments

The animal experiments were conducted according to the guidelines of the Institutional Animal Care and
Use Committee of China Agricultural University (Approval no. AW52301202-2-1). ICR (CD-1) and C57BL/6
male mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing,
China). Then, the mice were maintained at room temperature (22 ± 2℃) with a 12/12 h light/dark cycle
and ad libitum access to water and a normal diet based on AIN 93, which was obtained from Beijing Keao
Xieli Feed Co., Ltd (Beijing, China). 

Animal protocol 1: Low-dose CHI exposure experiment
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Male ICR and C57BL/6 mice (age; 5 weeks) were randomly divided into two experimental treatment
groups (n= 12 in each group). The mice were orally administered with CHI deionized water solutions at a
dose of 0.2 mg/L of CHI and named as CHI group. In this study, the dosages were set according to the
ADI (0.02 mg/kg BW/day) for the long-term toxicity of mice. The control group (Ctrl) was administered
with deionized water only. After 12 weeks of treatment, the mice were euthanized. The serum samples,
liver tissue, epididymal white adipose tissue (epiWAT), and cecal contents from each mouse were
collected at the end of the experiment and stored at -80℃ for further analyses. The speci�c experimental
design is presented in Fig. 1A and Fig. S1A.

Animal protocol 2: Antibiotic treatment experiment 

A total of 32 male ICR mice (age; 5 weeks) were randomly and equally assigned to 4 experimental
treatment groups (n = 8 in each group). Among them, one group was administered with 0.2 mg/L of CHI-
containing deionized water solutions and named as CHI group. One group was administered with
antibiotics-containing deionized water (0.5 g/L vancomycin, 1 g/L neomycin sulfate, 1 g/L metronidazole,
and 1 g/L ampicillin solutions) and named as ABX group. One group was administered with the
combination of CHI and antibiotics-containing deionized water (0.2 mg/L CHI, 0.5 g/L vancomycin, 1 g/L
neomycin sulfate, 1 g/L metronidazole, and 1 g/L ampicillin solutions) and named as CHI+ABX group.
One group was administered with deionized water only and named as Ctrl group. After 12 weeks of
treatment, the mice were euthanized. The serum samples, liver tissue, epiWAT, and cecal contents from
each mouse were collected at the end of the experiment and stored at -80℃ for further analyses. The
speci�c experimental design is presented in Fig. 4A.

Animal protocol 3: Gut microbiota transplantation experiment

Preparation of gut microbiota suspension: The cecal contents of ICR mice from Animal protocol 1 were
diluted with saline (1:9, w/w) and homogenized for 1 min using a vortex to achieve a liquid slurry. The
supernatants were collected by centrifugation at 500 g for 3 min to remove particulate matter and
facilitate its administration and stored at -80℃.

Gut microbiota transplantation: The male ICR mice (age; 3 weeks) were orally administered with
antibiotics-containing deionized water (0.5 g/L vancomycin, 1 g/L neomycin sulfate, 1 g/L metronidazole,
and 1 g/L ampicillin solutions) for 2 weeks. Then, these mice were randomly and equally assigned to 2
groups (n = 6 for each group), in which one group was re-colonized with the Ctrl group’s microbiota and
named as T-Ctrl group and another group was re-colonized with the CHI group’s microbiota and named as
T-CHI group. Subsequently, the two groups were orally gavage-administered with 200 μL of gut microbiota
suspension for 1 week. In addition, both the groups were orally gavage-administered with 200 μL of gut
microbiota suspension 3 times a week for 2 weeks to consolidate the re-colonization of gut microbiota.
After 18 weeks of normal diet, the mice were euthanized. The serum samples, liver tissue, epiWAT, and
cecal contents from each mouse were collected at the end of the experiment and stored at -80℃ for
further analyses. The speci�c experimental design is presented in Fig. 5A.
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Animal protocol 4: FXR      activators treatment experiment 

A total of 32 male ICR mice (age; 5 weeks) were randomly and equally assigned to 4 groups (n = 8 for
each group). Among them, one group was administered with 0.2 mg/L of CHI-containing deionized water
solution and named as CHI group. One group was administered with chlorothalonil and GW4064-
containing deionized water (0.2 mg/L CHI and 50 mg/L GW4064 solutions) and named as CHI+GW4064
group. One group was administered with CHI and CDCA-containing deionized water (0.2 mg/L CHI and
100 mg/L CDCA solutions and named as CHI+CDCA group. One group was administered with deionized
water only and named as Ctrl group. After 12 weeks of treatment, the mice were euthanized. The serum
samples, liver tissue, epiWAT, and cecal contents from each mouse were collected at the end of the
experiment and stored at -80℃ for further analyses. The speci�c experimental design is presented in Fig.
7A.

Food and water intake measurement

The weight of food and volume of water provided to each group of mice were measured. After 24 hours,
the remaining food weight and water volume were measured, and the food and water intakes per 24 h
were calculated. 

Biochemical analysis and histopathology analysis

The contents of serum triglyceride (TG), total cholesterol (T-Cho), low-density lipoprotein-cholesterol (LDL-
C), and high-density lipoprotein-cholesterol (HDL-C) were measured using their respective assay kits. The
activities of serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were detected
using their respective assay kits. The content of serum insulin was measured using commercial enzyme-
linked immunosorbent assay (ELISA) kits. In addition, the content of serum glucose was measured using
the Beijing Yicheng blood glucose meter. The assay kits required for the above studies were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The liver tissue and epiWAT from all
the treatment groups were randomly selected for histopathological analysis. The tissues were �xed in
10% neutral buffered formalin and embedded in para�n for histological examination. The tissue sections
were stained with hematoxylin-eosin (H&E) and examined under light microscopy at 100×, 200×, or 400×
magni�cation.

Gut microbiota analysis

According to the manufacturers' instructions, the QIAamp DNA stool mini kit (Qiagen, Germany) was used
for the extraction of total bacterial metagenomic DNA from the cecal content samples of each group. The
quantity and quality of extracted DNA were measured using a UV spectrophotometer and agarose gel
electrophoresis, respectively. The PCR ampli�cation of the bacterial 16S rRNA gene hypervariable V3–V4
region was performed using forward primer 338F (5'-ACTCCTACGGGAGGCGC AG-CA-3') and reverse
primer 806 R (5'-GGACTACHVGGG130 TWTCTAAT-3'). The PCR amplicons were puri�ed using Agencourt
AMPure Beads (Beckman Coulter, Indianapolis, IN) and quanti�ed using the PicoGreen dsDNA Assay Kit
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(Invitrogen, Carlsbad, CA, USA). The sequencing was performed using the Illumina MiSeq platform with
MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China). The Quantitative
Insights into Microbial Ecology (QIIME, v1.8.0) pipeline was used to process the sequencing data.

BAs targeted metabolomics analysis

Metabolites Extraction: A total of 100 μL of the serum sample was transferred to an Eppendorf tube. After
the addition of 400 μL of solvent extract (acetonitrile-methanol, 1:1, containing 0.1% formic acid and
isotopically-labeled internal standard mixture), the samples were vortexed for 30 s, sonicated for 10 min
in an ice-water bath, incubation at -40℃ for 1 h, and then centrifugation at 12000 rpm and 4℃ for 15
min. The clear supernatants obtained were transferred to an auto-sampler vial for UHPLC-MS/MS
analysis.

UHPLC- MS/MS Analysis: The UHPLC separation was carried out using a UHPLC System (Vanquish,
Thermo Fisher Scienti�c), which was equipped with a Waters ACQUITY UPLC BEH C18 column (150 * 2.1
mm, 1.7 μm, Waters). The Q Exactive HF-X mass spectrometer (Thermo Fisher Scienti�c) was used for
assay development. The parallel reaction monitoring (PRM) parameters were optimized for each of the
targeted analytes by injecting their respective standard solutions into the API source of the mass
spectrometer. The detailed targeted bile acid metabolomics analysis methods are provided in supporting
information SI.

Quantitative RT-qPCR analysis

Total RNA was extracted from the liver tissues and epiWAT of all the treatment groups using TRIzol
reagent. Then, 1.5-μg RNA from each sample was reverse transcribed to form cDNA with random
hexamer primers using a Fast Quant RT Kit (with gDNase) following the manufacturers' instructions. The
TRIzol reagent and Fast Quant RT Kit were purchased from Tiangen Biochemical Technology (Beijing,
China). RT-qPCR was performed with SuperReal PreMix Plus (SYBR Green) (Qiagen, China) using Bio-Rad
CFX 96 PCR system (Bio-Rad, USA). The results of the target genes were normalized using the 2–∆∆Ct

method. Gapdh gene was used as the internal control. The nucleotide sequences of mouse-speci�c
primers were obtained from Sangon Biochemical Technology (Shanghai, China) and are listed in Table
S1.

Statistical analysis

All the experimental values are expressed as mean ± standard deviation (SD). The data of two treatment
groups were analyzed using Student’s t-test and those of more than two treatment groups were analyzed
using one-way or two-way analysis of variance (ANOVA) with post hoc Tukey’s test followed by
signi�cant difference tests using SPSS 19.0 (IBM, USA). All the results were considered statistically
signi�cant at P <0.05. Graphical illustrations were developed using GraphPad Prism version 6.0
(GraphPad Software, Inc., USA). The levels of signi�cance indicated in the graphs are *P <0.05 and **P
<0.01.
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