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� Toxic effects of CPF on mice gut
microbiome and urine metabolome
were investigated.

� CPF changed the gut microbiota
composition and metabolism related
genes expression.

� Some gut microbiota-related metab-
olites were perturbed by CPF
exposure.
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In this study, the toxic effects of clorpyrifos (CPF) on the gut microbiome and related urine metabolome
in mouse (Mus musculus) were investigated. Mice were exposed to a daily dose of 1 mg kg�1 bodyweight
of CPF for 30 d. As a result, CPF significantly altered the gut microbiota composition in terms of the
relative abundance of key microbes. Meanwhile, CPF exposure induced the alterations of urine metab-
olites related to the metabolism of amino acids, energy, short-chain fatty acids (SCFAs), phenyl de-
rivatives and bile acids. High correlations were observed between perturbed gut microbiome and altered
metabolic profiles. These perturbations finally resulted in intestinal inflammation and abnormal intes-
tinal permeability, which were also confirm by the histologic changes in colon and remarkable increase
of lipopolysaccharide (LPS) and diamine oxidase (DAO) in the serum of CPF-treated mice. Our findings
will provide a new perspective to reveal the mechanism of CPF toxicity.

© 2016 Elsevier Ltd. All rights reserved.
University District, Nanjing

ang).
1. Introduction

Clorpyrifos (CPF), an organothiophosphate pesticide, has been
banned in homes but still commonly used on farms (Giesy et al.,
2014). CPF residues are often detected in food and drinking water
(Bolles et al., 1999). The oral route is the major route of exposure for
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the general population. It has been reported that the average dose
ingested by an individual is about 1 mg d�1 (Joly et al., 2013). The
neurotoxicity of CPF is of worldwide concern and acetylcholines-
terase (AChE) inhibition is the principal mechanism (Chanda et al.,
1996). Considering the oral route for human exposure, many
studies began to focus on the impact of CPF on intestinal barrier and
gut microbiome. It has been demonstrated that CPF could increase
the intestinal permeability in rat (Cook and Shenoy, 2003; Tirelli
et al., 2007; Condette et al., 2014). Chronic exposure to low dose
of CPF induced dysbiosis in the microbial community (Joly et al.,
2013; Xia et al., 2013).

Gut microbiome refers to trillions of microorganisms residing in
the intestine and has a mutualistic relationship with its host
(B€ackhed et al., 2005). Gut microbiome plays an important role to
keep host health, enhance the immune system and regulate host
metabolism (Turnbaugh et al., 2006; Tremaroli and Backhed, 2012).
Nicholson et al. (2012) define a host-microbe metabolic axis as a
multidirectional interactive chemical communication highway
between specific host cellular pathways and a series of microbial
species, subecologies, and activities. For example, bile acids,
choline, and short-chain fatty acids (SCFAs) are produced by gut
microbes, and the production of these metabolites contributes to
the host metabolic phenotype and hence to disease risk.

The composition of the core gut microbiota is relatively stable.
However, there are components that are dynamic and biologically
and metabolically flexible, responding to perturbations of envi-
ronmental stresses (Clemente et al., 2012). Emerging evidences
have linked changes in the gut microbiome with the influence of
environmental chemicals, such as polychlorinated biphenyls (PCBs)
(Choi et al., 2013), environmental endocrine disruptors (EEDs) (Al-
Asmakh et al., 2014), and heavy metals (Breton et al., 2013).
Conversely, studies have shown that gut microbiota could modu-
late the detoxification of environmental chemicals by influencing
the level and activity of host phase I and II enzymes, enterohepatic
circulation, and gut barrier function (Snedeker and Hay, 2012). In
this context, assessing the correlation between toxic effects of
environmental toxins and alterations of gut microbiome is of great
significance.

Metabolomics has been demonstrated to be valuable for
revealing the mechanisms of toxicity (Robertson et al., 2011). Al-
terations of metabolic profiles are also known to be sensitive to
external environmental stimulus, since relative subtle changes in
metabolome can be detected in response to environmental chem-
icals exposure. Metabolomics studies have been conducted to
evaluate the toxicity of CPF (Wang et al., 2009; Baylay et al., 2012;
Kokushi et al., 2015). However, little is known about the gut
microbiome - related metabolic changes associated with the CPF -
altered gut microbiota community.

In this study, we used high-throughput sequencing and nuclear
magnetic resonance (NMR) based metabolomics together to
investigate the toxic effects of CPF on the gut microbiome and urine
metabolome in mice. In addition, histopathology and intestinal
permeability measurement were also used to detect the adverse
effects of CPF on intestinal function.

2. Materials and methods

2.1. Animal treatment

Male mice (Mus musculus KM, ten-week-old) were purchased
from experimental animal center of Academy of Military Medical
Science of China. After two weeks acclimation, all mice were
randomly divided into two groups: the control group (n¼ 5, treated
with a corn oil vehicle by gavage once daily) and CPF-treat group
(n ¼ 5, treated with 1 mg CPF kg�1 bodyweight in corn oil vehicle
once daily for 30 d). Mice were maintained in a 12/12 h light/dark
cycle at 25 ± 3 �C, 50 ± 5% relative humidity, with free access to
standard mouse chow (purchased from JSXTSWCo., Ltd., Nanjing of
China, and the chemical composition is provided in the Supporting
Information Table S1) and water. All experimental processes were
in accordance with NIH Guide for the Care and Use of Laboratory
animals. And the protocol was approved by the Committee on the
Ethics of Animal Experiments of the Nanjing Military General
Hospital.

CPF was purchased from Sigma-Aldrich. The CPF exposure dose
employed was chosen based on previous reports that the average
dose daily ingested by per person (Joly et al., 2013). After exposed to
CPF for 30 days, all mice were euthanized with diethyl ether. Urine
and fecal samples were collected using metabolic cages for 12 h
before necropsy. Serum samples were collected during necropsy.
Parts of intestine were dissected and fixed in formalin solution.

2.2. Histopathological analysis

The intestine samples of mice from control and CPF treated
group were fixed in formalin, embedded in paraffin, sectioned at
4 mm, and stained with hematoxylin-eosin (H&E) for microscopic
observation (7 tissue samples for each group and 5 slices for each
tissue).

2.3. Intestinal permeability analysis

Serum lipopolysaccharide (LPS) and diamine oxidase (DAO) are
useful markers to assess the intestinal injury and to monitor the
increase of intestinal permeability (Hartmann et al., 2012; Hilsden
et al., 1999). In this study, LPS and DAO levels in serum were
measured by using LPS ELISA Kit and DAO Assay Kit (Jiancheng,
Bioeng. Inst., China), respectively. Each assay was run in triplicate.

2.4. Illumina high-throughput sequencing

Total DNA was isolated from fecal samples by using FastDNA
SPIN Kit for Soil (MP Biomedicals, CA, USA). After being quantified,
the DNA samples were barcoded, pooled to construct the
sequencing library and then were sequenced on a Hiseq 2500
platform (Illumina, USA) with paired end sequencing strategy.
Equal amount of sequencing reads was generated for each sample.
The process of quality control and raw data filtration refer to pre-
vious studies (Zhang et al., 2015).

2.5. Taxonomic classification

The filtered reads were uploaded and analyzed by MG-RAST
(http://metagenomics.anl.gov/) with accession numbers of
232423, 232586, 232592, 232606, 232694, 232736, 232757,
239265, 239328 and 235581. Moreover, Metagenomic Phylogenetic
Analysis (MetaPhlAn) (http://huttenhower.sph.harvard.edu/
galaxy) was used for taxonomic classification. For higher confi-
dence in the assignment, all analysis was conducted at the family
level.

2.6. Metabolomic profiling

1H NMR spectra of urine samples were acquired using a Bruker
AV600 spectrometer (Bruker Co., Germany) at 298 K and
600.13 MHz, as demonstrated previously (Zhang et al., 2012).
Metabolomics profiling data were processed as described previ-
ously (Deng et al., 2014). Partial least squares-discriminate analysis
(PLS-DA) for the spectra datawas performed onMetaboAnalyst 3.0.
The metabolite resonances were identified according to Human
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Metabolome Database (Deng et al., 2014). Significantly changed
metabolites were identified based on the following criteria: fold
change >1.20 and p < 0.05.
2.7. Statistical analysis

Relative abundance of each taxonomic group was calculated by
dividing the read count of identified sequences by the total read
count in individuals. A 100% stacked column chart comparing the
relative abundances of each phylum in the two groups was gener-
ated using Microsoft Excel. Principal coordinate analysis (PCoA)
was used to compare the gut microbiome profiles between control
and treatment groups. In addition, hierarchical clustering analysis
via the unweighted pair group method with arithmetic mean
(UPGMA) was conducted to assess the difference in the gut
microbiome composition. The correlation matrix between the gut
microbes and altered urine metabolites was generated using
Pearson's correlation coefficient and visualized by using R. The
Benjamini-Hochberg method was used for FDR control
(FDR < 0.05). Mann-Whitney test was used to evaluate the statis-
tical differences of biological parameters between control and
treatment groups. P < 0.05 was accepted as significance.
3. Results

3.1. Histopathological changes and intestinal injury induced by CPF

H&E stained histopathological sections of colon were analyzed
under a microscope and the representative sections are shown in
Fig. 1A and B. The average percentages of adverse histological
changes were calculated and the results were listed in Table S2.
Fig. 1. Representative images of H&E-stained colon sections of intestine from mice in the con
CPF exposure. Black arrows indicate histological changes. Bars represent standard deviation
Compared with control group, intestinal epithelial edema (79%),
inflammation (81%), and necrosis (80%) were observed in CPF-
treated group. In addition, LPS and DAO levels in serum were also
detected to assess the intestinal injury. Fig. 1C and D illustrate that
CPF exposure resulted in significantly increased LPS and DAO in
serum from CPF-treated mice.
3.2. Gut microbiome changes induced by CPF

In this study high-throughput sequencing was used to detect
the changes of gut microbiota community in mice due to CPF
exposure. The identified gut bacteria assigned at the phylum level
from 16S rRNA sequencing reads is shown in Fig. 2A. As a result, the
gut microbiota in control and CPF-treated mice were all dominated
by Firmicutes (32%e66%), Bacteroidetes (18%e42%), and Proteobac-
teria (6%e21%).

Multivariate statistical analysis-PCoA was used to reveal the
difference in the gut microbiome patterns in response to CPF
exposure. As a result, CPF induced significant differences in the gut
microbiome, as shown by the PCoA plot in Fig. 2B. CPF-treatedmice
are clearly separated from control mice, with 65.95% and 12.35%
variation explained by PC1 and PC2, respectively. Meanwhile, hi-
erarchical clustering analysis with UPGMA was conducted and the
results were consistent with the PCoA plot, that all control and CPF-
treated mice successfully clustered in their own groups (Fig. 2C).

These differences of gut microbiome patterns can be directly
attributed to the changes of relative abundance of dominant gut
bacteria. For the most predominant phyla, the relative abundance
of Firmicuteswas significantly decreased in treated mice, while that
of Bacteroidetes was significantly elevated (Fig. 2D). Furthermore,
among the dominant families, the relative abundance of
trol (A) and CPF-treated group (B). LPS level (C) and DAO level (D) in mice serum under
of the mean, *p < 0.05.



Fig. 2. (A) The gut microbiome composition individual profiles at the phylum level in the control and CPF-treated mice. (B) Principal coordinate analysis for the gut microbiome
patterns of control and CPF-treated mice. The percentage of variation explained by the plotted principal coordinates is indicated on the axes. (C) Hierarchical clustering analysis by
UPGMA. (D) Relative abundance of predominant phyla in gut bacteria from control and CPF-treated mice. *p < 0.05.
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Lactobacillaceae was significantly decreased while the relative
abundance of Bacteroidaceae was significantly increased under CPF
exposure (Table S3).
3.3. CPF-induced changes in urine metabolic profiles

In this study, 1H NMR based metabolomics was used to deter-
mine the alterations of metabolic profiles in mice urine in response
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to CPF exposure. PLS-DA model was conducted on the NMR data
sets of all individuals and the first two primary components PC1
and PC2 were selected to identify the discrimination between CPF-
treated and control mice. As a result, the control and CPF-treated
groups were successfully separated, with 5.1% and 75.9% variation
explained by PC1 and PC2, respectively (Fig. 3).

In addition, compared with control group, a total of 24 metab-
olites were significantly changed (fold change >1.20 and p < 0.05)
in the CPF-treated group, and 7 metabolites were increased and 17
metabolites were decreased (Table S4). Thesemetabolites related to
different metabolism pathways, such as amino acid metabolism
(glutamate, leucine, lysine, threonine, and tyrosine), energy meta-
bolism (acetone, creatine, fumarate, glucose and glycerol), SCFAs
metabolism (hexanoate, isobutyrate, isovalerate and valerate),
phenyl derivatives metabolism (phenylacetylglycine, phenylala-
nine and phenylpropionylglycine), indole derivatives metabolism
(indoleacetate), bile acids metabolism (deoxycholate, lithocholate
and taurocholate), polyamines metabolism (cadaverine), and vita-
mins metabolism (biotin and pyridoxine). While, acetate and
butyrate, as the main SCFAs, did not changed with the treatment.
3.4. Correlation between the gut microbiome and host metabolites

Pearson's correlation coefficient was calculated to identify the
correlations between perturbed gut microbiota and altered urine
metabolites (Fig. 4). As a result, clear correlations between specific
gut bacteria and urine metabolites were found. For example, Bifi-
dobacteriaceae was positively correlated with glycerol, phenyl-
acetylglycine, and lithocholate. Bacteroidaceae,
Sphingobacteriaceae, Erysipelotrichaceae, Halobacteroidaceae, Lac-
tobacillaceae, and Enterobacteriaceae were highly correlated with
amino acid, energy and phenyl derivatives related metabolites. In
addition, Lactobacillaceae was also positively correlated with
SCFAs-related metabolites (hexanoate and valerate).
Fig. 3. Scatter plot of PLS-DA for metabolic profiles.
4. Discussion

In this study, histopathological examination and ELISA were
used to determine the intestinal lesions induced by CPF exposure.
Intestinal epithelial cells play critical roles in regulation of barrier
function and immune homeostasis. Intestinal epithelial inflam-
mation was observed in CPF-treated mice, indicating intestinal
injury induced by CPF exposure. LPS is also termed endotoxin and
used as a marker of bacterial tissue invasion and inflammation
(Rosenfeld and Shai, 2006). DAO is an intracellular enzyme with
high activity and can be used as a sensitive maker to determine
mucosal barrier function (Sun et al., 2013). The increased serum LPS
and DAO in CPF-treated mice indicated that CPF exposure induced
significant inflammation and increase of intestinal permeability.
Cook and Shenoy (2003) have demonstrated that CPF exposure
could induce inflammatory responses and increase intestinal
permeability in rats. Tirelli et al. (2007) found that CPF could result
in impairment of barrier integrity of intestine in vitro model.
Abnormal intestinal permeability could be induced by many envi-
ronmental risk factors and trigger various diseases, such as in-
flammatory bowel diseases (IBD) (Danese et al., 2004).

Intestinal inflammation has strong associations with gut
microbiota (Maslowski et al., 2009). It has been demonstrated that
the gut microbiota of human andmice are dominated by twomajor
phyla, Firmicutes and Bacteroidetes (Sommer and Backhed, 2013;
Nguyen et al., 2015). However, when exploring deeper taxonomic
classifications, most bacterial genera (85%) in mouse gut are not
present in human (Ley et al., 2005). In this study, microbiota
composition of was unstable at the phylum level with an increase in
Bacteroidetes at the expense of Firmicutes in the CPF-treated mice.
Such shifts of Firmicutes and Bacteroidetes were previously shown
to be significantly correlated with chronic intestinal inflammation
(Walker et al., 2011). Similar results have been demonstrated in the
Simulator of the Human Intestinal Microbial Ecosystem (SHIME)
and in rats that low-dose exposure to CPF could induce dysbiosis in
the microbial community (Joly et al., 2013). These results suggested
that CPF exposure induced perturbations in the gut microbiotawith
regard to the relative abundance of specific microbial communities.

In this study, metabolomic profiling was used to investigate the
impact of CPF on mice urine metabolic profiles. As a result, amino
acids and energy relatedmetabolites were significantly changed. As
previous metabolomics studies have also demonstrated that
exposure to CPF could cause disturbance in amino acid and energy
metabolism in rats (Xu et al., 2015), fish (Kokushi et al., 2015), and
earthworm (Baylay et al., 2012). In addition, in our study, Bacter-
oidetes (Bacteroidaceae, Porphyromonadaceae, and Sphingobacter-
iaceae) and Firmicutes (Erysipelotrichaceae, Halobacteroidaceae,
Lactobacillaceae) were highly correlated with amino acid and en-
ergy related metabolites here. Gut microbiota may have a pivotal
role in the maintenance of amino acid and energy homeostasis in
rodent and human (Musso et al., 2010; Nicholson et al., 2012).
These results suggested that CPF exposure induced disruptions of
amino acid and energy metabolism in mice and these metabolic
alterations have functional correlation with the gut microbiota.

Furthermore, somemetabolites of SCFAs, phenyl derivatives and
bile acids were also significantly changed. The metabolism of
SFCAs, bile acids, and phenyl derivatives are essential for host
health and the production of these metabolites by gut microbes
may influence the host metabolic phenotype or disease risk. Al-
terations of these metabolites were previously reported as a
consequence of perturbation in gut microbiota (Nicholson et al.,
2012).

SCFAs are one of the most important gut microbial products and
affect the energy utilization of host (den Besten et al., 2013). It has
been demonstrated that Clostridial clusters IV and XIVa of



Fig. 4. Correlation plot showing the correlations between perturbed gut bacteria families and altered urine metabolites.
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Firmicutes, including species of Eubacterium, Roseburia, Faecali-
bacterium, and Coprococcus are all related to SCFA metabolism in
host (Scheppach, 1994; Wong et al., 2006). In this study, hexanoate
and valerate had positive correlation with Lactobacillaceae. In
addition, perturbations in energy metabolismwere observed based
on alterations of related metabolites.

The production of phenyl derivatives in mammals has been
attributed to various genera of Clostridum, Bifidobacterium, Sub-
doligramulum, and Lactobacillus (Lord and Bralley, 2008; Zheng
et al., 2011). In this study, the phenyl derivatives of phenyl-
acetylglycine had positive correlationwith Bifidobacteriaceae, while
phenylpropionylglycine had negative correlation with Lactoba-
cillaceae. The abundance of Lactobacillaceae was significantly
decreased under CPF exposure. This condition is similar with the
case of IBD (Ott and Schreiber, 2006). Correspondingly, intestinal
injury was found in the CPF-treated mice.

About 5e10% of bile acids are biotransformed largely through
degradation by gut bacteria, such as the genera of Bacteroids,
Enterobacter, Clostridum, Lactobacillus, and Bifidobacteria (Nicholson
et al., 2012). In this study, the bile acids such as deoxycholate and
lithocholate only had positive correlation with the families of Lac-
tobacillaceae and Bifidobacteriaceae, respectively. It indicated that
CPF exposure induced alterations of specific gut bacteria related to
bile acids metabolism. Since bile acids are essential for the meta-
bolism of lipid and play an important role to maintain intestinal
barrier function and regulate energy homeostasis (Ogata et al.,
2003; Lefebvre et al., 2009). Correspondingly, abnormal intestinal
permeability and perturbed energy metabolism were induced due
to CPF exposure.
5. Conclusion

In this study, significant perturbations in relative abundance of
gut microbiota in mice were induced by CPF exposure. Meanwhile,
CPF exposure also induced significantly changed urine metabolites,
which are related to the metabolism of amino acids, energy, SCFAs,
phenyl derivatives and bile acids. Moreover, these altered metab-
olites were highly correlated with specific gut microbiota families.
These results suggested that CPF induced changes in intestinal
bacterial community structure and disturbed the metabolic func-
tions of gut microbiome. These perturbations finally resulted in
intestinal inflammation and abnormal intestinal permeability. Our
findings may provide novel insights into the mechanism of CPF or
other environmental chemicals induced health risk.
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