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a b s t r a c t

Organophosphorus (OP) and carbamate (CM) pesticides are widely used in agriculture. These pesticides
are highly toxic to humans and their residues in food pose potential threat to human health. In this study,
we investigated the effect of subchronic low-level exposure of OPs (dichlorvos, DDVP; malathion, MAL),
CM pirimicarb (PI), or their mixtures (DDVP + MAL, DDVP + PI) on mice liver. Metabonomic analysis
based on 1H nuclear magnetic resonance spectroscopy was carried out in combination with biochemical
assays. Serum metabonomic analysis showed that levels of trimethylamine-N-oxide, lactate, acetone,
very low- and low-density lipoprotein and 3-hydroxybutyrate changed after exposure to the pesticides.
In the liver extracts, lactate, glucose, choline, glutathione, alanine, glutamine and isoleucine levels
changed after the treatment by pesticides. Our results indicated that exposure to low dose DDVP, MAL
and PI, either alone or in combination lead to alteration of liver glucose, fat and protein metabolism,
energy metabolism and oxidative balance. This study also showed that metabonomics is of potential
use in food toxicity study.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Anti-cholinesterase agents, also called acetylcholinesterase
(AChE) inhibitors, are widely used in agriculture and medical
treatment. Anti-cholinesterase pesticides mainly include organo-
phosphates such as dichlorvos (DDVP) and malathion (MAL) as
well as carbamates such as pirimicarb (PI). The acute toxicity of
these pesticides has been well documented (Raheja and Gill,
2007; Silva et al., 2006; Smulders et al., 2003). Liver, which is the

main organ responsible for metabolism, is a common target of pes-
ticide toxicity (Celik et al., 2009; Possamai et al., 2007; Tanaka
et al., 1996). Chronic exposures to DDVP, MAL or PI could induce
hepatotoxicity with oxidative stress as the main mechanism
(Binukumar et al., 2010; Akhgari et al., 2003; Andersen et al.,
2006).

Pesticide residues in food pose potential risk to public health.
Thus strict international regulations are in place for pesticide
residues in food. The Codex Alimentarius Commission set up the
Maximum Residue Limits (MRLs) for pesticides. MRLs represent
the maximum concentrations of a pesticide residue (expressed as
mg/kg) legally permitted in different food commodities and animal
feeds (Codex Online Pesticide Index). However, a number of studies
have shown that pesticide residues in food exceeded MRLs,
especially in developing countries. For example, five out of 96
samples of homogenized and pasteurized Mexican milk samples
contained DDVP residues exceeding MRLs (Salas et al., 2003). In
vegetable samples from Kumasi, Ghana, levels of MAL in tomatoes
and pepper exceeded the MRLs (Darko and Akoto, 2008). Thus the
understanding of the potential toxicity of these pesticides is critical.

In the agriculture practice, it has become more and more
common to use a mixture of pesticides to overcome resistance to
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a single pesticide. Thus multiple pesticide residues likely coexist in
the same environment (Corbel et al., 2006; Timchalk and Poet,
2008). The combination of pesticides may cause different toxicity
from the individual toxicity. The interactions between different
compounds can be categorized as additive, synergistic or antago-
nistic with regard to their toxic outcomes (Claus et al., 2010,
Cathy et al., 2009). Additive interaction means that the combined
chemicals produce a total effect equal to the sum of their individ-
ual effects. When the effect of the combined chemicals is greater or
less than the sum of the individual effects, the interaction is
characterized as synergistic or antagonistic, respectively.

Nuclear magnetic resonance (NMR) spectroscopy has been pro-
ven to be an effective method to obtain high quality quantitative
information of metabolic processes within whole organisms
(Nicholson and Wilson, 1989; Beckonert et al., 2007; Coen et al.,
2008; Sun et al., 2012). This technique allows simultaneous detec-
tion of hundreds of low-molecular weight species within a biolog-
ical matrix and generates an endogenous metabolic profile that is
altered characteristically in response to external stimuli. The pat-
tern recognition technology, such as principal components analysis
(PCA), can facilitate the visualization of inherent patterns in the
data and characterization of novel biomarkers (Holmes et al.,
1998; Trygg et al., 2007; Liang et al., 2012). Metabonomics can
be employed to solve a wide range of problems in the biomedical
and clinical areas, especially in toxicology (Robertson, 2005). We
have reported the changes in serum metabolic profiles from rats
after subchronic exposure to chlorpyrifos, carbaryl, or a combina-
tion of these pesticides (Wang et al., 2009, 2011). Mouse is an ideal
animal model and gene-modified mice have been extensively used
to study human disease and chemical toxicity (Boelsterli, 2003;
Bollard et al., 2005). However, only a few metabonomics analyses
have been carried out in mice to study pesticide toxicity (Tyagi
et al., 2011).

In this paper, we investigated the subchronic toxicity of DDVP,
MAL, PI and their combinations in mice in order to shed light on
the toxicological mechanism of the combined pesticides in liver.
An integrated metabonomic approach coupled with biochemical
methods was used to study the physiological changes induced by
the mixture of these pesticides.

2. Materials and methods

2.1. Chemicals

Dichlorvos (DDVP) (96% purity) was donated by the Zhangjiagang Aihua
Chemical Co. Ltd. (Jiangsu, China). Malathion (MAL) (96% purity) was obtained from
Sigma–Aldrich Chemical Company (St. Louis, MO, USA). Pirimicarb (PI) (95% purity)
was obtained from the Wuxi Hemei Agrochemical Co. Ltd. (Jiangsu, China). Thiobar-
bituric acid and guanidine hydrochloride were obtained from J&K Chemical Ltd.
(Beijing, China). Superoxide dismutase (SOD) and catalase (CAT) were purchased
from Beyotime (Jiangsu, China). Diethylenetriamine pentaacetic acid, hypoxanthine
and xanthine oxidase were purchased from Sigma–Aldrich Chemical Company (St.
Louis, MO, USA). 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-
tetrazolium (WST-1) was obtained from Dojindo Laboratories (Kumamoto, Japan).
All other reagents were of analytical grade and obtained from commercial sources.

2.2. Animals and treatment

Adult male ICR mice were obtained from Weitong Lihua Laboratory Animal
Technology Company (Beijing, China). They were individually housed in cages
and acclimatized for at least 1 week prior to treatment. During the experiment,
mice were maintained at 22 ± 2 �C and 50–60% humidity under a light/dark cycle
of 12 h with free access to water and food. All animal procedures were performed
in accordance with current China legislation and approved by the Chinese Academy
of Sciences Institute of Zoology Animal and Medical Ethics Committee.

Fifty-five male ICR mice were randomly assigned to 11 groups, including one
vehicle control group and 10 treatment groups with 5 mice in each group. Treat-
ment groups include a low dose and a high dose groups for each of the following
5 treatments: DDVP, MAL, PI, the combination of DDVP and MAL (DDVP + MAL)
and the combination of DDVP and PI (DDVP + PI). We used oral gavage to treat
the mice. Doses of the pesticides were chosen to be below those expected to cause

overt toxic signs in mice. Thus doses of 1/50 LD50 and 1/10 LD50 were used as the
low and high doses, respectively, for each pesticide based on our study in rats
(Wang et al., 2013). As reported in the literature, acute oral half-lethal doses
(LD50) of DDVP, MAL and PI were 61, 1260 and 107 mg/kg/day, respectively
(Okamura et al., 2005; Hazleton and Holland, 1953; Hayes and Laws, 1991). Table 1
summarized the doses of pesticides that were used to treat the 10 groups of mice in
this study. All pesticides were suspended in corn oil at a dose of 10 ml/kg of mouse
body weight before being orally administered. Controls were treated with an equiv-
alent volume of corn oil. Treatments were given daily for consecutive 30 days.

2.3. Sample preparation

One milliliter venous blood from the tail of each mouse was collected into a
centrifuge tube 24 h after the last treatment. Serum was obtained by allowing
whole blood to coagulate on ice for 35 min before centrifugation. Then serum
was stored at �80 �C for use in NMR spectroscopy analysis.

Animals were euthanised by sodium pentobarbital and the left lobe of their
livers was removed immediately after death. Each liver sample was divided into
two parts. One part was fixed in 10% formalin and used for histopathological exam-
ination. The other part was frozen in liquid nitrogen and used for preparation of
aqueous extract in metabonomic analysis. One hundred mg of frozen liver was

Table 1
Doses of dichlorvos, malathion, pirimicarb, dichlorvos plus malathion, and dichlorvos
plus pirimicarb administered in low dose and high dose treatment groups.

Pesticides Dose groups (mg/kg/day)

Low dose (1/50 LD50) High dose (1/10 LD50)

DDVP 1.22 6.1
MAL 25.2 126
PI 2.14 10.7
DDVP + MAL 1.22 (DDVP) + 25.2 (MAL) 6.10 (DDVP) + 126 (MAL)
DDVP + PI 1.22 (DDVP) + 2.14 (PI) 6.10 (DDVP) + 10.7 (PI)

Note: Abbreviations: DDVP, dichlorvos; MAL, malathion; PI, pirimicarb;
DDVP + MAL, mixture of dichlorvos and malathion; DDVP + PI, mixture of dichlor-
vos and pirimicarb.

Fig. 1. Malondialdehyde (MDA) levels in liver from mice treated with malathion
(MAL), dichlorvos (DDVP), pirimicarb (PI) individually and their mixtures
(MAL + DDVP and PI + DDVP) for 30 consecutive days. (A) MDA levels of MAL,
DDVP and MAL + DDVP treatment groups. (B) MDA levels of PI, DDVP and PI + DDVP
treatment groups. The level of MDA in control liver was 0.14 ± 0.0024 lmol/mg
total protein. Data were expressed as mean ± SD and differences between different
groups were evaluated by ANOVA. �P < 0.05, compared with control; #P < 0.05,
compared with low-dose group; qP < 0.05, compared with the combined treatment
group at corresponding dose.
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