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Carbamates and pyrethroids are widely used pesticides. However, their joint toxicity at low doses with
long-term exposure remains unknown. Therefore, we investigated the subchronic joint hepatotoxicity of
the two representative pesticides within these two classes, i.e., propoxur (PR) and permethrin (PE) in
rats. The male Wistar rats were orally treated with three different doses of PR, PE and their mixtures for
90 consecutive days. Liver weight, serum clinical chemistry parameters and histopathological changes
were measured to access the hepatotoxicity. In addition, oxidative stress markers in liver were measured
using biochemical assays. The results showed that PR reduced liver weight and lead to prominent liver
histological changes. Moreover, PR dose-dependently induced lipid peroxidation and reduced superoxide
dismutase activity. In contrast, PE induced a relatively mild hepatotoxicity. Intriguingly, the mixture of PR
and PE did not reduce liver weight or increase serum aspartate transaminase activity. In addition, the
mixture did not reduce the antioxidant enzyme activity as PR did. Thus, these results showed that PR
induced prominent hepatotoxicity with subchronic exposure, and there is a potential antagonistic
interaction between PR and PE on the oxidative damage in liver of rats.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Pesticides are extensively used all over the world and they
greatly promote the agricultural development. Since a large
amount of pesticides have been used in agriculture, the pesticide
residuals in food, water and soil pose a signiﬁcant threat to human
health [1,2]. Although the relative low level of these pesticide residues may cause no or little acute toxicity, they may be harmful to
human health with longer exposure [3].
Propoxur (PR) and permethrin (PE) are highly effective and
commonly used pesticides. PR and PE belong to two different
classes of pesticides: carbamates and pyrethroids, respectively,
which have different modes of action [4]. Carbamates are reversible
inhibitors of acetylcholinesterase, whereas pyrethroids are
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inhibitors of sodium channels. The major acute toxicity of carbamates and pyrethroids are neurotoxicity. Upon chronic and subchronic exposures, PR and PE may lead to immunotoxicity, reproductive toxicity and liver toxicity [5,6]. PR and PE have been reported to induce oxidative stress in the liver, which leads to lipid
and protein peroxidation and is essential for their hepatotoxicity
[7,8].
Current toxicological studies focus on studying the toxicity of a
single pesticide [7,9,10]. However, people are exposed to a mixture
of chemicals every day, mainly by consumption of contaminated
food. In addition, pesticide mixtures have been used extensively in
pest control in order to overcome the resistance of pest insects to
single pesticides [11]. The combination of pesticides may cause
different toxicity compared with individual compounds as they
may interact with each other and modify their individual toxic effect [1,12e14]. For example, it was reported that the mixture of
cypermethrin and propetamphos could induce signiﬁcantly higher
lipid peroxidation in mice compared with individual pesticides
[15]. Our previous study showed that exposure to the mixture of PR
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and PE in rats resulted in unique changes to serum and urine metabolites, which are involved in amino acid and energy metabolism
[4]. Most current toxicological studies focused on the short-term
exposure to relatively high dose pesticide mixtures [13]. However, human environmental exposure to pesticides is usually at low
level [16,17].
Additive, synergistic or antagonistic interactions between two
compounds have been characterized regarding the toxicity of the
mixtures [13]. In the current study, additive interaction is deﬁned
when the effect of the mixture equals to the sum of the individual
effects. The synergistic or antagonistic interaction means that the
effect of the mixture is greater or less than the sum of their individual effects, respectively [18,19].
In the present study, we used two pesticides at three different
doses to investigate their toxicity in liver of rats after individual and
combined exposure. Changes in organ weight, serum chemistry and
liver histology were examined to determine the liver toxicity.
Mechanistically, to assess the antioxidant capacity, the activity of
antioxidant enzymes such as catalase (CAT) and superoxide dismutase (SOD) is measured with biochemical assays [20]. Lipid
peroxidation was quantiﬁed by measuring the secondary products
of lipid peroxidation thiobarbituric acid reactive substances
(TBARS) [21]. Protein carbonyl (PCO) was quantiﬁed as the indicator
of protein oxidation [22,23]. Our results showed that PR and PE
mainly exhibit antagonistic interactions on the reduction of antioxidant capacity in liver, which leads to lower liver toxicity in the
mixture treated group compared with individual treated groups.

middle-, and high-dose of PR groups received 0.68, 1.70, and
4.25 mg/kg b.w. PR each day, respectively. The low-, middle-, and
high-dose of PE groups received 12, 30, and 75 mg/kg b.w. PE each
day, respectively.
The low dose mixture group received low dose of PR plus low
dose of PE; the middle dose mixture group received middle dose PR
plus middle dose PE, and the high dose mixture group received
high dose PR plus high dose PE. Experimental design for the combined action of pesticides was summarized in Table 1.
All pesticides were administered via oral gavage in corn oil
(1 ml/kg). An equivalent volume of corn oil was administered to the
rats in control group. Pesticides were administered daily for 90
consecutive days.

2. Materials and methods

2.4. Protein concentration assay

2.1. Reagents

Bradford's assay was used to measure protein concentration
[28]. Brieﬂy, 0.1 ml supernatant was added to 5 ml Coomassie
brilliant blue reagent and then incubated at room temperature for
5 min. The absorbance was measured at 595 nm. The standard
curve was determined with different concentrations of bovine
serum albumin (BSA) solutions.

Propoxur (purity > 97%) was kindly donated by the Hunan
Research Institute of Chemical Industry (Changsha, China).
Permethrin (purity > 95%) was obtained from Nanjing Ronch
Chemical Co., Ltd (Nanjing, China). Guanidine hydrochloride and
thiobarbituric acid were obtained from Beijing Xinjingke Biotechnology Co., Ltd (Beijing, China). Catalase and superoxide dismutase
were obtained from Beyotime (Nantong, Jiangsu, China). Diethylenetriamine pentaacetic acid, hypoxanthine and xanthine oxidase were obtained from Sigma-Aldrich Chemical Company (St
Louis, MO, USA). WST-1 was obtained from Dojindo Laboratories
(Kumamoto, Japan).

2.3. Sample preparation
After treatment, animals were anesthetized and decapitated.
Blood samples were centrifuged to obtain the serum for clinical
biochemistry assays, which were performed with an AutolabPM4000 Automatic Analyzer (AMS Co., Rome, Italy). Organ
weights were immediately measured. Liver samples were ﬁxed in
10% formalin overnight for histological examinations. The remaining liver tissue was rinsed with 0.9% NaCl, weighed and homogenized in 10 vol of cold 50 mM phosphate buffer (pH 7.4) using glass
homogenizers. The homogenates were centrifuged at 3000  g for
15 min and the supernatants were used for the biochemical
determination.

2.5. Liver histopathology
Fixed liver tissues were dehydrated in series of alcohol and
xylene, embedded in parafﬁn. And then sections were cut with 4mm thickness. The slides were then rehydrated and stained with
hematoxylin and eosin. The slides were observed with microscope
(Olympus, Tokyo, Japan).

2.2. Animals and treatment
Male Wistar rats with average weight of 200 ± 20 g were obtained from Weitong Lihua Laboratory Animal Technology Company (Beijing, China) and were housed individually at 22 ± 2  C and
50% humidity with a light/dark cycle of 12 h. Rats were acclimatized
for at least 1 week. Animals had free access to water and
commercially prepared laboratory animal diet. All animal procedures were approved by the Animal and Medical Ethics Committee
of Institute of Zoology, Chinese Academy of Sciences.
Fifty rats were randomly divided into to 10 groups with 5 animals in each group. The 10 groups contained one vehicle control
group, low-, middle-, and high-dose PR groups, low-, middle-, and
high-dose PE groups, as well as low-, middle-, and high-dose PR
and PE mixture-treated groups. The acute oral half-lethal doses
(LD50) of PR and PE were reported to be 85.1 mg/kg body weight
(b.w.) and 1500 mg/kg b.w. for male rats, respectively [24,25]. In
this study, 1/125 LD50, 1/50 LD50, and 1/20 LD50 of each pesticide
were chosen as low-, middle-, and high-doses for the pesticides
treatment groups, respectively [4]. These doses were expected to be
close to the no observed adverse effect level [26,27]. Thus the low-,

2.6. Assay of superoxide dismutase (SOD) activity
SOD activity of liver homogenate was measured as reported in a
previous study [29]. SOD activity was calculated based on the
reduction rate of WST-1 (4-[3- (4-iodophenyl)-2-(4-nitrophenyl)2H-5-tetrazolio]-1, 3-benzene disulfonate). Assay buffer contains
50 mM sodium phosphate (pH 8.0), with 0.1 mM diethylenetriamine pentaacetic acid and 0.1 mM hypoxanthine. The bulk

Table 1
Experimental design of pesticides administration.
Pesticides

Dosages (mg/kg/day)
Low

Middle

High

Propoxur (PR)
Permethrin (PE)
MIX (PR þ PE)

0.68
12
0.68 þ 12

1.70
30
1.70 þ 30

4.25
75
4.25 þ 75

Note: MIX: the mixtures of propoxur (PR) and permethrin (PE); Adult rats were
administrated orally with PR/PE at respective doses and their mixtures for 90
consecutive days.
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reaction mixture contained 19.3 ml assay buffer, 100 ml of 10 mM
WST-1 solution, 100 ml of 2 mg/ml catalase and 5 ml of xanthine
oxidase (with the ﬁnal concentration of 4.5 mU/ml). Twenty
microliter liver homogenate samples were transferred into 96-well
plate. Then 200 ml of reaction mixture was added into each well.
The 96-well plate was mixed immediately and read at 450 nm at
37  C for 5 min in a microplate reader. SOD activity was expressed
in terms of U/mg protein.

were expressed as the mean ± SD. ANOVA test was performed to
evaluate differences among all of the groups, followed by post hoc
Dunnett's test. The difference between groups was considered
signiﬁcant if P value was smaller than 0.05.

2.7. Assay of catalase activity

After treatment with pesticides for 90 consecutive days, rats in
high dose PE and mixture treatment groups experienced tremors,
which was the typical T syndrome induced by type I pyrethroids.
There were no obvious symptoms in all other treated rats. As shown
in Table 2, the body weight of rats in high dose PR-, middle/high
dose PE-, and middle/high dose mixture-treated groups decreased
signiﬁcantly compared to control group after the exposure. Rats in
the other groups did not have signiﬁcant body weight changes
compared to control group.
The liver weight coefﬁcient (ratio of liver weight over body
weight) of rats in middle and high dose PR-treated groups
decreased signiﬁcantly and dose-dependently compared to control
(decreased to 84.0% of control and 79.2% of control, respectively)
(Table 2), indicating that PR may cause liver damage. The liver coefﬁcients in all PE-treated groups as well as the mixture-treated
groups were not signiﬁcantly changed compared to control. The
organ coefﬁcients of brain, heart, kidney and testis were not
changed in any treatment group compared to control. It is of note
that spleen coefﬁcient in the mixture-treated rats decreased
signiﬁcantly and adrenal coefﬁcient in the middle dose PR -treated
group increased compared to control.

The assay was carried out according to a previous report [30].
The reaction mixture was prepared with 0.5 ml of 10 mM phosphate buffer (pH 7.0) and 0.4 ml of 0.2 M H2O2. One hundred
microliter of liver homogenate was added to the reaction mixture.
Then the mixture was immediately vortexed and accurately incubated for 1 min at 37  C. Catalase activity was expressed as mmoles
of H2O2 consumed/min/mg protein.
2.8. Assay of thiobarbituric acid reactive substances (TBARS)
The level of TBARS was assayed according to a previous report
[31] by the reaction of TBARS with thiobarbituric acid (TBA). In
brief, 1 ml of liver homogenate was mixed with 0.5 ml of 20% tricoloracetic acid (TCA) and then incubated for 2 h in an ice bath. The
mixture was then centrifuged at 500  g for 15 min. The supernatant (1 ml) was mixed with 0.25 ml of 1% TBA and 0.1 ml of 0.1 M
EDTA and then boiled for 20 min. Then the mixture was cooled and
read at 532 nm. The extinction coefﬁcient of 1.56  105 M1cm1
was used to calculate TBARS level.
2.9. Assay of protein carbonyls (PCO)

3. Results
3.1. The effect of PR and PE on body weight and organ weight

3.2. The effect of PR and PE on serum clinical chemistry and liver
histopathology

Carbonyl was measured according to a previous report with
slight modiﬁcation [32] based on the reaction of carbonyl with 2, 4dinitro-phenylhy-drazine (DNPH) to form hydrazones. Brieﬂy,
0.1 ml of liver homogenate was mixed with 0.4 ml of 20 mM DNPH
solution and incubated for 60 min. Then, 0.5 ml of 20% TCA was
added and the mixture was centrifuged at 12000  g for 15 min.
The precipitate was washed three times with ethanol/ethyl acetate
(1:1, v/v) and then resuspended in 1 ml of 6 M guanidine hydrochloride. The absorbance was read at 370 nm. The extinction coefﬁcient of 22.0 mM 1cm 1 was used to calculate PCO level.
2.10. Statistical analyses
SPSS 18.0 software was used for the statistical analysis. The
values of organ weight, clinical chemistry, and biochemical analysis

In high dose PR treated rats, serum aspartate transaminase (AST)
activity increased signiﬁcantly, indicating that liver damage was
induced by PR (Table 3). Serum clinical biochemistry parameters
were not signiﬁcantly changed in rats treated with PE alone or the
mixture. Thus, the liver weight and serum clinical chemistry results
suggest that PE and PR may display an antagonistic interaction on
the induction of hepatotoxicity.
Liver histopathology was examined after pesticide exposure
(Fig. 1). High dose PE individually treated rats had basically normal
liver histology (Fig. 1C). On the contrary, in high dose PR (Fig. 1B)
and mixture treated rat liver (Fig. 1D), swollen hepatocytes with
vacuoles and condensed nuclei as well as congestion in sinusoid
were evident. The enlarged cell volume of damages hepatocytes
may suggest that necrotic cell death is induced upon PR exposure.

Table 2
Effects of propoxur (PR), permethrin (PE) and their mixture (MIX) on body weight and relative organ weights of rats.
Pesticides

Dose groups

Body weight (g)

Control
Low
Middle
High
Low
Middle
High
Low
Middle
High

479.7
446.0
459.0
439.7
451.8
431.0
421.4
448.8
423.0
418.4

Organs
Brain

PR

PE

MIX (PR þ PE)

±
±
±
±
±
±
±
±
±
±

13.3
14.9
19.7
8.1*
14.5
11.4*
13.7*
12.2
20.3*
7.9*

0.437
0.460
0.458
0.481
0.455
0.472
0.479
0.465
0.468
0.466

Heart
±
±
±
±
±
±
±
±
±
±

0.027
0.038
0.044
0.017
0.038
0.038
0.036
0.036
0.023
0.026

0.275
0.264
0.284
0.271
0.278
0.299
0.293
0.272
0.292
0.280

Liver
±
±
±
±
±
±
±
±
±
±

0.010
0.015
0.014
0.026
0.013
0.019
0.010
0.016
0.012
0.016

2.94
2.58
2.47
2.33
2.84
2.58
2.76
2.75
2.74
2.73

Spleen
±
±
±
±
±
±
±
±
±
±

0.17
0.09
0.18*
0.09**
0.30
0.20
0.27
0.23
0.17
0.14

0.202
0.192
0.207
0.199
0.211
0.217
0.205
0.180
0.215
0.214

±
±
±
±
±
±
±
±
±
±

Kidneys
0.021
0.022
0.021
0.027
0.016
0.022
0.018
0.016*
0.014
0.028

0.667
0.613
0.670
0.668
0.701
0.634
0.705
0.674
0.650
0.700

±
±
±
±
±
±
±
±
±
±

Testes
0.073
0.053
0.032
0.064
0.075
0.032
0.025
0.052
0.046
0.025

0.861
0.834
0.878
0.894
0.810
0.939
0.875
0.851
0.831
0.861

±
±
±
±
±
±
±
±
±
±

Adrenals
0.062
0.064
0.030
0.048
0.083
0.081
0.076
0.108
0.159
0.101

16.2
15.8
19.8
15.7
16.9
14.6
18.2
20.1
13.6
18.3

±
±
±
±
±
±
±
±
±
±

3.7
3.4
2.0*
1.5
2.2
1.4
2.4
8.6
1.6
2.2

Note: Relative organ weight was calculated by the ratio of organ weight (with milligram for adrenal and gram for all other organs as unit) over body weight (with gram as unit).
*
P < 0.05 and **P < 0.01, respectively, compared with control.
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Table 3
Effects of propoxur, permethrin and their mixture treatment on the rat serum
biochemical parameters.
Pesticides

Propoxur (PR)

Permethrin (PE)

MIX (PR þ PE)

Dose groups

Control
Low
Middle
High
Low
Middle
High
Low
Middle
High

Parameters
AST (U/L)

ALT (U/L)

101.8 ± 19.9
109.0 ± 13.2
110.6 ± 21.6
124.5 ± 18.3*
123.2 ± 41.8
105.8 ± 16.1
97.8 ± 11.7
89.3 ± 10.9
103.0 ± 4.1
97.0 ± 13.3

46.5
50.0
44.4
47.5
51.6
44.8
42.2
58.0
41.8
40.0

±
±
±
±
±
±
±
±
±
±

7.5
6.2
7.1
8.4
8.3
7.6
7.2
18.7
1.6
14.6

ALP (U/L)
53.3
54.8
50.8
61.3
57.2
52.0
72.8
54.3
52.3
67.5

±
±
±
±
±
±
±
±
±
±

7.8
8.9
14.8
13.0
15.0
5.5
30.7
9.7
6.3
9.7

Note: Data were presented as mean ± SD with n ¼ 5 animals per group. *P < 0.05 for
signiﬁcant difference from control group. Abbreviations: AST, aspartate transaminase; ALT, alanine transaminase; ALP, alkaline phosphatase.

3.3. A potential antagonistic effect of PR and PE on lipid
peroxidation at middle dose
TBARS level was measured as an indicator of lipid peroxidation
(Fig. 2). Individual treatment of PR and PE induced TBARS level
dose-dependently (Fig. 2A). PE induced higher increase in TBARS
level compared to PE in both low and high doses (Fig. 2A). The
response of the mixture was lower than the sum of the individual
effect of PR and PE at the middle dose (Fig. 2B). Thus, this result
suggests that PR and PE may exhibit a potential antagonistic effect
on TBARS level in liver.
PCO level was measured as an indicator of protein oxidation
(Fig. 3). PR alone, PE alone, or PR and PE in combination did not
induce the level of protein oxidation as indicated by PCO level,
compared with control (Fig. 3). Overall, these results showed that
interactions between PR and PE may be antagonistic on the generation of oxidative damage. Lipids, not proteins, were sensitive to
both PR and PE induced oxidative damage.

Fig. 2. Thiobarbituric acid reactive substances (TBARS) level in liver from rats exposed
to propoxur (PR), permethrin (PE) individually and their mixtures (MIX) for 90
consecutive days. (A) TBARS level in the liver of rats exposed to PR and PE individually
at different doses. TBARS level of the control group was 0.18 ± 0.02 mmol/mg protein.
*P < 0.05, compared with control; #P < 0.05, compared with middle-dose group;
△
P < 0.05, compared with high-dose group; ;P < 0.05, compared with PR treatment
groups at the corresponding dose. (B) TBARS level in the liver of rats exposed to middle
dose PR and PE and their mixture (MIX). *P < 0.05, compared with control. Data were
expressed as mean ± SD and differences between different groups were evaluated by
ANOVA. CON: vehicle control group.

Fig. 1. Liver histopathology of rats exposed to high-dose pesticides. (A) Control. (B) High dose propoxur (PR). (C) High dose permethrin (PE). (D) A mixture of high dose PR and PE.
Swollen hepatocytes with vacuoles and condensed nuclei were indicated with white arrows. Congestions in sinusoid were indicated with black arrowheads. Magniﬁcation:  200.
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Fig. 3. Protein carbonyl (PCO) level in liver from rats exposed to propoxur (PR),
permethrin (PE) individually and their mixtures (MIX) for 90 consecutive days. (A) PCO
level in the liver of rats exposed to different doses of PR and PE individually. PCO level
of the control group was 3.53 ± 0.30 nmol/mg protein. ;P < 0.05, compared with PR
treatment groups at the corresponding dose. (B) PCO level in the liver of rats exposed
to the middle dose PR and PE individually and their mixture (MIX). Data were
expressed as mean ± SD and differences between different groups were evaluated by
ANOVA. ;P < 0.05, compared with PR treatment group. CON: vehicle control group.

3.4. PR and PE showed a potential antagonistic effect on superoxide
dismutase activity
Superoxide dismutase (SOD) and catalase (CAT) are antioxidant
enzymes and their activity could be used to assess the antioxidant
capacity [20]. The effects of PR, PE and their combination on SOD
activity were showed in Fig. 4. SOD activity dose-dependently
decreased in rats receiving PR alone. PE alone treatment did not
change SOD activity (Fig. 4A). However, the mixture of PR and PE
did not decrease SOD activity in the same way as PR alone treatment (Fig. 4B). Thus, interactions between the two pesticides were
considered as a potential antagonistic effect on the decrease of SOD
activity.
The effect of PR and PE on CAT activity in rats at different doses is
shown in Fig. 5. PR reduced CAT activity only at high-dose to about
40% of control (Fig. 5A). Intriguingly, low- and middle-dose PE
treatment stimulated the CAT activity, while high dose PE treatment did not stimulate CAT activity (Fig. 5A). The mixture of PR and
PE stimulated CAT activity to a similar extent as PE alone treatment,
suggesting that PR and PE may not interact with each other on the
induction of CAT activity (Fig. 5B).
4. Discussion
Carbamates and pyrethroids are widely used as potent insecticides to control pest insects [33]. The present study showed
that low-level exposure to the two representative pesticides PR and
PE induced lipid oxidation and PR inhibited antioxidant enzyme
activity in rat liver. PR and PE mainly displayed a potential antagonistic interaction on the induction of oxidative damage as well as
the decrease of antioxidant capacity in rat liver, which lead to lower
hepatotoxicity of the mixture compared to PR alone.
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Fig. 4. Superoxide dismutase (SOD) activity in liver from rats exposed to propoxur
(PR), permethrin (PE) individually and their mixtures (MIX) for 90 consecutive days.
(A) SOD activity in the liver of rats exposed to different doses of PR and PE individually.
The SOD activity of the control group was 23.41 ± 1.14 U/mg protein. *P < 0.05,
compared with control; #P < 0.05, compared with middle-dose group; △P < 0.05,
compared with high-dose group; ;P < 0.05, compared with PR treatment groups at
the corresponding dose. (B) SOD activity in the liver of rats exposed to middle dose PR
and PE individually and their mixture (MIX). *P < 0.05, compared with control;
;P < 0.05, compared with the PR treatment group. Data were expressed as mean ± SD
and differences between different groups were evaluated by ANOVA. CON: vehicle
control group.

Humans could be exposed to PR and PE due to their residues in
agricultural products. It has been reported that residue of PR in
white cabbage reached 0.3 mg/kg in Poland [34]. Given the average
vegetable intake as 2 kg/day for an adult with 60 kg body weight,
PR exposure is about 0.6 mg/day or 0.01 mg/kg body weight/day.
Thus, the exposure of PR is far lower than the NOAEL as well as the
low dose used in our study. PE residues in vegetables such as
pepper, cucumber, etc. reached about 1 mg/kg in some African
countries [35]. Given the average vegetable intake as 2 kg/day for
an adult with 60 kg body weight, PE exposure is about 2 mg/day or
0.03 mg/kg body weight/day. This dose is also far lower than the
NOAEL as well as the low dose used in our study. Nevertheless, the
study provided mechanistic insight into the combined liver toxicity
of PR and PE.
Previous studies indicated that one of the possible mechanisms
of pesticides toxicity in animals was to increase oxidative stress
[33,36]. Oxidative damage may cause drastic damage to structural
integrity and reduce the activity of enzymes [33,37]. In our study,
we had examined different enzymatic (SOD and CAT) and nonenzymatic (TBARS and PCO) biomarkers of oxidative damage. SOD
and CAT are among the most important defenders against oxidative
damage and can alleviate the toxicity of reactive oxygen species
(ROS) [38,39]. Our results indicated that the toxicity of PR was more
prominent on antioxidant enzymes than that of PE. PR reduced SOD
and CAT activity signiﬁcantly, but PE did not. In contrast, PE had a
more prominent effect on the induction of lipid peroxidation
compared to PR in liver (Fig. 2). Since only PR induced prominent
histopathological liver damage (Fig. 1) and increased serum AST
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there are several possibilities for the antagonistic interaction between two classes of pesticides. First, as revealed by our metabonomics analysis in rats [4], PR and PE antagonize each other's action
on some metabolites such as valine and b-glucose, which may lead
to disturbed energy metabolism. Second, PR and PE may compete
with each other for the phase-I and phase-II metabolism. It has
been reported that hydrolysis of PR may yield catechol and hydroquinone derivatives, which undergo redox cycling and generate
ROS [43]. Thus, PE may interfere with PR metabolism and reduce
the ROS level generated from this process.
It is of note that although the mixture of PR and PE did not affect
liver weight or serum AST activity and had only mild induction of
oxidative stress it induced prominent histopathological damage in
liver. Thus, it is desirable to use multiple approaches to assess
hepatotoxicity of humans and other animals that are exposed to
multiple xenobiotics [44]. In addition, further investigations are
needed to validate the conclusion on the interaction between PR
and PE on oxidative damage in liver, partly due to the lack of data in
low and high doses of the chemicals mixture-treated groups for the
induction of oxidative stress.
In conclusion, our results revealed that PR reduced the antioxidant capacity in liver and induced prominent liver toxicity. Interactions between PR and PE were largely antagonistic on
oxidative damage in the liver.
Fig. 5. Catalase (CAT) activity in liver from rats exposed to propoxur (PR), permethrin
(PE) individually and their mixtures (MIX) for 90 consecutive days. (A) CAT activity in
the liver of rats exposed to different doses of PR and PE individually. The CAT activity in
the control group was 1008.43 ± 13.82 mmol/min/mg protein. *P < 0.05, compared
with control; △P < 0.05, compared with high-dose group; ;P < 0.05, compared with
PR treatment groups at the corresponding dose. (B) CAT activity in the liver of rats
exposed to middle dose PR and PE individually and their mixture (MIX). *P < 0.05,
compared with control. Data were expressed as mean ± SD and differences between
different groups were evaluated by ANOVA. CON: vehicle control group.

activity (Table 3), PR appears to have higher liver toxicity than PE.
Thus, these results indicated that the reduction of antioxidant capacity may play a more important role than the induction of lipid
peroxidation in inducing hepatotoxicity.
Our earlier metabonomics study with PR in rat serum and urine
also revealed that PR could inhibit liver function by interfering with
the energy metabolism [40,41], which was consistent with the
current study showing the induction of oxidative damage and
reduction of the antioxidant capacity by PR. It is interesting that PE
stimulated CAT activity at low and middle doses. The underlying
mechanism of the decrease of SOD activity by PR and the stimulation of CAT activity by PE merits further investigation.
In addition, our results revealed that the mixture of PR and PE
had different effects on the induction of oxidative damage than
their individual effects. The mixture of PR and PE did not reduce
SOD activity whereas PR reduced SOD activity signiﬁcantly. Thus
the interaction between the two pesticides is potentially antagonistic on the reduction SOD activity. In addition, PR and PE also
displayed an antagonistic interaction on the induction of TBARS
level. Moreover, the mixtures of PR and PE affected neither liver
weight nor serum AST activity whereas PR alone signiﬁcantly
reduced liver weight and induced serum AST activity. Thus, overall,
PR and PE displayed a potential antagonistic interaction on the
hepatotoxicity in rats.
Antagonistic interaction between other two pesticides was also
observed in our previous study [42]. A recent review article summarized the interaction between different classes of pesticides;
only a small portion of pesticides mixtures displayed antagonistic
interaction [13]. However, the detailed mechanisms underlying the
antagonistic interactions were far from clear. In our perspective,
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