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ABSTRACT
Objectives: Information is lacking on the consequences of chronic exposure to emerging contaminants at 
environmentally relevant (trace concentrations) on biomolecules. Environmental exposure to these chemical 
mixtures happens at trace concentrations and at multiple molecular interactions. The consequences of trace 
concentrations of multiple pesticides (MPs) on the regulation of selected biomolecules nitric oxide (NO), thiols, 
superoxide dismutase (SOD), and glutathione S-transferase (GST) in the tissues from wild type (WT) and 
genetically deficient-  peroxisome proliferator-activated receptor-alpha (PPARα) knockout (Null) mice were 
investigated.

Material and Methods: Mice were exposed to trace concentrations of MPs: Atrazine, dieldrin, endrin, endosulfan, 
and anthracene (1–100 ng/L) in drinking water for 6 weeks. Organs were collected and homogenized; NO, protein 
and non-protein thiol levels, as well as SOD and GST activities were determined.

Results: Differential and organ selective effects of the treatments were observed in the WT and PPARα knockout. 
Increased NO levels were observed in the organs from WT with limited increase in the kidney (Null). SOD 
activity was decreased in the organs from the WT and was increased in the PPARα knockout when compared 
to the control. Thiol level was significantly increased in the heart and spleen in the WT and in the heart of the 
PPARα knockout mice when compared to the control. Non-protein thiol concentration was reduced in the heart 
and kidney (WT) and reduced in the liver of the PPARα knockout when compared to the control. GST activity 
was significantly decreased in the liver and spleen (WT) and was significantly elevated in all organs in the PPARα 
knockout mice when compared to the WT.

Conclusion: The low concentrations of MPs may have caused selective dysregulation of biomolecules in different 
organs of the body. These effects observed may be influenced by genetic status such as in PPARα deficiency. These 
results present a scenario that implicates nanoconcentrations of series of organic contaminants that can cause 
cellular and molecular dysregulations of biomolecules precipitating toxicity and pathology that can be a threat 
to human health. Further, investigation into the molecular mechanism(s) and signaling pathway(s) implicated in 
these dysregulations is warranted.
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INTRODUCTION

For decades, emerging contaminants have been detected in 
the environmental matrices. However, their occurrences and 
significance are only given priority at high concentrations. 
Their fate, behavior, and (eco) toxicological effects are not 
well documented at very low concentrations. Thus, it is very 
difficult to estimate and interpret the consequences of very 
low levels of these contaminants on long-term environmental 
exposure.[1-6] Emerging contaminants include but are not 
limited to water disinfectant byproducts, gasoline additives, 
manufactured nanoparticles, pesticides, herbicides, ultra-
violet filters, human, and veterinary pharmaceutical 
products.[1-3,7-14] Urbanization, modern lifestyle conveniences, 
industrialization, high emissions from transportation, 
industrial discharges, effluents from water, waste treatment 
plants, as well as increased use of agricultural chemicals, 
natural processes, and disasters are constantly contributing 
to environmental contaminations and pollutions. With 
advances in instrumental analysis of environmental 
chemicals and toxicants, several chemicals are being 
detected and reported at trace levels from environmental 
matrices that were not possible or detected before. The 
presence of these emerging contaminants of concern (ECC) 
in the ecosystem can find their way into biological systems, 
causing dysregulation of biomolecules, altering functions, 
and resulting in pathologies. The major concern about these 
contaminants in the human environment is their long-term 
consequential health effects. However, information is lacking 
on the related health effects of these chemical mixtures 
following chronic exposure at trace concentrations and 
at multiple molecular interactions. Although, substantial 
insights into their individual toxic reactions and/or effects 
are well known when biological systems are exposed to 
them at higher (toxic) concentrations.[15-20] Yet, the effects of 
these chemicals at trace concentrations which are akin to the 
environmentally relevant and detected concentrations[4-6,14] 
on diverse biomolecular processes and defense systems are 
lacking.

Exposure of biological systems to xenobiotics induces 
multifactorial effects ranging from activation of xenobiotic 
metabolizing enzymes (XMEs) to activation of processes 
that can activate generation of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) causing oxidative and 
nitrative stresses, reducing antioxidant defense systems 
through depletion of glutathione (GSH), interfering with 
some biologically essential metals, cofactors, inhibiting and/
or binding to sulfhydryl dependent enzymes, structural 
proteins, and/or interferes with antioxidant enzymes’ 
activities. Thus, increasing the susceptibility of cells to reactive 
oxidative intermediate attacks and alters membrane integrity, 
fatty acid compositions, antioxidant status, and cellular 
dysregulation.[15,16,19,21-27] Under physiological conditions, ROS 

are cleared from the cells by the actions antioxidant enzymes – 
superoxide dismutase (SOD), catalase (CAT), thiols, or GSH.
[28-30] Fortunately, under normal physiological conditions, 
the balance between free radical generation in tissues and 
endogenous antioxidants enzymes’ activities prevents 
oxidative stress from building up.[31-35] Thus, cellular health 
depends on the maintenance of this balance. CAT, SOD, 
glutathione S-transferases (GSTs), and glutathione peroxidase 
are the main endogenous antioxidant enzymes commonly 
found in living tissues. These enzymes (SOD, GST, and 
CAT) work in concert to convert super oxides and peroxides 
into harmless products of water and oxygen.[19,20,29,35] These 
antioxidant enzyme systems are targets for xenobiotic attacks 
and dysregulations contributing to various pathologies.

The XMEs are regulated and activated at the transcriptional 
level through activation of xenobiotic sensing receptors, 
including peroxisome proliferator-activated receptor-alpha 
(PPARα), and nuclear factor-E2-related factor 2 among 
others.[31,36-50] This transcription factors act as biosensors 
in response to the presence of xenobiotics and induces 
expression of genes for enzymes responsible for xenobiotic 
metabolism and biotransformation as well as antioxidant 
enzymes.[47-50] PPARα, the first peroxisome proliferator-
activated receptor (PPAR, later defined as PPARα [NR1C1]), 
was identified in 1990[38] and plays very important roles 
in homeostasis.[49,50] PPARs have been implicated in the 
regulation of cellular metabolism and in the modulation 
of inflammatory responses linked to liver fibrogenesis and 
oxidative stress.[44,48-53] Given the vast processes PPARα 
regulates, the absence of PPARα can lead to dysregulation of 
vital biomolecular processes and dysfunctions.

We have investigated the effects of trace concentrations 
of multiple pesticides (MPs) in the regulation of selected 
biomolecules in tissues from wild type (WT) and PPARα 
knockout mice. This study is designed to enhance our 
understanding of the consequences of exposure to these 
contaminants in normal mice and genetically deficient-
PPARα (knockout) mice.

MATERIAL AND METHODS

Chemicals and reagents

2-Bromo-2-chloro-1,1,1-trifluroethane 99% (Anesthesia), 
atrazine, dieldrin, endrin, endosulfan, anthracene, 0.1% 
N-(1-naphthyl) ethylene diamine dihydrochloride, 
phosphoric acid, sulfanilic acid, sodium nitrite (NaNO2), 
epinephrine, ethylenediaminetetraacetic acid, 1-chloro-2,4,-
dinitrobenzene (CDNB), hydrogen peroxide, trichloroacetic 
acid, 5’-5’-dithiobis-(2-dinitrobenzoic acid) (DTNB), 
reduced GSH, phosphate buffer, potassium chloride (KCl) 
solution, potassium phosphate buffer, carbonate buffer, and 
all other chemicals used were of analytical grade. These 
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chemicals were bought from Sigma Aldrich, St. Louis MO, 
USA.

Experimental animals

WT a nd PPARα knockout female mice (from Harlon, 
Houston) were selected and randomly divided into control 
(n = 4) and experimental WT groups (n = 4). Similarly, 
the PPARα knockout mice were divided into control (n 
= 4) and experimental groups (n = 4). The control groups 
received tap water while experimental groups were supplied 
with drinking water containing MPs: Atrazine, dieldrin, 
endrin, endosulfan, and anthracene at a concentration of 
1–100 ng/L ad libitum for 6 weeks. The dose selected for this 
study is consistent with detected concentrations within the 
environment[3,10,11,14,54,55] and within the maximum residue 
limit (MRL) by environmental protection agency (EPA).[12] 
Furthermore, mice were fed a commercial chow diet and 
subjected to a photoperiod of 12  h light-dark cycle. Mice 
were treated humanely according to the National Institute of 
Health Guideline on the care and treatment of experimental 
animals and the study protocol was approved by the Texas 
Southern University Institutional Animal Care and Use 
Committee (IACUC).

Organs, blood, and tissue collection and preparation for 
biochemical assays

At the end of the six weeks of treatments, mice were 
anesthetized with 2-bromo-2-chloro-1, 1, 1-trifluroethane 
99%, and organs (heart, spleen, liver, kidney, and brain) 
harvested. Organs were rinsed with ice-cold 1.15% KCl, 
minced with scapple, and homogenized in ice-cold 0.1 M 
phosphate buffer, pH  7.4 using Teflon homogenizer. The 
resultant homogenate was centrifuged at 10,000 rpm (40°C) for 
10 min. The post mitochondrial fractions, collected, processed, 
and stored at −80°C until needed for biochemical assays.

Biochemical assays

Nitric oxide (NO) assay

The effects of treatments on NO concentrations in the post-
mitochondrial fractions of the organ’s homogenates were 
determined by modified Griess Reagent Assay.[56,57] Briefly, 
into the 96 well plate was added 100 μL of tissue samples 
and to this was added 100 μL of Griess reagent mixture 
comprising solution A and B (1:1; v/v) (solution A [0.1% 
N-(1-naphthyl) ethylenediamine dihydrochloride] and B [1% 
sulfanilamide in 2.5% H3PO4]). The mixture was incubated 
at room temperature for 20  min, and absorbance read at 
480  nm using Bio-Tek ELx808 Absorbance Microplate 
Reader, Winooski, Vermont, U.S.A. The concentration of 
nitrite in the sample was determined from NO standard 

curve constructed using NaNO2 and NO concentration was 
expressed as μmol nitrite.[56,57]

SOD activity determination

The effects of treatment on the activity of SOD in samples 
were determined by the modified method of Misra and 
Fridovich[58] as modified and reported by Oyagbemi et 
al.[36] In the presence of toxicants, super oxide generated 
by xanthine oxidase causes oxidation of epinephrine 
to adrenochrome. SOD inhibits the auto-oxidation of 
epinephrine to adrenochrome. Adrenochrome generation is 
increased by super oxide free radical chain reaction; hence 
SOD produces inhibitory effect on its generation. SOD 
activity can be estimated by measuring absorbance at 480 nm 
which denotes either an increase or decrease in activity of 
SOD. In general, increased absorbance indicates decrease 
SOD activity and vice versa. Briefly, 50  mg of epinephrine 
was dissolved in 100 mL of distilled water and acidified with 
0.5  mL concentrated hydrochloric acid. This preparation 
prevents oxidation of epinephrine and is stable for 4 weeks. 
30 μL sample was added to 2.5 mL 0.05 M carbonate buffer 
(pH  10.2) followed by the addition of 300 μL of 0.3 mM 
adrenaline. The absorbance at 480 nm was monitored every 
30 s for 150 s.

Protein thiol content determination

Thiol content was determined using Ellman’s reagent 
DTNB[59,60] as modified by Oyagbemi et al.,[36] The procedure 
is based on the reaction of thiol with DTNB to give the mixed 
disulfide and 2-nitro-5-thiobenzoic acid (TNB), which is 
quantified by the absorbance of the anion (TNB2-) at 412 nm 
using Bio-Tek ELx808 Absorbance Microplate Reader and 
to determine the molar concentration of thiols based on the 
molar extinction of reduced Ellman’s reagent (13,600 M/cm), 
that is, divides the absorbance at 412  nm by 13,600, which 
gives molar non-protein thiol concentration.[36,59]

Non-protein thiol content determination

Non-protein thiol concentration was determined by 
Ellman’s reagent DTNB method and to determine the molar 
concentration of non-protein thiols based on the molar 
extinction of reduced Ellman’s reagent (13,600 M/cm), that 
is, divides the absorbance at 412 nm by 13,600, which gives 
molar thiol concentration.[36,59] This data was used to plot the 
graph of effects of emerging contaminants on the molecular 
concentration of non-protein thiol in the sample.

Estimation of GST activity

GST activity was determined by the reaction that involves 
the conjugation of CDNB with reduced GSH following the 
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original assay of Habig et al.,[61] as modified by Oyagbemi 
et al.[36] Following the reaction, changes in absorbance at 
340  nm were read by ELx808 Microplate Reader. One unit 
of enzyme will conjugate 10.0 nmol of CDNB with reduced 
GSH per minute at 25°C. Changes in absorbance per minute 
were converted into micromoles (µM) of CDNB conjugated 
per min per mL of sample using the extinction coefficient of 
the resulting 5-(2, 4-dinitrophenyl) – GSH: E340  nm = 9.6 
nM/cm.[61]

Statistical analysis

Results are presented as mean ± standard deviation (SD) and 
were analyzed by analysis of variance (ANOVA) comparing 
results from control to treated groups in different organs 
within the WT and PPARα knockout. The results from the 
WT were correlated to that of PPARα knockout to determine 
the influence of PPARα knockout in changes observed. 
P = 0.05 was considered significant.

RESULTS

NO production

Figure 1 shows the effects of treatment of WT (a) and PPARα 
(b) knockout mice with trace concentrations of a selected 
mixture of emerging contaminants on NO levels in different 
organs. The basal level of NO was significantly higher in the 
PPARα knockout compared to the WT mice. Treatment of 
WT mice with nanoconcentrations of MPs significantly 
elevated NO levels in all the organs when compared to the 
control [Figure 1a]. In the PPARα knockout mice, treatments 
showed differential effects on the levels of NO with no 
change observed in the heart and liver, but increased levels 
in the kidney and brain with reduced levels in the spleen 
[Figure 1b].

SOD activity

Figure  2 shows the effects of treatment on SOD activity 
in organs from WT (a) and PARα knockout mice (b). 
Differential basal SOD activity was observed in the organs 
from the WT and the PPARα knockout mice, while basal 
SOD activity was significantly higher in the heart and liver 
and lower in the kidney and brain with no change in the 
spleen of the WT compared to the knockout. Treatment of 
WT with trace concentrations of emerging contaminants 
significantly reduced SOD activity in the heart, liver, and 
brain (by 86%, 50%, and 36%, respectively) with no changes 
in spleen and kidney [Figure  2a]. While in the PPARα 
knockout mice, treatment significantly increased SOD 
activity in the heart, liver, and spleen (88%, 87%, and 29%, 
respectively) with reduction in kidney (41%) and brain 
(29%) [Figure 2b]. The effects of PPARα knockout on basal 

SOD activity is an indication of the fact that PPARα may be 
involved in the maintenance of SOD activities to a varying 
degree in different organs. Consistent with expectation, MP 
treatment led to a reduction in SOD activity in the heart, liver, 
and brain with no change in the spleen and kidney in the 
WT. In the PPARα knockout, treatment produced opposite 
effects (to the effects observed in the WT) by significantly 
increasing SOD activities in the heart, liver, and spleen; and 
reducing the activities in the kidney and brain.

Thiol levels

Figure  3 shows the effects of treatment with 
nanoconcentrations of ECC on thiol levels in organs from 
WT and PPARα knockout mice. The basal levels of thiol in 
the different organs from both WT and PPARα knockout 
mice seem to be similarly distributed. Thiol levels were 
significantly increased in the heart (21%), spleen (23%), and 
kidney (10%), with reduction in the liver (21%) and brain 
(11%), but no change was observed in the kidney following 
treatment in the WT [Figure  3a]. In the PPARα knockout 
mice, thiol level was increased in the heart (23%) and 
reduced in the brain (10%) similarly to that observed in the 
WT, but no changes were observed in the liver, spleen, and 
kidney [Figure 3b].

Non-protein thiol

Figure  4 shows the effects of treatment with trace 
concentrations of ECC on non-protein thiol in organs 
from WT and PPARα knockout mice. The basal levels of 
non-protein thiol in the different organs from both WT and 
PPARα knockout mice are similarly distributed. Non-protein 
thiol levels in the WT were significantly reduced in the heart 
(8%) and kidney (7%) with no change in liver and spleen 
but a slight increase in brain (4%) [Figure 4a]. In the PPARα 
knockout mice, we observed a slight increase in the heart 
with reduction in the liver and brain [Figure 4b].

GST activity

Figure  5 shows the effects of treatment with 
nanoconcentration of ECC on GST activity in organs from 
WT and PPARα knockout mice. The basal GST activities 
were reduced in the liver, spleen, and brain from the PPARα 
knockout compared to the WT mice. In the WT, treatments 
with nanoconcentrations of MPs differentially regulated 
GST activities, significantly increasing levels in the liver and 
kidney while reducing the levels in the spleen and brain when 
compared to the control [Figure 5a]. In the PPARα knockout 
mice, GST activity was significantly elevated in all the organs; 
in the heart (35%), liver (39%), spleen (20%), kidney (49%), 
and brain (30%) when compared to the control [Figure 5b].
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Figure 3: Effects of treatment with nanoconcentrations of emerging contaminants of concern on thiol 
levels in organs from (a) wild type and (b) peroxisome proliferator-activated receptor-alpha (PPARα) 
knockout mice. Results are expressed as mean ± standard deviation, *P = 0.05, analysis of variance (n = 4).

ba

Figure 2: Effects of treatment on superoxide dismutase (SOD) activity in organs from (a) wild type 
and (b) peroxisome proliferator-activated receptor-alpha knockout mice. Results are expressed as 
mean ± standard deviation, *P = 0.05, analysis of variance (n = 4).

ba

 Figure 1: Effects of treatment of (a) wild type and (b) peroxisome proliferator-activated receptor-alpha 
(PPARα) knockout mice with trace concentrations of selected mixture of emerging contaminants 
on nitric oxide levels (µM) in different organs. Results are expressed as mean ± standard deviation, 
*P = 0.05, two-way analysis of variance (n = 4). NO: Nitric oxide, KO: Knockout, MP: Multiple Pesticides.

ba
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DISCUSSION

Foods for human consumption are increasingly being 
contaminated with emerging contaminants derived 
particularly from household use of pesticides, disinfectants, 
detergent by-products, pharmaceuticals, personal care 
products, and several other human and industrial activities. 
These contaminants of concern are widely distributed and 
persistent in the environment, they leach, and wash into our 
foods and water.[13,14,50,60,62] The chemicals taken up by marine 
habitats bioaccumulate in sea foods, predator birds, as well as in 
humans. They have been associated with major health concerns 
including antibiotic resistance, endocrine disruption, infertility, 
diabetes, cardiovascular diseases, cancer, and developmental 
disabilities at high concentrations.[3,5,6,26,27,35,63-69] However, 

emerging contaminants at low concentrations and in multiple 
interactions could have potential ecological and negative 
public health impact. However, data from studies on their 
risks and potential adverse health effects at low concentrations 
in biological systems are limited or are lacking.[3,7,10,65] This 
is the first study to our knowledge that have evaluated and 
reported the effects of trace concentrations (environmentally 
relevant concentrations) of mixtures of multiple pesticides on 
biomolecules especially antioxidant enzymes and molecules in 
different organs of WT and PPARα null mice.

We have investigated the effects of treatment of WT as 
well as PPARα knockout mice with low concentrations 
of several MPs found in our environment, water, and 
food products to determine their effects on antioxidant 

Figure  4: Effects of treatment with trace concentrations of emerging contaminants of concern on non-
protein thiol in organs from (a) wild type and (b) peroxisome proliferator-activated receptor-alpha (PPARα) 
knockout mice. Results are expressed as mean ± standard deviation, *P = 0.05, analysis of variance (n = 4).

ba

Figure 5: Effects of treatment with nanoconcentration of emerging contaminants of concern (ECC) 
on glutathione S-transferase activity in organs from (a) wild type and (b) peroxisome proliferator-
activated receptor-alpha (PPARα) knockout mice. Results are expressed as mean ± standard deviation, 
*P = 0.05, analysis of variance (n = 4). GST: Glutathione S transferase.

ba
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enzymes’ status and activities in different organs from 
the mice. The effects in WT mice were compared with 
the PPARα knockout mice to further understand the 
effects of these environmental contaminants on animals 
that may be genetically compromised. PPARα is a known 
transcription factor that plays an important role in the 
regulation of antioxidant enzymes and activities to help 
maintain metabolic stability. In this study, we have found 
that (a) basal NO levels in the WT were lower compared 
to the PPARα knockout; treatment with low concentrations 
of emerging contaminants increased NO levels in all 
organs of WT mice; while in the PPARα knockout mice, 
treatment resulted in selective increase in NO levels in 
kidney and brain with a decrease in spleen. (b) Basal SOD 
activity was lower in the heart and liver of PPARα knockout 
mice compared to the WT and treatment decreased SOD 
activities in the heart, liver, and brain (WT mice) with no 
change in spleen and kidney. In the PPARα knockout mice, 
treatment resulted in increased SOD activities in the heart, 
liver, and spleen with reduction in the kidney and brain. (c) 
Basal thiol level was significantly higher in WT compared to 
the PPARα knockout mice. Treatment resulted in increased 
thiol contents in the heart, kidney, and spleen (WT mice) 
with reductions in the liver and brain, and no change in 
the kidney. Thiol level was increased in the heart, but no 
changes were observed in the liver, spleen, and kidney, with 
a slight decrease in the brain following treatment (PPARα 
knockout). (d) Non-protein thiol content was low in all 
organs except the liver (PPARα knockout) compared to the 
WT. Treatment resulted in a reduction in non-protein thiol 
level in the heart and kidney with no change in the liver, 
spleen, and brain in the WT; while in the PPARα knockout 
mice, treatment resulted in a significant reduction in non-
protein thiol in the liver and brain as well as an increase 
in the heart with no change in kidney and spleen. (e) 
Differential reduction in basal GST activity was observed 
in knockout mice liver, spleen, and brain with no change 
in the kidney when compared to the WT. Treatment with 
the MPs significantly increased GST activity in the liver and 
kidney with a decrease in spleen and brain and no change in 
the heart in the WT compared to the control. In the PPARα 
knockout mice, GST activity was significantly elevated in 
the heart, liver, spleen, kidney, and brain when compared 
to the control.

Exposure of the body and ecosystem to MPs at 
nanoconcentrations may induce a broad range of biochemical, 
physiological, and other dysfunctions possibly through 
induction of oxidative stress and/or dysregulation of 
antioxidant systems. Antioxidative enzyme systems are actively 
involved in maintaining the oxidant/antioxidant balance and 
homeostasis by detoxification of xenobiotics in the body. The 
maintenance of cellular homeostasis depends on defense 
systems which are essential for overcoming the deleterious 

effects of radicals generated.[5,14,18-20,29,39,40,54,64-81] However, 
depletion of the cellular antioxidant pool is characterized 
by (a) increased ROS and RNS production; (b) depletion of 
free-radical scavengers (GSH, thiol, and others), and cellular 
antioxidants (largely GSH); and (c) inhibition of the activity of 
enzymes such as SOD, GSH- reductase, and GSH-transferase. 
All of these contribute significantly to the metabolism and 
detoxification of ROS. Hence, grave consequences may 
result from the destabilization of controlled detoxification of 
toxicants within the bodies of living organisms. Consistent 
with this, we have reported in the present study that 
treatment with MPs at trace concentrations resulted in the 
dysregulation of redox systems. This suggests that deleterious 
effects of low concentrations of MPs possibly interacting at 
multiple molecular sites in the body to cause dysregulation of 
homeostasis through alteration of antioxidant biomolecules.

ROS have several effects on cellular functions. At low 
concentrations, they modify and fine-tune intracellular 
signaling like in immune modulation and signaling, wound 
healing among others. Cellular processes and toxicants 
induced ROS production are catalyzed by SOD to H2O2 on 
which CAT acts to degrade into H2O and O2.[29,56,64,71,82,83] 
Oxidative and nitrative stress developed in response 
to toxicants plays important roles in the disruption of 
biomolecules such as enzymes, proteins, deoxyribonucleic 
acid, and hormones as well as disrupting signaling 
transduction pathways. This, in turn, can lead to pathogenesis 
of animal and human diseases. From a pathological 
perspective, oxidative stress can contribute to multiple 
diseases including autoimmunity and cardiovascular disease, 
which accelerate the normal aging process, atherosclerosis, 
inflammation, and cancer.[6,27,35,39,71,74,82] Despite antioxidant 
protections afforded by cellular redox systems networks 
in biological processes, the presence of toxicants can lead 
to disruption of antioxidant enzymes. Consequently, such 
disruption can lead to increased intracellular ROS/RNS levels 
as we have observed in this study. The increased oxidative 
and nitrative radicals generated can lead to the production 
of cellular destructive agent. These effects are usually checked 
and eliminated by a complex antioxidant (enzymatic and 
non-enzymatic) system under normal conditions.[31,32,35] The 
enzymatic antioxidant system constitutes the first line of 
defense, and then reduced thiols, followed by low-molecular-
weight antioxidants and by a broad range of products from 
dietary sources. NO, a chemical messenger and free radical 
by-product of reactions catalyzed by NO synthase (NOS) 
enzymes, is essential for numerous physiologic processes, 
but is also a pro-oxidant capable of contributing to oxidative/
nitrative stress and damaging an array of cell types.
[29,35,42,70,71,75] The persistent perturbations of biological systems 
by ROS/RNS lead to inflammatory processes which could 
lead to major pathologies such as diabetes, hypertension, 
and cancer.[26,27] Treatments with MPs resulted in a significant 
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increase in NO levels more than 500% compared to the 
control in WT. This degree of increase in NO is an indication 
of a response consistent with nitrative stress and a high 
possibility of the production of peroxynitrite (ONOO−), one 
of the most toxic radical species. The peroxynitrite can be 
formed by the heighten generation of oxidative stress (ROS) 
along with the high concentration of NO as a consequent 
of xenobiotic activation of inducible NO (iNOS) a natural 
target of toxicants.[35,43,63,70,82,84] In the PPARα knockout, 
treatment had limited effects on the fluctuation of NO levels 
as the increase was not as high as observed in the WT. This 
buffering effects observed in PPARα knockout mice, which 
is surprising given the antioxidant effects of PPARα. PPARα 
is known to play a role in the regulation of antioxidant genes 
and enzymes of which NOS is one of them.[37,56,57,85] It has been 
reported that PPARα agonists can enhance the antioxidant 
and anti-inflammatory defense systems by upregulating the 
expression of antioxidant enzymes and inhibition of nuclear 
factor kappa B (NF-κB) activity following cellular damage 
and injury.[46,85,86] However, in the absence of PPARα gene, 
other PPAR isoenzymes (β, γ/δ) may be activated by the MPs, 
leading to the tight control of the fluctuations in the level 
of NO as observed in PPARα knockout. The source of the 
NO increase is possibly through activation of iNOS which 
is a target for toxicants and pathological conditions.[30,82,87,88] 
Overexpressed or dysregulated iNOS activation has been 
implicated in numerous pathologies including sepsis, cancer, 
neurodegeneration, and various types of inflammation and 
pain.[70,75] This could be an indication that this PPAR isoform 
may be pro-iNOS (activation) as such it’s absent resulted in 
the tight regulation of NO levels compared to the WT. It is 
well known that PPARs regulate the production of NO via 
inducible (iNOS) as well as eNOS dependent enzymes.
[56,57,89-91] Consistent with our observation and speculation is 
the reported PPARγ agonists decreasing NF-κB, interferon 
γ-  or lipopolysaccharide-induced NO production,[84,90,92,93] 
and iNOS expression[84,87,93,94] Such PPARγ action might 
completely reprogram the transcription process as reported 
resulting in the observed effect in this study. With the 
absence of PPARα gene and its unavailability for activation 
(phosphorylation), transactivation function is diminished, 
giving rise to the recruitment of other regulatory pathways, 
possibly of other PPAR isoforms to regulate the oxidative 
stress.

GSH is the most abundant intracellular thiol-based 
antioxidant, prevalent in millimolar concentrations in all 
living cells. Its function is mainly as a sulfhydryl buffer, 
GSH also serves to detoxify compounds either through 
conjugation reactions catalyzed by GST or directly. In the 
present study, trace concentrations of toxicants increased 
the activity of GSH in the liver, kidney with reduction in 
the brain and spleen. The implication of this differential 
regulation is not known but depends on the organ and 

its GSH concentrations-relative to antioxidant activities 
taking place therein. The liver is the organ with the highest 
metabolic capacity followed by the kidney and possibly high 
antioxidant enzymes and activities. It could be a major target 
for these multiple toxicants in the body. Consistent with our 
observation is the reported chemical injury to the liver and 
other organs following exposure to xenobiotics.[19,20,24,71,95]

Thiol groups are very pivotal in signaling pathways and 
homeostasis through oxidation, reduction, and disulfide 
exchange, which are involved in many physiological 
functions.[28,74,76] The dysregulation of these processes can 
result in pathology and have been designated as disease 
biomarkers.[4-6,10-14,17-96] Thiol or sulfhydryl (–SH) group 
is a highly active reduced sulfur in biomolecules, present 
in amino acids such as cysteine proteins and peptides; it is 
particularly sensitive to redox reactions.[76,77] Hence, thiol 
is a target for regulation under oxidative stress conditions. 
Oxidation of cysteine could be the reason behind changes in 
protein structure and functions or other biomolecules. In the 
present study, treatment of WT mice resulted in a reduction 
in thiol levels in the liver and brain with increased level in the 
spleen, heart, and kidney. In the PPARα knockout, treatment 
had limited effects on thiol level with slightly reduced levels 
in the brain and increased level in the heart, similarly to 
WT mice. The reasons behind the differential effects in 
these organs are not known. However, it could be due to 
the different sensitivities of the organs to the generation of 
oxidative stress following treatment with MPs. Furthermore, 
it could be due to possible perturbations of biomolecules 
by MPs at low concentrations as against outright changes 
induced by high concentrations of single toxicants reported 
by the previous studies.[19,20,24] The contributions of PPARα to 
the regulation of thiol levels are not well understood as effects 
of treatment in PPARα knockout mice abrogated the cellular 
changes observed in the WT. This may be an indication that 
PPARα activation might contribute to the changes observed 
in WT and its absence produced a tighter regulation in the 
thiol levels. Consistent with this, our observation is the 
reported possible pro-oxidative effects of some PPAR ligands; 
some studies suggest that PPAR agonists may also have pro-
oxidative and inflammatory effects.[40,45,46] Furthermore, in 
the absent of PPARα isoform, other PPAR isotypes γ and β/δ 
present may be activated to regulate antioxidant defensive 
responses and maintain the relative changes observed in the 
WT following treatment with MP.

The main non-protein thiol is the tripeptide GSH, due to its 
intracellular concentration; it is a very important component 
of antioxidant defense systems to scavenge ROS.[76,78,79] It 
was only slightly reduced in the heart and kidney, in PPARα 
knockout, there was an increase in the heart, liver, and brain. 
The implications of these effects are not known but may not 
amount to much significance as the levels in both groups 
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are consistent and do not differ significantly. Furthermore, 
further investigation is needed to clarify the roles of PPAR 
isoenzymes in the regulation of the tripeptide GSH in 
toxicant induce regulation of cellular functions.

Pesticides are known to cause serious ailments in the non-
target animal species. The results of our study revealed that 
trace concentrations of MPs caused serious perturbations 
in the levels of anti-oxidative enzyme activities (cellular 
antioxidants: GSH, GST, SOD, and CAT). Our results also 
showed that PPARα gene plays a significant role in the 
modulation of these antioxidant enzymes’ activities. In sum, 
PPARα is an important lipid sensor and regulator of cellular 
energy-harvesting metabolism and consistent with this 
important role is the potent genetic proof that reported that 
PPARα null mice had depressed levels of numerous fatty acid 
metabolizing enzymes and were unresponsive to the actions 
of peroxisome proliferating agents.[80] Targeted disruption of 
the alpha isoform of the peroxisome proliferator-activated 
receptor gene in mice results in abolishing the pleiotropic 
effects of peroxisome proliferators.[80] In rodents and humans, 
PPARα is expressed in numerous metabolically active tissues 
including liver, kidney, heart, skeletal muscle, and brown 
fat. The second candidate, PPARγ, is not highly expressed 
in PPARα WT mouse liver for example; however, feeding 
PPARα knockout mice high fat diets increased PPARγ 
expression by ∼4-fold,[81] with a concomitant upregulation of 
other enzymes regulated by PPARα. PPARγ may compensate 
for PPARα actions in PPARα knockout mice. As suggested 
in our present study, PPAR’s regulation of cellular redox 
states appears to be a highly diversified function that may 
be dependent on the specific subtype at a particular tissue 
under different metabolic and stress conditions. We can, 
therefore, suggest that cellular PPAR signaling can be directly 
dependent and related to PPAR expression, protein activities, 
and PPAR interactions with their ligands and coregulators. 
The three PPAR subtypes regulate cellular biomolecular lipid 
and energy metabolism in most tissues in the body with 
overlapping and preferential effects on different metabolic 
steps depending on the tissue type. The PPAR effects in this 
study are further complicated by the fact that specific ligands 
of each PPAR isotypes may display differential potencies 
and specificities in their role in redox pathways’ regulations. 
It appears therefore, that in the present study with multiple 
pesticides, generated oxidative stress may influence 
individual PPAR isoenzymes’ activity in a tissue specific 
manner and this calls for further study.

CONCLUSION

Low concentrations of MPs caused selective dysregulation 
of NO/SOD systems, thiol and non-protein thiol content 
of the antioxidant components in different body organs 
possibly due to free radical generation. The effects observed 

may be influenced by genetic status as in PPARα knockout. 
However, such effects of PPARα need further investigation 
as there seems to be no clear-cut role of PPARα in the 
control of these antioxidant enzyme systems. Possibilities 
exist that PPARα may not have a dominant control on the 
regulation of antioxidant enzyme activities. Consistent with 
this is the fact that the other isoforms of PPARs (γ, β/δ) may 
still exert control on the antioxidant enzymes in the absence 
of PPARα gene. This is consistent with the fact that the 
MPs at low concentration can also activate the other PPARs 
isoenzymes.
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