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ARTICLE INFO ABSTRACT

Edited by Professor Bing Yan This study characterized the impact of post-weaning high-fat diet (HFD) and/or permethrin (PER) treatment on

heart dysfunction and fibrosis, as well as atherogenic risk, in rats by investigating interactions between HFD and

Keywords: PER. Our results revealed that HFD and/or PER induced remarkable cardiotoxicity by promoting cardiac injury,
p‘?rmethrh" biomarker leakage into the plasma and altering heart rate and electrocardiogram pattern, as well as plasma ion
g;galzfat diet levels. HFD and/or PER increased plasma total cholesterol, triacylglycerols, and low-density lipoprotein (LDL)
Fibrosis cholesterol levels but significantly reduced high-density lipoprotein (HDL) cholesterol. Cardiac content of per-

oxidation malonaldehyde, protein carbonyls, and reactive oxygen species were remarkably elevated, while
glutathione levels and superoxide dismutase, catalase and glutathione peroxidase activities were inhibited in
animals receiving a HFD and/or PER. Furthermore, cardiac DNA fragmentation and upregulation of Bax and
caspase-3 gene expression supported the ability of HFD and/or PER to induce apoptosis and inflammation in rat
hearts. High cardiac TGF-p1 expression explained the profibrotic effects of PER either with the standard diet or
HFD. Masson’s Trichrome staining clearly demonstrated that HFD and PER could cause cardiac fibrosis. Addi-
tionally, increased oxidized LDL and the presence of several lipid droplets in arterial tissues highlighted the
atherogenic effects of HFD and/or PER in rats. Such PER-induced cardiac and vascular dysfunctions were
aggravated by and associated with a HFD, implying that obese individuals may be more vulnerable to PER
exposure. Collectively, post-weaning exposure to HFD and/or PER may promote heart failure and fibrosis,
demonstrating the pleiotropic effects of exposure to environmental factors early in life.

Oxidative stress

1. Introduction

Cardiovascular diseases (CVD) have risen dramatically over the past
decades worldwide (Georgiadis et al., 2018). Some reports estimate that
CVD mortality rates can reach up to 22.2 million individuals annually by
2030 (Ruan et al., 2019). Environmental pollutants, including the
widespread use of pesticides, may explain the continuous increase in
CVD (Georgiadis et al., 2018). New research has shown that direct
occupational exposure to pesticides (Berg et al., 2019) and/or the
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consumption of food and water contaminated with these agrochemical
pollutants (Chiu et al., 2019), contribute to the development of CVD.
Several indices suggest that lipid profile disorders, inflammation, and
oxidative stress linked to pesticide exposure may contribute to cardio-
vascular events (Feriani et al., 2020b). However, the exact mechanisms
have not been fully elucidated.

Alternatively, recent epidemiological studies have implicated nutri-
tion in the increasing prevalence of CVD. Reports have shown that di-
etary fats play an important role in cardiac dysfunction (Hamzeh et al.,
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2017). At present, 49% of patients with heart disease have been char-
acterized as overweight or obese (Csige et al., 2018). Experimental
studies in rats fed a high-fat diet (HFD) have demonstrated that lipid
accumulation can affect structural and functional changes in vascular
and heart tissues (Ruan et al., 2019).

Some studies have reported that a HFD can aggravate lipophilic
pesticide toxicity (Kondakala et al., 2017). As discussed earlier, obese
animals are particularly susceptible to several pesticide intoxication,
especially glucose metabolism dysfunction (Xiao et al., 2018), neuronal
disturbances (Howell et al., 2018), respiratory injuries (El Khayat El
Sabbouri et al., 2020), and obesogenic effect (Wang et al., 2017).
However, limited research has been available concerning the prevalence
of heart dysregulation.

Permethrin (PER), a type I synthetic pyrethroid, has been widely
used in agricultural environments due to its excellent and efficient pest
control capabilities (Saillenfait et al., 2018). Ingestion, inhalational, and
dermal absorption have been considered the main pathways of PER
exposure (Karmaus et al., 2016). PER is hazardous to animals and
humans due to its widespread use and bioaccumulation in the envi-
ronment. The dosage of PER used in this study (5 mg/kg) were estab-
lished based on literature data for LD50 (500 mg/kg) (IRIS, 1998; WHO,
1996), and according to recent study reported by (Feriani et al., 2021).
In the environment, typical reported concentrations are in the low
ng/Kg range with the most contaminated areas showing values from 20
to 150 ng/kg in urban and agricultural runoffs (Hladik and Kuivila,
2009). The contents of PER in the food are as follows: lettuce 770-801
ng/kg, apple 194-510 ng/kg, spinach 54.9-48.6 pg/kg, and romaine
lettuce 561-670 pg/kg (Li et al., 2016; Vonderheide et al., 2009).
Although the PER amounts that people consume are lower than those
used in our study, it has been reported that over time, PER can accu-
mulate and cause damage. Animal exposed to PER have exhibited sig-
nificant health disorders, including oxidative damage, hepatotoxicity,
insulin intolerance, and neuronal disturbances (Fedeli et al., 2017; Jel-
lali et al., 2018; Xiao et al., 2017). Although some studies have explored
the effects of PER intoxication together with a normal-fat diet, no sci-
entific report has investigated the impact of simultaneous exposure to
both PER and HFD.

Considering that majority of individuals have diets closely resem-
bling a HFD, our experimental design was tailored to investigate the
impact of food risk factors, especially an unbalanced diet high in fat, and
PER residues in order to draw attention toward the effects of extensively
used environmental pollutants in a Western diet model.

In particular, the present work was designed to examine, for the first
time in rats, the impact of subchronic post-weaning exposure to PER
and/or HFD, focusing on cardiac function and related disorders. Thus,
electrocardiogram (ECG) recordings, lipid profiles, and inflammatory,
oxidative stress, and molecular markers were analyzed. Moreover, his-
tological study of cardiac and aortic integrity verified using hematoxylin
and eosin (H-E), Masson’s trichrome, Oil Red O, and 2,3,5-triphenylte-
trazolium chloride (TTC) staining] was conducted.

2. Materials and methods
2.1. Drugs and chemicals

PER (98% purity; Chemical Abstracts Service registry number:
52645-53-1) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
All other chemicals were purchased from either Sigma-Aldrich Co. (St.
Louis, MO) or Fisher Scientific (Waltham, MA).

2.2. Animal preparation and induction of obesity using a high-fat diet

All experimental and animal (Wistar rats) welfare protocols were in
accordance with ethical guidelines and were approved by the Tunisian
Ethical Committee for the Care and Use of Laboratory Animals. All ex-
periments were conductedon40 one-month-old male rats after weaning.
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Rats were subsequently divided into two groups: Group 1 (n = 20;
negative control receiving standard diet for 2 months) and Group 2 (n =
20; positive control receiving a HFD containing 10% of butter and 1% of
cholesterol for 2 months to induce obesity)(Dziadek et al., 2019). The
composition of obesity diets is shown in Table 1.

At 3 months of age, blood was withdrawn through retro-orbital
puncture to verify obesity status. Plasma lipid biomarker [total choles-
terol (TC), triacylglycerols (TG), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-C)] concentra-
tions were then determined.

2.3. Experimental design

After confirming hyperlipidemic status, animals were divided into
four groups (n = 10) and received the following treatment schedule:(1)
Control group comprising control animals receiving standard diet and
vehicle (corn oil) for 12 weeks successively;(2) HFD group comprising
obese animals receiving a HFD and vehicle (corn oil) for 12 weeks
successively;(3) PER group comprising normal animals receiving stan-
dard diet and a gavage-administered PER suspension in corn oil at a dose
of 5 mg/kg b.w. (1/100 LDsp)daily for 12 weeks successively; and (4)
HFD + PER group comprising obese animals receiving a HFD and a
gavage-administered PER suspension in corn oil at a dose of 5 mg/kg b.
w. daily for 12 weeks successively.

Insecticide doses were selected based on literature data for LD50
(500 mg/kg) and considering the “no observed adverse effect level,”
which is 5 mg/kg for PER (IRIS, 1998; WHO, 1996). The conduct of the
study for 12 weeks is based on our recent research (Feriani et al., 2021),
in which have shown that a subchronic exposure by permethrin induces
toxicity in rats. Animals were housed in plastic cages with a 12 h/12 h
dark/light cycle in a temperature- and humidity-controlled room. Rats
were fed diets and water adlibitum. Fasting feed intake and body weight
were measured periodically every week.

2.4. Electrocardiography

For electrocardiography, rodents were anaesthetized and placed in
the supine position on a board, after which needle electrodes were
attached to the skin of all animals at position II. Thereafter, electro-
cardiography was performed using an electrocardiograph (ECG VET
110, Biocare, China), with the obtained recordings being photographed.

2.5. Biological sample collection

After electrocardiography, the animals were anesthetized with a
solution of ketamine hydrochloride (30 mg/kg b.w.) and then sacrificed.
Blood samples were collected and centrifuged (3500 rpm, 10 min, 4 °C)
to obtain plasma and then stored at —20 °C for biochemical marker
estimation. Cardiac and aortic tissues were removed, washed with
phosphate buffer saline, and weighed. Organ fragments were snap-
frozen in liquid nitrogen and then stored at —80 °C for further

Table 1
The composition of HFD diets.

Ingredient Amount (g/kg)
Corn starch 480.5
Sucrose 95
Casein 205
Soybean oil 0
Butter 105
Cholesterol 11
Fiber 50
Mineral mix 40
Vitamin mix 10
Choline 4.1
Tert-Butylhydroquinone 0.01
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molecular and biochemical analyses. Another batch of fresh cardiac and
aortic fragments were immediately used for TTC and Oil Red O analysis,
respectively. The remaining tissues were directly preserved in a
neutralized formalin (10%) solution for histopathological examinations
using the paraffin technique.

2.6. Lipid concentration measurement

Plasma TG, TC, HDL-C, and LDL-C levels were determined using a
blood analyzer with commercial kits (Biomaghreb, Tunisia) as per the
manufacturer’s instructions. Oxidized LDL levels were measured in the
LDL fraction using enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturer’s instructions (USCN Life Science Inc.,
Wuhan) and were presented in ng/ug LDL protein. Various parameters
related to atherosclerosis were determined using the following formula:
Cardiac risk ratio (CRR) = (TC/HDL-C) and Atherogenic coefficient (AC)
= (TC-HDL-C/HDL-C).

2.7. Cardiac biomarker estimation

Aspartate aminotransferase (AST), lactate dehydrogenase (LDH),
and creatine kinase-MB (CK-MB) activities in the plasma were deter-
mined using various commercially available kits (Biomaghreb, Tunisia)
following the manufacturer’s instructions. Content of plasma concen-
trations of Na*, K*, C1~, and Ca?* were determined using an ionogram
analyzer (EasyLyte Plus, Medica, France). Plasma cardiac troponin (cTn-
I) and C-reactive protein (CRP) levels were determined using a Rat
ELISA assay kit (Boster, Wuhan, China) following the manufacturer’s
instructions.

2.8. Analysis of tumor necrosis factor alpha and interleukin-6 in plasma
and heart homogenates

Plasma and cardiac tissue levels of tumor necrosis factor alpha (TNF-
a) and interleukin-6 (IL-6) were determined using ELISA (QUIAGEN
Company, USA) following the manufacturer’s instructions (Vector
Laboratories, NJ, USA), and expressed as pg/mL and pg/mg tissue,
respectively.

2.9. Analysis of oxidative stress markers

Catalase (CAT)(Aebi, 1984), superoxide dismutase (SOD)(Marklund
and Marklund, 1974), and glutathione peroxidase (GPx)(Flohe and
Gunzler, 1984)activities, as well as reduced glutathione (GSH) (Ellman,
1959), peroxidation malonaldehyde (MDA)(Buege and Aust, 1978),and
protein carbonyl (PC) (Levine et al., 1990)concentrations, in heart tis-
sues were determined via the spectrophotometric method using various
commercially available kits (Nanjing, China) following the manufac-
turer’s instructions. Reactive oxygen species (ROS) levels (% of controls)
were calculated using the spectrofluorimetric method, as previously
described by (Gargouri et al., 2018). Protein levels of cardiac homoge-
nate were measured to estimate activity per mg protein.

2.10. Apoptosis assessment through DNA fragmentation

A semi-quantitative method was utilized to detect apoptosis via
electrophoresis. Cardiac tissue genomic DNA in control and treated rats
were isolated using the phenol-chloroform DNA extraction method. The
separation of intact and fragmented DNA fractions was visualized in an
agarose gel using ethidium bromide staining, following the protocol of
described by (Feriani et al., 2020b).

2.11. Gene expression analysis

Reverse transcriptase polymerase chain reaction (RT-PCR) analysis
was conducted to explore the differential expression of various genes
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involved in apoptosis and fibrosis of cardiac tissue. Total cardiac tissue
RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, USA) as
per the manufacturer’s instructions. Reverse transcription was per-
formed with 2 pg of extracted mRNA using superscript reverse tran-
scriptase (Invitrogen, France). Amplification was achieved using gene
specific primers as shown in Table 2. Real-time cycler conditions were
determined as described by (Feriani et al., 2020b). Amplicons were
electrophoresed on 1.2% agarose gel and visualized through ethidium
bromide staining. Amplicon band intensity was analyzed using Image J
software withp-actin as a control.

2.12. Estimation of cardiac damage using 2,3, 5-triphenyltetrazolium
chloride staining

Cardiac injury, such as local infarction, was explored using the
protocol reported by Feriani et al. (2020a). Briefly, freshly isolated
cardiac tissues from all experimental rats were immerged in a solution
containing TTC at room temperature (37 °C) for 15 min. Accordingly,
normal tissues appeared red, while altered areas turned white.

2.13. Analysis of histological structure and fibrosis status

Heart tissues were fixed in 10% formalin solution for 7 days and then
introduced into paraffin liquid. The obtained blocks were cut into 5 um
sections and stained with H-E to evaluated changes in cardiac structure.
Masson’s Trichrome staining was employed to determined cardiac
collagen deposition, as described previously by (Feriani et al., 2020b).
Histological sections were analyzed via a light microscopic and then
photographed. Thereafter, histopathological cardiac alterations were
scored as follows using the semi-quantitative percentage of damaged
area: 0, none; 0.5, < 10%; 1, 10-25%; 2, 25-50%; 3, 50-70%; and 4, >
75% (Kim et al., 2016). Image analysis for the quantification of collagen
deposition in six randomly selected microscopic fields per specimen was
performed using Image J.

2.14. Immunohistochemical detection

TGF-f1 expression was determined using immunohistochemistry.
Accordingly, 5 um slides were incubated in the dark with HoO5 (3%) for
15 min at 37 °C and then washed thrice with phosphate-buffered saline.
Thereafter, samples were incubated with primary antibodies at 4 °C
overnight. After three cycles of phosphate-buffered saline washing,
secondary antibodies were added onto the slides, which were then
incubated at 37 °C for 30 min. The sections were incubated with
horseradish peroxidase-labeled avidin at 37 °C for 30 min. DAB was
added onto the slides and left to react until the reaction was stopped by
ddH70. Finally, the samples were re-stained using hematoxylin, after
which immunohistochemical sections were analyzed using a light
microscopic and then photographed at 200 x magnification.

2.15. Oil red O staining

Aortic tissues were removed, fixed in formaldehyde (4%), and
analyzed using the “en face” method as reported by (Kim et al., 2013).

Table 2
Primers used in RT-PCR study.
Gene Primers
NF-kB Sense primer: GCCGTGGAGTACGACAACATC

Antisense primer: TTTGAGAAGAGCTGCCAGCC
Sense primer: CAGAGCTGGACTGCG GTATTGA
Antisense primer: AGCATGGCGCAA AGTGACTG
Bax Sense primer: TTCATCCAGGAT CGAGCAGA
Antisense primer: GCA AAGTAG AAGGCA ACG
Sense primer: GGAGATTACTGCCCTGGCTCCTA
Antisense primer: GACTCATCGTACTCCTGCTTGCTG

Caspase-3

B-actin
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Briefly, tissues were opened longitudinally and placed in isopropanol
solution for 3 min, followed by 60 min of Oil Red O staining to identify
atherosclerotic lesions. The obtained section was photographed and
analysis. The red stained surface indicated atherosclerotic lesions, which
was evaluated (%) using NIH Image J software.

2.16. Statistical analysis

Statistical analyses comprising of one-way analysis of variance and
Tukey’s test were performed using GraphPad Prism 4.02 for Windows,
with p < 0.05 indicating statistical significance.

3. Results
3.1. Body weight and food intake

As shown in Table 3, animals fed a HFD and/or PER had significantly
greater weight gain (P < 0.05) compared to those fed a standard diet
(control). Although the relative heart weight remained unchanged in the
HFD group, cardiac hypertrophy was observed in PER-treated animals,
with the HFD+PER group exhibiting significantly greater hypertrophy
compared to the PER group (P < 0.05). This result was confirmed during
morphologic study of heart tissues (Fig. 1A).

3.2. Electrocardiogram findings and heart rate

Data shown in Fig. 1B and C revealed that normal animals exhibited
normal ECG patterns with regular sinus rhythm and heart rate
(195 + 11.21 bpm). Compared to animals fed a standard or HFD, normal
or HFD rats exposed to PER (5 mg/kg b.w.) exhibited significantly
greater disruption in electrocardiographic pattern, including decreased
Ramplitude, ST segment elevation (Fig. 1D), and a marked increase in
heart rate (310 + 8 bpm) with auricular flutter, indicating the onset of a
myocardial infarction event. This dysregulation in ECG pattern was
aggravated in the HFD+PER group, with a heart rate of 385 + 4 bpm.

3.3. Lipid profile and atherogenic parameters

Several lipid biomarkers were calculated (Table 4). Compared to the
control group, the HFD or PER group exhibited significantly higher
elevation (P < 0.05) in plasma TC, TG, and LDL-C and decrease
(P < 0.05) in HDL-C, with the HFD + PER group exhibiting a signifi-
cantly worse lipid profile compared to the treatment groups (P < 0.05).
Similarly, all treatment groups showed significantly higher levels
(P < 0.05) of markers predicting atherosclerosis risk (AC and CRR)
compared to the control group.

3.4. Cardiac injury marker enzymes

As shown in Table 5, the HFD group exhibited significantly higher
(P < 0.05) AST, CK-MB, and LDH activities, without affecting CRP and
cTn-T levels, compared to the control group. Furthermore, normal or

Table 3
Gain and Heart weight index in control and experimental rats.
Control HFD PER HFD-+PER
Gain weight (g) 100.6 + 150.3 + 138.9 + 175.4 +
2.94 2.47* 1.71% 2.02+¥
Heart weight 0.34 +0.01 0.35 +0.03 0.39 + 0.04* 0.44 + 0.02*¥

index

Values are expressed as mean + SD of ten rats in each group.

* P < 0.05 significant differences compared to controls.

¥ P < 0.05 significant differences compared to HFD or PER group of rats.
HFD: High Fat Diet

PER: Permethrin
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HFD rats exposed to PER (5 mg/kg b.w.) exhibited significantly clearly
greater (P < 0.05) AST, CK-MB, LDH activities, as well as CRP and cTn-T
levels, compared to the control or HFD group. The HFD + PER group
had even worse values for the aforementioned parameters compared to
the other treatment groups.

3.5. Plasma electrolytes

Plasma electrolyte levels in all treated animals are summarized in
Table 6. Our results showed no significant changes in plasma K", Na*,
Cl-, and Ca®'levels between normal and obese animals. However, the
PER group exhibited significantly higher (P < 0.05) plasma K and Ca®*
levels and significantly lower (P < 0.05) Na' and Cl'levels compared to
the control or HFD group.

3.6. Tumor necrosis factor alpha and interleukin-6 levels

Pro-inflammatory cytokine levels in the plasma and heart of treated
rats are shown in Fig. 1E and F. Compared to the control group, the HFD
group had significantly higher (P < 0.05) plasma and cardiac TNF-a and
IL-6 levels. Conversely, the PER group exhibited significantly higher
TNF-a and IL-6 levels (P < 0.05) compared to the HFD group, suggesting
inflammation in plasma and cardiac tissue. Both pro-inflammatory
markers were amplified in the HFD+PER group.

3.7. Cardiac oxidative profile

Table 7 presents the levels and activities of oxidative stress bio-
markers in the cardiac tissue of the treatment groups. Accordingly,
MDA, PC, and ROS levels were significantly higher in the HFD+PER
(P < 0.05) than in the HFD, PER, and control groups. Furthermore,
obese rates exposed to PER had significantly lower CAT, SOD, and GPx
activities, as well as GSH content (P < 0.05) relative to the all other
animals. A significant difference in cardiac oxidative profile was
observed between the normal group and HFD or PER group.

3.8. DNA ladder fragmentation

Results for DNA fragmentation analyses through agarose gel elec-
trophoresis in all experimental animals are shown in Fig. 2. The genomic
DNA extracted from the heart in the control (lane 2) or HFD (lane 3)
group revealed an intact band. However, DNA laddering, a key feature
of apoptosis, was observed in hearts of PER-treated animals receiving
either a standard diet (lane 4) or HFD (lane 5). Our results revealed that
the HFD + PER group exhibited more harmful cardiac DNA damage than
the PER group.

3.9. Gene expression using reverse transcriptase polymerase chain
reaction

The expression of NF-kB, Bax, and Caspase 3 in the myocardial tis-
sues of normal and experimental rats by RT-PCR are shown in Fig. 2B.
Densitometric analysis of these markers is shown in Fig. 2C. The HFD
group exhibited significantly higher NF-kB mRNA expression compared
to the control group, with Caspase 3 and Bax in heart tissue being un-
affected. However, PER administration upregulated the expression of
the aforementioned parameters. The impact of a HFD on these cardiac
genes was further increased following PER exposure given their
remarkably higher levels in the HFD + PER group compared to the HFD
or PER group.

3.10. Analysis of heart injury via 2,3,5-triphenyltetrazolium chloride
staining

TTC staining results in all treatment animals are shown in Fig. 3A.
Analysis of cardiac sections from the control or HFD group showed a red
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Fig. 1. Impact of a high-fat diet (HFD) and/or permethrin (PER) treatment on heart morphology (A), electrocardiogram (ECG) patterns (B), heart rate(C), and ST-
segment(D)in control and experimental animals. Control and HFD groups exhibited a normal heart structure and ECG pattern. The PER group exhibited hypertrophy
and pathological changes, such as decreased R-amplitude, ST-segment elevation, and marked increase in heart rate. The HFD + PER group showed aggravation in
ECG patterns. bpm: beats per minute. (E-F) Effect of a high-fat diet (HFD) and/or permethrin (PER) on the concentration of proinflammatory cytokines (tumor
necrosis factor alpha and interleukin-6) in either plasma (E) or heart tissues (F) analyzed using sandwich enzyme-linked immunosorbent assay. Values are expressed
as mean =+ standard deviation for the 10 rats in each group. * P< 0.05 significant differences compared to controls. ¥ P<0.05 significant differences compared to the

HFD or PER group.

color, indicating a normal structure. Interestingly, PER administration in
either the control or HFD-treated animals revealed a pale white color,
indicating a state of necrosis in the heart tissue. Infarct or ischemic size
quantification showed that the HFD+PER exhibited greater heart tissue
injury compared to all other groups (Fig. 3B).

3.11. Histology analysis

Histological analysis results of the heart structure via H-E staining in
all experimental animals is presented in Fig. 4. Compared to the normal
group, obese or PER-exposed rats exhibited more injuries, including
cardiomyocyte vacuolization, inflammatory cell infiltration, and
myocardial tissue separation. Furthermore, subchronic PER exposure in
obese rats amplified the harmful effects on cardiac tissue.

3.12. Collagen deposition and myocardial fibrosis

Masson’s Trichrome was used to examine myocardial fibrosis.
Microscopic observation (Fig. 5) revealed that the HFD or PER group
had greater collagen accumulation in heart tissue increased in compared
to the control group, with the HFD + PER group having even great
collagen deposition. In fact, a state of cardiac fibrosis had been estab-
lished following the appearance of intense fibrous collagen bridges in
cardiac tissue, which is manifested by the higher blue color intensity in
all treatment groups compared to the normal group.

3.13. Immunohistochemical detection

TGF-f1 distribution determined using immunochemical assays is
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Table 4
Plasmatic lipid profile parameters and markers predicting the risk of atherosclerosis and cardiovascular disease in control and experimental rats.
Control HFD PER HFD+PER

TC (mg/dL) 47.33 £ 2.85 65.10 + 3.25* 59.32 + 2.69* 79.82 + 2.79 *¥
TG (mg/dL) 38.33+1.93 51.97 + 2.32* 49.11 + 1.68* 62.75 + 2.24 *¥
LDL-C (mg/dL) 30.83 + 2.01 43.91 +1.91* 40.1 £1.71* 61.43 + 2.24 *¥
HDL-C (mg/dL) 41.32 + 2.46 28.68 + 1.8* 33.15 + 1.32* 24.28 + 1.81 *¥
Atherogenic coefficient (AC) 0.14 £ 0.05 1.27 £ 0.12 0.79 + 0.14* 2.3 +0.27 ¥
Cardiac risk ratio (CRR) 0.87 £ 0.03 2.27 £0.12 1.79 + 0.14* 3.3+ 0.27 *¥

Values are expressed as mean + SD of ten rats in each group.

*P< 0.05 significant differences compared to controls.

¥ P<0.05 significant differences compared to HFD or PER group of rats.

HFD: High Fat Diet

PER: Permethrin

Table 5 Table 7

Variation in the activities of creatine kinase-MB (CK-MB), lactate dehydrogenase
(LDH), aspartate aminotransferase (AST), and cardiac troponin I (cTn-I) and C
reactive protein (CRP) levels in plasma of control and experimental groups of
rats.

Parameters Control HFD PER HFD+PER

CK-MB (U/ 153.2 £+ 3.51 172.0 £ 3.2* 182.5 + 3.59*  192.9 + 2.4*¥
L)

LDH (U/L) 131.7 £2.35 139.9+1.63* 153.0 + 1.38*  163.9 + 1.41**

AST (U/L) 108.9 +£2.38  142.5 + 2.79* 153.1 £ 1.76*  173.6 + 3.66**

cTn-1 (ng/ 0.21 £+ 0.02 0.23 £ 0.03 1.42 + 0.06* 1.89 + 0.08*¥
mL)

CRP (pg/ 38.92+3.18 38.02+2.85 55.99 + 3.11*  71.71 + 3.84*¥
mL)

Values are expressed as mean + SD of ten rats in each group.

*P< 0.05 significant differences compared to controls.

¥ P<0.05 significant differences compared to HFD or PER group of rats.
HFD: High Fat Diet

PER: Permethrin

Table 6
Variation in plasma levels of Na*, K*, Cl" and Ca®" in control and experimental
groups of rats.

Parameters Control HFD PER HFD+PER

Na™ (mmol/ 100.4 +£3.56 1009 £5.16  82.53 + 4.23*  74.86 + 1.04*"
L)

K* (mmol/ 6.88 £+ 0.62 6.77 + 0.54 11.15 £1.01* 16.08 + 1.81*F
L)

Cl' (mmol/L)  84.01 +£2.19 82.86+226 71.72+226% 67.77 + 3.68**

Ca®* 13.19+1.88 1351 +1.99 21.98 +1.66*  27.61 + 1.1*¥
(mmol/L)

Values are expressed as mean + SD of ten rats in each group.

*P< 0.05 significant differences compared to controls.

¥ P<0.05 significant differences compared to HFD or PER group of rats.
HFD: High Fat Diet

PER: Permethrin

shown in Fig. 6. The HFD and PER groups exhibited significantly greater
TGF-B1 expression in heart tissue compared to the control group.
Moreover, HFD rats exposed to PER had higher TGF-p1 levels compared
to the HFD or PER group.

3.14. Oxidized low-density lipoprotein levels

Fig. 7 A presents the oxidized LDL levels in the plasma and aortic
tissues of the treatment groups. The HFD + PER group had significantly
higher plasma and aortic tissue oxLDL levels (P < 0.05) than the HFD,
PER, and control groups. A significant difference in the oxidized LDL
profile was observed between the HFD or PER group and the normal
group.

The change in TBARS, protein carbonyl (PC), ROS (reactive oxygen species), and
endogenous antioxidants contents (GSH, SOD, CAT and GPX) in cardiac tissue in
control and experimental rats.

Parameters Control HFD PER HFD+PER

TBARS 15.32 £ 2.37*
(nmoles
MDA/g
tissue)

PC 1.11 £ 0.15
(nmoles/
mg
protein)

ROS (%)

GSH (U/mg
protein)

CAT (U/mg
protein)

SOD (U/mg
protein)

GPx U/mg
protein)

3.64 + 0.52 8.69 + 0.65* 8.98 + 0.27*

1.61 +£0.15* 1.76 £ 0.11* 2.45 + 0.27**

79.1 + 0.01**
6.99 + 0.53*¥

44.87 + 3.04
15.69 + 1.33

61.81 + 2.82*
11.56 + 1.34*

59.71 + 3.04*
12.09 + 2.09*

19.43 £1.19 15.24 £ 1.1* 13.75 £ 1.41* 9.23 + 1.04**

13.51 £1.82  8.98 £ 0.44* 8.89 + 0.36* 5.41 + 0.49**

8.26 &+ 0.49 5.86 + 0.63* 4.75 + 0.45* 2.8 +£0.51*

Values are expressed as mean + SD of ten rats in each group.

*P< 0.05 significant differences compared to controls.

¥ P<0.05 significant differences compared to HFD or PER group of rats.
HFD: High Fat Diet

PER: Permethrin

h-fat diet or permethrin group.

3.15. Lipid deposition via Oil Red-O staining

To evaluate lipid deposition, frozen aortic sections from the control
and treatment animals were examined using Oil Red O staining. As
shown in Fig. 7B, normal structures without lipid droplets were
observed in aortic tissues of control rats. However, arterial tissues of
obese rate or those exposed to PER showed an increased lipid deposits
(red color) in the thickened intima. The HFD+ PER group showed a
significantly greater increase in lipid droplets compared to the HFD or
PER group.

4. Discussion

While pesticide exposure or HFD consumption have been link to
heart dysfunction among humans and animals (Feriani et al., 2020d;
Ruan et al., 2019), little information currently exists regarding the
synergistic actions of environmental pesticide exposure and a HFD on
the cardiovascular system. As such, the current study aimed to charac-
terize the effects of post-weaning PER exposure in the absence or pres-
ence of HFD, investigating cardiac structure/function and related
disturbances. Data obtained herein revealed that subchronic PER
exposure (3 months) significantly increased weight gain in either normal
or HFD rats. This finding could be attributed to the neurotoxic effects of
PER that accumulate in the nervous system, resulting in reduced
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Fig. 2. Agarose gel electrophoretic pattern of DNA (A) and reverse transcrip-
tase polymerase chain reaction analysis of NF-kB, Caspase 3, and Bax expression
(B) and quantification of these genes (C) in cardiac tissues of control and
experimental rats. M: size markers. Values are expressed as mean =+ standard
deviation for the 10 rats in each group. *P<0.05 significant differences
compared to controls. ¥ P<0.05 significant differences compared to the HFD or
PER group.

voluntary activities and decreased energy expenditure (Xiao et al.,
2017). Conversely, a study reported by (Howell et al., 2015) found that
there were no significant differences in body weight between animals
treated with persistent organic pollutants (2.0 mg/kg) in the HFD
groups compared to the control group. Furthermore, although the
relative heart weights of rats in the HFD or PER group were unaffected, a
cardiac hypertrophy had been observed in the HFD + PER group
resulting from leucocyte infiltration related to fibrosis (Prasad et al.,
2017). In addition, Xiao et al. (2018) showed results contradictory to
those found here, which mentioned a decrease in the weight of cardiac
tissue in HFD groups treated with permethrin at doses of 500 and
5000 pg / kg.

The current study observed abnormalities in the ECG pattern,
including ST elevation, unidentifiable P wave, and tachycardia, in the
PER group, with the HFD+PER group exhibiting worse abnormalities.
This suggested that HFD might aggravate PER-induced alterations in
cardiac structure/function. Similar findings have been reported by
(Patel et al., 2015) who showed that HFD-treated rats exhibited signif-
icantly worse cardiac electrical conduction disturbances in the presence
of bisphenol.

The observed disturbance in physiological parameters had been
confirmed by the elevated plasma LDH, ALT, AST, and CK-MB activities,
as well as increased troponin-T levels, after PER exposure either in
normal or HFD rats. The release of such markers indicates impaired
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Fig. 3. Impact of a high-fat diet (HFD) and/or permethrin (PER) treatment on
myocardial tissues in control and experimental rats using TTC staining (A) and
myocardial infarct size quantification (%) (B). Values are expressed as mean
+ standard deviation for the 10 rats in each group.* P< 0.05 significant dif-
ferences compared to controls. ¥ P<0.05 significant differences compared to the
HFD or PER group.

membrane permeability and cell death in various tissues of the body
including the heart, as previously reported (Feriani et al., 2020b), with
such finding being consistent with histopathological analyses. H-E
staining of heart tissue from the PER and HFD+PER groups revealed
notable injuries, particularly cytoplasmic vacuolation, necrosis, inter-
stitial edema, and excessive leukocyte infiltration. Recent studies
corroborating such findings have demonstrated that deltamethrin, a
synthetic pyrethroid, could induce cardiac tissue damage in laboratory
animals (Feriani et al., 2020d).

Interestingly, the current results suggested that a HFD aggravated
cardiac damage in PER-exposed rats. Indeed, substantial evidence has
reported that PER is better absorbed and bioaccumulated in a HFD
compared to a standard diet given its lipophilic characteristics (Xiao
et al., 2018). Data from published studies have reported on the impli-
cations of lipid parameter disruption in the development of ischemic
heart disease (Vijayakumar and Nachiappan, 2017). The current study
found a considerable elevation in plasma TC, TG, and LDL-C and a
remarkable decreased in HDL-C in all groups, with HFD rats exposed to
PER exhibiting greater changes. Conversely, permethrin treatment at
dose of 50 and 500 pg/kg significantly increased blood insulin, but no
effect was observed on triglycerides, cholesterol, high fat-density lipo-
protein, and low-density lipoprotein cholesterol levels in HFD animals
(Xiao et al., 2017). Several mechanisms can explain the increase in such
lipid biomarkers following pyrethroid exposure, some of which are
linked to an excessive hepatic lipid synthesis (Feriani et al., 2020a)
and/or to the suppression of certain receptors responsible for the
clearance of lipid and lipoproteins (Feriani et al., 2020c).

A HFD has been known to significantly increase fat synthesis and
accumulation in an organism (Liu et al., 2016). Thus, a HFD might in-
crease the internalization of PER, a lipophilic molecule, in adipose-rich
tissues, which could disturb lipid metabolism and promote subsequent
abnormalities.

Several studies have supported the important role of oxidative stress
in the pathophysiology of heart failure (Salmas et al., 2017; Talas et al.,
2014; van der Pol et al., 2019). Our results clearly revealed that HFD
and/or PER increased the content of cardiac oxidative stress markers
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Fig. 4. Photomicrographs of cardiac tissues in all treatment animals. Heart
tissue samples stained with hematoxylin and eosin (H-E; G x 200) (A) and
scored using the semi-quantitative percentage of damaged area (B). Histological
analysis showed hemorrhage (), inflammatory cell infiltration (), and myocar-
dial tissue separation (). Values are expressed as mean + standard deviation for
the 10 rats in each group. *P<0.05 significant differences compared to con-
trols. ¥ P<0.05 significant differences compared to HFD or PER group of rats.

(MDA and PC) and inhibited the activity of endogenous antioxidants
(GSH, SOD, CAT, and GPx). Accordingly, (Csige et al., 2018) and (Fer-
iani et al., 2020d) had suggested oxidative stress as a potential mecha-
nism for obesity- or pyrethroid-induced cardiotoxicity. Contradicting
this study, HFD induces cardiac oxidative stress without modifying
cardiac antioxidant defense and lipid content in obese pigs (Li et al.,
2017).

Advancements in cardiovascular research have suggested that
oxidative stress-related apoptosis was an important pathway in the
development of ischemic lesion and participated in the process of sub-
sequent cardiac remodeling (Sousa et al., 2019). Our findings showed
that the PER and HFD + PER groups had greater Bax and caspase 3
expression, both proapoptotic genes, compared to the controlor HFD
group. This finding could suggest the activation of apoptotic pathways
and stimulation of cardiac cell dysfunction and damage.

Recent reports corroborating these results have demonstrated that
several synthetic pyrethroids could induce elevated expression of
apoptotic genes in various animal tissues (Feriani et al., 2020c; Kumar
et al., 2015).

Interestingly, the appearance of clear cardiac DNA fragments in an-
imals receiving doses of PER with a standard or HFD supports the
observed apoptosis event. These results were consistent with those
suggested by Feriani et al. (2020) who indicated that pyrethroid
administration induced DNA fragmentation in heart tissues via free
radical generation. Findings obtained herein suggested that a HFD
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Fig. 5. : Photomicrographs of myocardial tissues in control and experimental
treated rats (G x 200). Heart tissue sections stained with Masson’s trichrome
(MT) (A) and scored by quantifying collagen deposition and myocardial fibrosis
(B). Collagen was identified in the cardiac tissue for high-fat diet (HFD),
permethrin (PER), and HFD + PER groups and indicated by a blue color (black
arrow). Values are expressed as mean =+ standard deviation for the 10 rats in
each group. *P<0.05 significant differences compared to controls. ¥ P<0.05
significant differences compared to HFD or PER group of rats.

facilitates PER diffusion into the cell membrane and could mediates free
radical production, which stimulates upregulation of Bax and caspase 3
mRNA and induces cardiac cell dysfunction, apoptosis, and genotox-
icity. This effect could partly explain the observed amplification of
oxidative stress, DNA fragmentation, and apoptosis in the HFD+PER
group. Findings from multiple studies have suggested that a HFD in-
creases susceptibility to pesticide-induced apoptosis in several tissues
(Nan et al., 2020; Zhang et al., 2020).

Additionally, the current study demonstrated that normal or obese
animals receiving PER exhibited elevated plasma Ca2* levels, with the
HFD + PER group exhibiting significantly greater levels. Given that
calcium released from the cell must re-enter the cell for continuous
cardiac contraction and relaxation, uncontrolled calcium cycling could
induce abnormal cardiac function (Cui et al., 2018). Furthermore, this
result suggests that a HFD accentuated abnormalities in calcium ho-
meostasis in animals treated with PER. The observed Ca?t overload
could be related to the inhibition of sarco-/endoplasmic reticulum
ATPase (SERCA2a), a known carrier of calcium from the cytosol to the
SER for heart relaxation (Kronenbitter et al., 2018). Previously, a HFD or
environmental pollutant exposure had been shown to disrupt endo-
plasmic reticulum calcium homeostasis by altering SERCA2a expression
and activity (Patel et al., 2015; Wires et al., 2017).

Cardiac fibrosis has been associated with several cardiovascular
failures (Moore-Morris et al., 2016). The present study showed that HFD
and/or PER induced cardiac fibrosis, with animals receiving both HFD
and PER exhibiting greater cardiac fibrosis. Fibrosis status resulted from
the release of extracellular matrix (ECM) collagens, confirmed by
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Fig. 6. Representative images for the immunochemical detection of TGF-p1 in
cardiac tissue (A) and percentage quantification of TGF-pl (B) in control and
experimental treated rats (G x 200). Values are expressed as mean =+ standard
deviation for the 10 rats in each group. * P< 0.05 significant differences
compared to controls. ¥ P<0.05 significant differences compared to the high-fat
diet or permethrin group.

Masson’s Trichrome staining of heart tissues. Similar results have been
observed in Wistar rats fed a HFD or pyrethroid pesticides (Feriani et al.,
2020d; Watanabe et al., 2018). The profibrotic effects of a HFD and/or
PER could have resulted from the upregulation of collagen I and III
mRNA in cardiac tissue, as reported previously by (Yu et al., 2020).
The potential mechanism by which a HFD and/or PER exposure
contributed to cardiac fibrosis remains to be determined. Inflammation
seems to be one possible explanation, as discussed previously (Li et al.,
2017). Such findings had been confirmed in the present study, which
showed elevated plasma and cardiac levels of TNF-a and IL-6, both
proinflammatory molecules, after HFD and/or PER exposure a phe-
nomenon that could activate synthesis of the ECM collagen gene (Kurose
and Mangmool, 2016). The increased cytokine concentrations might be
related to NF-kB activation via the free radical-mediated pathway
(Feriani et al., 2020c¢). This hypothesis is supported by the current study
where in cardiac NF-kB mRNA expression increased following HFD
and/or PER treatment. Notably, rats exposed to HFD and PER had worse
cardiac fibrosis perhaps because HFD potentiates the activation of in-
flammatory parameters, which in turn induce increased collagen I and
III expression, thereby amplifying collagen deposition in the ECM.
However, further studies are needed to validate this hypothesis.
Furthermore, the association between TGF-$1/Smad signaling pathway
activation and increased cardiac fibrosis has been widely accepted (Han
et al., 2019). TGF-B1 has been considered an inductor of ECM synthesis
and exerts its function through the Smad gene (Liu et al., 2019). Smad2
and Smad3 have been known as receptor-activated Smad proteins that
can be phosphorylated by TGF-p1, with the resisting the complex being
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Fig. 7. Variations in plasma and aortic oxidized low-density lipoprotein (A)
and photomicrographs of aortic tissue [Oil Red O staining (G x 200)] (B) from
all experimental rats. The control group exhibited no lipid droplets. Arterial
tissues of obese animals alone or those exposed to PER showed increased lipid
deposits (red color) in the thickened intima. Values are expressed as mean
+ standard deviation for the 10 rats in each group. *P< 0.05 significant dif-
ferences compared to controls. ¥ P<0.05 significant differences compared to the
high-fat diet or permethrin group.

able to bind with Smad4 and initiate translocation into the nucleus to
activate profibrotic genes (Ma et al., 2017). Accordingly, the current
findings revealed that subchronic HFD and/or PER administration
increased TGF-p1 expression in heart tissues. The upregulation of this
gene could explain the observed fibrotic event. These findings have been
corroborated by recent studies investigating the implication of
TGF-p1/Smad signaling pathway in fibrotic events in either obese ani-
mals or those exposed to pyrethroid pesticide (Feriani et al., 2020c; Li
et al., 2017). Moreover, this study has been the first to examine the
possible fibrotic change in heart tissues among animals exposed to a
HFD and pesticide.

The present study observed an apparent increase in plasma ox-LDL
levels in HFD and/or PER-exposed rats. Generally, a hyperlipidemic
diet or pyrethroid exposure has been associated with elevated circu-
lating levels of ox-LDL (Feriani et al., 2020a, 2020d; Heriansyah et al.,
2017). According to (Chatauret et al., 2014), elevated ox-LDL levels
were significantly correlated with the activation of pro-fibrotic TGF-p1.
Thus, these results suggest that ox-LDL was involved in the HFD- and/or
PER-induced stimulation of the TGF-$1 pathway.

Our data also demonstrated that a HFD and/or PER administration
was able to increase aortic levels of ox-LDL, a known lipid parameter
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that contributes to the formation of fatty plaque in the arterial wall (Gao
and Liu, 2017). Such findings were supported by Oil Red staining, which
revealed the presence of several lipid droplets in the arterial tissues of
rats. Previous reports corroborating this finding have demonstrated that
HFD or pesticide exposure could induce elevated aortic lipid deposition
in laboratory animals (Feriani et al., 2020a; Watanabe et al., 2018).
Indeed, the presence of fat has been a common cause for the develop-
ment of atherosclerosis, an event that contributed to cardiac ischemia
(Libby et al., 2019). Interestingly, HFD aggravated lipid accumulation in
arterial tissues of PER-treated rats. As discussed earlier, the metabolic
phenotype associated with obesity may amplify pesticide-induced
toxicity (Xiao et al., 2018). The observed effects could have resulted
from the PER-induced upregulation of CD36 in obese animals. The
scavenger receptor binds and internalizes ox-LDL in arterial tissues
(Feriani et al., 2020d), favoring increased formation of foam cells and
atheroma plaque. However, additional studies are necessary to verify
this hypothesis.

5. Conclusion

Overall, the findings obtained herein suggest that subchronic post-
weaning exposure to HFD and/or PER can alter cardiac integrity and
induce heart fibrosis. This harmful effect could be mediated by oxidative
stress, inflammation, apoptosis, and the TGF-f1/Smads signaling
pathway, as well as the increase in ox-LDL associated with atherogen-
esis. The observed cardiac and arterial dysregulation had been exacer-
bated after consuming a HFD, supporting the increased internalization
of PER, a lipophilic compound, in fat-rich tissues and consequent car-
diotoxicity following its metabolism. Noticeably, the present findings
are highly relevant for understanding the impact of lifelong exposure to
food pollutants and their synergistic effects with an obesogenic diet,
especially considering the worldwide context of high fat consumption
and exposure to chemicals.
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