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Abstract

Recent studies suggest there may be an environmental exposure component to the development
and progression of non-alcoholic fatty liver disease (NAFLD) involving the organochlorine (OC)
pesticides or their metabolites. However, the roles of OC compounds in the development of
NAFLD has not been fully elucidated. Therefore, the current study was designed to determine if
exposure to trans-nonachlor, a prevalent OC compound, could promote hepatocyte lipid
accumulation and determine potential pro-steatotic mechanisms. McArdle-RH7777 (McA)
hepatoma cells were incubated with trans-nonachlor for 24 hours then neutral lipid accumulation
was determined by Oil Red O staining. Exposure to trans-nonachlor produced a concentration
dependent increase in neutral lipid accumulation. Trans-nonachlor also increased extracellular free
fatty acid-induced neutral lipid accumulation which appears to be due at least in part to increased
free fatty acid accumulation as evident by increased accumulation of Bodipy labeled dodecanoic
acid. Additionally, 14C-acetate incorporation into total cellular lipids was increased by trans-
nonachlor implicating increased de novo lipogenesis (DNL) as a potential mediator of trans-
nonachlor-induced neutral lipid accumulation. Taken together, the present data indicate exposure
to trans-nonachlor has a direct, pro-steatotic effect on hepatocytes to increase lipid accumulation
through the combinatorial actions of extracellular free fatty acid accumulation and increased DNL.
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1. Introduction

Hepatic steatosis or non-alcoholic fatty liver (NAFLD) represents a defect in hepatic lipid
metabolism in which lipids accumulate within hepatocytes due to increased fatty acid
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uptake, increased de novo lipogenesis (DNL), decreased fatty acid oxidation, or
overwhelmed VLDL secretion (Choi and Ginsberg, 2011; Diraison et al., 2003). In states of
metabolic dysfunction, such as type 2 diabetes, the fatty acids utilized for triglyceride
synthesis are derived from increased fatty acid uptake and increased DNL (Donnelly et al.,
2005). This increase in triglyceride synthesis is usually accompanied by an increase in
VLDL secretion due to increased substrate availability (Lewis, 1997). The formation of
hepatic steatosis is a common pathological alteration associated with obesity and type 2
diabetes and studies have shown that increased hepatic steatosis is directly associated with
increased risk of CVD development [for reviews see (Francque et al., 2016; Lonardo et al.,
2016)].

There is mounting epidemiological evidence that exposure to persistent organic pollutants
(POPs) may predispose one to the development of insulin resistance, type 2 diabetes, and
metabolic syndrome. In epidemiological studies, elevated plasma or serum concentrations of
POPs, including organochlorine (OC) pesticides or their metabolites/contaminants
oxychlordane, trans-nonachlor, and p,p’-dichlorodiphenyldichloroethylene (DDE), have
been positively correlated with the occurrence of insulin resistance, T2D, and
hypertriglyceridemia (Ha et al., 2007; Lee et al., 2007a; Lee et al., 2007b; Lee et al., 2006;
Lee et al., 2011; Park et al., 2010). In addition to epidemiological studies, there are a
growing number of empirical studies in rodents indicating chronic exposure to OC pesticides
either alone or in a mixture with other POPs at environmentally relevant concentrations
promote T2D, hepatic steatosis, and dyslipidemia when ingested with a high fat or high fat/
high carbohydrate diet (Ibrahim et al., 2011; Ruzzin et al., 2010). Our recent studies
(Mulligan et al. (2017)) also demonstrate exposure to a mixture of POPs at environmentally
relevant concentrations can promote hepatic steatosis in a genetic model of obesity and type
2 diabetes, the ob/ob mouse (Mulligan et al., 2017). However, the cellular mechanisms by
which exposure to oxychlordane, trans-nonachlor, or DDE promote the pathophysiological
alterations associated with T2D such as hepatic steatosis and the accompanying
dyslipidemias have not been fully determined.

While the previously published studies demonstrate exposure to a mixture of OC pesticides
can disrupt normal hepatic lipid metabolism and promote hepatic dysfunction that is
prevalent in T2D, it is not known if this effect of OC exposure is due to a direct effect on the
hepatocyte itself or a result of an indirect effect such as the OC compound(s) causing an
elevation in serum free fatty acids or hyperinsulinemia to drive DNL. Recent in vitro studies
indicate exposure to DDE may promote dyslipidemia in the form of hypertriglyceridemia via
direct effects on the hepatocyte to promote both triglyceride and apolipoprotein B secretion
(Ward et al., 2016). Therefore, the present study seeks to determine if direct exposure to a
highly prevalent OC compound trans-nonachlor, which has been implicated in increased
T2D pathogenesis as well as increased atherosclerotic risk, can promote intracellular lipid
accumulation and the potential effects on hepatic lipid metabolism including fatty acid
uptake, fatty acid oxidation, fatty acid secretion, and DNL that could contribute to increased
hepatocyte neutral lipid accumulation. To examine the direct effects of OC compound
exposure on hepatocyte lipid metabolism, we utilized McArdle-RH7777 (McA) rat
hepatoma cells which have been widely used in previous studies examining in vitro
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hepatocyte function (Caviglia et al., 2011; Chamberlain et al., 2013; DeBose-Boyd et al.,
2001; Hansson et al., 2004; Sparks et al., 2016; Yamaguchi et al., 2003).

2. Materials and Methods

2.1 Reagents

McArdle-RH7777 (McA) rat hepatoma cells were obtained from American Type Culture
Collection (ATCC) and grown in DMEM with high glucose, 20% FBS, sodium pyruvate,
glutamine, penicillin, and streptomycin (normal growth media) for routine culturing. Trans-
nonachlor (>99% purity), oleic acid, sodium palmitate, Oil Red O stain, Janus Green stain,
and cell viability reagent (Cell Counting Kit-8) were obtained from Sigma Aldrich. Trans-
nonachlor stock solutions were made in dimethylsulfoxide (DMSO) at a 4000x
concentration to produce DMSO (0.025%) as the final DMSO concentration in vehicle
controls. 4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPY
500/510 C12; BODIPY-FA) was obtained from Life Technologies for use in fatty acid
uptake assays. 14C-acetate was purchased from Perkin Elmer for use in DNL assays.
TBARS, glutathione, p-hydroxybutyrate (B-HB), and triglyceride assay Kits were purchased
from Cayman Chemical.

2.2 Intracellular lipid accumulation

McA cells were exposed to trans-nonachlor to determine if exposure altered intracellular
lipid accumulation under normal growth conditions as previously performed (Howell 111 et
al., 2016). The concentration related effects of trans-nonachlor exposure on intracellular
lipid accumulation was determined by exposing cells (1.0 x 10° cells/ml) to vehicle (DMSO;
0.025%) or trans-nonachlor (0.02, 0.2, 2, 20, or 80 uM) for 24 hours in normal growth
media. Following exposure, cells were washed with PBS (pH 7.4) then either fixed with
10% buffered formalin for Oil Red O staining or were harvested in PBS for subsequent
intracellular triglyceride quantification. Intracellular triglyceride levels were determined per
the manufacturer’s protocol (Cayman Chemical) and expressed as umole TG/ug cellular
protein.

2.3 Free fatty acid-induced neutral lipid accumulation

The effects of trans-nonachlor on free fatty acid-induced neutral lipid accumulation as a
model for hepatic steatosis was performed as previously performed with minor
modifications (Howell 111 et al., 2016). Briefly, McA cells were exposed to either vehicle
(DMSO 0.025%) or trans-nonachlor (20 uM) in serum free media for 24 hours with or
without oleic acid (OA; 200 uM) and palmitic acid (PA; 100 uM) or fatty acid free bovine
serum albumin (BSA; 0.5%) to simulate extracellular free fatty acid-induced hepatic
steatosis (Araya et al., 2004; Gomez-Lechon et al., 2007). Following exposure, cells were
washed twice with PBS and fixed with 10% buffered formalin for Oil Red O staining.

2.4 Oil Red O staining

Following fixation, cell monolayers were subjected to Oil Red O staining as previously
performed (Howell and Mangum, 2011; Howell 111 et al., 2016). Briefly, cells were washed
with 60% isopropanol and Oil Red O stain (100 pl per well) was added for 15 minutes at
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room temperature. Cells were washed 4 times with deionized water then allowed to air dry
overnight. Intracellular Oil Red O stain was extracted with 100% isopropanol and the
absorbance (520 nm) measured to determine the amount of Oil Red O that was released
from the monolayer. To normalize for cell number following Oil Red O staining, cell
monolayers were stained with Janus Green for 5 minutes. Janus Green was extracted from
the cells with 0.5 N HCI and the absorbance was measured at 595 nm. Data are expressed as
the ratio of Oil Red O absorbance (520 nm) to Janus Green absorbance (595 nm) and
denoted as ORO/JG.

2.5 Fatty acid uptake assay

The effect of trans-nonachlor exposure on fatty acid uptake was determined in McA cells
following 24 hours of exposure to either vehicle (DMSO 0.025%) or trans-nonachlor (20
UM) as previously performed with minor modifications (Howell and Mangum, 2011; Howell
Il et al., 2016). Following 24 hours of exposure, cell media was removed and replaced with
serum free DMEM containing 0.2% fatty acid free BSA and 2.5 uM of 4,4-difluoro-5-
methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPY 500/510 C12; BODIPY-
FA; Molecular Probes) for 1 or 60 minutes as previously described (Howell and Mangum,
2011; Howell 111 et al., 2016). Cellular lysates were made in 0.2% SDS and the lysate
fluorescence intensity was determined at an excitation of 490 nm and emission of 510 nm.
Protein content of the lysate was measured by Bradford assay and data are expressed as fatty
acid RFU/pg protein.

2.6 Measurement of cellular fatty acid oxidation

Cellular p-hydroxybutyrate levels were measured as an index of cellular fatty acid oxidation
as previously performed (Howell 111 et al., 2016). Briefly, McA cells were treated with
vehicle or trans-nonachlor (20 uM) for 24 hours with fatty acid free BSA (0.5%) or OA (400
uM) stimulation for the last 8 hours in serum free growth media then cellular levels of B-
hydroxybutyrate, a metabolic by product of fatty acid oxidation which is widely measured as
an index of hepatic fatty acid oxidation, were determined per the manufacturer’s protocol
(Cayman Chemical) and data expressed as pmole/mg protein.

2.7 VLDL/triglyceride secretion assay

Trans-nonachlor mediated effects on VLDL secretion were determined as previously
performed with minor modifications (Howell 111 et al., 2016). Briefly, media triglyceride
concentrations were measured following exposure to trans-nonachlor (20 uM) or vehicle
(DMSO 0.025%) with oleic acid (OA; 400 uM) or fatty acid free BSA (0.5%) stimulation
for the last 8 hours of trans-nonachlor exposure. Following BSA or OA stimulation, 500 pl
of cell culture media was extracted via the Folch method and the organic phase was dried in
a speed-vac (Eppendorf). Dried lipids were resuspended in 100% methanol and subjected to
triglyceride measurement via commercially available colorimetric triglyceride assay
(Cayman Chemical). Data are expressed as pmole TG/mg of monolayer cellular lysate for
normalization.
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2.8 Cellular ApoB measurement by SDS-PAGE and Western Blot

To determine the effects of trans-nonachlor on cellular ApoB100 production, McA cells
were exposed to trans-nonachlor (0 or 20 uM) for 24 hours in serum free media containing
fatty acid free BSA (0.5%) with additional exposure to OA (400 uM) for the last 8 hours
then lysed in RIPA buffer with protease and phosphatase inhibitors for whole cell lysates.
Cellular proteins (50-75 pg/well) were separated by SDS-PAGE, transferred to PVDF
membranes, and subjected to immunoblot analysis with mouse anti-ApoB (Novus
Biologicals) primary antibody then goat anti-mouse HRP conjugated secondary antibody. B-
actin was used as a loading control. Proteins were visualized with chemiluminescent reagent
(Millipore) and digital images captured with the ChemiDoc XRS+ imaging system (Bio-
Rad). The integrated density of each band were determined using ImageJ (NIH) image
analysis software. ApoB100 integrated densities were normalized to B-actin integrated
density.

2.9 De novo lipogenesis assay

Trans-nonachlor mediated alterations in cellular DNL were determined as previously
performed with minor modifications (Howell et al., 2009; Howell 111 et al., 2016). Briefly,
McA cells were exposed to either vehicle (DMSO 0.025%) or trans-nonachlor (20 uM) for
24 hours in serum free DMEM containing fatty acid free BSA (0.5%) with or without
insulin stimulation (100 nM) for the final 8 hours. Following exposures, cells were then
treated with 2 uCi/ml 14C-acetate for 3 hours. After 14C acetate incubation, monolayers were
washed twice with ice cold PBS, scraped in 200 pl PBS, and total cellular lipids were
extracted with chloroform:methanol (2:1; 1 ml) via the Folch method (Folch et al., 1957).
Organic phase (600 pl per sample) radioactivity was measured by liquid scintillation
counting and expressed as counts per minute/mg cellular protein. Previous studies in our lab
have shown that the majority of 14C-acetate radioactivity in total cellular lipids is
incorporated into cellular triglyceride fractions (Howell et al., 2009).

2.10 Determination of cytotoxicity

The effects of trans-nonachlor on cellular viability was measured via commercially available
reagent (Cell Counting Kit-8; Sigma-Aldrich) as previously performed (Howell 111 et al.,
2016). Briefly, cells were treated for 24 hours with vehicle (DMSO 0.025%) or trans-
nonachlor (2, 20, and 80 uM) in phenol red free regular growth media then exposed to the
cell viability reagent for 2 hours which utilizes the water-soluble tetrazolium salt WST-8 [2-
(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium,monosodium salt]. This salt forms a water soluble formazan dye in the presence
of live cells and which was measured at 450 nm and data were expressed as the percent
viability of vehicle treated cells.

2.11 Assessment of oxidative stress

Both cellular lipid peroxidation and glutathione levels were measured to assess if exposure
to trans-nonachlor alters cellular oxidative stress and antioxidant capacities. Following
exposure to vehicle (DMSO 0.025%) or trans-nonachlor (20 uM) for 24 hours in normal
growth media, cellular levels of malondialdehyde (MDA), a widely used indicator of
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oxidative stress, was measured via thiobarbituric acid reactive substances (TBARS) assay
and cellular levels of glutathione were measured via the manufacturer’s protocol (Cayman
Chemical). Data were expressed as nmole MDA/mg protein for the TBARS assay and g

glutathione/mg protein.

2.12 Statistical analysis

3. Results

Data are expressed as the means + the standard error of the mean (SEM). For experiments
with three or more groups, data were analyzed with a one-way analysis of variance
(ANOVA) followed by a Tukey’s post hoc test (SigmaPlot 12.5) with pairwise comparisons.
In experiments with only two groups, data were analyzed by Student’s t-test. For
experiments with two different exposures, data were analyzed with a two-way ANOVA
followed by a Tukey’s post hoc test to determine if there was significant differences between
groups and potential interactions between exposures. A P-value less than or equal to 0.05
was considered the threshold of statistical significance.

3.1 Trans-nonachlor exposure increases intracellular neutral lipid accumulation

To determine if exposure to trans-nonachlor alters intracellular neutral lipid accumulation,
McA cells were exposed to trans-nonachlor (0.02-80 uM) for 24 hours in normal growth
media and subjected to Oil Red O staining as previously performed (Howell 111 et al., 2016).
Exposure to trans-nonachlor (20 and 80 uM) resulted in significant increases of neutral lipid
accumulation compared to vehicle (DMSO 0.025%; Figure 1A). Trans-nonachlor (20 uM;
0.37 £ 0.03 ORO/JG) significantly increased neutral lipid staining by 1.61-fold whereas the
highest concentration of transnonachlor (80 uM; 0.41 + 0.02 ORO/JG) significantly
increased neutral lipid staining by 1.78-fold compared to vehicle (0 uM; 0.23 + 0.03 ORO/
JG). There were no significant differences between the 20 UM and 80 pM concentrations of
trans-nonachlor suggesting a plateau in the steatotic effect. It should be noted that these
concentrations did not produce any significant cytotoxicity (Supplementary figure 1). Thus,
we utilized a concentration of 20 uM to confirm the neutral lipid stain was associated with
intracellular triglyceride accumulation and for subsequent studies examining trans-
nonachlor-mediated alterations of major cellular processes in hepatic lipid metabolism that
would promote hepatic steatosis.

To confirm that the observed Oil Red O staining was associated with intracellular
triglyceride accumulation, which is a hallmark of hepatic steatosis, cellular triglyceride
levels were determined following trans-nonachlor exposure for 24 hours in normal growth
media (Figure 1B). Trans-nonachlor (20 uM; 0.89 + 0.06 pmole/pg protein) significantly
increased intracellular triglyceride levels by 1.71-fold compared to vehicle (0 uM; 0.52

+ 0.04 umole/ug protein). Therefore, these data indicate the intracellular neutral lipid
staining is due at least in part to an increase in intracellular triglyceride accumulation.

3.2 Exposure to trans-nonachlor increases free fatty acid-induced lipid accumulation

In obesity and type 2 diabetic states, a common dyslipidemia that occurs is an elevation in
serum free fatty acids, which will promote hepatic steatosis. To determine if exposure to

Toxicol In Vitro. Author manuscript; available in PMC 2019 October 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Howell et al.

Page 7

trans-nonachlor would promote lipid accumulation in conditions that would mimic hepatic
steatosis in these disease states, McA cells were exposed to either vehicle or trans-nonachlor
(20 uM) for 24 hours in serum free media with or without treatment with a combination of
OA (200 pM) and PA (100 uM) to mimic free fatty acid-induced lipid accumulation (Figure
2A). Treatment with the OA/PA combination significantly increased neutral lipid staining by
3.17-fold compared to BSA treatment of vehicle cells (1.49 + 0.02 vs. 0.47 + 0.05 ORO/JG,
respectively). Interestingly, trans-nonachlor exposure in combination with OA/PA (1.75

+ 0.04 ORO/JG) increased this steatotic effect of OA/PA by 3.72-fold compared to BSA-
treated vehicle cells (0.47 £ 0.05 ORO/JG). Additionally, the increased in lipid accumulation
following trans-nonachlor exposure with OA/PA was significantly greater than that observed
in vehicle-exposed, OA/PA-treated cells. These data indicate that trans-nonachlor potentiates
free fatty acid-induced hepatocyte lipid accumulation.

Since increased free fatty acid uptake is a major mechanism through which hepatic steatosis
is induced, the effect of trans-nonachlor exposure on uptake and accumulation of Bodipy
labeled dodecanoic acid was determined as previously performed (Howell and Mangum,
2011; Howell 111 et al., 2016). Exposure to trans-nonachlor for 24 hours did not significantly
alter free fatty acid uptake at 1 minute following addition of the Bodipy labeled free fatty
acid (Figure 2B). However, trans-nonachlor exposure did significantly increase the
accumulation of labelled free fatty acid at 60 minutes (164.3 £ 5.9 RFU/ug protein) by 1.41-
fold following addition of the Bodipy labelled free fatty acid compared to vehicle exposed
cells after 60 minutes (116.2 + 5.4 RFU/ug protein). Based on our previous kinetic studies
with the Bodipy labeled free fatty acid, the current data indicate trans-nonachlor exposure
does not alter a saturable, transporter-mediated fatty acid uptake, but exacerbates free fatty
acid accumulation (Howell 111 et al., 2016).

3.3 Fatty acid oxidation is upregulated following trans-nonachlor exposure

To examine if alterations in fatty acid oxidation may mediate trans-nonachlor-induced
neutral lipid accumulation, McA cells were exposed to trans-nonachlor (0 or 20 pM) for 24
hours in serum free media with or without the addition of OA (400 uM) for the last 8 hours
of incubation then cellular levels of B-HB, a widely utilized cellular and systemic indicator
of fatty acid oxidation, was measured as an index of fatty acid degradation (Figure 3). As
anticipated, addition of OA significantly increased cellular levels of B-HB compared to
BSA-treated vehicle cells (1.41-fold; 1.35 + 0.03 pmole/ug protein vs. 0.96 + 0.13 umole/ug
protein, respectively). Trans-nonachlor exposure (1.55 + 0.22 umole/ug protein) significantly
increased cellular B-HB levels in BSA-treated vehicle cells by 1.62-fold and in OA-treated
cells (1.92 £ 0.1 pmole/ug protein) by 1.42-fold compared to their corresponding DMSO
vehicle treated controls. These data suggest that trans-nonachlor does not significantly
decrease either basal or stimulated fatty acid oxidation as a potential steatotic mechanism.

3.4 Exposure to trans-nonachlor does not alter triglyceride secretion

The effects of trans-nonachlor exposure on VLDL/triglyceride secretion was explored to
determine if decreased secretion might mediate trans-nonachlor-induced lipid accumulation.
McA cells were treated as described above for determination of fatty acid oxidation and
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media levels of triglyceride were determined as an index of VLDL secretion (Figure 4A).
Exposure to trans-nonachlor had no significant effects on media triglyceride levels.

As an additional indicator of VLDL stability and potential for secretion, the cellular levels of
ApoB100 were determined to examine if trans-nonachlor exposure alters ApoB100
production (Figure 4B). While exposure to trans-nonachlor did not significantly alter basal
levels of ApoB100, exposure did significantly decrease the slight increase in cellular
ApoB100 levels produced by treatment of vehicle-exposed cells with OA (400 uM) by 2-
fold (0.17 £ 0.04 vs. 0.34 + 0.06 ApoB/p-actin, respectively). Thus, the possibility arises
that trans-nonachlor exposure may act to destabilize cellular production of ApoB100.

3.5 Trans-nonachlor significantly increases cellular DNL

While elevated extracellular free fatty acids and resulting fatty acid accumulation play a
major role in the etiology of hepatic steatosis, DNL is the second largest source of
intracellular free fatty acid which can be esterified into triglycerides. Thus, the effect of
trans-nonachlor exposure on DNL was examined. McA cells were exposed to trans-
nonachlor (0 or 20 pM) in serum free media with or without insulin stimulation (100 nM)
for the final 8 hours of exposure followed by a lipogenic assay as previously performed
(Figure 5). Exposure to trans-nonachlor (290,568 + 19,316.8 cpm/mg protein) significantly
increased basal, but not insulin-stimulated, 14C acetate incorporation into total cellular lipids
by 1.36-fold compared to vehicle-treated cells (213,356 + 10,964.4 cpm/mg protein). These
data indicate trans-nonachlor-mediated DNL may contribute to trans-nonachlor mediated
neutral lipid accumulation.

3.6 Exposure to trans-nonachlor does not alter lipid peroxidation or cellular glutathione

levels

Alterations in cellular oxidative stress levels are well known to contribute to hepatic lipid
accumulation and resulting hepatic steatosis. Thus, effects of trans-nonachlor (0 or 20 uM)
on MDA levels and cellular glutathione levels were determined following 24 hours of
exposure (Supplementary figure 2). There were no significant alterations in either cellular
levels of MDA or glutathione indicating that trans-nonachlor exposure does not promote
oxidative stress as a mechanism through which it causes neutral lipid accumulation.

4. Discussion

Within the last decade, there is a growing body of evidence that implicates environmental
chemical exposures in the pathogenesis of obesity, insulin resistance, and subsequent type 2
diabetes as well as atherosclerosis (Heindel et al., 2017). Among the most highly implicated
classes of chemicals in these epidemiological studies are the OC pesticides or their
metabolites and the PCBs. In support of these epidemiological studies, recent in vivo and in
vitro studies have demonstrated exposure to OC pesticides or PCBs alone or in a mixture can
promote hepatic steatosis and alterations in systemic lipid profiles (Ibrahim et al., 2011;
Mulligan et al., 2017; Ruzzin et al., 2010; Wahlang et al., 2013). However, the contribution
of individual compounds in these chemical groups has not been fully elucidated. Therefore,
the goal of the present study was to examine the effects of direct cellular exposure to the OC
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compound, trans-nonachlor, on hepatocyte lipid metabolism as a potential chemical inducer
of NAFLD.

In the current study, we utilized rat McA cells as a model of hepatocyte function due to the
fact they have been widely used to examine various aspects of cellular lipid metabolism
including lipogenesis and lipid secretion. Specifically, McA cells have been used in studies
examining mechanisms governing VLDL secretion and ApoB regulation because they
secrete triglyceride laden VLDL and ApoB in a manner which is similar to that observed in
primary hepatocytes (Caviglia et al., 2011; Chamberlain et al., 2013; Sparks et al., 2016;
Yamaguchi et al., 2003). In addition, McA cells have been shown to have a lipogenic drive
which more closely represents that of the intact liver or freshly isolated hepatocytes in that
McA cells express the insulin-sensitive lipogenic mediator sterol response element binding
protein-1c (Srebp-1c), which is present in intact liver and freshly isolated primary
hepatocytes, as compared to Srebp-1a, which is present in the majority of immortalized
hepatocyte/hepatoma cell lines (DeBose-Boyd et al., 2001; Shimomura et al., 1997).
However, McA cells have been shown to have increased fatty acid uptake compared to
primary hepatocytes (Hansson et al., 2004). Thus, the presently observed trans-nonachlor-
mediated alterations in fatty acid uptake/accumulation and lipogenesis need to be confirmed
in a primary hepatocyte culture system in future studies.

In the Fourth National Report on Human Exposure to Environmental Chemicals, the mean
lipid adjusted serum concentrations of trans-nonachlor were between 41 to 31 nM (18.3 to
14.7 ng/g) for the years 2000 to 2004 (CDC, 2009). However, there are wide variations in
serum and tissue concentrations of this compound and other POPs due to geographic
location and prevalence of compound use. For instance, the serum concentrations of DDT, a
similar bioaccumulative OC compound, was 743 ng/ml or 2.1 uM in Northeast India (Mishra
etal., 2011). In addition, the lipophilic nature of these compounds allows for selective
bioaccumulation in tissues such as the adipose and liver. Thus, hepatic levels may be higher
than those measured in blood with bioaccumulation over time. Our current data utilized a
concentration range in the low micromolar range with a 24-hour duration of exposure to
establish steatotic potential and utilized the lowest tested concentration of trans-nonachlor
(20 uM) that demonstrated significant steatosis to explore potential physiological
mechanisms. This concentration is similar to those used in recent in vitro studies to explore
cellular mechanisms governing the effects of trans-nonachlor exposure on EGFR activity in
HepG2 cells where 10 uM was utilized and the effects of exposure on generation of reactive
oxygen species in THP1 macrophages where 10 uM was primarily utilized (Hardesty et al.,
2018; Mangum et al., 2015).

Our current data demonstrate exposure to trans-nonachlor produces a concentration-
dependent increase in hepatocyte neutral lipid accumulation which is due, at least in part, to
increased intracellular triglyceride accumulation. Recent in vivo studies have demonstrated
exposure to contaminated fish oil containing a mixture of persistent organic pollutants
(POPs), containing both OC pesticides including trans-nonachlor and PCBs, exacerbated
high fat diet-induced steatosis in rodent models (Ibrahim et al., 2011; Ruzzin et al., 2010).
Additional studies in our lab have demonstrated that a defined mixture of prevalent POPs
found in contaminated fish oil, including the five most prevalent OC pesticides and the five
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most prevalent PCBs, exacerbated hepatic steatosis in a genetically-induced model of
obesity and type 2 diabetes, the ob/0b mouse (Mulligan et al., 2017). In vivo studies utilizing
only trans-nonachlor determined that chronic oral exposure increases liver weight due in part
to hepatocyte hypertrophy and increased triglyceride content (Bondy et al., 2004; Bondy et
al., 2000). Therefore, these data indicate exposure to trans-nonachlor, either alone or as part
of a mixture, has the potential to promote hepatic lipid accumulation and this accumulation
can occur through direct cellular effects on the hepatocyte.

As previously mentioned, studies by Bondy et al. (2004) demonstrated chronic exposure to
trans-nonachlor produced hepatocyte hypertrophy which was associated with increased
oxidative stress as indicated by increased TBARS reactivity and decreased superoxide
dismutase activities in male rats (Bondy et al., 2004). Our current data demonstrate
hepatocyte lipid accumulation without a significant increase in TBARS reactivity or
decrease in cellular glutathione indicating a lack of oxidative stress in our in vitro model.
Thus, the possibility arises that the increased oxidative stress observed in vivo may be due to
a pro-inflammatory state of the intact organ. Mangum et al (2015) recently demonstrated
that exposure to trans-nonachlor can promote oxidative stress in a human monocyte/
macrophage model and thus may increase the inflammatory tone in a whole organ system
(Mangum et al., 2015)

Donnelly et al. (2005) demonstrated extracellular free fatty acids are the major source of
fatty acids for esterification into intracellular triglyceride in patients with NAFLD (Donnelly
et al., 2005). Therefore, we explored the effects of trans-nonachlor exposure on hepatocyte
neutral lipid accumulation under conditions of elevated free fatty acids (OA/PA ina 2:1
ratio) which would recapitulate the fatty acid ratio used to model NAFLD in vitro (Gomez-
Lechon et al., 2007). Interestingly, trans-nonachlor exposure significantly increased free
fatty acid-induced neutral lipid accumulation compared to vehicle-exposed cells. These data
indicate exposure to trans-nonachlor may exacerbate hepatic steatosis under conditions of
elevated circulating free fatty acid levels which is a common dyslipidemia associated with
obesity and type 2 diabetes.

Based on our current data, it appears exposure to trans-nonachlor does not alter rapid
transporter-mediated free fatty acid uptake. Prior Kinetic studies in our lab have
demonstrated that the Bodipy labeled fatty acid compound displays a biphasic uptake profile
consisting of a rapid cellular uptake phase up to 1 minute following exposure then a gradual
linear accumulation phase from 1 minute to 60 minutes (Howell 111 et al., 2016). The rapid
uptake phase is reflective of unsaturated, transporter mediated uptake whereas the linear
accumulation phase is most likely a balanced product of fatty acid cycling through the
cellular processes of fatty acid uptake, oxidation, and secretion (Abumrad et al., 1998; Berk
and Stump, 1999). Trans-nonachlor exposure significantly increased Bodipy labeled
dodecanoic acid accumulation following 60 minutes of free fatty acid treatment. Therefore,
we anticipate this increase in labeled fatty acid accumulation to be associated with either
decreased fatty acid oxidation or decreased fatty acid secretion in the form of triglyceride
laden VLDL [for review see (Angulo, 2002; Marchesini et al., 2001; Marchesini et al.,
2003)].
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Interestingly, exposure to trans-nonachlor significantly increased, not decreased, cellular
fatty acid degradation as indicated by increased cellular B-HB levels under basal and OA-
stimulated conditions. Thus, it appears trans-nonachlor does not significantly decrease
cellular fatty acid degradation/oxidation in McA cells as a steatotic mechanism.
Additionally, trans-nonachlor had no effect extracellular triglyceride levels as an index of
triglyceride laden VLDL secretion. This effect on extracellular triglyceride is in contrast to
those observed for another highly prevalent OC pesticide, DDE, in which extracellular
triglyceride levels were elevated under basal and OA-stimulated conditions (Ward et al.,
2016). It should be noted that intracellular ApoB levels following OA stimulation were
significantly decreased by exposure to trans-nonachlor in the present study. This decrease
could be reflective of decreased ApoB lipidation and resulting stability which will be
explored in future studies (Cardozo et al., 2002; Rutledge et al., 2010).

While extracellular fatty acids are the primary source of intracellular free fatty acids in
NAFLD, hepatic DNL is the second major source of free fatty acids for esterification in
NAFLD and this process is upregulated in type 2 diabetes by hyperinsulinemia (Donnelly et
al., 2005; Marchesini et al., 1999; Utzschneider and Kahn, 2006). Therefore, we determined
the effects of trans-nonachlor exposure on basal and insulin-induced DNL as previously
performed (Howell et al., 2009; Howell 111 et al., 2016). Exposure to trans-nonachlor
significantly increased 14C-acetate incorporation into total cellular lipids under basal
conditions but did not significantly enhance insulin-stimulated incorporation. Our previous
studies indicate that the majority of radiolabeled acetate is incorporated into the triglyceride
fraction of total cellular lipids (Howell et al., 2009). Thus, these data indicate upregulation
of hepatic lipogenesis following exposure to trans-nonachlor may contribute to the increased
neutral lipid accumulation by providing free fatty acids for esterification. Future studies will
be designed to determine the molecular machinery involved in trans-nonachlor mediated
lipogenesis and to dissect the overall contribution of DNL to the currently observed pro-
steatotic effect of trans-nonachlor exposure.

In summary, the current study has demonstrated that direct exposure to the highly prevalent
OC compound trans-nonachlor can promote intracellular neutral lipid accumulation due to
increased intracellular triglyceride levels in a rat hepatoma cell model. This steatotic effect is
associated with increased free fatty acid accumulation, increased DNL, and increased fatty
acid oxidation which may be a compensatory mechanism stemming from elevated
intracellular free fatty acid levels. These data shed light on the cellular mechanisms that may
govern the pro-steatotic potential of trans-nonachlor as well as further our current
understanding of the metabolic alterations which may stem from environmental exposures to
OC compounds that have been implicated in the pathogenesis of obesity and type 2 diabetes.
Future studies should determine if this direct, pro-steatotic effect of trans-nonachlor occurs
in primary hepatocytes as an “ex vivo” model in addition to in vivo studies examining the
hepatic effects of trans-nonachlor exposure in normal and NAFLD models to determine if
trans-nonachlor exacerbates disease status.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Trans-nonachlor exposure promotes a concentration dependent increase in
neutral lipid accumulation in McArdle-RH7777 cells

. Extracellular free fatty acid-induced lipid accumulation is increased by trans-
nonachlor
. Exposure to trans-nonachlor significantly increases Bodipy-labeled

dodecanoic acid accumulation

. Trans-nonachlor significantly increases cellular de novo lipogenesis
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Figure 1.
Exposure to trans-nonachlor increases intracellular neutral lipid accumulation. McA cells

were exposed to trans-nonachlor (0-80 uM) for 24 hours then subjected to Oil Red O
staining for (A.) neutral lipid accumulation or to trans-nonachlor (0 or 20 uM) for (B.)
cellular triglyceride measurement. Data represent the mean + SEM of n=8/group for Oil Red
O and n=5/group for triglyceride measurement. Data analysis was performed by one-way
ANOVA with Tukey’s post hoc test in figure 1A and by Student’s t-test in figure 1B.
*P<0.05 vs. vehicle; #P<0.05 vs. 2 uyM
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Figure 2.

Trans-nonachlor exposure significantly increases free fatty acid accumulation. McA cells
were treated with trans-nonachlor (0 or 20 uM) for 24 hours in serum free media with or
without OA/PA for the final 8 hours then subjected to Oil Red O staining (A.) or with
Bodipy labeled dodecanoic acid for 1 minute or 60 minutes (B.). Data represent the mean +
SEM of n=7-8/group for figure 2A and of n=8/group for figure 2B. Data analysis was
performed by two-way ANOVA with Tukey’s post hoc test. *P<0.05 vs. vehicle + BSA and
#P<0.05 vs. vehicle + OA/PA in figure 2A. *P<0.05 vs. vehicle @ 1 minute and #P<0.05 vs.

vehicle @ 60 minutes in figure 2B.
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Figure 3.

Fatty acid oxidation is increased following trans-nonachlor exposure. McA cells were
exposed to trans-nonachlor (0 or 20 uM) for 24 hours in serum free media with or without
OA for the final 8 hours then cellular B-HB levels were determined. Data represent the mean
+ SEM of 5-6/group and were analyzed by two-way ANOVA with Tukey’s post hoc test.
*P<0.05 vs. vehicle + BSA; #P<0.05 vs. vehicle + OA
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Figure 4.
Exposure to trans-nonachlor decreases cellular ApoB levels. McA cells were exposed to

trans-nonachlor (0 or 20 uM) for 24 hours in serum free media with or without OA for the
final 8 hours then (A.) media triglyceride levels and (B.) cellular ApoB levels were
determined. Data represent the mean + SEM of n=6/group and were analyzed by two-way
ANOVA with Tukey’s post hoc test. #P<0.05 vs. vehicle + OA
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Figure 5.

Trans-nonachlor significantly increased de novo lipogenesis. McA cells were exposed to
trans-nonachlor (0 or 20 uM) for 24 hours in serum free media with or without insulin
stimulation for the final 8 hours then lipogenesis was determined by 14C-acetate
incorporation into total cellular lipids. Data represent the mean + SEM of n=4/group and
were analyzed by two-way ANOVA with Tukey’s post hoc test. *P<0.05 vs. vehicle without
insulin
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