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Abstract: Dichlorodiphenyldichloroethylene (DDE), the primary persistent metabolite of dichlorodiphenyl-
trichloroethane (DDT), has toxic effects on cells, but its dose-dependent impact on mitochondrial pro-
teins involved in mitochondrial fusion and fission processes associated with cell viability impairment
has not yet been analysed. Mitochondrial fusion and fission processes are critical to maintaining
the mitochondrial network and allowing the cell to respond to external stressors such as environmental pol-
lutants. Fusion processes are associated with optimizing mitochondrial function, whereas fission processes
are associated with removing damaged mitochondria. We assessed the effects of different DDE doses,
ranging between 0.5 and 100 1M, on cell viability and mitochondrial fusion/fission proteins in an in vitro
hepatic cell model (human hepatocarcinomatous cells, HepG2); the DDE induced a decrease in cell vi-
ability in a dose-dependent manner, and its effect was enhanced in conditions of coincubation with
dietary fatty acids. Fusion protein markers exhibited an inverted U-shape dose-response curve, showing
the highest content in the 2.5-25 uM DDE dose range. The fission protein marker was found to increase
significantly, leading to an increased fission/fusion ratio with high DDE doses. The low DDE doses elicited
cell adaption by stimulating mitochondrial dynamics machinery, whereas high DDE doses induced cell
viability loss associated with mitochondrial dynamics to shift toward fission. Present results are helpful to
clarify the mechanisms underlying the cell fate towards survival or death in response to increasing doses
of environmental pollutants.
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1. Introduction

Mitochondria are vital organelles involved in ATP production and in regulating
apoptotic and necrotic cell death [1-3]. Suitable mitochondrial quality should be main-
tained in cells to avoid metabolic alterations and cell death [4,5]. Mitochondrial toxicity
is a crucial determinant in pathogenesis and/or biological adaptation to various chemical
exposures [6]. They represent the primary or secondary site of action of several chem-
ical compounds, which can induce an increase in the reactive oxygen/nitrogen species
(ROS/RNS) levels in cells [1,7-18]. Therefore, an area of rapid research growth could be rep-
resented by studies analyzing the mechanisms by which different environmental chemical
compounds could affect mitochondria and cellular redox homeostasis. Dichlorodiphenyl
trichloroethane (DDT) and its primary metabolite, dichlorodiphenyldicloroethene (DDE),
are organochlorine pesticides that act as endocrine-disrupting chemicals. They induce
hormonal and metabolic disorders and impair mitochondrial bioenergetics [19,20]. DDT

Toxics 2021, 9, 270. https:/ /doi.org/10.3390/toxics9110270

https:/ /www.mdpi.com/journal/toxics


https://www.mdpi.com/journal/toxics
https://www.mdpi.com
https://orcid.org/0000-0001-5558-278X
https://orcid.org/0000-0002-8820-4694
https://orcid.org/0000-0003-2188-3829
https://orcid.org/0000-0001-5521-1970
https://orcid.org/0000-0001-6776-0467
https://orcid.org/0000-0002-0066-2421
https://orcid.org/0000-0002-4059-8030
https://doi.org/10.3390/toxics9110270
https://doi.org/10.3390/toxics9110270
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/toxics9110270
https://www.mdpi.com/journal/toxics
https://www.mdpi.com/article/10.3390/toxics9110270?type=check_update&version=1

Toxics 2021, 9, 270

20f19

was primarily used to control malaria cases during the Second World War and the post-
war period. Given its efficiency as a chemical insecticide, DDT utilization was massively
extended to agriculture, leading to an accumulation in soil, water surface and other environ-
mental compartments [21,22]. DDT for agriculture has been banned in different countries
due to its adverse effects on wildlife and its risk for human health. However, WHO still
encourages DDT use for sanitary purposes in equatorial world zones where malaria cases
persist and are endemic [23]. Given its lipophilic property, human exposure to DDT is
mainly associated with consuming contaminated fatty foods (such as fish, milk, and fat
meat) [24]. DDT and DDE can be biomagnified in the food chain [25] and bicaccumu-
lated into adipose tissue and liver [26-28]. According to the US National Cancer Institute
(NCI), the liver seems to be the main target organ of DDE in mammalian species [29],
probably due to the high sensitivity of hepatic cells towards xenobiotics exposure [27].
Moreover, metabolic detoxification processes mainly take place in hepatocytes [30,31]
by involving the endoplasmic reticulum (ER), mitochondria, and lysosomes [32]. Mito-
chondrial bioenergetics injury by DDT and DDE exposure has been reported in humans
and wildlife [20]. Indeed, DDT and DDE impaired the mitochondrial respiratory chain
and, consequently, ATP production [20]. Moreover, impairments in protein content and
enzymatical activity of cytosolic and mitochondrial antioxidant enzymes were associated
with DDT/DDE exposure [17,33,34]. Mitochondrial dysfunction has been associated with
an elevation in ROS generation, a decrease in mitochondrial membrane potential, and
a release of cytochrome c (cyt c) into the cytosol, leading to apoptosis [35-38] and inducing
insulin-resistance/diabetes onset [39-44].

Mitochondria can use several mechanisms to maintain their physiological home-
ostasis [1,3,45]. Mitochondrial dynamic behaviour, i.e., the balance between fusion and
fission processes, plays a key role in cell survival [46,47]. Impairments in mitochon-
drial dynamics have been associated with mitochondrial functional defects and many
diseases, including nervous system impairment, endothelial dysfunction and insulin re-
sistance/diabetes [48-50]. Dynamics machinery involves different proteins in complete
fusion or fission processes. Regarding the fusion process, two different mitochondrial
GTPases, mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) are involved in mitochondrial outer
membrane fusion. On the other hand, mitochondrial inner membrane fusion is regulated by
the GTPase Optical Atrophy 1 (Opal), which is also involved in the mitochondrial cristae
remodeling and the regulation of apoptosis [51]. Concerning the fission process, this mech-
anism is mainly mediated by the dynamin-related proteinl (DRP1), a cytosolic GTPase that
interacts with a mitochondrial receptor protein known as fission protein 1 (Fis1), which
forms a ring around mitochondria to induce fragmentation [46,52,53]. Fusion and fission
events play a crucial role in cells to maintain lifespan and mitochondrial health. The exchange
of materials between healthy mitochondria can occur through the fusion process [47,52],
whereas fission processes are helpful to segregate and eliminate damaged mitochondria
or a part of them. Moreover, organelles” fragmentation ensures their distribution into
the cells during cell division, and is helpful to guarantee ATP requirement [54]. These
two-linked sets of opposed dynamic processes are critical to maintain mitochondrial redis-
tribution and network and to allow the cell to respond to its ever-changing physiological
conditions [46,47,55]. Experimental evidence has shown that mitochondrial dynamics
could be regulated by several factors and/or diseases, such as inflammatory events, cancer,
nutrients, and chemical stressors [56-58]. As far as we know, the effect of DDE on mito-
chondrial proteins involved in mitochondrial dynamic processes in the frame of adaptive
or toxic response to different pesticide doses has not yet been analysed. The main aim of
the present study was to analyze the dose-dependent response to DDE exposition in terms
of cell viability, mitochondrial protein fusion, and fission content in the human hepato-
carcinoma cell line (HepG2). Scientists consider this cellular model suitable for in vitro
studies on hepatic toxicology [59,60]. Firstly, we analysed the effect of a wide range of
DDE doses on cell viability. Given DDE lipophilic property, we also analysed the effect
of DDE in association with diverse dietary fatty acids (i.e., palmitate as a saturated fatty
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acid, oleate as a monounsaturated fatty acid, and omega 3 fatty acids mixture as polyun-
saturated fatty acids) on cell viability and lipid accumulation. Then, we focused our
attention on the dose-dependent response to DDE exposure in terms of the content of
protein involved in mitochondrial dynamic behaviour, including the fusion proteins Mfn2
and Opal and the fission protein DRP1 to analyze a protein marker for outer mitochondrial
membrane fusion, inner mitochondrial membrane fusion or mitochondrial fission, respec-
tively. We also analysed the contents of a protein linked to mitochondrial function and
dynamics, such as glucose-regulated protein 75 (GRP75), a molecular chaperone involved
in mitochondria-ER communication [61], and the mitochondrial superoxide dismutase
isoform 2 (SOD2) involved in the cellular response to oxidative stress [18]. The present
work showed a dose-dependent decrease in cell viability associated with an adaptive
mitochondrial response showing a pro-survival function in response to low DDE doses,
but mitochondrial fragmentation and loss of cell viability in response to high DDE doses.

2. Materials and Methods
2.1. Cell Culture and Treatments

A HepG2 cell line was cultured in Minimum Essential Medium supplemented with
10% (v/v) fetal bovine serum, 1% (v/v) non-essential amino acids, 0.2 mM L-glutamine,
50 U/mL penicillin and 50 pg/mL streptomycin (Invitrogen SRL, Milan, Italy). Cells
were maintained at 37 °C in a 5% COy, 95% air-humidified atmosphere and passaged
twice a week. To perform treatments with DDE, cells were seeded at the density of
4.0 x 104/cm? and cultured for 24 h before stimulation. A stock solution of DDE was
prepared by dissolving the pesticide in dimethyl-sulfoxide (DMSO). In each treatment,
the final concentration of DMSO in the culture medium was 0.1%, which represents a
non-toxic concentration for hepatocytes [62]. Cells were exposed to DDE for 24 h by using
a wide range of concentrations (0.5 uM; 1 uM; 2.5uM; 5 uM; 10 uM; 25 pM; 50 uM and
100 uM). In a previous study on DDE effect on HepG2 cells [63], it has been reported that
the range of DDE concentrations among 1 and 100 pM approximate to levels of p,p-DDE
found in serum, breast milk, liver, or adipose tissues of people exposed to DDT [63-65].

A control group of cells (no-DDE treated group) was only treated with DMSO
(0.1%). In the coincubation experiments with fatty acids, cells were co-treated for 24 h
with the different doses of DDE and 250 uM of palmitate, oleate or eicosapentaenoic acid
(EPA) + docosahexaenoic acid (DHA) 1:1 mixture.

2.2. Fatty Acid-BSA Conjunction Preparation

Oleate and Palmitate (Merck) 40 mM stock solutions were prepared by dissolving
fatty acids in NaOH 0.1 M at 70 °C for 15 min under stirring. A 10% BSA fatty acid-free
(Sigma-Aldrich, St. Louis, MO, USA) solution was dissolved at 55° in NaCl 0.9% and mixed
to fatty acid solutions 4:1 v/v, respectively. The resulting 8 mM fatty acid stock solutions
were filtered using a syringe equipped to filter (0.2 um), aliquoted and stored at —20 °C.
Concerning EPA and DHA (Merck, Kenilworth, NJ, USA), 40 mM stock solutions were
prepared by dissolving fatty acids in methanol as indicated by the manufacturer and mixed
1:1 v/v to obtain a stock solution EPA + DHA. Then, fatty acids were co-incubated with
BSA in a culture medium. The final fatty acids concentration used in the study (250 pM)
was freshly prepared in a cell culture medium at the time of the treatments.

2.3. Cell Viability

The cytotoxicity was assessed by a 3-(4,5-dime-thylthiazol-2-yl)-2,5-diphenylte-trazolium
(MTT) assay. This technique is based on the enzymatic conversion of MTT in mitochon-
dria [66]. To assess cell viability in the presence of DDE, after DDE treatment for 24 h,
0.5 mg/mL of MTT was added to the cell medium and incubated for 1.5 h at 37 °C to allow
MTT to be metabolized. The resulting formazan crystals were dissolved in 100 uL/well
DMSO, as previously reported [67], and the absorbance of the resulting suspension was
measured at 595 and 655 nm to subtract the background in each sample. Then, the percent-
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age of cytotoxicity in treated cells was calculated according to the following equation: cyto-
toxicity (%) = (OD control group — OD treatment group)/OD control group x 100% [68].
MTT analysis was performed by using three different control groups of cells: non-treated
cells (NT); DMSO-stimulated cells (used as the control group for DDE stimuli); BSA treated
cells (used as the control group for fatty acids).

2.4. Western-Blot

Western blot analysis was performed as previously described [69]. The following
primary antibodies were used: Mfn2 (sc-100560, 1:1000; Santa Cruz Biotechnology, Dallas,
TX, USA); Opal (sc-30572, 1: 1000, Santa Cruz Biotechnology); DRP1 (sc-3298, 1:1000; Santa
Cruz Biotechnology); SOD2 (PA5-30604, 1:1000, Thermo Scientific, Waltham, MA, USA);
GRP75 (sc-13967, 1:2000; Santa Cruz Biotechnology). GAPDH (ab8245, 1:2000, Abcam,
Cambridge, UK) was used as a loading control guide to normalize protein levels in samples.
Appropriate secondary antibody anti-mouse, anti-rabbit (1:10,000; Bio-Rad Laboratories,
Hercules, CA, USA) or anti-goat (1:5000, Santa Cruz Biotechnology) were used.

2.5. Oil Red-O Staining

Oil red stain quantitative (spectrophotometric) and qualitative (microscopic) analyses
were performed using a classic protocol to detect lipid droplets in cells [70]. Briefly,
after treatment, cells were washed in PBS at 37 °C, fixed in 4% PFA for 45 min at room
temperature, washed two-time with distilled water and stained as indicated by Oil-Red-O
conventional protocols. To quantify oil-Red O accumulated in cells, the stain was extracted
from lipid droplets by using isopropanol 100% and measured by using a 96 well plate reader
at 490 nm. Quantitative and qualitative analyses were compared to non-stimulated cells.

2.6. Statistics

All data were expressed as median with range (n = 3) or interquartile of range (1 > 3).
Each experiment was performed in biological triplicate (n = 3) or more (n > 3). Technical
replicates (1 to 3 replicates) of the same biological samples were also performed. One-way
ANOVA test followed by Bonferroni’s post hoc test was used to test significant differences
(GraphPad Software Inc., San Diego, CA, USA). Differences were considered statistically
significant with a p-value < 0.05.

3. Results
3.1. Dose-Dependent Effect of DDE on Cell Viability

A dose-dependent decrease in cell viability was observed. No significant effect was
found in the presence of low DDE doses up to 5 pM, whereas significant decreases in cell
viability with values of 64% and 46%, compared to control cells (100%), were observed
with high DDE doses (50 uM and 100 puM, respectively) (Figure 1A). Cell viability was
also assessed in the presence of fatty acids. Compared to control, cells treated with
m of palmitate or oleate reduced their viability values to 71% and 76%, respectively
(Figure 1B,C), whereas cells treated with 250 uM EPA + DHA mixture did not show any
changes in viability (Figure 1D). Moreover, cells cotreated with fatty acids and increasing
DDE dose exhibited a higher dose-dependent reduction in viability compared to cells only
treated with DDE. Cells co-treated with 250 uM of palmitate and different doses of DDE
showed a significant dose-dependent decrease in cell viability starting with low doses, and
showing values of 43%, 33% and 28% with 2.5 uM, 5 uM, and 100 uM DDE, respectively,
compared to control cells (100%) (Figure 1B). A similar trend was observed with oleate
coincubation, but with a lower degree of toxicity: cell viability was reduced to the values
of 66%, 55% and 37% with 2.5 uM, 5 pM, and 100 uM DDE, respectively (Figure 1C). Dose-
dependent decreases in cell viability values were less marked, mainly with high DDE doses
when cells were cotreated with EPA + DHA mixture (54%, 56% and 47% values with 2.5, 5
and 100 uM DDE dose, respectively) (Figure 1D).
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Figure 1. HepG2 cellular viability. Data were obtained stimulating cells with different doses of DDE
(0.5 uM, 1 uM, 2.5uM, 5 uM, 10 uM,25 uM, 50 uM and 100 uM) (A) or with DDE in association with
palmitate (250 uM) (B), oleate (250 uM) (C), or EPA + DHA (1:1) mixture (250 uM) (D). Results were
graphically represented as median with range (B) or with interquartile or range (A,C,D) for 3 or
4 biological replicates. Statistical analyses were performed using GraphPad Prism software. One-way
ANOVA analysis was followed by Bonferroni’s post-hoc test: different letters indicate statistically
different values.

3.2. Dose-Dependent Effect of DDE on Lipid Depots in Cells Cotreated with Dietary Fatty Acids

Qualitative and quantitative tests were performed using the oil-Red O method to detect
total intracellular lipid accumulation in cells treated with DDE alone or associated with
fatty acids. In a recent work, we analysed the time- and dose-dependent effect of palmitate
or oleate on lipid accumulation and cell viability in HepG2 cells [71]. We showed that
a significant changes in lipid depots and cell viability were observed in cells treated with
250 uM of fatty acids for 24 h, whereas lower doses did not induce significant effects [71].
Therefore, in the present work we decided to use the dose of 250 uM for fatty acids to analyze
the possible effect of DDE on lipid depots induced by fat-treatments. In cells treated only
with DDE, microscopic (Figure 2A) and spectrophotometric (Figure 2B) analyses did not
show any changes in lipid accumulation between DDE-treated and DMSO-treated cells. As
expected, lipid content significantly increased in the presence of fatty acids. Cells treated
with 250 uM of palmitate (Figure 3.4), oleate (Figure 4) or EPA + DHA mixture (1:1) (Figure 5)
increased lipid content by 52%, 72% and 98%, respectively, compared to control cells. Mi-
croscopy images showed that intracellular fat depots increased with the increasing degree
of fatty acid unsaturation and that EPA + DHA treated cells exhibited the highest oil red
staining. A slight progressive reduction in intracellular fat content in cells cotreated with
fatty acids was observed in response to increasing DDE doses. Cells treated with 250 uM of
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palmitate and increasing doses of DDE, showed a dose-dependent decrease in fat depots,
with an increase in fat content of 43% and 26% with 0.5 and 100 uM DDE, respectively, com-
pared to control (Figure 3.4B,C), whereas palmitate alone induced a 52% increase. A similar
trend was observed with oleate, with an increase of 63% and 33% in fat content with 0.5
and 100 uM DDE, respectively, compared to control (Figure 4B,C), whereas oleate alone
induced a 72% increase. DDE dose-dependent increase in the intracellular fat depot was
lower in the presence of EPA + DHA mixture with an increase of 83% and 43 % with 0.5 and
100 uM DDE, respectively, compared to control (Figure 5B,C), whereas EPA + DHA mixture
alone induced a 98% increase.

3.3. Dose-Dependent Dffect of DDE on Mitochondrial Content of Proteins Involved in Fusion and
Fission Processes

To evaluate the dose-dependent effect of DDE on mitochondrial dynamic machinery,
western blot analysis was performed to measure cellular contents of proteins involved in
mitochondrial fusion and fission processes, namely Mfn2 and Opal, as a marker of outer
and inner mitochondrial membrane, respectively, and DRP1 as a fission marker. Figure 6
shows that Mfn2 content significantly increased in response to DDE in a dose-dependent
manner, reaching the highest increases (about +35%) in the 2.5-25 uM DDE dose range
compared to control cells. However, Mfn2 contents progressively decreased with high
DDE doses and reached the value of the control cells with the highest DDE dose (100 uM).
Therefore, the dose-dependent response of Mfn2 content to DDE showed an inverted U-
shape pattern (Figure 6A). In line with Mfn2 protein levels, Opal protein content described
a similar inverted U-shape pattern (Figure 6B) and reached the highest increase (about
+25%) in the 2.5-25 uM DDE range.

144
]
)
DMsO 05 1 RS
£z
o >
Qe TT
° [3
Q
2
= © 0.8+
o=z
25 5 10 S
P 0 T T
L PP L P LSS
M T S
F ¥ T PSS
P.p DDE concentration [uM]
25 . 50 100

Figure 2. Total lipid content in response to different doses of DDE. Qualitative (A) and quantitative
(B) analyses of total lipid content were performed using Oil-Red O staining. Panel (A) showed
representative images of lipid droplets accumulated in cells after exposure to DMSO and DDE-
doses. Original image magnification used: 40x. Panel (B) showed Oil-Red O quantification mea-
sured spectrophotometrically (490 nm). Data were graphically represented as median with range
for 3 biological replicates.

As for fission marker DRP1, the relative protein content described a progressive-increase
pattern in response to DDE concentrations up to the dose of 50 uM, with a significant increase
(+45%) in the 5-50 uM range compared to control cells. On the other hand, the increase in DRP1
content was about +18% in cells treated with 100 uM of DDE (Figure 7). Therefore, the dose-
response curve of DRP1 to increasing doses of DDE also showed an inverted U-shape pattern,
with the highest point shifted towards higher doses than Mfn2 and Opal dose-response curves.
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Figure 3. Total lipid content in response to different doses of DDE co-incubated with palmitate.
(A) representative images of lipid depots in control cells (NT, DMSO, BSA); (B) representative
images of cells treated with palmitate or with palmitate and increasing DDE doses. Original image
magnification used: 40 x. Quantitative analyses were obtained quantifying oil Red-O accumulation
in cells. Oil-Red O quantifications were measured spectrophotometrically (490 nm). Data graphically
represented as median with interquartile of range for 4 biological replicates (C). Three different
control groups of cells were tested (non-treated cells, NT; DMSO and BSA) to evaluate the specific
effect of DDE on fatty acid deposition. Statistical analyses were performed by using GraphPad Prism
software. One-way ANOVA analysis followed by Bonferroni’s post-hoc test: different letters indicate
statistically different values.

3.4. Dose-Dependent Effect of DDE on Mitochondrial Antioxidant Enzyme SOD2 and
Mitochondria-ER Chaperone GRP75

To study the effects of DDE on the mitochondrial antioxidant system, we analyzed
the levels of mitochondrial enzyme SOD2 on total cell lysates. Results showed a pro-
gressive dose-dependent reduction in SOD2 protein content with a significant decrease
(—25%) with the highest DDE dose (100 pM), compared to DMSO treated cells (Figure 8).
Analyses of GRP75 levels in total cell lysates showed an inverted U-shape dose-response
curve. A significant increase (+30%) in the protein content was found in the 2.5-25 uM
DDE range compared to the levels measured in DMSO-treated cells. The highest DDE
doses induced a decrease in GRP75 content compared to lower doses (Figure 9).
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Figure 4. Total lipid content in response to different doses of DDE co-incubated with
oleate. (A) representative images of lipid depots in control cells (NT, DMSO, BSA); (B) representa-
tive images of cells treated with oleate or with oleate and increasing DDE doses. Original image
magnification used: 40 x. Quantitative analyses were obtained quantifying oil Red-O accumulation
in cells. Oil-Red O quantifications were measured spectrophotometrically (490 nm). Data graphically
represented as median with interquartile of range for 4 biological replicates (C). Three different control
groups of cells were tested (non-treated cells, NT; DMSO and BSA) to evaluate the specific effect of
DDE on fatty acid deposition. Statistical analyses were performed by using GraphPad Prism soft-
ware. One-way ANOVA analysis was followed by Bonferroni’s post-hoc test: different letters indicate

statistically different values.
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Figure 5. Total lipid content in response to different doses of DDE co-incubated with EPA/DHA
mixture. (A) representative images of lipid depots in control cells (NT, DMSO, BSA); (B) represen-
tative images of cells treated with EPA + DHA or with EPA + DHA and increasing DDE doses.
Original image magnification used: 40x. Quantitative analyses were obtained quantifying oil Red-O
accumulation in cells. Oil-Red O quantifications were measured spectrophotometrically (490 nm).
Data graphically represented as median with range for 3 biological replicates (C). Three different
control groups of cells were tested (non-treated cells, NT; DMSO and BSA) to evaluate the specific
effect of DDE on fatty acid deposition. Statistical analyses were performed by using GraphPad Prism
software. One-way ANOVA analysis was followed by Bonferroni’s post-hoc test: different letters
indicate statistically different values.
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Figure 6. Mitochondrial fusion protein content. Mfn2 (A) and Opal (B) protein content were analyzed
by western blotting. All data were presented as median with interquartile of range for 6 or 7 (Mfn2)
and 5 (Opal) biological replicates. Representative images of both Mfn2 (A) and Opal (B) (above)
and the relative loading control for protein normalization GAPDH (below). Statistical analyses were
performed using GraphPad Prism software. One-way ANOVA analysis followed by Bonferroni’s
post-hoc test: different letters indicate statistically different values.
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way ANOVA analysis followed by Bonferroni’s post-hoc test: different letters indicate statistically
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Figure 9. GRP75 protein levels. All data are presented as median with interquartile of range for
4 biological replicates. The figure shows representative images of GRP75 (above) and the relative
loading control for protein normalization GAPDH (below). Statistical analyses were performed by
using GraphPad Prism software. One-way ANOVA analysis followed by Bonferroni’s post-hoc test:
different letters indicate statistically different values.
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4. Discussion

Adverse effects of DDE, including cellular stress generation [17,72], apoptosis [73],
and mitochondrial impairment [74], have been shown in both in vitro and in vivo studies.
Present work aimed to further analyze the impact of DDE on cell viability and mito-
chondrial parameters in an in vitro hepatic cell model (HepG2 cells) in a dose-dependent
approach. Indeed, we focused on the impact of increasing DDE doses in order to shed light
on the adaptive or toxic outcomes in a dose-response approach. The novelty of the present
work was in assessing cell viability under conditions of cotreatments with dietary fatty
acids and evaluating the changes in mitochondrial dynamic proteins in association with
cell viability maintenance or impairments in response to increasing DDE doses.

Our study confirmed that DDE reduced cell viability in HepG2 cells in line with
literature data in other cellular models [75]. Low DDE doses did not seem to have severe
toxic effects, whereas high DDE doses (50 and 100 uM) elicited a significant reduction in cell
viability. Given the lipophilic propriety of DDE and its ability to accumulate in lipid depots,
we also analysed cell viability and intracellular fat depots under conditions of cotreatment
with diverse dietary fatty acids, namely palmitate (as a saturated fatty acid), oleate (as
a monounsaturated fatty acid) and EPA + DHA (1:1) mixture (as polyunsaturated fatty
acids). Regarding the effect of fatty acids on cell viability, palmitate or oleate elicited a 25%
or 20% reduction in cell viability, respectively. In contrast, the EPA + DHA mixture did not
affect cell viability with the dose utilized in the present experimental work. Noteworthy,
fatty acids induced an increase in DDE toxicity. Cells co-treated with fatty acids and DDE
showed a significant reduction in cell viability even with low DDE doses, which did not
elicit any significant decrease in cell viability in the absence of fatty acids. In cells cotreated
with palmitate, 2.5 uM DDE dose dramatically decreased cell viability to the value of 43%,
whereas a similar value (46%) was achieved with 100 uM DDE in the absence of fatty acids.
In cells cotreated with oleate, a value of 44% cell viability was observed with 10 uM DDE
dose. On the other hand, the EPA + DHA mixture elicited a decrease in cell viability to
the value of 60% with 1 uM DDE dose and a decrease to the value of 47% with 100 uM DDE
dose. It should be noted that cells cotreated with saturated fatty acid (palmitate) exhibited
higher cell viability reduction with high DDE doses than cells cotreated with oleate or EPA
+ DHA. Indeed, the viability in cells cotreated with 100 uM DDE and unsaturated fatty
acids decreased to a value (about 46%) similar to that observed in cells only treated with
DDE, whereas in cells cotreated with palmitate, the reduction in cell viability was higher
(28% compared to control cells). These data suggested that DDE associated with fatty acids
was particularly detrimental for cell viability and that mainly saturated fatty acids could
exacerbate environmental pollutants’ toxicity. In the presence of fatty acids, DDE reduced
cell viability starting with low doses, suggesting the hypothesis that fatty acids could allow
an easier DDE uptake into the cells leading to increased toxicity. Further experiments are
needed to test this hypothesis. It should be noted that present results were obtained with
the fatty acids dose of 250 pM that we previously showed to have a significant impact
on cell viability compared to lower doses [71]. It could be of interest to test multiple doses
of fatty acids to evaluate whether dose-dependent effect of DDE still remain when starting
with low doses.

It should also be noted that, in the presence of fatty acids, xenobiotics toxicity could
be associated with lipo-toxicity with an additive adverse effect on cell survival [76]. Lipo-
toxicity is the deleterious effect of lipid accumulation in non-adipose tissues and depends
on the balance between fatty acids deposition and oxidation and the production of interme-
diate lipid metabolites, such as ceramides and diacylglycerols. We analysed intracellular
lipid depots with a qualitative and quantitative test in the different experimental conditions.
No changes in lipid depots were found in cells only treated with DDE, whereas intracellular
lipid droplets increased in cells only treated with fatty acids. Quantitative analysis showed
that lipid accumulation was higher in oleate than palmitate and further increased with EPA
+ DHA than oleate or palmitate. It should be noted that the highest lipid accumulation
was observed in cells treated with unsaturated fatty acids that were less toxic toward cell
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viability compared to saturated fatty acids. This finding was in line with recent evidence,
suggesting that the total triglycerides stored in liver cells were not the primary determinant
of lipo-toxicity and specific lipid classes, such as ceramides and diacylglycerols, acted
as damaging agents [77]. The hepatic accumulation of triglycerides in lipid droplets has
been suggested to be protective rather than harmful in the progression from steatosis to
non-alcoholic fatty liver disease [78,79].

Noteworthy, the coincubation of cells with fatty acids and increasing doses of DDE
induced a progressive decrease in lipid accumulation compared to cells treated only with
fatty acids. The reduction degree was similar for all fatty acids. A 20% decrease with low
DDE doses and a 50% decrease with the highest DDE dose could be observed. Further
experiments are needed to evaluate whether lower doses of fatty acids could induce
a similar impact. However, present finding is in line with our previous results in an animal
model of hepatic steatosis, where we showed that simultaneous treatment with DDE
and high-fat diet elicited a significant reduction in hepatic lipid content associated with
increased beta-oxidation rate and detoxification, compared to high-fat diet treatment
in the absence of DDE [18]. It could be suggested that hepatocytes utilize fatty acids as
metabolic substrates to sustain detoxification under the condition of partial exposure
to xenobiotics.

Present findings in cells cotreated with increasing DDE doses and different types of
dietary fatty acids suggested that it could be of interest to further investigate the inter-
action between DDE, as a lipophilic pollutant, and dietary fatty acids, given that they
could be the main route of entry of DDE into the body. Further studies could shed light
on the complex interactions among environmental pollutants and nutrients and suggest
whether different dietary nutrients (such as saturated or unsaturated fatty acids) could po-
tentiate the adverse effects of environmental pollutants or could be protective towards them.

A further goal of the present work was to analyze the dose-dependent response of mi-
tochondrial markers to increasing doses of DDE in HepG2 cells. Mitochondria are cellular
targets susceptible to chemicals, such as DDE [26]. Given that mitochondrial function is
closely associated with mitochondrial morphology and cellular network [3], we analysed
the main proteins involved in the mitochondrial dynamic machinery, namely proteins in-
volved in fusion (Mfn2 and Opal) and fission (DRP1) mechanisms. The balance between fu-
sion and fission processes produces a mitochondrial network reorganization in response to
various mitochondrial stressors and diseases [49]. Among others, our previous finding
evidenced a possible role of mitochondrial dynamics in the control of cellular health and
functionality in different tissues [55,80], suggesting the importance of studying these phys-
iological mechanisms, mainly in the liver, that play a key role in lipid metabolism as
well as in detoxification processes against external toxic agents [81]. We chose to analyze
MEFN?2 because it has also been suggested that MFN2 is a protective target in the liver,
as it controls the physiological balance between apoptosis and autophagy in liver fail-
ure [82]. As far as we know, this is the first time that mitochondrial proteins involved
in mitochondrial dynamic behaviour are investigated in response to increasing doses of
DDE in HepG2 cells. Our results demonstrated that both Mfn2 and Opal (fusion proteins)
were modulated by DDE exposure in a dose-dependent manner, with a similar trend
showing an inverted U-shape dose-response curve. Mfn2 and Opal contents progressively
increased with increasing doses of DDE and reached the highest increase (about +30%)
in a similar dose range (2.5-25 uM DDE). DRP1 fission protein content also increased with
increasing DDE doses and reached the highest increase (+45 %) in the 10-50 pM doses
range. It should be noted that both fusion and fission proteins analysed were increased
by about 30% with the dose of 25 uM, whereas with the highest doses of 50 and 100 uM,
a marked increase in protein content was still observed only for DRP1 (+45% and +18%).
No significant changes were observed in Mfn2 and Opal content with the highest DDE
dose (100 uM) compared to control cells. Our results showed that with low doses of DDE
(up to 25 uM), a general increase in mitochondrial dynamic machinery was observed,
suggesting an increase in mitochondrial mass through mitochondrial biogenesis, that could
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be useful to adapt cellular metabolism to face the increase in energy supply requirements
for detoxication processes, and to counteract DDE toxicity. In line with this suggestion,
our results showed that cell viability did not significantly decrease with low doses of DDE
up to 25 pM. On the other hand, our results showed that the increase in DRP1 fission
protein was still observed with the highest dose of DDE, in contrast to the increase in fusion
proteins that was not found with the highest dose. This finding suggested that the balance
between fusion and fission processes could be shifted towards mitochondrial fission with
high DDE doses. This suggestion was supported by the increased DRP1/Mfn2 ratio of
about 32% and 16% with 50 and 100 uM DDE doses, respectively, compared to control
cells. It should be noted that cell viability was significantly reduced in cells treated with
50 and 100 uM DDE, suggesting a link between fission processes and reduction in cell
viability. With the limitation that that fusion and fission protein contents should also be
assessed in isolated mitochondria and that microscopy observations are needed to confirm
mitochondrial dynamics and morphology changes, present results suggest the involvement
of mitochondrial dynamics in the dose-dependent DDE effects on cell viability. Therefore,
further analyses are needed to assess mitochondrial morphology network changes towards
fission phenotype as a cellular response to high toxic DDE doses and confirm mitochondrial
biogenesis as an adaptive cellular response to survive with low DDE doses.

In the present study, we also analysed SOD2 content as a marker of mitochondrial
function and antioxidant system and GRP75 as a marker of mitochondria/endoplasmic
reticulum interaction.

SOD2 represents one of the first mitochondrial-associated antioxidant defenses used
by cells to quench superoxide anion produced by mitochondria [83]. It has been reported
that reductions in SOD2 protein levels or functional defects in the enzymatical activity
were associated with hepatic dysfunction and oxidative stress generation [84], a condition
implicated in the etiology of many multifactorial chronic diseases [49,85-88]. In the present
study, a decreasing trend in SOD2 content was observed in DDE-treated compared to
DMSO cells, with a significant reduction with the highest DDE dose (about —25% vs
DMSO). It has been suggested that the SOD2 enzyme ensures mitochondrial functional
capacity, so its reduction could be associated with mitochondrial dysfunction [89,90].
Moreover, SOD2 has been suggested to improve the mitochondrial fusion process beyond
its antioxidant activity [91]. Therefore, the decreased content of the SOD2 enzyme observed
in our results could be associated with the shift toward fission processes in cells treated
with the highest dose of DDE.

We also analysed the content of intracellular chaperone GRP75, a protein involved
in mitochondria/endoplasmic reticulum interaction [92]. This chaperone plays a crucial
role in the generation of functional structures known as the mitochondrial associated
membrane (MAMs). These contact points are essential to regulate calcium homeostasis,
autophagy, lipid metabolism, mitochondrial morphology and cell survival [93,94]. It
has been reported in the literature that GRP75 represents an essential protein involved
in several cellular physiological processes. For example, chaperone overexpression pre-
vents endoplasmic reticulum stress and apoptosis induced by glucose deprivation [95-97].
Moreover, Qiukay et al. [98] evidenced that GRP75 overexpression protected hepatic mito-
chondria from H,O, and CCl4-induced oxidative damages, ameliorating ATP production
and preserving cell viability. In our study, GRP75 protein levels showed a similar inverted
U-shape dose-response curve as observed for Mfn2 and Opal levels, with the highest
significant increase (about +30%) with 5 and 10 uM DDE vs DMSO-treated cells. This
result suggested that an additional adaptive phenomenon involving ER-mitochondrial
contact point formation/communication could be associated with mitochondrial increases
in dynamic protein in response to low DDE doses. This mechanism could be used by
cells to regulate cell survival and mitochondrial function in the presence of low DDE
doses. On the one hand, the increase in mitochondrial dynamic machinery and GRP75
chaperone in response to low DDE doses could play a role in the mitochondrial network and
mitochondria/endoplasmic reticulum interaction maintenance to maintain cell viability.
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On the other hand, in cells treated with high DDE doses, decreased levels in mitochondrial
fusion proteins, GRP75, and SOD2 content associated with the increase in DRP1 levels
suggested mitochondrial fragmentation and dysfunction in response to high DDE doses,
which could trigger the observed reduction in cell viability.

5. Conclusions

The present study added new scientific notions regarding adaptive/toxic phenomena
induced by increasing dose of DDE in hepatic cell culture. Cellular adaptation to low doses
of the environmental pollutant seemed to include maintaining mitochondrial network and
mitochondria-endoplasmic reticulum interaction, which could play a pro-survival role.
On the other hand, high doses of DDE induced a toxic effect that reduced cell viability by
impairing mitochondrial fusion/fission balance and antioxidant defense. Present results
are useful to clarify the mechanisms underlying the cell fate towards survival or death
in response to increasing doses of environmental pollutants. Further studies are needed
to shed further light on the metabolic events associated with our findings and highlight
the different roles of cellular organelles and their adaptation to environmental pollutants.
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