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Abstract: Mitochondrial impairments in dynamic behavior (fusion/fission balance) associated with
mitochondrial dysfunction play a key role in cell lipotoxicity and lipid-induced metabolic diseases.
The present work aimed to evaluate dose- and time-dependent effects of the monounsaturated fatty
acid oleate on mitochondrial fusion/fission proteins in comparison with the saturated fatty acid
palmitate in hepatic cells. To this end, HepG-2 cells were treated with 0, 10 µM, 50 µM, 100 µM,
250 µM or 500 µM of either oleate or palmitate for 8 or 24 h. Cell viability and lipid accumulation
were evaluated to assess lipotoxicity. Mitochondrial markers of fusion (mitofusin 2, MFN2) and
fission (dynamin-related protein 1, DRP1) processes were evaluated by Western blot analysis. After
8 h, the highest dose of oleate induced a decrease in DRP1 content without changes in MFN2 content
in association with cell viability maintenance, whereas palmitate induced a decrease in cell viability
associated with a decrease mainly in MFN2 content. After 24 h, oleate induced MFN2 increase,
whereas palmitate induced DRP1 increase associated with a higher decrease in cell viability with
high doses compared to oleate. This finding could be useful to understand the role of mitochondria
in the protective effects of oleate as a bioactive compound.

Keywords: mitochondrial dynamics; monounsaturated fatty acids; saturated fatty acids; hepatocytes;
cellular adaptation; lipotoxicity; MFN2; DRP1

1. Introduction

Impairments in mitochondrial bioenergetics and dynamics behavior play a key role in
hepatic pathology associated with high fat feeding and obesity, such as insulin resistance
and non-alcoholic fatty liver disease (NAFLD) [1–3]. Hepatic injury occurs when hepato-
cyte capacity to cope with an increased level of circulating fatty acids is exceeded [4–7],
and substrate oversupply triggers cellular stress with impairment in mitochondrial and
endoplasmic reticulum (ER) homeostasis [6–12].

Mitochondrial function is closely related to morphology and dynamic behavior, in
terms of mitochondrial fusion and fission processes. The fusion process is regulated by
mitofusin 2 (MFN2), which coordinates the fusion of the outer mitochondrial membrane,
and by optic atrophy 1 (OPA1), which coordinates the fusion of the inner mitochondrial
membrane. The fission process is regulated by dynamin-related protein 1 (DRP1) and
fission protein 1 (FIS1) [13]. The shift of mitochondrial fusion/fission balance toward fission
processes is associated with mitochondrial dysfunction, oxidative stress and apoptosis, as
well as with hepatic steatosis and insulin resistance onset. On the other hand, a shift toward
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fusion process is associated with the prevention of these metabolic alterations [11–13].
The scarcity of nutrients can promote either mitochondrial fusion or fission, whereas an
overload of glucose promotes fission accompanied by elevated reactive oxygen species
production [14]. Hepatic ablation of MFN2 elicited glucose intolerance and impairment in
hepatic insulin signaling [15]. In diet-induced obesity, impaired mitochondrial function
and increased fission processes were found in liver and skeletal muscle [11,16,17]. Diverse
dietary fat sources affect mitochondrial dynamics and bioenergetics differently. Saturated
fatty acids induced a shift toward fission processes in liver and skeletal muscle from rats
fed a high lard diet compared to control rats [16,17]. In contrast to saturated fatty acids,
omega 3 polyunsaturated fatty acids induced fusion processes and improved mitochondrial
function both in in vivo and in vitro experimental models (reviewed in [11]).

Mitochondrial dysfunction and disruption in mitochondrial dynamics are associated
with endoplasmic reticulum (ER) stress. Under conditions of lipid oversupply, ER home-
ostasis is impaired, and unfolded protein response (UPR) is activated [6–9]. UPR aims
to restore normal cell function by interrupting protein translation, degrading misfolded
proteins and/or activating pathways to increase the production of chaperones involved
in protein folding, such as glucose regulatory protein 78 (GRP78). However, if none of
the above-mentioned mechanisms can effectively counteract the failure of protein-folding
process, apoptosis pathways will be recruited [8,18]. Toxic lipids can directly activate UPR
sensors, independently by the accumulation of misfolded proteins [19,20]. A long-term
activation of UPR could lead to metabolic alterations associated with high fat feeding, such
as NAFLD and diabetes mellitus 2 [20].

Diverse types of dietary fatty acids differently contribute to hepatic lipotoxicity in
the etiopathogenesis of NAFLD and insulin resistance [11]. Palmitate, the most abundant
saturated fatty acid consumed in a typical Western-pattern diet, has been pointed out as the
main fatty acid responsible for hepatic lipotoxicity and insulin resistance [21–26]. Saturated
fatty acids induce impairments in mitochondrial function and dynamic behavior as well as
in ER homeostasis [6,21,27]. On the other hand, unsaturated fatty acids have been shown
to be less toxic. In particular, it has been suggested that omega 3 polyunsaturated fatty
acids have a protective effect on NAFLD and diabetes, by modulating mitochondrial bioen-
ergetics, dynamic behavior, and ER stress [28–31]. Moreover, oleic acid, the predominant
component in olive oil (70–80%) which in turn is the main fat source in the Mediterranean
diet, seems to have protective effects on insulin resistance and NAFLD onset [26,32–35].
It has been shown that oleic acid is able to prevent oxidative and ER stress caused by
palmitic acid [26]. Oleic acid supplementation in cells treated with palmitic acid recov-
ered mitochondrial dysfunction caused by the saturated fatty acid [35]. In HepG2 cells,
saturated fatty acids reduced ATP production in a dose-dependent manner, by impairing
OXPHOS complexes activity. Moreover, cells treated with saturated fatty acids showed an
elevated production of oxidative stress markers. On the other hand, cells incubated with
oleic acid did not present any change in ATP production or thiobarbituric-acid-reacting
substances (TBARS) levels [33]. Of note, the coincubation of oleic acid with palmitic acid
was also able to revert the impairments caused by saturated fatty acids. Therefore, the
literature data support the hypothesis that oleic acid, unlike saturated fatty acids, has
protective effects against lipotoxicity, mitochondrial dysfunction and ER stress, but as far
as we know, little is known about the involvement of mitochondrial dynamics mechanisms.
The main aim of the present study was to investigate the dose- and time-dependent effect
of oleate on contents of MFN2, as a mitochondrial marker of fusion processes, and DRP1,
as a marker of fission processes, compared to palmitate in HepG2 cells. The analyses
of dose- and time-dependent fatty acids impact on mitochondrial dynamic proteins are
associated with the analyses of dose- and time dependent effects on cell viability and lipid
accumulation. Apoptosis and early ER stress markers (namely GRP78) have also been
assessed. Analyzing fatty acids dose- and time-dependent effects on these parameters
could be useful: (1) to understand the role of mitochondrial dynamic processes in cellular
physiological adaptation to increasing doses or time of exposure to stressor agents, such as



Int. J. Mol. Sci. 2021, 22, 9812 3 of 16

dietary fatty acids; (2) to clarify the mechanisms by which cells shift from a physiological
adaptation to a condition of marked stress by inducing cell death/apoptosis in response
to stressor agents. This kind of study could also shed more light on cellular pathways
activated by nutrients, such as oleic acid, with protective effects on metabolic diseases.

2. Results
2.1. Comparison of Dose- and Time-Dependent Effects of Oleate and Palmitate on Cell Viability
and Lipid Accumulation

To compare dose- and time-dependent cytotoxic effects of oleate and palmitate in hep-
atocytes, HepG2 cells were incubated with different concentrations of oleate or palmitate
(0 µM, 10 µM, 50 µM, 100 µM, 250 µM and 500 µM) for 8 or 24 h, and then analyzed by
3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) assay.

After 8 h, oleate did not induce any changes in cell viability, whereas the highest dose
of palmitate elicited a significant cytotoxic effect by reducing cell viability to a value of 63%
vs. bovine serum albumin (BSA) control cells (100%) (Figure 1A). Therefore, 500 µM oleate-
treated cells showed a significantly high viability (+33%) compared to palmitate-treated
cells. The palmitate cytotoxic effect was even more marked after 24 h, where cell viability
was reduced to the value of 63% and 34% vs. BSA control cells (100%) with the doses of
250 and 500 µM, respectively (Figure 1B). Oleate-treated cells also showed dose-dependent
decreases in cell viability after 24 h, reaching a value of 81% and 52% vs. BSA cells with
the doses of 250 and 500 µM, respectively (Figure 1B). It should be noted that 250 and
500 µM oleate-treated cells showed a significantly higher cell viability (+28% and +53%,
respectively) compared to 250 and 500 µM palmitate-treated cells (Figure 1B).
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Figure 1. Dose- and time-dependent effects of oleate or palmitate on HepG2 cells viability. Cells
were treated with different doses of oleate or palmitate (0 µM, 10 µM, 50 µM, 100 µM, 250 µM and
500 µM) for 8 (A) or 24 (B) h. All data are presented as mean ± standard error of the mean (SEM) for
3 biological replicates. (A) After 8 h, two-way ANOVA analyses showed that the fatty acids effect
was very significant (p = 0.0032), concentrations effect was extremely significant (p < 0.0001), and
interaction was not significant. # p < 0.05 palmitate vs. bovine serum albumin (BSA) and vs. lower
palmitate concentrations. @ p < 0.05 oleate vs. palmitate according to a Tukey post hoc multiple
comparison test. One-way ANOVA analyses confirmed dose-dependent effect for palmitate, but
not for oleate. (B) After 24 h, two-way ANOVA analyses showed that fatty acids effect was very
significant (p = 0.0002), concentrations effect was extremely significant (p < 0.0001) and interaction was
not significant. # p < 0.05 palmitate vs. BSA and vs. lower palmitate concentrations, $ p < 0.05 oleate
vs. BSA and vs. lower oleate concentrations according to a Tukey post hoc multiple comparison test.
One-way ANOVA analysis confirmed the dose-dependent effect on cell viability for both palmitate
and oleate. Student’s t-test: * p < 0.05 oleate vs. palmitate.

Spectrophotometric and microscopy analyses confirmed that oleate and palmitate
induced a progressive lipid accumulation in a dose- and time-dependent manner.
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After 8 h of exposure, oleate induced a dose-dependent increase in lipid accumulation,
reaching a significant 50% increase in 500 µM treated cells vs. BSA (Figure 2B). A similar
trend was observed in palmitate-treated cells. After 24 h, a further dose-dependent in-
crease in lipid accumulation was detected (Figure 2D). Oleate induced significant increases
(+66% and +100%) in cellular lipid deposits in 250 µM and 500 µM treated vs. BSA cells,
respectively, whereas palmitate induced a significant increase (+66%) in 500 µM treated vs.
BSA cells.
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Figure 2. Dose- and time-dependent effect of oleate or palmitate on cell lipid accumulation. Cells
were treated with different doses of oleate or palmitate (0 µM, 10 µM, 50 µM, 100 µM, 250 µM and
500 µM) for 8 or 24 h and stained by using oil red analyses. (A,C) Lipid deposits in cells were
detected by using a microscope fitted with a camera. Original images were obtained using 40×
magnification. (B,D) Quantitative analyses of lipid deposition was presented as mean ± SEM for 3
or more biological replicates. (B) After 8 h, two-way ANOVA test showed that concentrations effect
was extremely significant (p < 0.0001); fatty acids effect and interaction were not significant. # p < 0.05
palmitate vs. BSA and vs. lower palmitate concentrations, $ p < 0.05 oleate vs. BSA and vs. lower
oleate concentrations according to a Tukey post hoc multiple comparison test. One-way ANOVA
analyses confirmed dose-dependent effects for both oleate and palmitate. (D) After 24 h, two-way
ANOVA test showed that concentrations effect was extremely significant (p < 0.0001), fatty acids
effect and interaction were not significant. # p < 0.05 palmitate vs. BSA and vs. lower palmitate
concentrations, $ p < 0.05 oleate vs. BSA and vs. lower oleate concentrations according to a Tukey
post hoc multiple comparison test. One-way ANOVA analyses confirmed dose-dependent effect for
both oleate and palmitate.



Int. J. Mol. Sci. 2021, 22, 9812 5 of 16

Cell lipid accumulation was associated with morphological changes mainly in palmitate-
treated cells. After 24 h, oleate-treated cells did not show any marked morphological
variations associated with lipid accumulation, whereas palmitate-treated cells showed a
change in their morphology by adopting a round shape mainly with high doses (250 and
500 µM) (Figure 2C).

2.2. Comparison of Dose- and Time-Dependent Effects of Oleate and Palmitate on Mitochondrial
Fusion and Fission Protein Markers

To compare dose- and time-dependent effects of oleate and palmitate on mitochondrial
dynamic behavior, key proteins involved in mitochondrial dynamic machinery, namely
MFN2 as a marker of fusion process and DRP1 as a marker of fission process, were analysed
by Western blot.

After 8 h, oleate did not elicit any dose-dependent changes in MFN2 content, whereas
palmitate induced a significant MFN2 content decrease (−30%) in 500 µM treated cells
vs. BSA. Therefore, MFN2 content was significantly higher (+39%) in 500 µM oleate-
treated cells compared to palmitate-treated cells (Figure 3A). Regarding fission processes,
oleate elicited a slight decrease (about 10%) starting by the lowest dose and reaching a
significant decrease of about 20% with the highest dose vs. control cells. DRP1 content also
showed a significant decrease (about −20%) in 500 µM palmitate-treated cells compared to
lower doses (Figure 3B). Therefore, in cells treated with the highest dose, oleate induced
a decrease in DRP1 content without changes in MFN2, suggesting a shift towards fusion,
whereas palmitate induced a higher decrease (−30%) in Mfn2 than in DRP1 (−20%) content,
suggesting a shift toward fission processes.

MFN2/DRP1 ratio, a marker of mitochondrial fusion/fission balance, showed a 19%
increase in 500 µM oleate-treated cells compared to control cells. MFN2/DRP1 ratio was
1.07 ± 0.02 in 10 µM oleate-treated cells and 1.19 ± 0.02 in 500 µM treated cells. In contrast,
palmitate induced a decrease (about −14%) in MFN2/DRP1 ratio in 500 µM treated cells,
with a value of 0.86 ± 0.03 vs. control cells. Therefore, the highest dose elicited a 38%
increase in MFN2/DRP1 ratio in oleate-treated cells compared to palmitate-treated cells.

After 24 h, oleate induced a dose-dependent increase in MFN2 content, with increases
of about +25% in 10, 50 and 100 µM treated cells, and further increases (about +40%) in
250 and 500 µM treated cells compared to control cells. On the other hand, palmitate
induced a tendency to decrease (about −15%) in MFN2 content in the lowest dose (10 µM),
but a not significant tendency to increase (about +20%) with high doses (250 µM and
500 µM) vs. control cells (Figure 4A). Student’s t-test analysis showed a significant MFN2
content increase (46% and 26%) in 10 µM and 50 µM oleate-treated vs. palmitate-treated
cells, respectively (Figure 4A). The data herein suggested that low doses of oleate, but not
palmitate, promoted an increase in mitochondrial fusion protein. We further analyzed
the fusion process by testing OPA1 content, but no dose-dependent changes were found
in palmitate- or oleate-treated cells after 24 h (Figure S1). As for fission processes, no
significant changes in DRP1 content were observed with oleate, whereas palmitate induced
a significant dose-dependent DRP1 increase. The increase was higher (about +48%) in cells
treated with low doses (10 µM, 50 µM and 100 µM) of palmitate than in cells treated with
high doses (about 24% increase with 250 µM and 500 µM palmitate) compared to control
cells. Of note, 10 µM palmitate-treated cells showed a significantly higher (+31%) DRP1
content compared to 10 µM oleate-treated cells (Figure 4B). Therefore, oleate-treated cells
showed a higher MFN2/DRP1 ratio than palmitate-treated cells, mainly with low doses.
Indeed, MFN2/DRP1 ratio was 1.10 for oleate and 0.57 for palmitate in 10 µM treated cells,
with an increase of 92% in oleate-treated cells, supporting the hypothesis of a shift towards
fusion processes induced by oleate, but towards fission processes induced by palmitate
with the lowest dose.
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Figure 3. Mitochondrial dynamics markers after 8 h of exposure. Cells were treated with different
doses of oleate or palmitate (0 µM, 10 µM, 50 µM, 100 µM, 250 µM and 500 µM) for 8 h. All data
are presented as mean ± SEM for 4 biological replicates for mitofusin (MFN2) (A) and 3 biological
replicates for dynamin-related protein 1 (DRP1) (B). (A) For MFN2, two-way ANOVA analysis
showed extremely significant concentrations effect (p < 0.0001), fatty acids effect (p = 0.0001), and
interaction (p < 0.0001). # p < 0.05 palmitate vs. BSA and vs. lower palmitate concentrations,
@ p < 0.05 oleate vs. palmitate according to a Tukey post hoc multiple comparison test. One-way
ANOVA analyses confirmed a dose-dependent effect only for palmitate. (B) As for DRP1, two-
way ANOVA analysis showed an extremely significant concentration effect (p < 0.0001) and fatty
acids effect (p = 0.0006), with no significant interaction. # p < 0.05 palmitate vs. BSA and vs.
lower palmitate concentrations, $ p < 0.05 oleate vs. BSA according to a Tukey post hoc multiple
comparison test. One-way ANOVA analyses confirmed dose-dependent effects for both oleate and
palmitate. (C) Representative images of MFN2, DRP1 and loading control for protein normalization
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were reported.
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are presented as mean ± SEM for 5 biological replicates for MFN2 (A) and 6 biological replicates for
DRP1 (B). (A) Regarding MFN2 content, two-way ANOVA analysis showed significant (p = 0.0139)
concentrations effect, very significant (p = 0.0013) fatty acids effect, and no significant interaction.
Student’s t-test: * p < 0.05 oleate vs. palmitate. (B) As for DRP1, two-way ANOVA analysis showed
significant concentrations effect (p = 0.0041) and fatty acids effect (p = 0.0339), with no significant
interaction. #p < 0.05 palmitate-treated cells vs. control cells according to a Tukey post hoc multiple
comparison test. One-way ANOVA analysis confirmed a significant dose-dependent effect only for
palmitate. Student’s t-test: * p < 0.05 oleate vs. palmitate. (C) Representative images of MFN2, DRP1
and loading control for protein normalization GAPDH were shown.

2.3. Comparison of Dose-Dependent Effects of Oleate and Palmitate on Caspase 3 Activity and
GRP78 Contents after 24 h

To test dose-dependent effects of oleate compared to palmitate on apoptosis after
24 h, analyses of caspase 3 activity, a protease which directly participates as effector of
programmed cell death by apoptosis, were performed. Figure 5 showed that oleate elicited
a dose-dependent effect on caspase 3 activity with a significant increase (about +70%) in
250 µM and 500 µM oleate-treated cells. Palmitate showed a similar trend but with a more
marked significant increase of about twice the time in 250 µM and 500 µM palmitate-treated
cells compared to control cells. Therefore, the caspase 3 activity increase was significantly
lower (−30%) in 500 µM oleate-treated than in palmitate-treated cells.
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Figure 5. Dose-dependent effect of oleate or palmitate on caspase 3 activity after 24 h. Cells were
treated with different doses of oleate or palmitate (0 µM, 10 µM, 50 µM, 100 µM, 250 µM and
500 µM) for 24 h. All data are presented as mean ± SEM for 3 or 4 biological replicates. Two-way
ANOVA analysis showed that concentrations effect was extremely significant (p < 0.0001), fatty
acids effect and interaction were not significant. # p < 0.05 palmitate vs. BSA and lower palmitate
concentrations, $ p < 0.05 oleate vs. BSA and lower oleate concentrations according to a Tukey
post hoc multiple comparison test. One-way ANOVA analysis confirmed the dose-dependent effect
on caspase 3 activity for both palmitate and oleate with significant increases with the high doses.
Student’s t-test: * p < 0.05 oleate vs. palmitate.

After 24 h, we also tested the dose-dependent effects of oleate and palmitate on
UPR by assessing the content of GRP78, a protein marker physiologically involved in ER
protein folding regulation and UPR (Figure 6). Oleate did not induce any significant GRP78
increases in low-dose-treated cells vs. BSA, but a not significant tendency to increase (+35%)
was observed in 250 and 500 µM treated cells vs. control. On the other hand, palmitate
induced a dose-dependent increase in GRP78 content with a significant +35% increase in
10 and 500 µM treated cells vs. control (Figure 6). This finding suggested that UPR onset
was induced by palmitate starting with the lowest dose.
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100 µM, 250 µM and 500 µM) for 24 h. (A) All data are presented as mean ± SEM for 4 biological
replicates. Differences were evaluated for statistical significance by two-way ANOVA: concentration
effect p = 0.0005 (extremely significant), fatty acids effect and interaction ns. # p < 0.05 palmitate vs.
BSA according to a Tukey post hoc multiple comparison test. One-way ANOVA analysis showed that
palmitate but not oleate induced significant dose-dependent changes in GRP78 content (§ p < 0.05 vs.
BSA). (B) Representative images of GRP78 and loading control for protein normalization GAPDH.

3. Discussion

The aim of the present research work was to compare dose-dependent effects of
oleate with palmitate on mitochondrial key proteins involved in fusion (MFN2) and fission
(DRP1) processes by using two different treatment timings (8 and 24 h) in HepG2 cells. We
also analyzed the effects on cell viability and lipid accumulation to compare oleate and
palmitate lipotoxicity, and to evaluate whether diverse cytotoxic effects were associated
with diverse mitochondrial dynamic behavior adaptive responses. To the best of our
knowledge, the present study is the first to investigate the effect of monounsaturated fatty
acids, namely oleate, on mitochondrial dynamics markers and cell viability in Hepg2 cells,
in a dose- and time-dependent approach.

After 8 h of treatment, oleate did not induce any changes in cell viability, although
it elicited a dose-dependent increase in cell lipid accumulation, more marked in 500 µM
treated cells. Palmitate induced a similar increase in cell lipid accumulation, but it also
elicited a significant decrease in cell viability in 500 µM treated cells. The maintenance of
cell viability in 500 µM oleate-treated cells was associated with a decrease in DRP1 content
without any change in MFN2 content with the consequent increase in MFN2/DRP1 ratio,
a marker of mitochondrial fusion/fission balance, compared to both 500 µM palmitate-
treated and control cells. This finding suggested an adaptive shift of mitochondrial dynam-
ics towards fusion processes to support mitochondrial function under conditions of oleate
oversupply. On the other hand, the decrease in both MFN2 content and MFN2/DRP1 ratio
in 500 µM palmitate-treated cells suggested a shift towards fission processes induced by
palmitate in association with a significant decrease in cell viability.

As expected, after 24 h of exposure, significant decreases in cell viability were found
with lower fatty acids doses than after 8 h of exposure. A decrease in cell viability to the
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value of about 63% was induced by 500 µM palmitate after 8 h of exposure, and by 250 µM
palmitate after 24 h. On the other hand, oleate did not have any effect after 8 h, whereas it
induced a decrease in cell viability with the highest doses after 24 h. However, 250 and
500 µM oleate-treated cells showed a higher cell viability compared to palmitate-treated
cells. Therefore, oleate treatments elicited lower cytotoxic effects compared to palmitate
considering both fatty acid concentrations and time of exposure.

The higher cytotoxicity observed in palmitate-treated cells was associated with mor-
phological alterations. A diverse lipid deposit mechanism could be hypothesized by
morphological observations, although a similar increase in lipid content was found in both
oleate- and palmitate-treated cells. Small lipid droplets were accumulated in the cytosol
in association with morphological changes in palmitate-treated cells, which adopted a
rounded shape, mainly after 24 h. On the contrary, large lipid droplets were observed
in oleate-treated cells, without pronounced alterations in cell morphology. It should be
noted that after 24 h, 500 µM oleate-treated cells showed a similar lipid accumulation,
but a lower decrease in cell viability with no alterations in cell morphology compared to
palmitate-treated cells. It has been shown that palmitic acid is preferably incorporated as
diacylglycerols, whereas oleic acid is mainly accumulated as triacylglycerols, which are a
neutral form of lipid storage. Moreover, it has been suggested that fatty acid incorporation
in triacylglycerols could be protective against lipotoxicity and prevent impairments in mi-
tochondrial function [36]. Therefore, the diverse mechanisms of lipid accumulation could
explain the lower cytotoxic effect as well as the maintenance of a normal cell morphology
in oleate-treated cells compared to palmitate-treated cells.

We further analyzed dose-dependent cell toxicity effects after 24 h by evaluating
caspase 3 activity as a marker of apoptosis onset. Results showed that in line with the
higher decrease in cell viability, a higher increase in caspase 3 activity was observed in
500 µM palmitate-treated cells compared to oleate-treated cells.

The differential effect of palmitate and oleate on cytotoxicity and apoptosis in a variety
of cell types, including HepG2 cells, has been known for over a decade. However, given
that conflicting data on oleic acid dose-dependent effects on cell viability were found in the
literature, cell viability experiments were performed in the present experimental design to
verify the cytotoxic effects of oleate under our experimental conditions. In agreement with
our data, Chen et al. [35] showed that palmitic acid significantly reduced cell viability in a
dose- and time-dependent manner in HepG2 cells treated with 200, 400 and 800 µM for
24 h or 48 h. In contrast to our data, oleic acid showed no toxicity at a concentration up
to 0.8 mM after 24 h or 48 h exposure [35]. Moreover, after 24 h, concomitant incubation
of palmitic and oleic acid at a mole ratio 2:1 (400 µM palmitic acid: 200 µM oleic acid)
restored cell viability [35]. In neuronal cells, palmitic acid (400 µM) also induced dramatic
cell apoptosis by increasing caspase 3 and caspase 8 activities, whereas 200 µM oleic
acid did not induce increase in apoptosis makers, and its coincubation with palmitic acid
blunted the apoptotic process [36]. Moreover, Kim et al. [37] observed a dose-dependent
decrease in mesangial cells viability with palmitic acid doses ranging from 12.5 µM to
400 µM. They also showed an increase in cleaved caspase 3 content in cells treated with
100 µM of palmitic acid. Liu et al. [38] observed that palmitic acid induced a dose- and
time-dependent deterioration in cell viability in a specific pancreatic cell line (INS-1E cells)
with doses ranging from 100 to 800 µM, whereas oleic acid was not toxic. The combination
of oleic and palmitic acid at a mole ratio of 1:1 (200 µM palmitic acid: 200 µM oleic acid)
rescued the INS-1E cells from cell damage. These findings confirmed that saturated fatty
acids are lipotoxic, whereas unsaturated fatty acids could be less toxic or even reduce
apoptosis promoted by saturated fatty acids [35,37]. However, there are controversial data
in the literature regarding oleic acid cytotoxicity in Hepg2 cells. In contrast to previously
discussed data by Chen et al. [35], Zeng et al. showed no cytotoxic effect up to the 0.4 mM
concentration, but observed a significant decrease in viability in cells treated with 0.8 mM
of oleic acid [39]. In line with this finding, Mi et al. showed that HepG2 cell viability
was not affected by up to 0.6 mM oleic acid in culture for 24 h, but 0.8 mM oleic acid
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significantly reduced cell viability [40]. Huang et al. showed significant cytotoxic effects
with even high oleic acid doses (1 and 2 mM), with no effect up to 0.5 mM after 48 h [41].
In contrast with these findings, but in line with our present results, Pang et al. showed
that after 24 h, cell viability significantly decreased in cells treated with 500 µM compared
to control cells [42]. Moreover, Tian et al. showed significant decreases in cell viability in
Hepg2 cells treated with 240, 480 and 960 µM for 24 h [43]. The different findings on oleic
acid cytotoxic effects in the literature could be due to different experimental conditions,
such as different types of culture medium or glucose/FBS concentrations in the culture
medium. Our results were in line with the results of Pang et al., who used experimental
conditions similar to those used in the present work, showing a significant decrease in cell
viability associated with apoptosis increase in cells treated with 500 µM oleate for 24 h [42].

Given that apoptosis induction could be associated with ER homeostasis disruption
and UPR onset, to further analyse the adaptive cell response to increasing doses of fatty
acids after 24 h, we also evaluated endoplasmic reticulum stress onset by monitoring
GRP78, as an UPR protein marker. This protein is associated with another three UPR
sensors: activating transcription factor 6 (ATF6), inositol-requiring kinase 1 (IRE1) and
protein kinase RNA-like endoplasmic reticulum kinase (PERK) and, when misfolded
proteins are detected, GRP78 splits from those proteins and triggers the UPR [44,45]. In
the present study, we focused only on the content of GRP78 as a marker of early ER stress
and UPR onset, due to its role in cellular adaptive responses to restore ER and cellular
homeostasis counteracting cellular death induction. Increases in GRP78 content could
suggest an early ER stress onset. Our results showed that palmitate, rather than oleate,
induced a significant dose-dependent increase in GRP78 protein content starting with the
lowest dose (10 µM). With the limitation that other markers of ER stress should have been
analyzed, it could be suggested that the increase in GRP78 without increase in caspase
3 activity could be an adaptive response useful to maintain cell homeostasis and viability in
cells treated with a low palmitate dose. On the other hand, the increase in the UPR marker
observed in 500 µM palmitate-treated cells associated with a marked increase in caspase
3 activity could suggest a further induction of ER stress leading to apoptosis, consistent with
the significant reduction in cell viability. In agreement with this hypothesis, Chen et al. [35]
showed that 400 µM palmitic acid induced a decrease in HepG2 cell viability associated
with increased levels of ER stress markers, namely pPERK and ATF6. As for the oleate
effect on GRP78 level, the present results showed that oleate did not induce a significant
dose-dependent effect. In agreement with this finding, Chen et al. [35] demonstrated that
200 µM oleic acid did not induce increases in ER stress markers associated with no change
in HepG2 cells viability. Moreover, they also showed that oleic acid supplementation
alleviated palmitic-acid-induced ER stress in HepG2 cells [35].

As for the mitochondrial markers of fusion and fission processes after 24 h, diverse ef-
fects of oleate compared to palmitate on mitochondrial dynamic machinery were observed
mainly in cells treated with low doses, whereas significant differences were observed
only with the highest dose after 8 h. After 24 h, low palmitate doses induced a DRP1
content increase associated with a slight decrease in MFN2 content vs. control cells, with a
consequent decrease in MFN2/DRP1 ratio. On the other hand, low oleate doses induced an
increase in cellular MFN2 content with no significant changes in DRP1 content, suggesting
a shift toward fusion processes. The increase in MFN2 content was also observed with
high oleate doses. No changes were found in the content of OPA1 both in palmitate- and in
oleate-treated cells. However, further experiments are needed to shed light on how OPA1
contributes to oleate and palmitate effects, by evaluating the content of different OPA1
isoforms that can play different roles.

The results obtained after 24 h of treatments allowed us to compare the effects of
oleate and palmitate on several parameters associated with cell homeostasis, such as cell
viability, lipid accumulation, mitochondrial dynamics, ER stress and apoptosis onset. Of
note, with the lowest dose (10 µM) used in our study, no changes in cell viability and lipid
accumulation were observed with both fatty acids, but a different cellular response was
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probably activated to maintain cellular homeostasis and viability. Indeed, the lowest dose of
palmitate induced a shift in fusion/fission mitochondrial balance towards fission processes
associated with induction of UPR, whereas the lowest dose of oleate induced a shift in
the mitochondrial fusion/fission balance toward fusion process, with no UPR induction
compared to palmitate. On the other hand, the highest doses of palmitate induced a
similar increase in lipid accumulation but a higher decrease in cell viability associated
with higher increase in caspase 3 activity and alteration in cell morphology compared to
oleate-treated cells, where an increase in MFN2 content was observed starting by the low
doses. Therefore, present results suggested that oleate, rather than palmitate, maintains
mitochondrial dynamics without shifting towards fission processes and counteracting
decreases in cell viability in Hepg2 cells. Indeed, taken together, our data on dose- and time-
dependent experiments suggested that oleate promoted a shift toward mitochondrial fusion
compared to palmitate, mainly with the highest dose after 8 h, but starting with low doses
after 24 h of treatment. With the limitation 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 suggested
a different dose- and time-dependent effect of oleate from palmitate on mitochondrial
dynamics protein markers in association with different effects on cell viability. Further
studies performed by DRP1 silencing and/or MFN2 transfection on palmitate-mediated
cell toxicity could also be useful to add further insight into the suggested mechanisms.

However, our results on palmitate induction of mitochondrial fission processes were
in line with previous findings showing a shift towards fission processes in liver from
rats fed a high lard diet rich in saturated fatty acids, where mitochondrial dynamics im-
pairment was associated with mitochondrial dysfunction, hepatic steatosis and insulin
resistance [16]. A decrease in Mfn2 and an increase in protein involved in fission processes
(Drp1 and Fis1) accompanied by the presence of numerous small round mitochondria were
observed in high lard diet fed rats vs. control rats [16]. A high lard diet also induced a
shift toward mitochondrial fission in skeletal muscle [17] in line with previous reports
that Mfn2 expression is reduced in skeletal muscle of obese Zucker rats and obese and
diabetic patients [46,47]. Moreover, saturated fatty acids have also been reported to induce
fission processes in vitro in differentiated C2C12 skeletal muscle cells [48] associated with
mitochondrial dysfunction. Noteworthy, unsaturated fatty acids, namely omega 3 polyun-
saturated fatty acids, have been shown to induce a shift towards a hepatic mitochondrial
fusion phenotype associated with improvement of mitochondrial fatty acids utilization,
which is useful to counteract hepatic lipid accumulation and insulin resistance in rats fed a
high-fish-oil diet [16]. Moreover, omega 3 fatty acids reverted mitochondrial fission during
in vitro hepatocyte steatosis through Mfn2 upregulation and tubular elongation [49].

To the best of our knowledge, the present results on oleate are the first to suggest a
shift toward fusion processes induced by monounsaturated fatty acids. The mechanisms
underlying the stimulation of mitochondrial fusion by unsaturated fatty acids, rather than
saturated fatty acids, could involve changes in membrane lipid composition and fluidity
among other factors. Further studies are needed to shed light on these mechanisms. How-
ever, in line with our hypothesis, Sparagna et al. showed images that resemble fusion in an
oleate-treated cell and fission in a palmitate-treated cell in their research on the metabolic
role for mitochondria in palmitate-induced cardiac myocyte apoptosis [50]. Moreover, it
is interesting to note that Bourebaba et al. recently showed that HepG2 cell challenged
24 h with high doses of oleate/palmitate (2 mM, 2:1) exhibited lower levels of the fusion
mediators and markedly higher levels of the mitochondrial fission mediators than normal
healthy HepG2 cells [51]. They suggested that the observed mitochondrial dysfunction in
lipotoxic HepG2 cells was related to both impaired fusion and enhanced fission. Moreover,
the shift toward fission processes was associated with the upregulation of ER stress-related
effectors, significant lipid accumulation and reduction in the average of the metabolically
active living cells compared to control HepG2 cells [51]. These findings underlined the



Int. J. Mol. Sci. 2021, 22, 9812 12 of 16

importance of dose-dependent studies to shed light on adaptive cell response to stressors
agents, such as dietary fatty acids.

Our data on the different adaptive response in terms of mitochondrial fusion/fission
balance in oleate-treated compared to palmitate-treated cells could suggest that: (1) the
dose- and time-dependent adaptive cellular response relies on which type of dietary fatty
acid has been used; (2) oleate protective effects towards cell stress and toxicity could involve
mitochondrial dynamics behavior closely related to mitochondrial metabolic function. This
finding could be useful to understand the role of mitochondria in the protective effects of
bioactive compounds, such as oleate. Further experiments are needed to clarify the link
among fatty acid dose- and time-dependent changes in fusion/fission balance, hepatic
steatosis and insulin resistance onset in HepG2 cells.

4. Materials and Methods
4.1. Cell Culture

Human hepatocellular carcinoma cells (HepG-2) were obtained from Interlab Cell Line
Collection (Centro di Biotecnologie Avanzate, Genova, Italy). HepG-2 cells were cultured
in 100 × 10 mm Petri dishes in Minimum Essential Medium (MEM) supplemented with
10% fetal bovine serum (v/v), 1% (v/v) non-essential amino acids, 0.2 mM L-glutamine,
50 units/mL penicillin and 50 µg/mL streptomycin (Invitrogen SRL, Milan, Italy). Cells
were maintained at 37 ◦C in a 5% CO2, 95% air-humidified atmosphere and passed twice
a week. Cells were then treated with saturated (sodium palmitate) or monounsaturated
(sodium oleate) fatty acids (Merck, Darmstadt, Germany) conjugated with bovine serum
albumin (BSA). Briefly, cells were plated at 5 × 104 cell/cm2 and then cultured for 8, 24 or
48 h in the medium containing palmitate or oleate at five different doses: 10 µM, 50 µM,
100 µM, 250 µM and 500 µM. This dose range was chosen based on values reported for
in vitro studies on mammalian cell models [33,35,52]. In all cases, cells did not exceed 70%
confluence at the time of the treatment.

4.2. Preparation of BSA-Conjugated Free Fatty Acids Solutions

Palmitate and oleate 100 mM stock solutions were prepared in NaOH 0.1 M and were
dissolved at 70 ◦C for 15 min under stirring. A 10% BSA fatty acid free (Merck, Darmstadt,
Germany) solution was dissolved at 55 ◦C in NaCl 0.9 % and mixed into the 100 mM fatty
acids solutions and maintained for more than 15 min in a shaking water bath at 55 ◦C. Then,
the stock solutions were stored at −20 ◦C and used, at the time of treatment, to prepare
the final concentration of chosen experimental doses (500 µM, 250 µM, 100 µM, 50 µM and
10 µM) of palmitate and oleate.

4.3. Cell Viability

Cell viability was determined by using 3-(4.5-dimethyl-2-thiazolyl)-2.5-diphenyl-2H-
tetrazolium bromide (MTT) method (M5655, Merck, Darmstadt, Germany), which is a
colorimetric assay based on the enzymatic conversion of MTT (yellow) into formazan
(purple) by metabolically active cells, indicating the quantity of living cells [52]. After
incubation with palmitate or oleate, 0.5 mg/mL of MTT was added to 100 µL of cell medium
in a 96-well plate and incubated for 1 h 30 min at 37 ◦C and 5% CO2 to allow MTT to be
metabolized. The resulting formazan crystals were dissolved in dimethyl sulfoxide (DMSO)
and absorbances were measured in a microplate reader at 595 and 655 nm, providing the
number of living cells.

4.4. Oil Red Stain

Oil red stain quantitative (spectrophotometric) and qualitative (microscopic) analyses
were performed using a classic protocol to detect lipid droplets in cells [53]. Briefly,
after treatments, cells were washed in PBS at 37 ◦C, fixed in 4% PFA for 45min at room
temperature, washed twice 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
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from cell lipid droplets 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 (BSA).

4.5. Western Blot Analysis

As mentioned above, cells were cultured for 24 h in medium containing palmitate or
oleate conjugated with BSA at five different doses: 10 µM, 50 µM, 100 µM, 250 µM and 500
µM. At the end of the treatment, medium was discarded and cells were washed twice with
ice-cold phosphate buffered saline (PBS), and then were mechanically harvested and lysed
with lysis buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1%
sodium dodecyl sulphate (SDS), 1% Triton X-100, 1 mM ortovanadate, 2 mM PMSF, 10 mM
NaF and the inhibitor cocktail consisting of 104 lM 4-(2-aminoethyl) benzenesulfonyl
fluoridehydrochloride, 80 nM aprotinin, 4 lM bestatin, 1.4 lM E-64.2.0 lM leupeptin and
1.5 lM pepstatin A (Merck, Darmstadt, Germany).

After 30 min of incubation on ice, cell extracts were centrifuged at 13,000× g for
20 min at 4 ◦C, to remove cell debris. The protein concentration on lysates was measured
with Bio-Rad Protein Assay Reagent (Bio-Rad, Hercules, CA, USA) using a BSA curve
as a standard and about 30 µg of total proteins was separated by using sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. At the end of separation, protein bands were
transferred to a PVDF blotting membrane (GE Healthcare, Buckinghamshire, UK). The
blots were then incubated with 5% skim milk in Tris-buffered saline (TBS) for 60 min, and
then further incubated overnight at 4 ◦C with the primary antibodies of interest: Mitofusin
2 (Mfn2, sc-100560,1:1000; Santa Cruz Biotechnology, Heidelberg, Germany), DRP1 (sc-
3298, 1:1000; Santa Cruz Biotechnology, Heidelberg, Germany), GRP78 (sc-1050, 1:1000,
Santa Cruz Biotechnology, Heidelberg, Germany) or OPA-1 (sc-30572, 1: 1000, Santa Cruz
Biotechnology, Heidelberg, Germany).

The second day, each membrane was washed three times with TBS-Tween (15 min for
each one) and incubated for 1 h at room temperature with the specific secondary antibody:
anti-mouse, anti-rabbit (1:10,000; Bio-Rad, Hercules, CA, USA); or anti goat peroxidase
secondary antibody (1:1000, Santa Cruz Biotechnology, Heidelberg, Germany).

Immunocomplexes were revealed using a chemiluminescence detection kit (Immo-
bilon Western, Millipore, Dublin, Ireland) according to the manufacturer’s instructions.
To normalize the amount of each protein in the total cellular extract, anti- glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (ab8245, 1:2000, Abcam, Cambridge, UK) was used
as loading control guide. Quantification of immunoblot films was performed with Quantity
One 1-D Analysis Software (Bio-Rad, Hercules, CA, USA).

4.6. Caspase-3 Assay

To evaluate the apoptosis process, enzymatic Caspase-3 activity assay was performed
according to the manufacturer instructions (Caspase 3 Assay Kit, Colorimetric; CASP-3-C,
Merck, Darmstadt, Germany).

4.7. Statistics

Statistical analysis was performed using GraphPad prism 8.3.1 (GraphPad software
Inc. San Diego, CA, USA). Data are reported as mean ± standard error of the mean (SEM).
Two-way ANOVA analysis followed by Tukey’s post hoc test was used to evaluate the
effect of the different fatty acids (palmitate or oleate) used to treat cells and the effect of
different concentrations (0, 10, 50, 100, 250, 500 µM) tested in this study. One-way ANOVA
analysis and Student’s t-test was used to further analyze fatty acids effects. p values ≤ 0.05
were considered to be statistically significant. In Western blot analysis, figures show
representative blots.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22189812/s1.

https://www.mdpi.com/article/10.3390/ijms22189812/s1
https://www.mdpi.com/article/10.3390/ijms22189812/s1


Int. J. Mol. Sci. 2021, 22, 9812 14 of 16

Author Contributions: Conceptualization, I.F.d.S., E.B.R. and L.L.; Data curation, I.F.d.S. and V.M.;
Formal analysis, I.F.d.S. and V.M.; Funding acquisition, L.L.; Investigation, I.F.d.S., V.M., M.L., G.P.
and I.D.G.; Project administration, L.L.; Supervision, L.L.; Writing—original draft, I.F.d.S. and V.M.;
Writing—review & editing, I.F.d.S., V.M., I.C., E.B.R. and L.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by University of Salerno FARB-Fondo di Ateneo per la ricerca di
base grant number 300389FRB18LIONE.

Data Availability Statement: Our own data presented in this study are available on request from
the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Michelotti, G.A.; Machado, M.V.; Diehl, A.M. NAFLD, NASH and liver cancer. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 656–665.

[CrossRef]
2. Mittal, S.; El-Serag, H.B.; Sada, Y.H.; Kanwal, F.; Duan, Z.; Temple, S.; May, S.B.; Kramer, J.R.; Richardson, P.A.; Davila, J.A.

Hepatocellular carcinoma in the absence of cirrhosis in United States veterans is associated with nonalcoholic fatty liver disease.
Clin. Gastroenterol. Hepatol. 2016, 14, 124–131.e1. [CrossRef]

3. Yki-Järvinen, H. Non-alcoholic fatty liver disease as a cause and a consequence of metabolic syndrome. Lancet Diabetes Endocrinol.
2014, 2, 901–910. [CrossRef]

4. Sethi, J.K.; Vidal-Puig, A.J. Adipose tissue function and plasticity orchestrate nutritional adaptation. J. Lipid Res. 2007, 48,
1253–1262. [CrossRef]

5. Lionetti, L.; Mollica, M.P.; Lombardi, A.; Cavaliere, G.; Gifuni, G.; Barletta, A. From chronic overnutrition to insulin resistance:
The role of fat-storing capacity and inflammation. Nutr. Metab. Cardiovasc. Dis. 2009, 19, 146–152. [CrossRef]

6. Mollica, M.P.; Lionetti, L.; Putti, R.; Cavaliere, G.; Gaita, M.; Barletta, A. From chronic overfeeding to hepatic injury: Role of
endoplasmic reticulum stress and inflammation. Nutr. Metab. Cardiovasc. Dis. 2011, 21, 222–230. [CrossRef]

7. Kim, O.K.; Jun, W.; Lee, J. Mechanism of ER stress and inflammation for hepatic insulin resistance in obesity. Ann. Nutr. Metab.
2015, 67, 218–227. [CrossRef] [PubMed]

8. Ozcan, U.; Cao, Q.; Yilmaz, E.; Lee, A.H.; Iwakoshi, N.N.; Ozdelen, E.; Tuncman, G.; Görgün, C.; Glimcher, L.H.; Hotamisligil, G.S.
Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes. Science 2004, 306, 457–461. [CrossRef] [PubMed]

9. Rieusset, J. Contribution of mitochondria and endoplasmic reticulum dysfunction in insulin resistance: Distinct or interrelated
roles? Diabetes Metab. 2015, 41, 358–368. [CrossRef] [PubMed]

10. Montgomery, M.K.; Turner, N. Mitochondrial dysfunction and insulin resistance: An update. Endocr. Connect. 2015, 4, R1–R15.
[CrossRef]

11. Putti, R.; Sica, R.; Migliaccio, V.; Lionetti, L. Diet impact on mitochondrial bioenergetics and dynamics. Front. Physiol. 2015, 6, 109.
[CrossRef]

12. Putti, R.; Migliaccio, V.; Sica, R.; Lionetti, L. Skeletal muscle mitochondrial bioenergetics and morphology in high fat diet induced
obesity and insulin resistance: Focus on dietary fat source. Front. Physiol 2016, 6, 426. [CrossRef] [PubMed]

13. Rovira-Llopis, S.; Bañuls, C.; Diaz-Morales, N.; Hernandez-Mijares, A.; Rocha, M.; Victor, V.M. Mitochondrial dynamics in type 2
diabetes: Pathophysiological implications. Redox Biol. 2017, 11, 637–645. [CrossRef]

14. Yu, T.; Robotham, J.L.; Yoon, Y. Increased production of reactive oxygen species in hyperglycemic conditions requires dynamic
change of mitochondrial morphology. Proc. Natl. Acad. Sci. USA 2006, 103, 2653–2658. [CrossRef] [PubMed]

15. Sebastián, D.; Hernández-Alvarez, M.I.; Segalés, J.; Sorianello, E.; Muñoz, J.P.; Sala, D.; Waget, A.; Liesa, M.; Paz, J.C.;
Gopalacharyulu, P.; et al. Mitofusin 2 (Mfn2) links mitochondrial and endoplasmic reticulum function with insulin signal-
ing and is essential for normal glucose homeostasis. Proc. Natl. Acad. Sci. USA 2012, 109, 5523–5528. [CrossRef]

16. Lionetti, L.; Mollica, M.P.; Donizzetti, I.; Gifuni, G.; Sica, R.; Pignalosa, A.; Cavaliere, G.; Gaita, M.; De Filippo, C.; Zorzano, A.;
et al. High-lard and high-fish-oil diets differ in their effects on function and dynamic behaviour of rat hepatic mitochondria. PLoS
ONE 2014, 9, e92753. [CrossRef] [PubMed]

17. Lionetti, L.; Mollica, M.P.; Sica, R.; Donizzetti, I.; Gifuni, G.; Pignalosa, A.; Cavaliere, G.; Putti, R. Differential effects of high-fish
oil and high-lard diets on cells and cytokines involved in the inflammatory process in rat insulin-sensitive tissues. Int. J. Mol. Sci.
2014, 15, 3040–3063. [CrossRef] [PubMed]

18. Liu, C.Y.; Kaufman, R.J. The unfolded protein response. J. Cell Sci. 2003, 4116, 1861–1862. [CrossRef] [PubMed]
19. Salvadó, L.; Palomer, X.; Barroso, E.; Vázquez-Carrera, M. Targeting endoplasmic reticulum stress in insulin resistance. Trends

Endocrinol. Metab. 2015, 26, 438–448. [CrossRef]
20. Song, M.J.; Malhi, H. The unfolded protein response and hepatic lipid metabolism in non-alcoholic fatty liver disease. Pharmacol.

Ther. 2019, 203, 107401. [CrossRef]
21. Wei, Y.; Wang, D.; Topczewski, F.; Pagliassotti, M.J. Saturated fatty acids induce endoplasmic reticulum stress and apoptosis

independently of ceramide in liver cells. Am. J. Physiol. Endocrinol. Metab. 2006, 291, E275–E281. [CrossRef]

http://doi.org/10.1038/nrgastro.2013.183
http://doi.org/10.1016/j.cgh.2015.07.019
http://doi.org/10.1016/S2213-8587(14)70032-4
http://doi.org/10.1194/jlr.R700005-JLR200
http://doi.org/10.1016/j.numecd.2008.10.010
http://doi.org/10.1016/j.numecd.2010.10.012
http://doi.org/10.1159/000440905
http://www.ncbi.nlm.nih.gov/pubmed/26452040
http://doi.org/10.1126/science.1103160
http://www.ncbi.nlm.nih.gov/pubmed/15486293
http://doi.org/10.1016/j.diabet.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25797073
http://doi.org/10.1530/EC-14-0092
http://doi.org/10.3389/fphys.2015.00109
http://doi.org/10.3389/fphys.2015.00426
http://www.ncbi.nlm.nih.gov/pubmed/26834644
http://doi.org/10.1016/j.redox.2017.01.013
http://doi.org/10.1073/pnas.0511154103
http://www.ncbi.nlm.nih.gov/pubmed/16477035
http://doi.org/10.1073/pnas.1108220109
http://doi.org/10.1371/journal.pone.0092753
http://www.ncbi.nlm.nih.gov/pubmed/24663492
http://doi.org/10.3390/ijms15023040
http://www.ncbi.nlm.nih.gov/pubmed/24562331
http://doi.org/10.1242/jcs.00408
http://www.ncbi.nlm.nih.gov/pubmed/12692187
http://doi.org/10.1016/j.tem.2015.05.007
http://doi.org/10.1016/j.pharmthera.2019.107401
http://doi.org/10.1152/ajpendo.00644.2005


Int. J. Mol. Sci. 2021, 22, 9812 15 of 16

22. Lee, J.Y.; Cho, H.K.; Kwon, Y.H. Palmitate induces insulin resistance without significant intracellular triglyceride accumulation in
HepG2 cells. Metabolism 2010, 59, 927–934. [CrossRef] [PubMed]

23. Martins, A.R.; Nachbar, R.T.; Gorjao, R.; Vinolo, M.A.; Festuccia, W.T.; Lambertucci, R.H.; Cury-Boaventura, M.F.; Silveira, L.R.;
Curi, R.; Hirabara, S.M. Mechanisms underlying skeletal muscle insulin resistance induced by fatty acids: Importance of the
mitochondrial function. Lipids Health Dis. 2012, 11, 30. [CrossRef] [PubMed]

24. Cao, J.; Feng, X.X.; Yao, L.; Ning, B.; Yang, Z.X.; Fang, D.L.; Shen, W. Saturated free fatty acid sodium palmitate-induced
lipoapoptosis by targeting glycogen synthase kinase-3 beta activation in human liver cells. Dig. Dis. Sci. 2014, 59, 346–357.
[CrossRef] [PubMed]

25. Gustavo Vazquez-Jimenez, J.; Chavez-Reyes, J.; Romero-Garcia, T.; Zarain-Herzberg, A.; Valdes-Flores, J.; Manuel Galindo-
Rosales, J.; Rueda, A.; Guerrero-Hernandez, A.; Olivares-Reyes, J.A. Palmitic acid but not palmitoleic acid induces insulin
resistance in a human endothelial cell line by decreasing SERCA pump expression. Cell Signal. 2016, 28, 53–59. [CrossRef]
[PubMed]

26. Palomer, X.; Pizarro-Delgado, J.; Barroso, E.; Vázquez-Carrera, M. Palmitic and oleic acid: The yin and yang of fatty acids in type
2 diabetes mellitus. Trends Endocrinol. Metab. 2018, 29, 178–190. [CrossRef] [PubMed]

27. Sergi, D.; Naumovski, N.; Heilbronn, L.K.; Abeywardena, M.; O’Callaghan, N.; Lionetti, L.; Luscombe-Marsh, N. Mitochondrial
(Dys)function and Insulin Resistance: From Pathophysiological Molecular Mechanisms to the Impact of Diet. Front. Physiol. 2019,
10, 532. [CrossRef]

28. Nobili, V.; Bedogni, G.; Alisi, A.; Pietrobattista, A.; Risé, P.; Galli, C.; Agostoni, C. Docosahexaenoic acid supplementation
decreases liver fat content in children with non-alcoholic fatty liver disease: Double-blind randomised controlled clinical trial.
Arch. Dis. Child. 2011, 96, 350–353. [CrossRef] [PubMed]

29. Tanaka, N.; Sano, K.; Horiuchi, A.; Tanaka, E.; Kiyosawa, K.; Aoyama, T. Highly purified eicosapentaenoic acid treatment
improves nonalcoholic steatohepatitis. J. Clin. Gastroenterol. 2008, 42, 413–418. [CrossRef]

30. Ostermann, A.I.; Schebb, N.H. Effects of omega-3 fatty acid supplementation on the pattern of oxylipins: A short review about
the modulation of hydroxy-, dihydroxy-, and epoxy-fatty acids. Food Funct. 2017, 8, 2355–2367. [CrossRef]

31. Lepretti, M.; Martucciello, S.; Burgos Aceves, M.A.; Putti, R.; Lionetti, L. Omega-3 fatty acids and insulin resistance: Focus on the
regulation of mitochondria and endoplasmic reticulum stress. Nutrients 2018, 10, 350. [CrossRef] [PubMed]

32. Oliveira, V.; Marinho, R.; Vitorino, D.; Santos, G.A.; Moraes, J.C.; Dragano, N.; Sartori-Cintra, A.; Pereira, L.; Catharino, R.R.;
da Silva, A.S.; et al. Diets containing α-linolenic (ω3) or oleic (ω9) fatty acids rescues obese mice from insulin resistance.
Endocrinology 2015, 156, 4033–4046. [CrossRef] [PubMed]

33. García-Ruiz, I.; Solís-Muñoz, P.; Fernández-Moreira, D.; Muñoz-Yagüe, T.; Solís-Herruzo, J.A. In vitro treatment of HepG2 cells
with saturated fatty acids reproduces mitochondrial dysfunction found in nonalcoholic steatohepatitis. Dis. Model Mech. 2015, 8,
183–191. [CrossRef] [PubMed]

34. Alkhateeb, H.; Qnais, E. Preventive effect of oleate on palmitate-induced insulin resistance in skeletal muscle and its mechanism
of action. J. Physiol. Biochem. 2017, 73, 605–612. [CrossRef]

35. Chen, X.; Li, L.; Liu, X.; Luo, R.; Liao, G.; Li, L.; Liu, J.; Cheng, J.; Lu, Y.; Chen, Y. Oleic acid protects saturated fatty acid mediated
lipotoxicity in hepatocytes and rat of non-alcoholic steatohepatitis. Life Sci. 2018, 203, 291–304. [CrossRef]

36. Kwon, B.; Lee, H.K.; Querfurth, H.W. Oleate prevents palmitate-induced mitochondrial dysfunction, insulin resistance and
inflammatory signaling in neuronal cells. Biochim. Biophys. Acta 2014, 1843, 1402–1413. [CrossRef]

37. Kim, D.; Kim, H.J.; Cha, S.H.; Jun, H.S. Protective Effects of Broussonetia kazinoki Siebold Fruit Extract against Palmitate-Induced
Lipotoxicity in Mesangial Cells. Evid. Based Complement. Alternat. Med. 2019, 2019, 4509403. [CrossRef]

38. Liu, X.; Zeng, X.; Chen, X.; Luo, R.; Li, L.; Wang, C.; Liu, J.; Cheng, J.; Lu, Y.; Chen, Y. Oleic acid protects insulin-secreting INS-1E
cells against palmitic acid-induced lipotoxicity along with an amelioration of ER stress. Endocrine 2019, 64, 512–524. [CrossRef]

39. Zeng, X.; Zhu, M.; Liu, X.; Chen, X.; Yuan, Y.; Li, L.; Liu, J.; Lu, Y.; Cheng, J.; Chen, Y. Oleic acid ameliorates palmitic acid induced
hepatocellular lipotoxicity by inhibition of ER stress and pyroptosis. Nutr. Metab. 2020, 17, 11. [CrossRef]

40. Mi, Y.; Tan, D.; He, Y.; Zhou, X.; Zhou, Q.; Ji, S. Melatonin Modulates lipid Metabolism in HepG2 Cells Cultured in High
Concentrations of Oleic Acid: AMPK Pathway Activation may Play an Important Role. Cell Biochem. Biophys. 2018, 76, 463–470.
[CrossRef]

41. Huang, W.C.; Chen, Y.L.; Liu, H.C.; Wu, S.J.; Liou, C.J. Ginkgolide C reduced oleic acid-induced lipid accumulation in HepG2
cells. Saudi Pharm. J. 2018, 26, 1178–1184. [CrossRef]

42. Pang, J.; Xi, C.; Jin, J.; Han, Y.; Zhang, T.M. Relative quantitative comparison between lipotoxicity and glucotoxicity affecting the
PARP-NAD-SIRT1 pathway in hepatocytes. Cell Physiol. Biochem. 2013, 32, 719–727. [CrossRef]

43. Tian, Y.; Feng, H.; Han, L.; Wu, L.; Lv, H.; Shen, B.; Li, Z.; Zhang, Q.; Liu, G. Magnolol Alleviates Inflammatory Responses and
Lipid Accumulation by AMP-Activated Protein Kinase-Dependent Peroxisome Proliferator-Activated Receptor α Activation.
Front. Immunol. 2018, 5, 147. [CrossRef] [PubMed]

44. Ayaub, E.A.; Kolb, P.S.; Mohammed-Ali, Z.; Tat, V.; Murphy, J.; Bellaye, P.S.; Shimbori, C.; Boivin, F.J.; Lai, R.; Lynn, E.G.; et al.
GRP78 and CHOP modulate macrophage apoptosis and the development of bleomycin-induced pulmonary fibrosis. J. Pathol.
2016, 239, 411–425. [CrossRef]

45. Thivolet, C.; Vial, G.; Cassel, R.; Rieusset, J.; Madec, A.M. Reduction of endoplasmic reticulum-mitochondria interactions in beta
cells from patients with type 2 diabetes. PLoS ONE 2017, 12, e0182027. [CrossRef] [PubMed]

http://doi.org/10.1016/j.metabol.2009.10.012
http://www.ncbi.nlm.nih.gov/pubmed/20006364
http://doi.org/10.1186/1476-511X-11-30
http://www.ncbi.nlm.nih.gov/pubmed/22360800
http://doi.org/10.1007/s10620-013-2896-2
http://www.ncbi.nlm.nih.gov/pubmed/24132507
http://doi.org/10.1016/j.cellsig.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26475209
http://doi.org/10.1016/j.tem.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29290500
http://doi.org/10.3389/fphys.2019.00532
http://doi.org/10.1136/adc.2010.192401
http://www.ncbi.nlm.nih.gov/pubmed/21233083
http://doi.org/10.1097/MCG.0b013e31815591aa
http://doi.org/10.1039/C7FO00403F
http://doi.org/10.3390/nu10030350
http://www.ncbi.nlm.nih.gov/pubmed/29538286
http://doi.org/10.1210/en.2014-1880
http://www.ncbi.nlm.nih.gov/pubmed/26280128
http://doi.org/10.1242/dmm.018234
http://www.ncbi.nlm.nih.gov/pubmed/25540128
http://doi.org/10.1007/s13105-017-0594-9
http://doi.org/10.1016/j.lfs.2018.04.022
http://doi.org/10.1016/j.bbamcr.2014.04.004
http://doi.org/10.1155/2019/4509403
http://doi.org/10.1007/s12020-019-01867-3
http://doi.org/10.1186/s12986-020-0434-8
http://doi.org/10.1007/s12013-018-0859-0
http://doi.org/10.1016/j.jsps.2018.07.006
http://doi.org/10.1159/000354474
http://doi.org/10.3389/fimmu.2018.00147
http://www.ncbi.nlm.nih.gov/pubmed/29467759
http://doi.org/10.1002/path.4738
http://doi.org/10.1371/journal.pone.0182027
http://www.ncbi.nlm.nih.gov/pubmed/28742858


Int. J. Mol. Sci. 2021, 22, 9812 16 of 16

46. Bach, D.; Naon, D.; Pich, S.; Soriano, F.X.; Vega, N.; Rieusset, J.; Laville, M.; Guillet, C.; Boirie, Y.; Wallberg-Henriksson, H.; et al.
Expression of Mfn2, the Charcot-Marie-Tooth neuropathy type 2A gene, in human skeletal muscle: Effects of type 2 diabetes,
obesity, weight loss, and the regulatory role of tumor necrosis factor alpha and interleukin-6. Diabetes 2005, 54, 2685–2693.
[CrossRef] [PubMed]

47. Hernández-Alvarez, M.I.; Thabit, H.; Burns, N.; Shah, S.; Brema, I.; Hatunic, M.; Finucane, F.; Liesa, M.; Chiellini, C.; Naon, D.;
et al. Subjects with early-onset type 2 diabetes show defective activation of the skeletal muscle PGC-1α/Mitofusin-2 regulatory
pathway in response to physical activity. Diabetes Care 2010, 33, 645–651. [CrossRef]

48. Jheng, H.F.; Tsai, P.J.; Guo, S.M.; Kuo, L.H.; Chang, C.S.; Su, I.J.; Chang, C.R.; Tsai, Y.S. Mitochondrial fission contributes to
mitochondrial dysfunction and insulin resistance in skeletal muscle. Mol. Cell. Biol. 2012, 32, 309–319. [CrossRef] [PubMed]

49. Zhang, Y.; Jiang, L.; Hu, W.; Zheng, Q.; Xiang, W. Mitochondrial dysfunction during in vitro hepatocyte steatosis is reversed by
omega-3 fatty acid-induced up-regulation of mitofusin 2. Metabolism 2011, 60, 767–775. [CrossRef]

50. Sparagna, G.C.; Hickson-Bick, D.L.; Buja, L.M.; McMillin, J.B. A metabolic role for mitochondria in palmitate-induced cardiac
myocyte apoptosis. Am. J. Physiol. Heart Circ. Physiol. 2000, 279, H2124–H2132. [CrossRef]

51. Bourebaba, L.; Łyczko, J.; Alicka, M.; Bourebaba, N.; Szumny, A.; Fal, A.M.; Marycz, K. Inhibition of Protein-tyrosine Phos-
phatase PTP1B and LMPTP Promotes Palmitate/Oleate-challenged HepG2 Cell Survival by Reducing Lipoapoptosis, Improving
Mitochondrial Dynamics and Mitigating Oxidative and Endoplasmic Reticulum Stress. J. Clin. Med. 2020, 9, 1294. [CrossRef]
[PubMed]
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