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A B S T R A C T

The prevalence and severity of nonalcoholic fatty liver disease (NAFLD) is higher in men and postmenopausal
women compared to premenopausal women, suggesting a protective role for ovarian hormones. Diet-induced
obesity and fatty acids surplus promote mitochondrial dysfunction in liver, triggering oxidative stress and ac-
tivation of c-Jun N-terminal kinase (JNK) which has been related to the development of insulin resistance and
steatosis, the main hallmarks of NAFLD. Considering that estrogen, in particular 17β-estradiol (E2), have been
reported to improve mitochondrial biogenesis and function in liver, our aim was to elucidate the role of E2 in
preventing fatty acid-induced insulin resistance in hepatocytes through modulation of mitochondrial function,
oxidative stress and JNK activation. An in vivo study was conducted in Wistar rats of both sexes (n = 7) fed
control diet and high-fat diet (HFD), and in vitro studies were carried out in HepG2 cells treated with palmitate
(PA) and E2 for 24 h. Our HFD-fed male rats showed a prediabetic state characterized by greater systemic and
hepatic insulin resistance, as well as higher lipid content in liver, compared to females. JNK activation rose
markedly in males in response to HFD feeding, in parallel with mitochondrial dysfunction and oxidative stress.
Consistently, in PA-exposed HepG2 cells, E2 treatment prevented JNK activation, insulin resistance and fatty
acid accumulation. Altogether, our data highlights the importance of E2 as a mitigating factor of fatty acid-
insulin resistance in hepatocytes through downregulation of JNK activation, by means of mitochondrial function
improvement.

1. Introduction

Hypercaloric diet and sedentary lifestyle are major causes of me-
tabolic syndrome, which is characterized by the combination of dis-
orders including obesity, dyslipidaemia, insulin resistance, diabetes,
and cardiovascular disease, among others [1]. Nonalcoholic fatty liver
disease (NAFLD) is defined as excessive fat accumulation within the
liver, in the absence of significant alcohol consumption or any sec-
ondary cause, and is increasingly recognized as the hepatic manifesta-
tion of metabolic syndrome [1]. High fat diets (HFD) and obesity are
associated with increased free fatty acids (FFA) flux into the blood-
stream thereby leading to enhanced fatty acid uptake in liver [2].

Hepatic fat accumulation arises from an imbalance between lipid sto-
rage (fatty acid uptake and de novo lipogenesis) and lipid removal
(fatty acid oxidation and export as a component of VLDL particles) [3].
Free fatty acid surplus and lipid species such as ceramides or DAG ac-
cumulation in liver contribute to the development and exacerbation of
hepatic insulin resistance [4,5].

In postmenopausal women and ovariectomized (OVX) animal
models, loss of estrogens is linked to an increase in central adiposity,
insulin resistance and the development of complications such as hepatic
steatosis and type 2 diabetes [6]. Estrogen protection is suggested in
human studies, where the prevalence of NAFLD is lower in pre-
menopausal women compared to men or postmenopausal women
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[7–11], and insulin sensitivity remains higher in women than in men
[12,13]. Accordingly, non-obese male rats show reduced systemic in-
sulin sensitivity and a slower hepatic response to insulin, in comparison
with females [14], as well as a higher degree of lipid accumulation in
the liver when fed a HFD [15]. All in all, these data suggest a protective
role for female sex hormones against insulin resistance and liver stea-
tosis, although the underlying mechanisms are poorly understood.

Accumulating evidence points towards hepatic mitochondrial dys-
function playing a critical role in the development of NAFLD.
Ultrastructural and functional abnormalities in mitochondria, and
subsequently reactive oxygen species (ROS) formation, are associated
with NAFLD [16]. Estrogens are well-known regulators of mitochon-
drial biogenesis and function [17]. Recently, we have reported an en-
hancement of mitochondrial function and biogenesis by 17β-estradiol
(E2) treatment in hepatocytes [18], so it is plausible to consider a better
prognosis of steatosis in females due to the protective role of E2 in
mitochondrial function. The activation of c-Jun N-terminal kinase
(JNK), a mitogen-activated protein kinase family member, plays a
central role in the cell stress response, with outcomes ranging from cell
death to cell proliferation and survival, depending on the specific
context (reviewed in Ref. [19]). Sustained JNK activation in liver has
been related to the development of insulin resistance and steatosis;
attracting attention as a key mediator of the pathogenesis of NAFDL
[20]. Diverse stimuli, including several drugs, oxidative stress and li-
potoxic insults, are recognized to lead to sustained JNK activation
through a feedback loop mechanism involving mitochondria and ROS
[21,22]. In turn, JNK phosphorylates insulin receptor substrate (IRS)
1 at serine 307 leading to reduced Akt phosphorylation and a con-
sequent inhibition of insulin signalling [23].

In light of the above considerations, the aim of this study was to
investigate the factors involved in E2 effects in decreasing hepatic in-
sulin resistance associated with lipotoxic conditions. To test this, we
performed studies in both male and female rats fed an HFD, and HepG2
hepatocytes treated with palmitate (PA) to induce lipotoxicity, and E2
to elucidate the contribution of this hormone in processes underlying
hepatic insulin resistance.

2. Results

2.1. Body weight, adiposity, glucose tolerance and lipemia in HFD-fed male
and female rats

High fat/high sucrose diet (HFD) for 16 weeks increased body
weight (Fig. 1A) in both sexes (11,7% in males, 15% in females). Al-
though no sex differences were found in body weight gain, the increase
in adiposity index (Fig. 1B) was significantly higher in male (97%)
compared to female rats (44%). To assess the effects of diet on gly-
caemic control, glucose tolerance test was performed four days prior to
sacrifice. As shown in Fig. 1C and D, HFD-fed male rats exhibited im-
paired glucose tolerance compared to females. Although fasted glucose
levels were similar between sex and diet groups (data not shown),

insulin levels were markedly increased in HFD-fed male rats (Fig. 1E).
HOMA-IR confirmed insulin resistance in HFD-fed male rats, suggesting
a prediabetic state in this sex under our HFD conditions (Fig. 1F). Ac-
cordingly, lipemia was also more altered by HFD in this sex (Fig. 1G-I),
with higher circulating levels of triglycerides, cholesterol and FFA.

2.2. Lipid accumulation in liver of HFD-fed male and female rats and in
HepG2 cells treated with PA and E2

HFD-feeding increased liver weight only in male rats (Fig. 2A). Al-
though hepatic lipid content increased in both sexes, it was more pro-
nounced in males. Interestingly, free fatty acids, which excessive tis-
sular levels have been widely related to lipotoxicity, were also
increased in response to HFD in male rats. To better characterize lipid
metabolism in liver of these animals, expression levels of master reg-
ulators of lipid homeostasis were analysed (Fig. 2B). The lipogenic
sterol regulatory element binding transcription factor 1c (SREBP-1c)
mRNA levels did not change with HFD feeding, although females ex-
hibited lower levels compared to males. Similarly, female also showed
lower levels of the lipogenic peroxisome proliferator-activated receptor
γ (PPARγ) in both diet conditions. In addition, this difference was ac-
centuated by HFD feeding since this factor was upregulated specifically
in males. In contrast, the master regulator of lipid oxidation, PPARα,
showed no sex differences in control conditions but it was significantly
upregulated in females with HFD. To test whether E2 may influence
lipid accumulation in hepatocytes under a lipotoxic environment, oil
red lipid staining was performed in HepG2 cells treated with E2 in
media supplemented with 0.75 mM PA (Fig. 2C and D). Consistent with
in vivo results, intracellular lipids increased in HepG2 cells exposed to
PA oversupply with E2 attenuating the PA-induced fat accumulation.
Cellular viability (Fig. 2E) was not affected by E2, whereas PA treat-
ment decreased it by about 15%, similarly to previous studies [24].

2.3. Mitochondrial biogenesis in liver of HFD-fed male and female rats and
in HepG2 cells treated with PA and E2

Mitochondria plays a pivotal role in lipid homeostasis and reactive
oxygen species (ROS) production. To assess the influence of sex in the
mitochondrial adaptations to HFD, we analysed the expression of
master regulators of mitochondrial biogenesis and function. Control
female rats showed elevated peroxisome proliferator-activated receptor
gamma coactivator 1α and 1β (PGC-1α and PGC-1β) and mitochondrial
transcription factor A (TFAM) compared with their male counterparts
(Fig. 3A and C). HFD feeding decreased TFAM levels exclusively in
males. In accordance, mitochondrial DNA (mtDNA) levels decreased in
males by 37% whereas in females just decreased 15% in response to
HFD (Fig. 3A).

Similar to our animal model, in vitro experiment with HepG2 cells
treated with E2 exhibited higher levels of PGC-1β and TFAM, although
PGC-1α levels were not affected by E2 (Fig. 3B and D). PA exposure
increased both PGC-1α and PGC-1β, but only the last one showed an
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enhanced expression by E2. In accordance, E2 increased mtDNA copy
number in basal conditions and was able to attenuate the drop in
mtDNA levels under lipotoxic conditions (Fig. 3B). From a functional
point of view, the improved mitochondrial biogenesis induced by E2
translated to a higher mitochondrial membrane potential (MMP) and
ATP content, consistent with the TFAM expression profile. MMP and
ATP levels decreased under exposure to PA but were partially restored
by E2 (Fig. 3E).

2.4. Oxidative stress and antioxidant capacity in liver of HFD-fed male and
female rats and in HepG2 cells treated with PA and E2

To evaluate oxidative stress in liver of HFD fed rats, HNE-protein
adducts, end markers of lipid peroxidation, were determined by wes-
tern blot. As shown in Fig. 4A, female rats showed lower HNE levels,
suggesting a higher protection against oxidative stress in both diet
conditions. Lipid peroxide levels increased in liver of male rats with
HFD feeding whereas in females HNE levels were equal to those under
control diet. In agreement, male rats decreased their total non-enzy-
matic antioxidant capacity (TAC) in response to HFD, while females
increased it. In addition, female rats showed higher levels of the

mitochondrial antioxidant uncoupling protein 2 (UCP2) both in control
and HFD conditions. In HepG2 cells, E2 showed a protective activity
increasing the levels of the mitochondrial antioxidant enzyme MnSOD,
and rescued catalase levels after PA exposure. Finally, ROS production
in HepG2 under our experimental setting was analysed by DCFH oxi-
dation. As shown in Fig. 4D, PA exposure induced an increase in ROS
levels which was reversed by E2 treatment.

2.5. JNK activation and insulin resistance in liver of HFD-fed male and
female rats and in HepG2 cells treated with PA and E2

ROS‐induced insulin resistance is mediated by various signalling
pathways, including the JNK pathway. As expected from the sex dif-
ferences observed in oxidative stress, JNK activation was higher in
control male rats compared to their female counterparts (Fig. 5A). HFD
feeding induced JNK phosphorylation in both sexes, being this activa-
tion, once again, more pronounced in males. In accordance, E2 atte-
nuated both basal and PA-induced JNK phosphorylation in HepG2 cells
(Fig. 5B).

In relation to insulin resistance, HFD feeding reduced insulin-sti-
mulated serine phosphorylation of Akt in male rats (Fig. 5C), whereas

Fig. 1. Body weight gain, glucose tolerance test and serum parameters in HFD-fed male and female rats. A) Body weight. B) Adiposity index. C) Glucose tolerance
test. Rats were fasted for a 12 h period and then plasma glucose was measured before and 15, 30, 60 and 120 min after an intraperitoneal injection of glucose (2 g/kg
body weight). D) Area under the curve from glucose tolerance test. E) Serum levels of insulin. F) HOMA-IR. Serum levels of triglyceride (F), total cholesterol (G) and
FFA (H). HFD, high fat diet. Values are expressed as the mean ± SEM of 7 animals per group. ANOVA (P < 0.05): S, sex effect; D, diet effect; S*D, sex and diet
interactive effect. Student's t-test (P < 0.05): * male vs. female; # HFD vs. control.
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that of females remained unaltered. In our in vitro model, lipotoxic
insult diminished Akt activation and glucose uptake of HepG2 cells
(Fig. 5D and F), with E2 preventing these effects. To further evaluate

insulin resistance, phosphoenolpyruvate carboxykinase (PEPCK) ac-
tivity was measured in liver of HFD male and female rats. Insulin sti-
mulation decreased PEPCK activity in all animal groups (Fig. 5G). In

(caption on next page)
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comparison with male rats, PEPCK activity was lower in females in both
non-stimulated and stimulated insulin conditions. Moreover, the ability
of insulin to repress PEPCK activity (striped bars in Fig. 5G), was im-
paired by HFD in male rats (34 vs 13 repression percentage for control
and HFD-fed male rats, respectively), while it was unaltered in female
rats (27 vs 28% for control and HFD-fed female rats, respectively). In
HepG2 cells (Fig. 5H), PEPCK levels increased in response to PA, with
E2 once again preventing this alteration.

To confirm the involvement of ROS and JNK activation in the E2-
protective effect under lipotoxic conditions, HepG2 cells were treated
with the JNK inhibitor SP600125 and the ROS-scavenger butylated
hydroxyanisole (BHA) in the presence of PA and E2. As shown in Fig. 6,
both SP600125 and BHA were effective to alleviate PA-induced JNK
phosphorylation at same levels as E2 (Fig. 5B). In addition, simulta-
neous treatment with E2 and SP600125 showed similar effect than
individual treatments (Fig. 6A). HepG2 fat accumulation showed a si-
milar profile (Fig. 6B), suggesting that the effects of E2 preventing lipid
accumulation are not independent of JNK inhibition or ROS scavenging.

3. Discussion

In the present study, we describe a role for E2 in maintaining insulin
sensitivity in PA-induced lipotoxicity in HepG2 cells. This hormonal
effect is associated with lower activation of JNK, one of the main dri-
vers of insulin resistance, by means of an improvement in mitochon-
drial function and reduction of ROS production. These findings support
the sexual dimorphism found in the systemic and hepatic insulin re-
sistance induced by HFD feeding, in which male rats show a worsened
profile compared to females.

Our results point to more deleterious effects of HFD feeding on
systemic insulin sensitivity in male rats compared to females. In fact,
serum lipid levels and insulin resistance markers were significantly
higher in our HFD male rats, whereas females were almost unaffected.
It is well described in most rodent models that females are more pro-
tected against HFD-induced insulin resistance than males [14,25,26].
As an example, Zucker Diabetic Fatty (ZDF) male rats on normal rodent
chow diet develop hyperglycaemia and hypoinsulinaemia by 4 months
of age, whereas female ZDF rats maintain normal glucose and insulin
levels throughout their life, even at similar degree of obesity. This sex
difference also translates to humans, with women less prone to suffer
from diet-induced complications of T2DM and being less frequently
diagnosed than men [27,28].

In this study, HFD-fed male rats showed hepatic steatosis, the
hallmark of NAFLD. This process could be the result of both increased
FFA flux into the circulation and subsequent uptake of fatty acids into
the liver, as well as altered levels of proteins involved in lipid handling.
In fact, increased levels of PPARγ and SREBP-1c, both associated to the
development of hepatic steatosis [29], were higher in control and HFD-
fed male compared to female rats. In contrast, PPARα, which is known
to promote fatty acid oxidation [30], was increased only in female rats
in response to HFD feeding. Along these lines, the SREBP-1c/PPARα
ratio, which has been used as an index of steatosis in liver [31], is
significantly lower in female compared to male rats when both are fed a
HFD (0.57 ± 0.08 vs 0.95 ± 0.13, P < 0.05). Thus, female rats
express a transcription factor signature more given to a higher hepatic
rate of fatty acid oxidation, in contrast to the more lipogenic signature

of males, protecting females against excessive lipid accumulation in
liver.

Liver steatosis is associated with both hepatic and systemic insulin
resistance [32,33]. In our study, only HFD male rats showed an im-
paired response to insulin in liver. Female rats, however, maintained
insulin dependent Akt activation and PEPCK repression in liver despite
HFD feeding. In this sense, previous studies have shown that ovar-
iectomy impairs hepatic PI3K/Akt signalling pathway in rats, which
this impairment reversed by E2 supplementation [34] Studies of ERα
and ERβ knockout mice have demonstrated that ERα, but not ERβ gene
depletion, results in increased glucose intolerance and insulin resistance
[35]. The importance of E2/ERα axis in liver insulin sensitivity has
been observed even in males, with mice lacking liver estrogen receptor
α (LERKO) or lacking E2 by aromatase knockdown (ARKO mice)
showing impaired glucose tolerance [36,37]. On the other hand, studies
of G protein-coupled estrogen receptor 1 (GPER) knockout mice have
revealed functions for GPER in the regulation of obesity, insulin re-
sistance and glucose intolerance [38]. Interestingly, only female GPER
KO mice exhibited increased lipid accumulation in liver along with a
decrease in circulating HDL levels compared to wild type mice, whereas
male mice displayed no such differences [39]. Altogether, in vivo studies
suggest both ERα and GPER as candidates in mediating the estrogen
protective effects observed in females.

To elucidate the contribution of E2 in ameliorating hepatic altera-
tions associated to HFD feeding, experiments using HepG2 cells under
lipotoxic PA concentrations were performed. Thus, PA exposure in-
creased lipid content and reduced insulin sensitivity, accompanied by
increased PEPCK expression, indicative of the inability of insulin to
suppress gluconeogenesis. E2 attenuated hepatic steatosis and main-
tained insulin sensitivity in PA-treated cells, supporting the protective
role suggested for estrogenic signalling.

JNK is one of the most investigated links between lipotoxic insult
and development of insulin resistance in liver [19,40]. Among the
mechanisms proposed, the activation of JNK induces IRS1 phosphor-
ylation at serine 307, and subsequently impairs insulin signalling in the
liver, as observed in HFD fed mice and PA-exposed hepatocytes
[41–43]. Consistent with this, in our study HFD and PA exposure in-
creased JNK activation in rats and HepG2 cells, respectively. Re-
markably, both control and HFD-fed female rats exhibited lower JNK
activation compared to their male counterparts. Similarly, JNK acti-
vation was lower in HepG2 cells treated with E2, even in the absence of
PA. These results suggest than E2 could contribute to maintaining he-
patic insulin sensitivity through a decrease in JNK activation, not only
under lipotoxic conditions, but also under standard feeding conditions.

In order to identify mechanisms involved in the protective effect of
E2, through a lower JNK activation, we evaluated mitochondrial
function and oxidative stress. Inefficient fatty acid oxidation in mi-
tochondria and increased oxidative damage are features of NAFLD
[44,45]. In fact, sustained JNK activation requires a feed-back loop
involving mitochondria and ROS [21]. Activated JNK interacts with the
outer mitochondrial membrane protein, SH3 domain–binding protein 5
(SAB), resulting in impaired mitochondrial respiration and ROS release
[46]. In turn, through a thioredoxin dependent mechanism, ROS trigger
a cascade of kinases resulting in further activation of JNK [47]. The
duration and degree of sustained JNK activation mediates many con-
sequences, both through transcriptional regulation by AP-1 targets that

Fig. 2. Lipid accumulation and expression of master regulators of lipid metabolism in liver of HFD rats and HepG2 cells treated with E2 and PA. A) Weight, total lipid
and FFA content in liver of HFD rats. B) Expression levels of SREBP-1c, PPARγ and PPARα in liver of HFD rats. Values are expressed as the mean ± SEM of 7 animals
per group. ANOVA (P < 0.05): S, sex effect; D, diet effect; S*D, sex and diet interactive effect. Student's t-test (P < 0.05): * male vs. female; # HFD vs. control. C)
Representative Oil Red O staining for HepG2 cells treated with PA (0.75 mM) and/or E2 (100 nM) or vehicle (ethanol) for 24 h. Control cells were treated with PA
vehicle (BSA). Microscopy images were obtained at 100X magnification. D) Colorimetric quantification of Oil Red O staining after solubilization of the dye. E) Cell
viability analysed by crystal violet assay. E2, 17β-estradiol; PA, palmitate. Values are expressed as the mean ± SEM of three independent experiments performed in
duplicate (n = 6). ANOVA (P < 0.05): E, E2 effect; PA, PA effect; E*PA, E2 and PA interactive effect. Student's t-test (P < 0.05): a vs. control (E2 − PA −), b vs. E2
+, c vs PA +.
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Fig. 3. Mitochondrial biogenesis and function in liver of HFD-fed male and female rats and in HepG2 cells treated with PA and E2. Expression levels of PGC1-α,
PGC1-β and levels of mtDNA in liver (A) and HepG2 cells treated with PA and/or E2 (B). Representative bands and protein levels of TFAM in liver (C) and HepG2
cells (D). E) MMP and ATP content levels in HepG2 cells treated with PA and/or E2. Values are expressed as the mean ± SEM of three independent experiments
performed in duplicate (n = 6). ANOVA (P < 0.05): E, E2 effect; PA, PA effect; E*PA, E2 and PA interactive effect. Student's t-test (P < 0.05): a vs. control (E2 −
PA −), b vs. E2 +, c vs PA +.
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modulate expression of many genes involved in proliferation, in-
flammation, metabolism and apoptosis (reviewed in Ref. [22]).

Considering this activation loop, one possible mechanism for dam-
pening sustained activation of JNK by E2 may be targeting mitochon-
dria. This idea is supported by our previous study showing an im-
provement in mitochondrial biogenesis and function in liver of
OVX + E2 rats and in HepG2 supplemented with E2 [18]. In line with
this, HFD male rats showed a significant decrease in the main markers
of mitochondrial function, accompanied by an increase in oxidative
stress. In fact, antioxidant systems failed in male rats, contributing to
greater lipid oxidative damage. These findings are supported by data
obtained in HepG2 cells, in which PA treatment impaired mitochondrial
function and elevated ROS content, whereas E2 supplementation
counteracted these effects. Besides improving mitochondrial function,
E2 also enhance mitochondrial antioxidant defences such as MnSOD
and UCP2. Among them, UCP2 may contribute to hepatoprotective role
against steatosis and oxidative damage by mediating proton leak across
the inner membrane avoiding ROS production and enhancing fatty acid
oxidation. Although mitochondria have been widely reported to be an
important target of E2 action, it cannot be ruled out the involvement of
other pathways converging in JNK activation. For instance, PA over-
supply has been reported to induce endoplasmic reticulum (ER) stress
resulting in JNK activation [48] and thus, further research would be
necessary to address whether E2 could be also acting through a miti-
gation of ER stress.

Estrogenic improvement of mitochondrial function and decrease in
both ROS production and JNK activation could meaningfully alleviate
progression of hepatic insulin resistance. Our results are not only in
accordance with JNK inhibition strategies to mitigate insulin resistance
and associated abnormalities [20,40,41], but also with therapies di-
rectly targeting mitochondria to halt or reverse the progression of liver
diseases [45]. In fact, treatment with the JNK inhibitor SP600125 or the
antioxidant BHA had no additive effects over those exerted by E2,
showing interdependence between ROS, JNK activation and the puta-
tive E2-target. In a recent study, Win et al. elegantly demonstrated that
female mice have lower expression of the mitochondrial protein SAB,
showing a higher protection against acetaminophen-induced liver in-
jury compared to males [49]. Although we have not assessed the ex-
pression of SAB in this study, our results are consistent and com-
plementary with those of Win et al., suggesting a pleiotropic action of
E2 on mitochondria beyond the lower expression of this docking pro-
tein, through improvement of mitochondrial biogenesis, function, an-
tioxidant defences and fatty acid oxidation. The remodelling of all these
features by E2 would set the threshold and amplification capacity of the
sustained JNK activation loop, to levels aimed to protect females
against lipotoxic insults in liver.

Altogether, our results depict a role for E2 against lipid-induced
insulin resistance by targeting liver mitochondrial metabolism at dif-
ferent levels, which, in turn, attenuates ROS production and subse-
quently disrupts the sustained JNK activation loop. This study con-
tributes to the understanding of sexual dimorphism in the incidence of
NAFLD and associated alterations, which has been underestimated by
the systematic use of male models.

4. Materials and methods

4.1. Animals and diets

All procedures performed in studies involving animals were in ac-
cordance with general guidelines approved by Institutional Ethics
Committee (nr.3515/2012) and EU regulations (2010/63/UE). Six-
week-old Wistar rats of both sexes were purchased at Charles River
Laboratories (Barcelona, Spain) and housed in a controlled environ-
ment (22 °C and 65 ± 3% humidity) under a 12-h light-darkness cycle
with free access to food and water. After 2 weeks of acclimation, ani-
mals were divided into 4 groups (n = 7): control males, control fe-
males, high fat diet (HFD) males and HFD females. All animals were fed
ad libitum with a standard diet (control groups) or a high fat/high
sucrose diet (HFD groups) for 16 weeks. Diets were delivered by SAFE
(Paris, France). Standard diet used was SAFE 210 (3438 kcal/kg; 22.8%
proteins, 13.1% lipids, and 64.1% carbohydrates) and HFD diet was
SAFE 235 (4397 kcal/kg; 15.6% proteins, 46% lipid, and 38.5% car-
bohydrates). In order to analyse insulin response, comparable groups of
animals fed control (n = 7) and high fat/high sucrose (n = 7) diets
were treated with a peritoneal injection of insulin (5 U/kg body weight)
20 min before sacrifice. Non-stimulated animals received an equal vo-
lume of saline (0.9% NaCl). The estrous cycle was regularly determined
by measuring vaginal wall impedance with the estrous cycle monitor
Impeast® (Cibertec, Madrid, Spain) and confirmed by microscopic ex-
amination of fresh vaginal smears. All female rats were in the diestrous
phase at the time of sacrifice. At 24 weeks of age, animals were de-
capitated without the use of anaesthetics to avoid metabolism altera-
tions [50]. Blood was collected from the neck, and TG and glucose were
determined using Accutrend® GCT-meter (Roche Diagnostics, Basilea,
Switzerland). Blood was allowed to clot for 20min and was then cen-
trifuged (1000×g, 20 min, 4 °C) to obtain serum that was aliquoted and
stored at −20 °C until analysis. The liver was quickly removed, placed
in ice-cold saline solution, frozen in liquid nitrogen, and stored at
−80 °C until analysis.

4.2. Glucose tolerance test

Glucose tolerance test was performed 4 days prior to sacrifice. Rats
were fasted overnight and blood glucose levels were measured over a
period of 120 min from the saphenous vein before and after glucose
injection (2 g/kg body weight, intraperitoneal administration), using
commercial test strips and an Accutrend® GCT-meter (Roche
Diagnostics).

4.3. Serum parameters

ELISA kit was used to determine insulin levels (Mercodia, Uppsala,
Sweden). FFA levels were measured using a colorimetric assay (Wako
Chemicals GmbH, Neuss, Germany). The HOMA-IR (homeostasis model
assessment of insulin resistance) index was calculated as [fasting serum
glucose x fasting serum insulin/22.5].

Fig. 4. Markers of oxidative stress and antioxidant capacity in liver of HFD-fed male and female rats and in HepG2 cells treated with PA and E2. A) Representative
western blot of 4-HNE protein adducts in liver samples. Histograms are means, and bars are SEM of total 4-HNE protein adducts. B) Total antioxidant capacity (TAC)
measured by colorimetric assay and UCP2 protein levels measured by western blot in liver of HFD rats. Representative western blot bands are shown. Values are
expressed as the mean ± SEM of 7 animals per group. ANOVA (P < 0.05): S, sex effect; D, diet effect; S*D, sex and diet interactive effect. Student's t-test
(P < 0.05): * male vs. female; # HFD vs. control. C) Antioxidant MnSOD and catalase levels quantified by western blot in HepG2 cells treated with PA and/or E2. D)
ROS content measured by DCFH-DA method in HepG2 cells exposed to PA and/or E2. Values are expressed as the mean ± SEM of three independent experiments
performed in duplicate (n = 6). ANOVA (P < 0.05): E, E2 effect; PA, PA effect; E*PA, E2 and PA interactive effect. Student's t-test (P < 0.05): a vs. control (E2 −
PA −), b vs. E2 +, c vs PA +. HFD, high fat diet; M, male; F, female; UCP2, uncoupling protein 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HNE, 4-
hydroxynonenal; E2, 17β-estradiol; V, vehicle; PA, palmitate; MnSOD, manganese superoxide dismutase.
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Fig. 5. JNK activation and insulin resistance in liver
of HFD-fed male and female rats and in HepG2 cells
treated with PA and E2. Representative western
blots of p-JNK/JNK and p-Akt/Akt in HFD rats (A,
C) and HepG2 cells (B, D). Akt protein levels were
normalized to total Akt, and values of control male
group or control group without E2 were set as 100.
Animals were administered insulin (5 U/kg) 20 min
before sacrifice. HepG2 cells were treated with PA
(0.75 mM) combined with E2 (100 nM) or the ve-
hicle (ethanol) for 24 h. Control cells were treated
with PA vehicle (BSA and NaOH), and Akt pathway
was assessed after 10 nM insulin stimulation for
15min. HFD, high fat diet; E2, 17β-estradiol; PA,
palmitate. In vivo, values are expressed as the
mean ± SEM of 7 animals per group. E)
Representative bands of p-AKT induction by insulin
in control rat and HepG2 cells. F) Glucose con-
sumption in HepG2 cells. PEPCK activity in liver (G)
and HepG2 cells (H). Sum of solid and striped bars
represent PEPCK activity of non-stimulated insulin
animals, solid bars represent that of stimulated in-
sulin animals. Stimulated insulin animals were ad-
ministered insulin (5 U/kg) 20 min before sacrifice.
Values are expressed as the mean ± SEM of 7 an-
imals per group. ANOVA (P < 0.05): S, sex effect;
D, diet effect; S*D, sex and diet interactive effect.
Student's t-test (P < 0.05): * male vs. female; #
HFD vs. control. In vitro, values are expressed as the
mean ± SEM of three independent experiments
performed in duplicate (n = 6). ANOVA
(P < 0.05): E, E2 effect; PA, PA effect; E*PA, E2
and PA interactive effect. Student's t-test
(P < 0.05): a vs. control (E2 − PA −), b vs. E2 +,
c vs PA +.
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4.4. Liver sample preparation and determinations

Total lipid content was quantified by the Folch method [51] and
FFA levels fluorometrically using a kit from Sigma-Aldrich (St. Louis,
MO, USA). A piece of liver was homogenized with a disperser (IKA T10
basic ULTRA-TURRAX) in a proportion of 0.1 g in 1 mL of STE buffer
(250 mM sucrose, 20 mM Tris-HCl, 40 mM KCl, 2 mM EDTA, pH 7.4)
and used for following determinations. TAC was measured using col-
orimetric assay kit (BioVision, San Francisco Bay Area, CA, USA).
PEPCK activity was assessed spectrophotometrically as previously de-
scribed [52]. The remaining volume was stored at −20 °C with phos-
phatase and protease inhibitors (1 mM sodium orthovanadate, 1 mM
PMSF, 10 μM leupeptin, and 10 μM pepstatin) until Western blot ana-
lysis. Protein concentration was determined by the Bradford method
[53].

4.5. HepG2 cell culture and treatments

Human hepatocellular carcinoma cell line HepG2 (American Type
Culture Collection, Manassas, VA, USA) was routinely maintained at
37 °C in a humidified atmosphere of 5% CO2 in MEM containing
5.6 mM glucose (Biowest, Nuaillé, France), supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin, from Biowest
and Biological Industries (Beit-Haemek, Israel) respectively. All ex-
periments were conducted between ninth and fourteenth passages.
HepG2 cells (4 × 105) were seeded in 6-well plates until 70% con-
fluence and pretreated with phenol-red-free MEM 5.6 mM glucose
(Biological Industries) supplemented with 10% charcoal-stripped FBS
(Biological Industries) and 1% penicillin-streptomycin 24 h before
treatments. Afterwards, cells were treated with 0.75 mM PA in com-
bination with 100 nM E2, 50 μM SP600125, 50 μM BHA or vehicle
(0.0002% ethanol), for 24 h. The dose of E2 used in this study is based
on our preliminary dose curve analysis and is commonly used in HepG2
cells [54,55]. To study the insulin pathway, parallel experiments were

carried out with 10 nM insulin stimulation for 15min. Preliminary ex-
periments were carried out to determine the appropriate concentration
of each compound, and cell viability was assessed in 96-well plates
using crystal violet nuclear staining assay [56]. Briefly, cells were
stained with 0.5% (w/v) crystal violet in 30% (v/v) acetic acid for
10min. After washing, the dye was solubilized in 100 μL of methanol
and absorbance was measured photometrically at 595 nm to determine
cell viability.

PA-albumin complex preparation was performed by saponification.
Briefly, 50 mM of PA was preheated in 0.1 N NaOH at 70 °C for 15 min.
Then, the solution was conjugated at 37 °C for 30 min with MEM
containing fatty-acid-free BSA to make a 5 mM working stock at a molar
ratio of PA:BSA 4:1. Control cells were treated with BSA and NaOH, in
final concentrations of 1.2% and 1.5 mM, respectively.

For Western blot analysis, 4 × 105 cells were seeded in 6-well plates
and treated as previously described. After treatment, cells were washed
twice with PBS and scrapped in 0.15 mL of ice-cold RIPA buffer (50 mM
Tris pH 7.5, 1% Triton X-100, 1 mM EDTA, 150 mM NaCl, 0.5% sodium
deoxicolate, and 0.1% SDS) containing phosphatase and protease in-
hibitors (10 μM leupeptin, 10 μM pepstatin, 10 μM PMSF, 1 mM NaF,
and 1 mM Na3VO4). Cell lysate extracts were scraped off, vortex-mixed,
and centrifuged (14,000×g, 10 min, 4 °C). Protein concentration was
determined by the bicinchoninic acid method (Thermo Fisher Scientific,
Waltham, MA, USA).

4.6. PCR and mitochondrial DNA levels

Total RNA was obtained from 0.1 g of liver or ~5 × 105 HepG2
cells using TriPure® Isolation Reagent (Roche Diagnostics), following
the manufacturer's instructions. About 1 μg of total RNA was reverse
transcribed to cDNA using 25U MuLV reverse transcriptase in 10 μl
retrotranscription mixture (10 mM Tris-HCl pH 9.0, 50 mM KCl, 0.1%
Triton X-100, 2.5 mM MgCl2, 2.5 μM random hexamers, 10 U/μL RNase
inhibitor and 500 μM of each dNTP) for 60 min at 42 °C in a Gene Amp

Fig. 6. JNK activation and lipid accumulation in HepG2 cells treated with PA and/or E2 after JNK inhibition and antioxidant treatment. A) pJNK protein levels were
normalized to total JNK, and values of control male group were set as 100. Cells were treated with PA (0.75 mM) combined with E2 (100 nM), JNK inhibitor
SP600125 (50 μM) or the ROS scavenger BHA (50 μM) for 24 h. Representative western blots are shown. B) HepG2 cells treated as in A) were analysed for lipid
accumulation by Oil Red O staining. Histograms show colorimetric density after normalisation for cell density (crystal violet). Representative microscopic images are
shown. Control cells were treated with PA vehicle (BSA). HFD, high fat diet; E2, 17β-estradiol; PA, palmitate; JNK, c-Jun-N-terminal kinase. Data are expressed as the
mean ± SEM of three independent experiments performed in duplicate (n = 6). Student's t-test (P < 0.05): a vs. control (E2 − PA −), b vs. PA +.
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9700 thermal cycler (Applied Biosystems, Waltham, MA, USA). cDNA
solutions were diluted 1/10 and aliquots were frozen at −20 °C until
analysed. Real-time PCR was performed using LightCycler®480 SYBR
Green I Master Technology in a LightCycler® 480 System II rapid
thermal cycler (Roche Diagnostics). Each reaction contained 5 μL of
LightCycler®480 SYBR Green I master (containing FastStart Taq DNA
polymerase, dNTP mix, reaction buffer, MgCl2 and SYBR Green I dye),
sense and antisense primers (0.374 μM each), and 2.5 μL of the cDNA
dilution in a final volume of 10 μL. The amplification program consisted
of a pre-incubation step for denaturation of template DNA (95 °C,
2min), followed by 40 cycles consisting of a denaturation (95 °C, 5min),
annealing (primer-dependent temperature, 10 s), and extension steps
(72 °C, 12s). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a housekeeping gene in all expression analyses.

To determine mtDNA levels, total DNA from the liver was obtained
using a DNA extraction kit (Roche Diagnostics), whereas total DNA
from HepG2 cells was obtained using TriPure® Isolation Reagent (Roche
Diagnostics). Real-time PCR was performed as above, and each reaction
contained 5 μL of LightCycler®480 SYBR Green I master, sense and
antisense primers (0.374 μM each), and 5 ng of the isolated DNA in a
final volume of 10 μL. The mitochondrial gene NADH dehydrogenase
subunit ND4 was used for semi-quantification of mtDNA, and the nu-
clear gene GAPDH was used for normalisation.

Annealing temperature was 60 °C for all the primers used.
Oligonucleotide sequences and product length in real-time PCR are
detailed in Table 1. After each cycle, fluorescence was measured at
72 °C. Product specificity was confirmed in initial experiments by
agarose gel electrophoresis and routinely by melting curve analysis.

4.7. Oil red O staining

Oil Red O was used to stain intracellular lipids. HepG2 cells
(2 × 105) were seeded in 12-well plates and treated with PA and E2 as
mentioned above. Then, HepG2 cells were fixed in 10% phosphate-
buffered formalin for 1 h and stained with 2.1 mg/mL Oil Red O in 60%
isopropanol for 10 min. Excess stain was removed by washing with
distilled water and cell images were then obtained using an inverted
Eclipse TS100-F microscope (Nikon, Tokyo, Japan) connected to a
Nikon D80 camera (Nikon). Stained oil droplets were dissolved with
0.5 mL isopropanol and absorbance of dye-triglyceride complex was
measured at 500 nm. Values were normalized per number of viable cells
determined by crystal violet nuclear staining assay [56].

4.7.1. Glucose consumption
The glucose consumption was estimated by the method described by

Li et al. [57] with some modifications. HepG2 cells were seeded in 96-

well plates at a density of 1.5 × 104 cells/well with eight wells left as
blanks. Cells were treated with PA and E2 for 24 h as detailed above.
The medium was removed 24 h later and glucose concentration was
estimated using a commercial kit (Cromatest, Linear Chemicals, Spain).
Consumption was calculated by the glucose concentrations of blank
wells minus glucose concentrations in plated wells. The CV assay was
used to adjust the glucose consumption. There were eight replicates for
each treatment and the experiment was repeated twice.

4.8. Western blot analysis

Fifty μg of protein from hepatic homogenates and from HepG2 cell
lysates were fractioned on SDS-PAGE gels and electrotransferred into a
nitrocellulose membrane. The membranes were blocked (5% non-fat
powdered milk in TBS, pH 7.5, containing 0.05% Tween 20) for 1 h and
incubated overnight with the corresponding primary antibody.
Antibodies for Akt (60 kDa), pAkt (Ser473), JNK (46/54 kDa), pJNK
(Thr183/Tyr185), and human TFAM (24 kDa) were supplied by Cell
Signaling (Danvers, MA, USA); antibodies against PEPCK (62 kDa),
MnSOD (25 kDa), UCP2 (35 kDa), 4-hydroxynoneal (HNE; used as a
lipid oxidative damage marker), and GAPDH (37 kDa; used as the
loading control) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); anti-catalase (60 kDa) was from Merck-Millipore; while
antibody against rat TFAM was kindly provided by Dr H Inagasaki.
Development of immunoblots was performed using Clarity Western
Chemiluminescence kit (Bio-Rad, Hercules, CA, USA). Protein bands
were detected using the ChemiDoc XRS System (Bio-Rad) and analysed
using the image analysis program Quantity One 1-D (Bio-Rad).
Precision Plus Protein Dual Color Standard (Bio-Rad) was used as a
molecular weight marker.

4.9. Mitochondrial membrane potential, and ATP and ROS content

For all determinations, 1.5 × 104 HepG2 cells were seeded in 96-
well plates and treated with PA and E2 as detailed above. Values were
normalized per number of viable cells determined by crystal
violet nuclear staining assay [56]. MMP was tested using tetra-
methylrhodamine methylester (TMRM) as a lipophilic cationic dye that
accumulates within mitochondria according to the membrane potential
[58]. Cells were dyed with 0.5 μM of TMRM for 15 min at 37 °C in
darkness, and fluorescence measurement was performed in an FLx800
96-well microplate reader (BioTek, Winooski, VT, USA) with excitation
at 552 nm and emission at 576 nm. ATP was measured with an ATP
bioluminescent assay kit (BioVision) following the manufacturer's in-
structions. Finally, generation of intracellular ROS was determined by
the 2’,7’-dichlorofluorescin diacetate (DCFH-DA) method [59]. Cells

Table 1
Oligonucleotide primer sequences used in real-time PCR amplification and product length.

Gene Forward primer (5'→3') Reverse primer (5'→3') Accession
Number

Product length (bp)

mtDNA (R) TACACGATGAGGCAACCAAA GGTAGGGGGTGTGTTGTGAG NC_001665 162
PGC-1α (R) ATCTACTGCCTGGGGACCTT ATGTGTCGCCTTCTTGCTCT NM_031347 180
PGC-1β (R) ACTATGATCCCACGTCTGAAGAGTC CCTTGTCTGAGGTATTGAGGTATTC NM_176075 152
PPARα (R) TGCCTTCCCTGTGAACTGAC GCTTCAAGTGGGGAGAGAGG NM_013196.1 151
SREBP-1c (R) CGCTACCGTTCCTCTATCAATGAC AGTTTCTGGTTGCTGTGCTGTAAG NM_001276707.1 140
PPARγ (R) TCAGAGGGACAAGGATTCATGA CACCAAAGGGCTTCCGCAGGCT NM_013124 61
GAPDH (R) ACTTTGGCATCGTGGAAGGG CCGTTCAGCTCTGGGATGAC NM_017008.4 178
mtDNA (H) CCTGACTCCTACCCCTCACA ATCGGGTGATGATAGCCAAG NC_013993.1 198
PGC-1α (H) CACTCCTCCTCATAAAGCCAAC GGACTTGCTGAGTTGTGCATA NM_013261.5 190
PGC-1β (H) GCTGACAAGAAATAGGAGAGGC TGAATTGGAATCGTAGTCAGTG NM_133263.4 184
GAPDH (H) CTGGTGGTCCAGGGGTCTTA CCACTCCTCCACCTTTGACG NM_002046.7 156

R, rat; H, human; mtDNA, mitochondrial DNA; PGC-1α, peroxisome proliferator-activated receptor coactivator 1α; PGC-1β, peroxisome proliferator-activated re-
ceptor coactivator 1β; PPARα, peroxisome proliferator activated receptor α; SREBP-1c, sterol regulatory element binding transcription factor 1c; PPARγ, peroxisome
proliferator-activated receptor gamma; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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were incubated for 45 min at 37 °C in darkness with 10 μM DCFH-DA,
and fluorescence intensity was measured with excitation and emission
wavelengths of 485 and 530 nm, respectively.

4.10. Statistical analysis

In vivo data are expressed as the mean ± SEM of 7 animals per
group. Statistical differences between groups were analysed by two-way
ANOVA with sex and diet as factors. Student's t-test was applied as a
post hoc analysis. In vitro data were analysed from 3 individual ex-
periments performed in duplicate (n = 6) and statistical differences
between groups were assessed by two-way ANOVA for E2 and PA.
Student's t-test was applied as a post hoc analysis. All statistical ana-
lyses were performed using a statistical software package (IBM SPSS
26.0 for Mac OSX), and a P value ˂0.05 was considered statistically
significant. Threshold cycle (Ct) values of real-time PCR were analysed
using GenEx Standard Software 5.3.6 (MultiD Analyses AB, Sweden),
and the efficiency of the reaction was taken into account for each gene.
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