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Palmitic acid induces endoplasmic reticulum stress in AML12 liver cells

Palmitik asit AML12 karaciger hiicrelerinde endoplazmik retikulum stresi uyarir

Tugce DEMIREL, Saime BATIREL

ABSTRACT

Objectives: Non-alcoholic fatty liver disease (NAFLD) is
characterized by increased fatty acid levels in serum and liver.
The mechanism of NAFLD is unclear. The role of endoplasmic
reticulum (ER) stress attracts attention. First aim of this study was
to design an in vitro NAFLD model. The effects of palmitic acid
(PA) alone or combination with oleic acid (OA) on intracellular
reactive oxygen species (ROS) production and ER stress in liver
cells were investigated as a second aim.

Materials and Methods: AMLI12 cells were exposed to
PA and/or OA with different concentrations and combinations.
Intracellular lipids and cell viability were detected with Oil
red O staining and WST-1 assay respectively. Intracellular
ROS accumulation was measured by flow cytometry analysis.
Expression of ER stress proteins, immunoglobulin binding protein
(BiP) and IRE1, were evaluated with western blot analysis.

Results: Intracellular lipid content was increased in all treated
groups. Cell viability was decreased whereas ROS generation and
expression of the ER stress proteins were increased in cells treated
with PA. However, these effects were not observed in the cells
treated with OA+PA combination.

Conclusion: PA induces ROS generation and the ER stress
pathway that is mediated by IRE1 in liver cells. Addition of OA
enhances these effects.
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Amaclar: Nonalkolik yagli karaciger hastaligit (NAYKH),
serum ve karacigerde artmis yag asit seviyeleri ile karakterizedir.
NAYKH’nin mekanizmasi net degildir. Endoplazmik retikulum
(ER) stresin rolii, dikkat ¢ekmektedir. Bu c¢aligmanin ilk amaci,
bir in vitro NAYKH modeli dizayn etmektir. Ikinci hedef olarak,
palmitik asit (PA)’in yalniz veya oleik asit (OA) ile kombinasyonu,
karaciger hiicrelerinde, reaktif oksijen tiirleri (ROT) olusumu ve
ER stresi lizerindeki etkileri aragtirild.

Gerecler ve Yontemler: AMLI12  hiicreleri, farkli
konsantrasyon ve kombinasyonlarda, OA ve PA ile muamele edildi.
Hiicre i¢i lipidler ve hiicre canlilig, sirasiyla Oil red O boyamasi ve
WST-1 analiziyle saptandi. Hiicre i¢i ROT birikimi, akis sitometrisi
ile dlgiildd. ER stres proteinleri, immunoglobulin baglayici protein
(BiP) ve IRE1, western blot analizi ile degerlendirildi.
gruplarda artti. PA ile muamele edilmis hiicrelerde, hiicre canliligi
azaldi ve ROT {iretimi ve ER stres proteinlerin ekspresyonu artti.
Ancak, bu etkiler OA+PA kombinasyonu ile muamele edilmis
hiicrelerde gozlenmedi.

Sonug: PA, karaciger hiicrelerinde, ROS {iretimini ve IRE1
aracilt ER stres yolagini indiikler. Ama OA eklenmesi bu etkileri
iyilestirir.

Anahtar kelimeler: Nonalkolik yagli karaciger hastaligi, Palmitik

asit, Oleik asit, Endoplazmik retikulum stres

Introduction

Free fatty acid (FFA) concentrations in plasma determine
the metabolic health. Increased levels of FFAs in plasma
were observed in abnormal metabolic conditions such as
insulin resistance, type 2 diabetes, obesity and nonalcoholic
fatty liver disease (NAFLD) [1]. Liver is the main organ
that regulates the metabolism of FFAs where they are taken
up from blood, and then esterified into neutral triglycerides.

Non-alcoholic fatty liver disease is a disease with
increasing prevalence, which is characterized by an
accumulation of lipids in the liver without excessive alcohol
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consumption. It affects 6-45% of the general population
and leads to cirrhosis and hepatocellular carcinoma [2]. It
represents a spectrum of disease ranging from simple hepatic
steatosis to non-alcoholic steatohepatitis (NASH). While the
former is a benign, the latter is characterized by increased
inflammation and apoptosis in addition to steatosis [3].

The exact molecular mechanism of NAFLD remains
unclear. A number of studies indicate the potential role of
endoplasmic reticulum (ER) stress in the development of
NAFLD [4,5]. Convenient and accurate in vitro models
are needed to clarify the mechanism of NAFLD and to
find effective therapeutic strategies. These models will
allow us to study the molecular mechanisms of NAFLD by
controlling the cellular environment. Since, major FFAs in
serum of obese patients are palmitic (C16:0 — PA) and oleic
(18:1 ®-9 — OA) acids [6], previous in vitro models were
generated by overloading hepatocytes with FFAs. However,
the data from these models were contradictory [7-12].

In this study, our first aim was to design an in vitro model
which has characteristics of NAFLD. Accordingly, AML12
cells were exposed to PA and/or OA for 24h and steatogenic
and cytotoxic effects of the treatments were determined. The
effects of PA alone or in combination with OA on intracellular
reactive oxygen species (ROS) production and ER stress in
AMLI2 liver cells were investigated as a second aim.

Materials and Methods
Materials

AML12 mouse liver hepatocyte cell line was obtained from
American Tissue Culture Collection (VA, USA). Dulbeco’s
modified eagle’s medium (DMEM)/F12 medium, fetal
bovine serum (FBS), trypsin-EDTA,
streptomycin were purchased from PAN Biotech (GmbH,
Aidenbach Germany). Dexamethasone, palmitic acid sodium
salt (Na-PA), oleic acid sodium salt (Na-OA) and fatty
acids-free bovine serum albumin (BSA) were obtained from
Sigma (St. Louis, MO, USA). Insulin-Transferrin-Selenium
(ITS) was provided from GIBCO Life Technologies Ltd
(Grand Island, NY, USA). Ethical approval for this study
was obtained from Marmara University, School of Medicine

and penicillin-

Ethical Committee.

Cell Culture

AMLI12 cells were cultured in DMEM/F12 medium
supplemented with 1% penicillin/ streptomycin, 10% FBS,

20 pg/ml dexamethasone and 0.9 % ITS at 37°C humidified
air with 5% CO,,.

Preparation of Na-PA and Na-OA solutions and
treatment

Na-PA and Na-OA were dissolved in 99% ethanol to
prepare 200 mM stock solutions. The stock solutions of
Na-PA and Na-OA were then complexed with 5% bovine
serum albumin (BSA) solution at 37°C to achieve 4 mM
solutions of Na-PA and Na-OA. Na-PA and Na-OA were
further diluted to obtain the desired final concentrations.

AMLI2 cells were exposed to Na-PA and/or Na-OA
with different concentrations and combinations. The cells
were treated with 0.333 mM Na-PA or 0.666 mM Na-PA
or 0.333 mM Na-OA or 0.666 mM Na-OA or 0.333 mM
Na-PA + 0.333 mM Na-OA or 0.333 mM Na-PA + 0.666
mM Na-OA for 24 h. BSA supplemented medium was used
as a control in all experiments. Cells were serum starved for
24 hours before treatment. After treatment, the cells were
collected for the required assays.

Detection of intracellular lipid droplets

In order to determine intracellular neutral lipid, the cells
were stained with Oil red O (Bio-optica, Milano, Italy).
Briefly, they were seeded into 96 well cell culture plates
and treated with Na-PA and/or Na-OA for 24h as described
above. Treated cells were washed with phosphate buffer
solution (PBS), and fixed with 3% paraformaldehyde.
Neutral lipids were stained with Oil Red O and the nuclei
were counterstained with hematoxylin. After washing with
PBS, the cells were visualized using light microscopy (Carl
Zeiss, Jena, Germany).

Cell viability assay

The effect of FFAs on cell viability was determined using
WST-1 Cell Proliferation Assay kit (Roche, Mannheim,
Germany). Cells (5x10%) were plated into each well of a 96-
well culture plate and treated with Na-PA and/or Na-OA for
24h as described above. After treatment they were incubated
with 10% WST-1 reagent. The absorbance of formazan
compounds was measured at 440 nm using a 96-well plate
reader (Molecular Devices, CA, USA). Cell viabilities of
treated cells were expressed as percentage of cell viabilities
of control cells.



9 Demirel and Batirel
Palmitic acid induces ER stress in lver cells

Marmara Medical Journal 2018; 31: 40-46

Measurement of intracellular ROS production

Intracellular ROS production was measured with radical-
sensitive H2DCFDA dye using flow cytometry. The cells were
seeded into 12-well culture plates at 6.1x10* cells per well.
After treatment with 0.333 mM Na-PA or 0.333 mM Na-PA
plus 0.666 mM Na-OA, the cells were washed with PBS and
then incubated with H2DCFDA for 45 min at 37°C in the dark.
Levels of oxidized dye were detected using a flow cytometry
(FACSCalibur). The collected data from 10.000 cells were
analyzed with CellQuest software (BD Biosciences, San Jose,
CA). The data was expressed as % of control.

Western Blot

AMLI12 cells were treated with 0.333 mM Na-PA or 0.333
mM Na-PA plus 0.666 mM Na-OA. Treated cells were lysed
in radioimmunoprecipitation assay (RIPA) buffer (Cell
signaling, Leiden, Netherlands), which contains protease and
phosphatase inhibitors. Whole-cell lysates were collected and
centrifuged. Supernatants were transferred to fresh tubes.
Protein concentrations in the supernatant were measured
with Bradford assay. Equal amounts of proteins were
separated by 10% sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred into
nitrocellulose membranes (Bio-Rad Laboratories, Hercules,
CA). The membranes were blocked with 5% fatty acid-
free BSA in 0.5% Triton X-100-TBS (TBST) and then
immunoblotted with primary antibodies against IRE1 (abcam,
MA, USA) and BiP (Cell Signaling, MA, USA) overnight.
The next day, they were washed with tris-buffered saline with
Tween (TBST) and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 2h. Protein bands
were visualized with a chemiluminescent substrate (Thermo
Fisher Scientific, IL, USA) using ChemiDoc Imaging system
(Bio-Rad Laboratories, Hercules, CA). The density of
bands was quantified using Image Lab Software (Bio-Rad
Laboratories, Hercules, CA). Actin (Novus Biologicals, CO,
USA) was used as an internal control and the expressions of
target proteins were normalized to the levels of B-actin.

Statistical Analysis

The data were represented as means + standard deviation (SD).
Statistical significances were analyzed using SPSS software
(version 13.0, SPSS, Chicago, IL, USA). One-way analysis of
variance (ANOVA) followed by Bonferroni post hoc test was
used to compare the differences in more than two groups. P<
0.005 value was considered statistically significant.

Results

The exposure to Na-PA and Na-OA increases lipid levels
in AMLI12 cells differentially

Since increased lipid level in hepatocyte is a characteristic
feature of NAFLD, we confirmed it with Oil red O staining.
As shown in Figure 1, in all treatment groups, lipid content
was increased in comparison to control group. However,
there was a clear higher lipid accumulation in Na-OA treated
groups than in just Na-PA treated groups.
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Figure 1. Effect of Na-PA and Na-OA on lipid accumulation in AML12 cells.

Intracellular lipid is stained with Oil Red O after the cells exposed to
Na-PA and/or Na-OA with different concentrations and combinations for
24h. Nuclei were stained with hematoxylin. Representative pictures of cells
were taken by a microscope at 40x original magnification. (A) Control cells
treated with BSA only; (B) Cells treated with 0.333 mM PA; (C) Cells trea-
ted with 0.666 mM PA; (D) Cells treated with 0.333 mM OA; (E) Cells tre-
ated with 0.666 mM OA; (F) Cells treated with 0.333 mM PA + 0.333 mM
OA; (G) Cells treated with 0.333 mM PA + 0.666 mM OA. (PA, palmitic
acid sodium salt; OA, oleic acid sodium salt)
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Cell viability of AML12 cells is reduced by Na-PA but not
by Na-0A4

We observed that addition of Na-OA did not affect the cell
viability measured with WST-1 assay even at high doses,
while Na-PA significantly decreased the cell viability in a
dose-dependent manner (P<0.05) (Figure 2). Addition of
Na-OA at two different concentrations into 0.333 mM Na-PA
enhanced viabilities of the cells. Combined treatments
with Na-PA and Na-OA reduced cell viability by 8% and
14% respectively but the reductions were not statistically

significant.
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Figure 2. Effect of Na-PA and Na-OA on cell viability of AMLI12 cells.
The cells were exposed to Na-PA or Na-OA with different concentrati-
ons and combinations of them for 24 h. Viabilities of the cells were mea-
sured with WST-1 assay. Data are presented as the mean + S.D. *P<0.05
compared with control. (PA, palmitic acid sodium salt; OA, oleic acid so-
dium salt)

Intracellular ROS generation was increased by Na-PA

The above mentioned data showed us that we could
design an in vitro NAFLD model in our laboratory. Since
we aimed to clarify the molecular mechanism of NAFLD,
we examined the effect of PA or PA plus OA on ROS
generation in AMLI12 cells using this model. Treatment
of cells with Na-PA alone at a concentration of 0.333
mM increased ROS level in the cells by 162% when
compared with control (P<0.05). On the other hand, the
combination treatment with 0.333 mM Na-PA and 0.666
mM Na-OA increased the ROS generation in the cells by
125%. But there was no significant difference between
control group and 0.333 mM Na-PA + 0.666 mM Na-OA
mM treated group (Figure 3).
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Figure 3. Effect of Na-PA and Na-OA on ROS production in AML12 cells.
ROS production in the cells were measured with H2DCFDA using flow cy-
tometry after treatment with 0.333 mM Na-PA or 0.333 mM Na-PA + 0.666
mM Na-OA for 24h. Data are presented as the mean + S.D. *P<0.05 compa-
red with control. (PA, palmitic acid sodium salt; OA, oleic acid sodium salt)

ER stress is induced by Na-PA but addition of Na-OA
enhances it

Because NAFLD is associated with ER stress, we measured
expression of BiP (GRP78) which is ER chaperone protein, and
IRE1, unfolded protein response (UPR) sensor protein, in the cells
after treatment with 0.333 mM Na-PA alone or combined with
0.666 mM Na-OA. We observed that exposure of AML12 cells to
0.333 mM Na-PA alone stimulated expression of BiP and IRE1,
(P<0.05 vs control). On the other hand, the expression of these
ER stress proteins were not changed by the combination treatment
with 0.333 mM Na-PA and 0.666 mM Na-OA (Figure 4).
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Figure 4. Effects of Na-PA and NA-OA on protein expressions of ER stress
markers by AML12 cells.

Western blot analysis of (A) BiP and (B) IREI protein expression in the
cells. Protein levels were normalized to B-actin. Data are presented as the
mean + S.D. *P<0.05 compared with control. (IRE1, inositol-requiring en-
zyme 1, BiP, binding immunoglobulin protein; PA, palmitic acid sodium
salt; OA, oleic acid sodium salt)
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Discussion

Non-alcoholic fatty liver disease, is a common disease
associated with obesity and diabetes. It is characterized
by lipid accumulation in hepatocyte, which results from
increased serum FFA levels in patients with NAFLD. There
is a wide spectrum in NAFLD ranging from benign simple
steatosis to non-alcoholic steatohepatitis (NASH). NASH
is characterized with inflammation, oxidative stress and
hepatic insulin resistance in addition to steatosis. It leads to
development of end stage liver disease such as cirrhosis and
hepatocellular carcinoma [2].

In vitro models of NAFLD have been established in order
to understand the molecular mechanism of NAFLD. However,
the results from previous studies varied, which might be
caused by different exposure times and concentrations of
FFAs, liver cell type and the amount of albumin in culture
medium [11, 13]. In the current study, our first aim was to
design a convenient and accurate in vitro model, which
mimics NAFLD in order to study its pathogenesis.

The liver cells used for in vitro models in previous studies
varied from non tumoral (HuH7, L02, AML12, WRL68)
[7, 10, 11] to tumoral (HepG2, H4IIEC3, HuH7) cell lines
[7-10, 12]. Because primary culture of hepatocytes has
technical and ethical limitations, commercial cell lines are
found more suitable for in vitro models. We chose AML12
cells for our model because they display morphological
and gene expression patterns characteristic of differentiated
hepatocytes [14].

In previous studies in vitro models for NAFLD were
based on overloading FFAs to hepatocytes at different
concentrations and combinations. Because circulating FFAs
in NAFLD is abundant in PA and OA [6], many outcomes
were obtained from in vitro NAFLD models, through
modulating the concentration and composition of PA and
OA in culture medium [7-12].

We treated AML12 cells with different concentrations and
combinations of PA and/or OA and then measured cell viability
and lipid accumulation in the cells. Consistent with previous
studies [7, 13], we found that both OA and PA caused a dose-
dependent intracellular lipid accumulation in AML12 cells in a
dose dependent manner. OA was more steatogenic than PA when
used at equimolar concentrations. It was assumed that this more
steatogenic effect of OA resulted from readily incorporation of
OA into triglycerides which is a defense mechanism against
the toxicity of excess FFAs [7]. Additionally, we observed that
there was no significant cytotoxicity in the groups treated with

OA, while PA decreased the cell viability in a dose dependent
manner at equal concentrations. These data were in agreement
with the results of other studies using other types of liver
cells [7, 13]. The results in PA treated groups were matching
with NASH symptoms, which included lipid accumulation
and necrosis in the liver. Similar to other studies [7], we also
showed that the exposure of cells to the mixture of OA and PA
developed steatosis with low toxicity, which appeared similar
to subjects with simple steatosis. Our data proved that Na-OA
was more tolerated by AMLI12 cells and rescued them from
PA-induced lipotoxicity.

In the light of these data, we chose the 0.333 mM PA
treated group and 0.333 mM PA plus 0.666 mM OA treated
group which represented general properties of NAFLD
at different stages, for subsequent assays. Using these in
vitro cell models we were able to investigate the molecular
mechanism of lipotoxicity on AML12 cells.

Oxidative stress is increased in NAFLD patients, who
have higher ROS levels, lipid peroxidation products and lower
antioxidant enzyme levels than healthy subjects [15]. It is
known that increased PA levels induce ROS accumulation in
liver, which initiates apoptosis and lead to acute lipotoxicity
[12, 16]. In agreement with these studies we observed
increased ROS production in the cells treated with 0.333 mM
PA alone. However, addition of Na-OA at a concentration
of 0.666 mM into culture medium prevented cells against
formation of ROS. It was thought that addition of OA prevents
PA incorporation into cellular phospholipids, which might play
a role in attenuation of ROS production [16].

Meanwhile, endoplasmic reticulum (ER) stress is also
induced by increased FFAs in hepatocytes of NAFLD
patients [17]. ER stress initiates unfolded protein response
(UPR), which can restore ER homeostasis. But if ER stress
cannot be resolved it leads to cell death [18].

Unfolded protein response is activated by three main
pathways [15]. Each of these pathways is mediated by
a trans-membrane receptor in ER: (1) RNA-dependent
protein kinase-like ER, eukaryotic initiation factor-2 o
kinase (PERK), (2) inositol-requiring enzyme lo (IREla),
(3) activating transcription factor 6 (ATF6).

In resting conditions, these trans-membrane receptors
are in inactive form, which are associated with binding
immunoglobulin protein (BiP, also known as GRP78).
Under ER stress, BiP dissociates from these three receptors,
and subsequently IREla and PERK is autophosphorylated
or ATF6 is translocated [15].
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In a previous study, BiP mRNA levels in HepG2 cells
decreased after treatment with 0.450 mM PA while they
were not changed after treatment with OA at the same
concentration [19]. It was also shown that over-expression
of BiP attenuated PA-induced ER stress and hepatic
triglyceride content [19,20]. However, in another study BiP
expression was up-regulated in L02 and HepG2 liver cells
treated with 0.108 mM PA [10]. In our study, we showed
that 0.333 mM PA up-regulated BiP expression in AML12
cells. On the other hand, addition of Na-OA decreased this
expression to normal levels.

One of the possible ER stress pathway mediated
by palimitic acid is PERK/ATF4/CHOP pathway. Up-
regulation of phosphorylated PERK, ATF4 and CHOP was
demonstrated after PA treatment in L02 and HepG2 liver
cells [10]. On the other hand, in the same study, the other ER
stress pathways, mediated by ATF6 and IRE1 did not seem
to be a target for PA [10]. IRE1 has an endoribonuclease
activity that removes an intron from the XBPl mRNA,
previously induced by ATF6 [21]. This spliced XBP-1
induces the transcription of molecular chaperons and genes
involved in ER biogenesis. Inadequate hepatic XBP-1
protein expression was linked to NASH [4].

IRE1 was identified as a key regulator to prevent hepatic
steatosis. It regulates lipogenesis by down-regulation of C/
EBPp, C/EBPS, PPARY, and key enzymes for triglyceride
biosynthesis under conditions of ER stress. Hepatocyte-
specific deletion of IRE1 causes hepatic steatosis [22].

In the current study, we observed that 0.333 mM PA
treatment increased expression of IREIL. Interestingly
addition of 0.666 mM OA into the treatment caused lower
expression than that in 0.333 mM PA treated cells. These
results suggested that PA induces ER stress through BiP/
IRE1 pathway but existing of OA prevents the lipotoxicity
induced by PA.

The main limitation of our study seems to be its cell
culture design. Hepatocytes have autocrine and paracrine
relationships with other cells, which affect metabolic
pathways in the liver. However, this model provides us the
ability to change and regulate the cellular environment.

Conclusion

In this study, using an in vitro NAFLD model, we found that
the ER stress pathway that is mediated by IRE1 is induced
by PA in the liver cells.
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