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Abstract

Saturated fatty acids, such as palmitate, lead to circadian disruption in cell culture. Moreover, information regarding the
effects of unsaturated fatty acids on circadian parameters is scarce. We aimed at studying the effects of low doses of saturated
as well as unsaturated fatty acids on circadian metabolism in vivo and at deciphering the mechanism by which fatty acids
convey their effect. Mice were fed non-obesogenic doses of palm or olive oil and hepatocytes were treated with palmitate
and oleate. Mice fed non-obesogenic doses of palm oil showed increased signaling towards fatty acid synthesis, while olive
oil increased signaling towards fatty acid oxidation. Low doses of palmitate and oleate were sufficient to alter circadian
rhythms, due to changes in the expression and/or activity of key metabolic proteins. Palmitate, but not oleate, counteracted
the reduction in lipid accumulation and BMAL1-induced expression of mitochondrial genes involved in fatty acid oxidation.
Palmitate was also found to interfere with the transcriptional activity of CLOCK:BMALI by preventing BMALI deacetyla-
tion and activation. In addition, palmitate, but not oleate, reduced PER2-mediated transcriptional activation and increased
REV-ERBa-mediated transcriptional inhibition of Bmall. The inhibition of PER2-mediated transcriptional activation by
palmitate was achieved by interfering with PER2 nuclear translocation. Indeed, PER2 reduced fat accumulation in hepato-
cytes and this reduction was prevented by palmitate. Herein, we show that the detrimental metabolic alteration seen with
high doses of palmitate manifests itself early on even with non-obesogenic levels. This is achieved by modulating BMAL1
at several levels abrogating its activity and expression.

Keywords Palmitate - Oleate - Metabolism - Liver - Hepatocyte - Clock - Circadian

Introduction

Mammals have developed an endogenous circadian clock
located in the brain suprachiasmatic nuclei (SCN) of the
anterior hypothalamus that responds to the environmental
light—dark cycle. The SCN receives light information from
the retina and transmits synchronization cues to peripheral
clocks, e.g., in the liver, heart or adipose tissue, regulat-
ing cellular and physiological functions [1-3]. The clock

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00018-019-03023-6) contains
supplementary material, which is available to authorized users.

< Oren Froy
oren.froy @mail.huji.ac.il

Institute of Biochemistry, Food Science and Nutrition,
Robert H. Smith Faculty of Agriculture, Food

and Environment, The Hebrew University of Jerusalem,
76100 Rehovot, Israel

mechanism in both SCN neurons and peripheral tissues con-
sists of CLOCK and BMALI1 (brain—-muscle-Arnt-like 1)
that heterodimerize and bind to E-box sequences to mediate
transcription of a large number of genes, including Periods
(Perl, Per2, Per3) and Cryptochromes (Cryl, Cry2). PERs
and CRYs constitute a part of the negative feedback loop and
when they are produced in the cytoplasm, they oligomerize
and translocate to the nucleus to inhibit CLOCK:BMAL1-
mediated transcription [1, 4].

The rhythmic expression and activity of metabolic path-
ways are mainly attributed to the robust and coordinated
expression of clock genes in tissues, such as liver, adipose
tissue and muscle [5, 6]. In addition, clock proteins have
been shown to link the core clock mechanism with metabolic
pathways: (1) REV-ERBa, the negative regulator of Bmall
expression [7] is induced during normal adipogenesis [8].
(2) RORa, the positive regulator of Bmall expression [9] has
been shown to regulate lipogenesis and lipid storage in skel-
etal muscle. (3) CLOCK:BMALI heterodimer regulates the
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expression of Rev-erba and Rora [7,9, 10]. (4) Peroxisome
proliferator-activated receptor a (PPARa), involved in lipid
and lipoprotein metabolism, binds directly to the Bmall pro-
moter [11], and, in turn, the CLOCK:BMAL1 heterodimer
regulates PPARa expression [11-13]. (5) PGCla, a PPARY
transcriptional co-activator that regulates energy metabo-
lism, stimulates the expression of the clock genes, Bmall
and Rev-erba, through co-activation of the ROR family of
orphan nuclear receptors [14]. (6) Adenosine monophos-
phate-activated protein kinase (AMPK), a sensitive sensor of
low energy and nutrient state in the cell, phosphorylates and,
as a result, activates casein kinase I epsilon (CKle), which,
phosphorylates the PER proteins and, thereby, enhances
their instability and degradation [15, 16]. (7) AMPK also
phosphorylates the CRY proteins and enhances their deg-
radation [17]. (8) One of the key factors in the mammalian
target of rapamycin (mTOR) pathway, protein 70 S6 kinase
(P70S6K), rhythmically phosphorylates BMALI1 allowing
it to both associate with the translational machinery and
stimulate circadian oscillations of protein synthesis [18].
(9) Sirtuin 1 (SIRT1), a key factor involved in metabolism,
interacts directly with CLOCK and deacetylates BMALI
and PER2 [19-21].

High-fat content in food has been shown to influence
clock oscillation and function in various animal studies
[22-25]. These findings hint towards the possible involve-
ment of lipids in circadian control [26]. It was recently
shown that 3 days of high-fat diet (HFD) were sufficient
to impose reprogramming of the circadian clock, including
loss of oscillation of a large number of normally oscillating
genes, a phase advance of an additional subset of oscillating
transcripts and induction of de novo oscillating transcripts
[27]. The rapid influence of the diet on the clock (3 days
only) suggests that the nutritional challenge, and possibly
lipids themselves, and not merely the development of obe-
sity, are sufficient to alter clock function.

The long-chain saturated fatty acid palmitate (C16:0) is
particularly detrimental to hepatocytes by inducing lipo-
toxicity, such as insulin resistance, oxidative stress and cell
death at high dose and for prolonged treatment [28]. On the
other hand, the monounsaturated fatty acid oleate (C18:1)
has been shown to prevent or alleviate the toxic effect of
saturated free fatty acids and to be protective against insulin
resistance and metabolic disorders [29]. Palmitate, the most
abundant saturated fatty acid in the circulation of obese ani-
mals, has been demonstrated to alter the expression of clock
genes in cell lines [30-32]. However, the effect of palmitate
on the clock has never been tested in vivo. In cell culture,
palmitate was found to destabilize protein—protein interac-
tion between CLOCK:BMAL.1 in a dose and time-dependent
manner. Furthermore, SIRT1 activators reversed the inhibi-
tory action of palmitate on CLOCK:BMALI interaction
[31]. In addition, although docosahexaenoic acid (DHA)
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altered the circadian profile of Bmall, the disruptive effect
of palmitate in the presence of DHA on Bmall was less
pronounced, suggesting a protective role for DHA [33, 34].
Thus, saturated fatty acids, such as palmitate, have been
implicated in circadian disruption in cell culture, whereas
little information exists regarding the effects of unsaturated
fatty acids on circadian parameters. Therefore, our goal was
to study in vivo effects of low doses of palmitate and oleate
on circadian metabolism and use cell culture models to study
the mechanism by which fatty acids convey this effect.

Materials and methods
Animals, treatments and tissues

Ten-week-old C57BL/6 male mice (Harlan Laboratories,
Jerusalem, Israel) were housed in a temperature- and humid-
ity-controlled facility (23-24 °C, 60% humidity). Mice were
entrained to 12 h light and 12 h darkness for 2 weeks with
food available ad libitum and then were randomly assigned
to either olive oil (n=24) or palm oil diet (n=24) for
3 weeks. Control diet contained cornstarch 52.7% (w/w),
casein 20% (w/w), sucrose 10% (w/w), soybean oil 7%
(w/w), cellulose 5% (w/w), mineral mix 4% (w/w), vitamin
mix 1% (w/w), methionine 0.3% (w/w). In palm and olive
oil diet groups, soybean oil was replaced with olive oil (fatty
acid composition: C:14 < 0.03, C:16 18.4%, C:16.1 2.01%,
C:18 3.75%, C:18-1 68.2%, C:18-2 7.6%) or palm oil (fatty
acid composition: C:12 0.2%, C:14 1.1%, C:16 44.3%, C:18
4.6%, C:18-139%, C:18-2 10%). Body weight was recorded
weekly and at the end of the experiment. Daily food intake
was monitored every 2 days. Mice were placed on an over-
night fast (12 h) before anesthesia and blood and liver were
removed every 4 h around the circadian cycle in total dark-
ness under a dim red light to avoid the masking effects of
light. Tissues were immediately frozen in liquid nitrogen
and stored at — 80 °C. Mice were humanely killed at the end
of the experiment. Animals received humane care accord-
ing to the criteria outlined in the “Guide for the Care and
Use of Laboratory Animals” prepared by the National Acad-
emy of Sciences and published by the National Institutes
of Health (NIH publication 86-23 revised 1985). The joint
ethics committee of the Hebrew University and Hadassah
Medical Center approved this study.

Enzymatic colorimetric tests

Total cholesterol levels were determined using the Cobas
kit (Roche Diagnostics, Burgess Hill, UK) and analyzed in
a Roche/Hitachi analyzer (Roche Diagnostics). Assays were
performed according to the manufacturer’s instructions.
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Triglyceride and free fatty acid measurement

Triglyceride levels in liver tissue were determined using a
Triglyceride Quantification Kit (Abcam, Cambridge, UK)),
according to the manufacturer’s instructions. Free fatty acid
levels in liver tissue were determined using a quantification
Kit (Abcam), according to the manufacturer’s instructions.

Cell culture experiments

Mouse hepatocyte AML-12 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) (Sigma, Reho-
vot, Israel) supplemented with 10% fetal calf serum (FCS),
100 mg/1 L-glutamine and 100 mg/I penicillin at 37 °C in
5% CO,. For circadian gene and protein expression, cells
were synchronized with a 1-h pulse of 1 mM dexametha-
sone (Sigma). After 1 h, medium was replaced with medium
supplemented with palmitate or oleate mixed in 1% bovine
serum albumin to a final concentration of 50 pM. Follow-
ing 6 h of incubation, cells were harvested in triplicates per
treatment per time-point every 6 h for 24 h. Three independ-
ent experiments were performed.

Fluorometric detection of fat content in intact cells
by Nile red staining

The lipid content in cultured cells was determined fluo-
rometrically using Nile red [35]. Cells were washed with
phosphate-buffered saline (PBS), pH 7.4, and then incubated
for 10 min at 37 °C with 1 pg/ml Nile red in PBS. Subse-
quently, cells were washed with PBS and measured by flow
cytometry with excitation at 488 nm and emission at 575 nm
(FACS Calibur, Becton—Dickinson, CA, USA). Intracellu-
lar fat accumulation was viewed using light/fluorescence
eclipse E400 Nikon microscope with 40 x 0.75 objective or
the 100 x 1.3 oil objective, using light or the fluorescence
filters for Tetramethylrhodamine (TRITC) or 4, 6-diamidino-
2-phenylindole (DAPI). Pictures were taken with DP71 cam-
era (Olympus, Airport City, Israel), controlled by CellSens
software (Olympus).

RNA extraction and quantitative real-time PCR

RNA was extracted from cells using TRI Reagent (Sigma).
Total RNA was DNase I-treated using RQ1 DNase (Pro-
mega, Madison, WI, USA) for 2 h at 37 °C, as was previ-
ously described [36]. 2 pg of DNase I-treated RNA were
reverse transcribed using MMuLV reverse-transcriptase and
random hexamers (Promega). One twentieth of the reaction
was then subjected to quantitative real-time PCR using
SYBR Green Supermix (Quanta Biosciences, Beverly, MA,
USA) and primers (Table S1) spanning exon—exon bounda-
ries and the ABI Prism 7300 Sequence Detection System

(Applied Biosystems, Foster City, CA, USA). Gene express-
ing was normalized to actin. Reaction conditions were as
follows: 3 min at 95 °C, 10 s at 95 °C, 45 s at 60 °C. The
fold change in target gene expression was calculated by the
2~AAC relative quantification method (Applied Biosystems).

Western blot analyses

Liver tissue samples and cells were homogenized in lysis
buffer as was previously described [37]. Nuclear extracts
were prepared as was previously described [38]. In brief,
treated cells were disrupted in cold hypotonic buffer (20 mM
Hepes, pH 7.0, 10 mM KCl, 1 mM MgCl,, 2 mM dithi-
othreitol (DTT), 0.1% Triton X-100, 20% glycerol, 2 mM
phenylmethylsulfonyl fluoride (PMSF), 1% protease inhibi-
tor cocktail). Nuclei were pelleted by centrifugation at
3000 rpm for 5 min. The pellets were resuspended in cold
extraction buffer (20 mM HEPES, pH 7.0, 10 mM KClI,
1 mM MgCl,, 2 mM DTT, 0.1% Triton X-100, 20% glycerol,
2 mM PMSF, 1% protease inhibitor cocktail, 420 mM NaCl).
The samples were rotated for 30 min at 4 °C and then centri-
fuged at 14,000 rpm for 1 h. The supernatant was collected
and protein concentration was measured using the Bradford
reagent. Samples were kept frozen at — 80 °C. Samples were
run onto a 10% SDS—polyacrylamide gel. After electropho-
resis, proteins were semi-dry-transferred onto nitrocellulose
membranes. Blots were incubated with antibodies against
AMPK and its phosphorylated form (pAMPK), acetyl CoA
carboxylase (ACC) and its phosphorylated form (pACC),
P70S6K and its phosphorylated form (pP70S6K) (Cell Sign-
aling Technology, Beverly, MA, USA), SIRT1, BMAL1 and
PER2 (Abcam), Ac-BMAL1 (Merck, Darmstadt, Germany)
and after several washes, with horseradish peroxidase conju-
gated secondary antibody (Pierce, Rockford, IL, USA). Anti-
mouse antibody (MP Biomedicals, Solon, OH, USA) was
used to detect actin, the loading control. The immune reac-
tion was detected by enhanced chemiluminescence (Santa
Cruz Biotechnologies, Santa Cruz, CA, USA). Finally, bands
were quantified by scanning and densitometry and expressed
as arbitrary units. For calculation of average levels, all sam-
ples were run separately several times and were normalized
to the same sample in all blots. Densitometry after normali-
zation to the normalizer was performed and averaged for
each treatment.

Transfections and luciferase reporter assays

AML-12 cells were transfected using lipofectamin 2000
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instruction. Five hours after transfection,
cells were incubated overnight in DMEM supplemented
with 10% FCS and antibiotics in the presence or absences
of fatty acids and then cells were harvested. For luciferase
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reporter assays, 48 h after transfection, cells were washed
with PBS and harvested in Reporter Lysis Buffer (Pro-
mega). Luciferase activities were assayed with the Dual-
Luciferase Reporter Assay System (Promega) using a
Tristar LB-941 (Berthold Technologies, Bad Wildbad,
Germany) luminometer. -galactosidase or Renilla were
co-transfected and used as normalizers. The amount of
DNA per well was adjusted with the pcDNA3.1 empty
vector.

Lipid extraction

Five micrograms of heptadecanoic acid (C17:0) was added
to 0.5 ml sample. Subsequently, 10 ml of methanol-chlo-
roform solution (2:1, v/v) was added and samples were
incubated at 4 °C for 14 h. The upper phase was discarded
and the lower phase containing total lipids was evaporated
(Sheldon’s vacuum oven, Cornelius, OR, USA) at 65 °C.
For gas chromatography analyses, fatty acid methylesters
were generated by incubation of the total lipid extract with
2 ml of 5% (v/v) methanolic H,SO, at 65 °C for 1 h in sealed
vials. Samples were then cooled to room temperature and
1.5 ml of petroleum ether and 3 ml of double-distilled water
were added. The upper phase was collected and evaporated
in a vacuum oven at 65 °C. Dried samples were dissolved in
30 pl of petroleum ether.

Gas chromatography (GC) analysis

Chromatographic analysis was performed with a 6890 N
gas chromatograph (Agilent Technologies, Wilmington,
DE, USA) equipped with a fused-silica (60 mx 0.25 mm
ID, 0.25 pm film) capillary column (DB-23, Agilent Tech-
nologies). The following conditions were applied: oven
temperature was programmed from 130 to 170 °C at a rate
of 27 °C/min; 170 to 215 °C at a rate of 2 °C/min, held at
215 °C for 8 min; 215 to 250 °C at a rate of 40 °C/min and
held at 250 °C for 5 min. Run time was 37.9 min. Helium
was used as the carrier gas at a flow rate of 2.21 ml/min.
Flame ionization detector temperature was 280 °C, and
injector temperature was 270 °C. Air and hydrogen flows
were adjusted to 40 ml/min H, and 450 ml/min air to give
maximal detector response. The split ratio was set at 10:1
and 1 pl sample was injected. Peak identification was based
on relative retention times of 2 external standards. The area
of each fatty acid peak was recorded using ChemStation
software (Agilent Technologies), and fatty acid molecular
weights were calculated using the internal standard’s area
under the peak. The amount of product synthesized after
BMALLI overexpression (de novo) was divided by the total
amount of the substrate in the culture system.
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Statistical analyses

All results are expressed as mean + SE. Tukey HSD was
performed for the evaluation of significant differences in
average daily expression levels of metabolic genes. One-way
ANOVA (time of day) test was performed to analyze the
circadian pattern of clock and metabolic genes with sev-
eral time-points. For all analyses, the significance level was
set at p <0.05. Statistical analysis was performed with JMP
software (version 7) (SAS Institute Inc., Cary, NC, USA).
Further analysis of circadian rhythmicity was performed
using Circwave software (version 1.4) (Circadian Rhythm
Laboratory, University of Groningen, Groningen, Holland).

Results

Effect of palm oil/palmitate and olive oil/oleate
on liver/hepatocyte metabolism

The short-term (3 weeks) effects of palm and olive oil treat-
ment on metabolism were first investigated in mice and com-
pared to a control group on chow diet that contains soybean
oil. Although all groups consumed the same amount of fat
and calories (Fig. 1a) and showed no statistical difference
in body weight (Fig. 1b), palm oil diet increased serum total
cholesterol levels compared to olive oil diet (p=0.01, Stu-
dent’s 7 test) (Fig. 1c). To accurately assess the effect of the
oils on metabolism, 6 time-points throughout the circadian
cycle were used to measure the daily average expression
and/or activation levels of the key metabolic regulators
AMPK, ACC, P70S6K and SIRT1. These metabolic factors
showed circadian rhythmicity (data not shown). The olive
oil diet showed higher ratio of the activated phosphorylated
form of AMPK (pAMPK) to AMPK compared to control
and palm oil diet (p=0.01, Tukey’s HSD) (Fig. 1d, k). In
parallel, olive oil diet led to a significantly higher ratio of
the inactive phosphorylated ACC (pACC) to ACC (p=0.03,
Tukey’s HSD), whereas palm oil diet led to a significantly
lower levels of pACC/ACC (p =0.008, Tukey’s HSD) com-
pared to the control diet (Fig. le, k). Olive oil diet also led
to a significantly lower ratio of the active phosphorylated
P70S6K (pP70S6K) to P70S6K, the downstream target of
mTOR compared to palm oil diet (p =0.04, Tukey’s HSD)
(Fig. If, k). Furthermore, the palm oil diet showed signifi-
cantly lower daily SIRT1 protein levels (p =0.04, Tukey’s
HSD) (Fig. 1g, k) and olive oil diet showed higher mRNA
levels of SIRT1 (p=0.01, Tukey’s HSD) and higher mRNA
levels of its downstream targets Pgcla and Ppara (p <0.001
and p=0.02, respectively, Tukey’s HSD) (Fig. 1h). Olive oil
diet showed higher concentrations of liver free fatty acids
(p=0.004, Tukey’s HSD), whereas palm oil diet also led
to significantly higher levels of liver triglycerides (p =0.03,
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Fig. 1 Effect of palm and olive oil on liver metabolism. a Daily food
consumption. b Weekly body weight. ¢ Total plasma cholesterol. d
Daily average protein levels of AMPK, pAMPK and pAMPK/AMPK
ratio in mouse liver. e Daily average protein levels of ACC, pACC
and pACC/ACC ratio in mouse. f Daily average protein levels of
P70S6K, pP70S6K and pP70S6K/P70S6K ratio in mouse liver. g
Daily average protein levels of SIRT1 in mouse liver. h Daily aver-

age mRNA levels of Sirtl, Pgcla, Ppara in mouse liver. i Liver free
fatty acids. j Liver triglycerides. k Representative protein bands. Mice
were fed palm or olive oil diet for 3 weeks. Liver and plasma samples
were collected every 4 h for 24 h. Proteins were analyzed by West-
ern blotting. mRNA was determined by real-time PCR. Data are pre-
sented as mean + SE; n=24/group, n=4/time-point. Asterisks denote
significant differences (p < 0.0 5, Student’s  test)
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Tukey’s HSD) (Fig. 11, j). The triglycerides showed differ-
ences between the light phase and the dark (data not shown).

To test whether the metabolic effect was due to palmitate
and oleate, the predominant fatty acids in palm and olive
oil, respectively, we treated AML-12 hepatocytes with low
concentrations of these fatty acids. Whereas neither oleate
nor palmitate resulted in fat accumulation (Fig. S1A), cells
treated with oleate showed significantly increased and
palmitate-decreased pAMPK levels compared to control
(» <0.005, Tukey’s HSD) (Fig. S1B, F). Oleate treatment
also increased pACC levels compared to control (p=0.01,
Tukey’s HSD) with no effect of palmitate (p > 0.05, Tuk-
ey’s HSD) (Fig. S1C, F). Palmitate treatment increased
pP70S6K (p <0.0001, Tukey’s HSD) and decreased P70S6K
(»<0.0001, Tukey’s HSD) levels resulting in significantly
increased pP70S6K/P70S6K ratio (p <0.0001, Tukey’s
HSD) with no effect of oleate (Fig. S1D, F). Oleate treat-
ment showed significantly higher SIRT1 protein (Fig. S1E,
F) and mRNA daily levels (p =0.02 and p =0.0002, respec-
tively, Tukey’s HSD) and the mRNA of downstream tar-
gets Pgcla (p=0.03, Tukey’s HSD) and Ppara (p <0.001,
Tukey’s HSD) with no effect of palmitate (Fig. S1G). Taken
together, in the liver/hepatocytes, olive oil/oleate activate
the AMPK-SIRT1 signaling pathway which may lead to
inhibition of fatty acid synthesis and increased fatty acid
oxidation, whereas palm oil/palmitate activate mTOR sign-
aling which may lead to increased fatty acid synthesis and
inhibition of fatty acid oxidation.

Effect of palm oil/palmitate and olive oil/oleate
on circadian rhythms

As the aforementioned key metabolic factors, i.e., AMPK,
mTOR, and SIRT1, have intricate relationships with the core
clock mechanism [39] and their modulation by the oils may
lead to changes in the phase of gene expression, we ana-
lyzed clock gene expression at 6 time-points around the cir-
cadian cycle in mouse liver (Fig. 2). Clock genes oscillated
robustly in liver and cell culture (p <0.05, 1-way ANOVA,
CircWave). Bmall, Clock, Perl, and Cryl showed advanced
rhythms in both olive oil and palm oil groups compared to

w
S

n
S

o

the control group, but with a larger advance in the olive
oil group (Fig. 2, Table S2). Similarly, treatment of AML-
12 hepatocytes with oleate resulted in phase advances in
Bmall, Clock, Perl, and Cryl, while treatment with pal-
mitate resulted in phase delays in Bmall, Perl, and Cryl
(Fig. S2, Table S3). Cryl expression dampened as a result
of oleate treatment. Taken together, these results show that
low doses of fatty acids are sufficient to alter clock gene
expression in liver.

Palmitate counteracts BMAL1 activity in reducing
fat accumulation

As BMALL1 has been reported to be involved in lipid accu-
mulation in adipose tissue [39], we next studied the effect of
fatty acids on BMALI activity in AML-12 hepatocytes. In
the absence of fatty acids, BMAL1 overexpression modified
cellular fatty acid composition leading to 5.4% elevation in
monounsaturated fatty acids (p =0.04, Student’s ¢ test) and
3.3% reduction in saturated fatty acids (p =0.02, Student’s
t test) (Fig. 3a). The fatty acid that was mostly elevated fol-
lowing BMAL1 overexpression was oleic acid (c18:1n9), by
2.6% (p=0.002, Student’s ¢ test) (Table S4). Other monoun-
saturated fatty acids (MUFA) and polyunsaturated fatty acids
(PUFA) were also significantly increased following BMAL1
overexpression (Table S4), however, in total, PUFA did not
change. We next analyzed the effect of BMALI overexpres-
sion on fatty acid desaturation and elongation indices. Sug-
gested by the higher C18:1n9/C18:0 ratio, but not C16:1n7/
C16:0 ratio (Fig. 3b), BMALI increased A9 desaturase
activity index (p <0.0001, Student’s 7 test). BMALI also
increased elongase 6 activity (p <0.03, Student’s ¢ test)
suggested by the higher C18:1n7/C16:1n7, but not C18:0/
C16:0 ratio (Fig. 3c). Indeed, A9 desaturase (p <0.001,
Student’s ¢ test) and elongase 6 (p=0.01, Student’s ¢ test)
mRNA expression were increased following BMALI over-
expression (Fig. 3d, ). When measured by flow cytometry,
BMALI overexpression led to reduced lipid accumulation in
AML-12 hepatocytes (p <0.0001, Student’s ¢ test) (Fig. 4).
This result was also found when BMAL1-overexpressing
hepatocytes were treated with oleate (p =0.0002, Student’s ¢
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Fig.2 Effect of palm oil and olive oil diet on circadian rhythms. Clock gene oscillation in liver. Mice were fed palm or olive oil diet for 3 weeks.
Liver samples were collected every 4 h for 24 h. mRNA was determined by real-time PCR. Data are mean + SE; n=24/group, n=4/time-point
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Fig.3 BMALI overexpression
regulates fatty acid composition.
a Fatty acid composition. b A9
desaturase activity. ¢ Elongase 6
activity. d A9 desaturase mRNA
in AML-12 hepatocytes and
AML-12 hepatocytes overex-
pressing BMALL. e Elongase

6 mRNA in AML-12 hepato-
cytes and AML-12 hepatocytes
overexpressing BMALL.
AML-12 hepatocytes were
transfected with Bmall and cell
lipid extracts were methylated
and fatty acid amounts were
analyzed by GC. mRNA was
determined by real-time PCR.
Values are mean=+ SE (n=4).
Asterisks denote significant
difference (p <0.05, Student’s

t test)
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test). In contrast, when BMAL/1-overexpressing hepatocytes
were treated with palmitate this reduction in fat accumula-
tion was abolished (p > 0.05, Student’s ¢ test) (Fig. 4). These
results are further supported by the finding that palmitate,
but not oleate, counteracted the increase in the expression of
mitochondrial genes whose protein products participate in
fatty acid oxidation in cells overexpressing BMALI, such as
NADH-ubiquinone oxidoreductase chain 5 (ND-5), NADH
dehydrogenase (ubiquinone) 1 alpha subcomplex subunit
2 (NDUFA2), Cytochrome c oxidase subunit 5B (COX5b)
(Fig. 5). Taken together, our results show that BMALI1 over-
expression leads to reduced fat accumulation in hepatocytes
and this reduction is counteracted by palmitate.

Palmitate inhibits CLOCK:BMAL1-mediated
expression

To study whether palmitate may interfere with BMALI1
transcriptional activity by affecting its function in
CLOCK:BMALI1-mediated gene expression, we examined
the effect of palmitate and oleate treatment on the activity of
the clock-controlled promoter, arginine vasopressin (AVP)
promoter-driven luciferase reporter (AVP-luc) in AML-12
hepatocytes. CLOCK and BMAL1 overexpression induced
luciferase activity (p < 0.0001, Tukey’s HSD) (Fig. 6a).
This luciferase induction was abolished by palmitate, but
not oleate (p “ 0.0001, Tukey’s HSD) (Fig. 6a). To study
how palmitate may interfere with CLOCK:BMAL1 activ-
ity, we measured endogenous BMALI acetylation (AcB-
MAL1) level, as BMALI requires deacetylation to become
active [40]. Six hours after exposure of hepatocytes to fatty
acids, the ratio of AcBMALI1/BMALI increased (p =0.04,
Tukey’s HSD) with palmitate, but not oleate (Fig. 6b). Taken

together, these results demonstrate that palmitate interferes
with BMALLI activity by preventing its deacetylation.

Palmitate modulates BMAL1 expression

Our results in vivo showed no significant change in aver-
age daily levels of Bmall mRNA or BMALLI protein under
olive or palm oil diet (Fig. S3). To study whether palmitate
and oleate can acutely affect BMALI expression in cell cul-
ture, we transfected AML-12 hepatocytes with a luciferase
reporter whose expression is driven by the Bmall promoter
(Bmall-luc) [41]. The Bmall regulators, PER2 and REV-
ERBa [42], were also co-transfected. While REV-ERBa
reduced Bmall-luc activity (p < 0.0001, Tukey’s HSD),
PER2 induced Bmall-luc activity (p <0.0001, Tukey’s HSD)
(Fig. 6¢). Luciferase levels significantly increased after
oleate treatment (p < 0.05, Tukey’s HSD), but not palmitate
(Fig. 6d). Similar induction was achieved in the presence
of oleate (p =0.04, Student’s 7 test), suggesting that it does
not affect PER2-mediated BMALL1 expression (Fig. 6e).
In contrast, palmitate prevented PER2-mediated luciferase
activity (p > 0.05, Student’s ¢ test) (Fig. 6e), suggesting that
it interferes with PER2-mediated BMAL1 expression. When
REV-ERBa was co-transfected with Bmall-luc, luciferase
activity was reduced in the presence of oleate to the same
extent as in the absence of oleate (Fig. 6f). However, pal-
mitate led to a much greater reduction in luciferase activ-
ity (p <0.05, Student’s ¢ test) (Fig. 6f), suggesting that it
amplified the inhibitory effect REV-ERBa has on BMALI1
expression. Taken together, these results suggest that acute
treatment of palmitate reduces Bmall transcription levels
by reducing its PER2-mediated induction and increasing its
REV-ERBa-mediated inhibition.
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Palmitate affects PER2 nuclear localization

To investigate why PER2-mediated BMALI induction is
abrogated, we measured PER?2 protein nuclear levels. Oleate
or palmitate treatment did not affect whole cell levels of
PER2 (Fig. 7a). While oleate treatment increased nuclear
PER?2 levels (p =0.04, Tukey’s HSD), palmitate decreased
nuclear PER2 levels (p =0.02, Tukey’s HSD) in AML-12
hepatocytes (Fig. 7b). In parallel, mice fed palm oil diet
had significantly lower levels of nuclear PER?2 in the liver
compared to mice fed olive oil diet (p =0.02, Student’s ¢
test) (Fig. 7¢). Next, we wanted to test whether PER2 over-
expression by itself affects fat accumulation in the presence
or absence of fatty acids. Interestingly, PER2 overexpres-
sion by itself significantly reduced fat content in AML-12
hepatocytes (p < 0.0001, Student’s 7 test). Cells overexpress-
ing PER2 treated with oleate showed similar reduction in
fat content (p <0.001, Student’s ¢ test) (Fig. 7d). In contrast,
cells overexpressing PER2 treated with palmitate did not
show the reduction in fat content (p > 0.05, Student’s 7 test).
Taken together, these results indicate that PER2 reduces fat

treated with palmitate, oleate or BSA (control) (n=12). e Lucit-
erase activity. Bmall-luc was co-transfected with Per2 and cells were
treated with palmitate, oleate or BSA (control) (n=12). f Luciferase
activity. Bmall-luc was co-transfected with Rev-erba and cells were
treated with palmitate, oleate or BSA (control) (n=9). Different let-
ters denote significant difference (p <0.05, Tukey’s HSD); asterisks
denote significant difference (p <0.05, Student’s ¢ test)

accumulation in AML-12 hepatocytes and that this reduction
is prevented by palmitate.

Discussion

In this study, we show that non-obesogenic doses of palmi-
tate increase signaling towards fatty acid synthesis, while
oleate increases signaling towards fatty acid oxidation. Our
findings with non-obesogenic doses of palmitate are con-
gruent with the reported detrimental effects of high doses
and prolonged treatment of palmitate on hepatocytes, induc-
ing insulin resistance, oxidative stress and cell death [28].
Similarly, our results with low doses of oleate are compat-
ible with the previous reports that oleate alleviates the toxic
effect of saturated free fatty acids and is protective against
insulin resistance and metabolic disorders [29]. Thus, the
detrimental metabolic alteration seen with high doses of pal-
mitate manifests itself early on even with non-obesogenic
levels.
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Fig.7 Palmitate abrogates PER2 nuclear localization. a Daily PER2
average whole-cell protein levels in mouse liver. b Daily PER2 aver-
age nuclear protein levels in mouse liver. Mice were fed with palm or
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in AML-12 treated with fatty acids (n=45). d Fat content of AML-12
hepatocytes transfected with Per2 and treated with palmitate, oleate
or BSA (control). Intracellular lipid levels were evaluated using Nile
red staining and flow cytometry (n=12). Different letters denote sig-
nificant difference (p <0.05, Tukey’s HSD); asterisks denote signifi-

These low doses of palmitate and oleate were sufficient
to alter circadian rhythms. Circadian alteration is most
likely achieved due to changes in the key metabolic factors
AMPK, mTOR and SIRT1, that have been shown to have
intricate relationships with the core clock mechanism [39]
and their modulation leads to changes in the phase of gene
expression. We have previously shown that activation of the
AMPK-SIRT1 axis leads to phase advances [36, 43], as was
seen here for oleate. So far, palmitate has been demonstrated
to alter clock gene expression only in cell culture and at
high doses [30—32]. However, herein we show that palmitate
affects circadian rhythms even at low doses in vivo as well as
in cell culture. In addition, low doses of oleate also showed
altered circadian rhythms.

Supplementation of low-doses of palmitate did not lead
to significant changes in Bmall gene and BMALI protein
expression in vivo. These results are similar to other reports
in which low-doses of palmitate were used [31, 33]. A
decrease in Bmall oscillatory amplitude has been reported
but with a sixfold higher palmitate concentration [30, 34].
Although it was previously shown that DHA altered the
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cant difference (p <0.05, Student’s ¢ test). € A model delineating how
palmitate modulates clock and metabolism. Palmitate regulates clock
functionality by inhibiting CLOCK:BMAL1-mediated transcriptional
activation, by attenuating deacetylation of BMAL1 via SIRT1 inhibi-
tion and by inhibiting BMALI1 expression by interfering with PER2
nuclear translocation. All these activities of palmitate lead to attenu-
ated and delayed circadian gene expression, reduced fatty acid oxida-
tion, and increased fat accumulation

circadian profile of Bmall, the disruptive effect of palmitate
in the presence of DHA on Bmall was less pronounced, sug-
gesting a protective role for DHA [33, 34]. Thus, although
unsaturated fatty acids alter circadian rhythms, saturated
fatty acids play a more disruptive role.

Although BMALI has been reported to regulate lipid
accumulation in adipose tissue [39], its role in the liver
is less clear. Bmall loss-of-function causes swollen
mitochondria incapable of adapting to different nutrient
conditions accompanied by diminished respiration and
elevated oxidative stress. Consequently, liver-specific
Bmall knockout mice accumulate oxidative damage and
develop hepatic insulin resistance [44]. We found that in
the absence of fatty acids, BMALI overexpression led to
an overall reduction in lipid accumulation and increased
ratio of unsaturated/saturated fatty acids by increasing the
expression and activity of desaturases and elongases. In
the presence of oleate, BMALLI still had the same effect,
but palmitate abrogated the reduction in fat accumulation,
suggesting interference with BMALI ability to induce the
expression of enzymes involved in fatty acid oxidation,
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such as ND5, NDUFA2, COX5b. Indeed, we show herein
that palmitate interferes with the transcriptional activity
of the CLOCK:BMAL1 heterodimer. Moreover, palmi-
tate was reported to destabilize the interaction between
CLOCK and BMALLI in a dose and time-dependent man-
ner [31]. In addition, we found that palmitate, but not
oleate, interfered with the BMALI1 deacetylation prevent-
ing its activation. This is achieved by down-regulation of
SIRT]1 protein levels in mouse liver. Indeed, SIRT1 activa-
tors that induce BMAL1 deacetylation reversed the inhibi-
tory action of palmitate on CLOCK:BMALI1 interaction
[31].

In addition to the role of palmitate in interfering with
BMALI deacetylation and transcriptional activity, we also
found that, unlike oleate, palmitate reduced PER2-medi-
ated transcriptional activation and increased REV-ERBa-
mediated transcriptional inhibition of Bmall. Indeed, PER2
has been documented to have a positive role in BMALI
expression [42, 45, 46]. The inhibition of PER2-mediated
transcriptional activation by palmitate was achieved by inter-
fering with PER2 nuclear translocation. The role of PER2 in
BMALLI expression is further demonstrated by the finding
that similarly to BMAL1, PER2 overexpression reduced fat
accumulation in hepatocytes. However, this reduction was
prevented by palmitate. Although in mouse liver overall
daily levels did not change with non-obesogenic concentra-
tions of the fatty acids, however, oleate was shown to have a
positive acute effect on Bmall transcription in cell culture.

In summary, in hepatocytes, oleate activates the
AMPK-SIRT1 signaling pathway leading to inhibition
of fatty acid synthesis and increased fatty acid oxidation,
whereas palmitate activates mTOR signaling leading to
increased fatty acid synthesis. This is achieved by modu-
lating BMAL1 at several levels abrogating its activity and
expression (Fig. 7). The intricate relationship between core
clock proteins and fatty acids warrants further study.
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