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Decreased Fatty Acid #-Oxidation Is the Main Cause of Fatty
Liver Induced by Polyunsaturated Fatty Acid Deficiency in Mice
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Insufficient intake of polyunsaturated fatty acids (PUFA) causes fatty liver. The mechanism responsible is
primarily related to increased lipogenesis and decreased FA degradation based on rodent studies.
However, these studies were limited by the fact that the typical PUFA-deficient diets contained insufficient
amounts of long-chain FA, the PUFA-containing diets were primarily composed of n-3 PUFA-enriched oil,
and the intake of PUFA was excessive compared with the physiological requirement. To address these
issues, mice were fed a PUFA-deficient diet containing long-chain FA at a standard fed level and then were
orally fed a n-3/n-6-balanced PUFA-containing oil [PUFA (+)] or a PUFA-deficient oil [PUFA (-)] at
physiological relevant levels (0.1 mL/mouse/2d). We compared these groups and examined whether fatty
liver in PUFA deficiency was attributable to both the effects of increased lipogenesis and decreased FA
catabolism. Compared with the PUFA (+) group, the PUFA (-) group showed increases in liver triglyceride
and serum FA content. Hepatic gene expression of several mitochondrial 3-oxidation enzymes, the serum
3-hydroxybutyrate level, and DNA-binding ability of peroxisome proliferator-activated receptor a (PPARa)
were increased in the PUFA (+) group, whereas these adaptive responses were significantly attenuated in
the PUFA (-) group. The hepatic expression of typical lipogenesis genes did not differ between the groups.
Therefore, fatty liver in PUFA deficiency is attributable to suppression of the FA-degrading system probably
from decreased PPARa adaptive responsiveness, and PUFA may be an essential factor for PPARa
functioning. This finding is helpful for managing clinical situations having a risk of PUFA deficiency.
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Introduction

Polyunsaturated fatty acids (PUFA) from the n-6 and
n-3 series, including primarily linoleic acid (18:2, n-6) and
o-linolenic acid (18:3, n-3), are essential nutrients for mam-
mals (Spector and Kim 2015). These essential FA are the
basic components of biological membranes and are impor-
tant in maintaining cellular structure and function. PUFA
are metabolized to the hormone-like chemicals eicosanoids,
which regulate diverse biological functions including
inflammation, immune responses, and reproduction (Funk

2001; Jump 2002). Insufficient intake of PUFA can lead to
the development of deficiency symptoms, such as growth
retardation, skin injury, reproductive impairment, and fatty
liver (Burr and Burr 1929, 1930; Werner et al. 2005).
Several clinical studies have suggested that low intake
of PUFA with high intake of saturated FA is related to the
development of non-alcoholic fatty liver disease (NAFLD).
The patients with NAFLD tend to prefer diets containing
high saturated FA and low PUFA compared with the general
population (Musso et al. 2003; Toshimitsu et al. 2007).
Related to this dietary preference, the livers of NAFLD
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patients contain a lower ratio of certain PUFA species, such
as arachidonic acid, eicosapentaenoic acid (EPA), and doc-
osahexaenoic acid (DHA), in their total lipid extracts and
triglyceride (TG) fractions compared with normal livers
(Puri et al. 2007). Additionally, a recent study investigating
NAFLD patients including those with steatohepatitis [i.e.,
NASH; fatty liver with inflammation and hepatocyte bal-
looning (Nagaya et al. 2010)] and simple steatosis [fatty
liver without apparent histological features of NASH
(Nagaya et al. 2010)] reported that the NASH patients’ liv-
ers contained a lower ratio of these PUFA species than
those of the simple steatosis group, and that these PUFA
profile differences were related to expression changes in
several genes related to lipid metabolism (Arendt et al.
2015). These findings suggest that decreasing the levels of
PUFA in diets and livers and the alteration of hepatic PUFA
metabolism affect the disease progression of NAFLD.
Therefore, understanding the physiological roles of PUFA
in liver is important when considering new treatments
toward NAFLD and related diseases.

The results from many rodent studies have reported
the beneficial effects of PUFA in hepatic lipid metabolism.
The most noticeable effect of PUFA is generally recognized
as suppression of lipogenesis, which is primarily attribut-
able to down-regulation of sterol regulatory element-bind-
ing protein-lc (SREBP-1c) (Kim et al. 1999; Mater et al.
1999; Sekiya et al. 2003; Tanaka et al. 2010), the master
transcription factor for genes involved in FA and TG syn-
thesis (Horton et al. 2002). PUFA are also known to stimu-
late FA degradation by activating peroxisome proliferator-
activated receptor o (PPAR«a) (Ren et al. 1997; Martin et al.
2007), which is a ligand-dependent nuclear receptor that
regulates the transcription of genes involved in FA
p-oxidation (Aoyama et al. 1998; Kamijo et al. 2007).
These two effects are proposed as the main mechanisms
responsible for the liver TG-lowering action of PUFA.

A PUFA-deficient diet is known to induce fatty liver,
in which the underlying mechanism is considered to be
enhanced lipogenesis and decreased FA degradation
(Alwayn et al. 2004; Werner et al. 2005). However, previ-
ous studies have some limitations in their experimental
conditions. For example, to induce a PUFA-deficient con-
dition, the previous studies generally used two types of
PUFA-deficient diets: a fat-free diet or a 4-5% (w/w) hydro-
genated coconut oil (HCO)-containing diet (Martin et al.
2007; Ducheix et al. 2013). However, these diets contain
very small amounts of long-chain FA (< 1.5% in diet, w/w)
compared with standard diets (4-7% in diet, w/w). Long-
chain FA are necessary for maintaining cellular function
and structure, and their insufficient intake affects several
aspects of hepatic metabolism including lipogenesis
(Shillabeer et al. 1990; Hudgins et al. 1996). Thus, the pre-
viously reported findings in PUFA-deficient diet-fed ani-
mals may be derived from the effects of both PUFA and
long-chain FA deficiencies. Additionally, the previous stud-
ies showing the efficacy of PUFA used mainly fish oil as the

PUFA-containing diet (Ren et al. 1997; Sekiya et al. 2003).
Fish oil contains an abundant amount of n-3 PUFA, particu-
larly EPA and DHA. Thus, the results may be biased by the
specific effects brought about by the presence of n-3 PUFA.
Third, the intake of PUFA-containing oil in the previous
studies (> 4% in diet, w/w) was considerably higher than
the physiological requirement (1-2% in diet, 2.5-3.5%
energy in total intake) (Reeves 1997; FAO, Food and
Agriculture Organization of the United Nations 2010),
therefore, the results may differ from the physiological
effects of PUFA. Based on these concerns, it remains
unclear whether fatty liver in PUFA deficiency is caused by
the effects of both enhanced lipogenesis and decreased FA
catabolism.

In the present study, we aimed to clarify the mecha-
nism of the development of fatty liver under a PUFA defi-
cient condition. To solve the above-mentioned issues, we
used a 14% (w/w) HCO-containing diet, which contained
long-chain FA at the standard level (4% in diet, w/w). We
fed mice with this PUFA-deficient diet for 2 or 5 weeks and
orally treated them with a n-3/n-6-balanced PUFA-
containing oil [PUFA (+)] or PUFA-deficient oil [PUFA (—)]
at physiologically relevant levels (0.1 mL/mouse/2d),
throughout the feeding period. We compared these mouse
groups and examined whether fatty liver in PUFA defi-
ciency was attributable to the effects of both increased lipo-
genesis and decreased FA catabolism.

Materials and Methods

Mice and treatment

This study was carried out in accordance with the Regulations
for Animal Experimentation of Shinshu University. The animal pro-
tocol was approved by the Committee for Animal Experiments of
Shinshu University (Approval Number 270044). Based on the
national regulations and guidelines, all experimental procedures were
reviewed by the Committee for Animal Experiments and finally
approved by the president of Shinshu University.

Seven- to eight-week-old male C57BL/6 strain mice were pur-
chased from Charles River Laboratories Japan (Yokohama, Japan)
and maintained in a controlled environment (22-23°C; 12-h light/dark
cycle) with tap water and a 5% (w/w) crude fat-containing standard
rodent chow (MF; Oriental Yeast, Tokyo, Japan) ad libitum.

At 10 to 11 weeks of age, the mice (25-29 g of body weight)
were divided into five groups with no difference in body weight aver-
age. One group continued being fed the standard chow (n = 3, Chow
group), and diet for the other four groups (n =5 in each) was switched
to a 14% (w/w) hydrogenated coconut oil (HCO)-containing PUFA
deficient diet (AIN-93G based; Oriental Yeast) for 2 or 5 weeks. The
FA composition of this diet was as follows: C6:0, 0.2%; C8:0, 2.6%;
C10:0, 6.4%; C12:0, 63.3%; C14:0, 15.7%; C16:0, 5.3%; and C18:0,
6.5% in total FA. Throughout the HCO feeding period, the mice were
orally treated with PUFA-containing oil (soybean oil plus linseed oil,
mixed at 1:1, v/v) [PUFA (+) group] or PUFA-deficient oil (coconut
oil) [PUFA (—) group] via gastric tube at 0.1 mL/mouse every other
day (typically in the evening). The dose of these supplemental oils
was calculated as approximately 1.4-1.8 mg/g of body weight/day.
This dosing level was selected based on a past study (Burr and Burr
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1930); namely, in case of rats, oral administration of PUFA-
containing oils, such as corn oil and raw linseed oil, at about 1 mg/g
of body weight/day can prevent apparent symptoms of PUFA defi-
ciency upon feeding a fat-free diet. All oils were obtained from Wako
Pure Chemical Industries (Osaka, Japan). After purchase, soybean oil
and linseed oil were immediately mixed, aliquoted, and stored at
—25°C. Coconut oil was also aliquoted and stored in a similar man-
ner. These oil aliquots were thawed at 37°C for 1-2 min, just before
oral treatment. The day before sacrifice, the food was withdrawn
from the cages, and the mice were fasted overnight, anesthetized with
isoflurane (Wako) exposure, and euthanized by exsanguination from
the vena cava inferior. The blood was coagulated at room tempera-
ture for 30 min, cooled on ice, and centrifuged at 1,000 x g for 10
min at 4°C for collection of serum. The liver was perfused via the
left ventricle with 20 mL of cold physiological saline containing 1
mM EDTA (Wako), then removed, weighed, and immediately frozen
on dry ice. Serum and liver were stored at —75°C until biochemical
analysis.

Measurements of lipids and a ketone body

Serum TG and free FA (FFA) concentrations were determined
using Triglyceride E-test and NEFA C-test kits (Wako), respectively.
The serum 3-hydroxybutyrate concentration was measured using a
f-hydroxybutyrate assay kit (BioVision, Milpitas, CA, USA).

Liver tissues (40-50 mg) were sonicated in 9 volumes of ice-
cold 50 mM sodium phosphate buffer (pH 7.4), and 50 uL of the soni-
cate were mixed with 18 volumes of hexane:isopropanol (3:2, v/v)
(Wako) (Hara and Radin 1978) as described previously (Li et al.
2007). The resulting supernatant containing total lipids (first extract)
was collected to a new tube by decantation, and the remaining precip-
itate was washed with 300 xL of hexane:isopropanol:water (60:40:5,
v/v) by brief vortexing. The resulting supernatant (second extract)
was collected and combined with the first extract. This combined
extract was then washed with aqueous sodium sulfate as previously
described (Hara and Radin 1978), to remove nonlipid contaminants.
The lipid extract was dried at 37°C in a gentle stream of nitrogen gas,
dissolved in hexane:isopropanol (3:2, v/v) containing 1% (w/v) Triton
X-100 (Wako), and dried again. After addition of water, the lipids
were finally solubilized in 1% (w/v) Triton X-100/water (Carr et al.
1993). This lipid sample was used for measuring the contents of liver
TG and FFA.

Thin-layer chromatography (TLC) of liver lipids

As mentioned above, 50 uL of the liver sonicate were mixed
with 18 volumes of hexane:isopropanol (3:2, v/v), and the total lipid
extract (first and second extract mixture) was collected in a vial and
dried. The lipid was dissolved in chloroform:methanol (2:1, v/v)
(Wako) at 10 ug liver equivalent/uL. This lipid sample (150 ug liver
equivalent) was spotted on a TLC plate (Whatman LHP-K; GE
Healthcare UK, Little Chalfont, Buckinghamshire, England), devel-
oped with hexane:ether:acetate (80:20:1, v/v/v), and detected with
charring reagent (Hara and Taketomi 1990). Authentic standards (TG,
FA, diacylglycerol, and monoacylglycerol; Wako) were also spotted
on the same plate and analyzed. The position of the lipid bands was
determined from the bands of authentic standards.

Gene expression analysis
Liver tissues (50-60 mg) were homogenized in 1 mL of TRIzol
reagent (Thermo Fisher Scientific K.K., Yokohama, Japan). The

homogenate was vigorously mixed with chloroform and centrifuged
for phase separation according to the manufacturer’s instructions.
The RNA-containing upper aqueous layer was collected, and total
RNA was purified using a PureLink RNA mini kit and DNase
(Thermo). The integrity of the total RNA extract was confirmed by
spectrophotometry (Nanodrop 2000; Thermo) and gel electrophoresis.
The liver total RNA (1 ug) was reverse-transcribed using a Takara
PrimeScript RT reagent kit (Takara Bio, Kusatsu, Japan). The cDNA
(4 ng RNA equivalent) was analyzed by real-time polymerase chain
reaction (PCR) (StepOne Plus; Thermo) using SYBR green reagent
(Takara SYBR Premix Ex Taq II; Takara). The primer sets were
designed using Primer Express (Thermo), Primer 3, and Primer-
BLAST systems (Table 1). The data analysis was carried out using
the delta Ct method, and the expression data of target genes was nor-
malized to that of the Gapdh gene (encoding glyceraldehyde-3-phos-
phate dehydrogenase) and each was shown as the fold change relative
to that of the Chow group.

DNA-binding assays for SREBP-1 and PPAR

Approximately 300 mg of liver tissues were placed on ice,
minced using scissors, and homogenized in 20 volumes of ice-cold
buffer [0.25 M sucrose, 25 mM Tris chloride (pH 7.4), 25 mM potas-
sium chloride, 5 mM magnesium chloride, 0.5% (w/v) Triton X-100,
1 mM dithiothreitol, and protease inhibitor cocktail (Thermo)] using
a glass cylinder with a Teflon pestle (Aoyama et al. 1989, 1990).
After removing the cell debris, the homogenate was centrifuged at
1,000 x g for 10 min at 2°C. The supernatant was removed, and the
crude nuclear pellet was treated with Optiprep solution (Cosmo Bio,
Tokyo, Japan). The resulting concentrated nucleus was treated with
an extraction buffer [0.42 M sodium chloride, 20 mM Hepes (pH 7.9),
1.5 mM magnesium chloride, 0.2 mM EDTA, 25% (v/v) glycerol, 1
mM dithiothreitol, and protease inhibitor cocktail] for 1 h on ice with
occasional vortexing, and the nuclear protein was extracted. The pro-
tein concentration of the liver nuclear extract was determined using a
BCA protein assay kit (Thermo), and 5 ug of protein was subjected to
the DNA-binding assays for SREBP-1, PPAR«a, and PPARy using
SREBP-1, PPARa, and PPARy transcription factor assay kits (Cayman
Chemicals, Ann Arbor, MI, USA), respectively. These assay kits are
based on the enzyme-linked immunosorbent assay system and use a
specific DNA binding sequence-immobilized microplate and specific
antibody for each target transcription factor. This assay system is
non-radioactive and sensitive and has been recently utilized as an
alternative method to the radioactive electrophoretic mobility shift
assay system (Harada et al. 2016). The results from each DNA-
binding assay are shown as the fold change relative to that of the
Chow group.

Data and statistical analyses

Results are expressed as the mean + standard deviation.
Statistical analysis was performed using two-way analysis of variance
(SPSS Statistics 17.0; IBM Corporation, Armonk, NY, USA). A
probability value of less than 0.05 was considered to be statistically
significant.

Results

Effect on hepatic fat accumulation

Food intake was not different among the groups.
Body, liver, and epididymal fat weights were increased by
HCO feeding in a time-dependent manner, but did not sig-
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Table 1. Primers used for real-time PCR.
Primer sequences (5’ to 3°) PCR
product NCBI GenBank

Gene Forward Reverse (bp)
Acaca GGGCACAGACCGTGGTAGTT CAGGATCAGCTGGGATACTGAGT 105 NM_ 133360
Acadl AGAAACATGGCGGCATTG CAATATCTGAGTGGAGGCTGAAG 108 NM_007381
Acadvl GCGTGTGCTCCGAGATATTC CCAGTGAGTTCCTTTCCTTTG 111 NM_017366
Acsll TCCTACGGCAGTGATCTGGTG GGTTGCCTGTAGTTCCACTTGTG 163 NM_007981
Cd36 CCAAATGAAGATGAGCATAGGACAT GTTGACCTGCAGTCGTTTTGC 87 NM_007643
Cptla TGGCATCATCACTGGTGTGTT GGTCCGATTGATCTTTGCAATC 127 NM_013495
Cpr2 ATCGTACCCACCATGCACTAC CTGTCATTCAAGAGAGGCTTCTG 110 NM_009949
Dgar2 GCTTCGCGAGTACCTGATGT CACCACGATGATGATAGCATTG 106 NM_026384
Fabpl GCAGAGCCAGGAGAACTTTGAG TTTGATTTTCTTCCCTTCATGCA 121 NM_017399
Fasn ATCCTGGAACGAGAACACGATCT AGAGACGTGTCACTCCTGGACTT 140 NM_007988
Fgf21 ! CCTCTAGGTTTCTTTGCCAACAG AAGCTGCAGGCCTCAGGAT 76 NM_020013
Gapdh TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTCTG 177 NM_008084
Gpam GGCTACGTCCGAGTGGATTTT AACATCATTCGGTCTTGAAGGAA 141 NM_008149
Hadha CCTTTATCCTGCCCCTTTG GCGATTCAGCAAGATAACCA 86 NM_178878
Hadhb AGCGCCTGTCCTTACTCAGT CATGGTCTCATTAGTGGAGAACTC 89 NM_145558
Ppara ACATTTCCCTGTTTGTGGCT TGTCATCTGGATGGTTGCTC 138 NM_011144
Pparg TTCCACTATGGAGTTCATGCTTGT TCCGGCAGTTAAGATCACACCTA 100 NM_011146
Srebflc 2 GAGCCATGGATTGCACATTT CTGTCTCACCCCCAGCATAG 102 NM_011480

'Primers for Fgf21 were derived from the literature (Inagaki et al. 2007).

2Primers for Srebf]c were designed based on nucleotide sequences reported in the literature (Shimomura et al. 1997).

Table 2. Physiological data.
Chow 2w HCO Sw HCO
PUFA (+) PUFA (-) PUFA (+) PUFA (-)

Body weight (g) 25+3 27+1 27+ 1 31+2 31+ 1%

Body weight change (%) nd 110+2 109+ 4 123 + 4% 123 £ 4%

Liver/body weight (%) 44+04 49+1.1 5.1+0.7 49+0.4 58+0.5

Epididymal fat/body weight (%) 1.0+0.1 29+0.6 2.5+0.7 4.4+0.6% 4.6+0.9*

Mice were fed a 14% HCO-based diet for 2 or 5 weeks (2w or Sw HCO). Throughout these feeding periods, mice were supple-
mented with PUFA-containing oil [PUFA(+)] or PUFA-deficient oil [PUFA(—)] at 0.1 mL/mouse every other day. By compar-
ison, some mice were fed a 5% crude fat-based standard chow without oil supplementation (Chow). Data are shown as the
mean =+ standard deviation (n = 3-5). nd, not determined. *P < 0.05, vs. 2w HCO with the same oil supplementation.

nificantly differ between the PUFA (+) and PUFA (-)
groups at either time point (Table 2). TLC analysis of
hepatic simple lipids demonstrated that the intensity of TG
bands was increased by HCO feeding in a time-dependent
manner and this increase was greater in the PUFA (—) group
than in the PUFA (+) group (Fig. 1A). Quantitative analy-
sis of liver TG showed similar results with a significant dif-
ference between the PUFA (—) and PUFA (+) mice at 5
weeks (Fig. 1B). There was no significant difference in the
content of liver FFA or serum TG among the groups. The
serum FFA level tended to be increased by HCO feeding in
a time-dependent manner, and the level was higher in the
PUFA (-) than in the PUFA (+) groups at 5 weeks (Fig.
1C). These results suggest that hepatic TG accumulation
and serum FFA elevation were greater in the PUFA (—) mice
than in the PUFA (+) mice.

Effect on hepatic FA/TG synthesis

To understand the mechanism of the hepatic TG accu-
mulation, we first examined hepatic expression of key
genes involved in FA/TG synthesis. These included the
Acaca and Fasn genes encoding acetyl-CoA carboxylase 1
and fatty acid synthase, respectively, which are the rate-
limiting enzymes in de novo FA synthesis, and the Gpam
and Dgat2 genes encoding glycerol-3-phosphate acyltrans-
ferase 1 and diacylglycerol acyltransferase 2, respectively,
which are the key enzymes in the synthesis of TG from FA
and glycerol. The expression levels of Acaca, Fasn, and
Gpam were almost identical among the groups (Fig. 2A, B).
The expression of Dgat2 was increased by HCO feeding,
but did not differ between the PUFA (—) and PUFA (+)
groups at either time point (Fig. 2B). These results suggest
that alteration of lipogenesis gene expression scarcely influ-
enced the hepatic TG accumulation in the PUFA (—) mice.
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1. Effect of PUFA deficiency on TG and FFA content in the liver and serum.

(A) TLC of hepatic simple lipids. Liver total lipids (150 ug liver equivalent) were spotted, developed with
hexane:ether:acetate (80:20:1, by volume), and detected with charring reagent. The position of lipid bands was deter-
mined by comparison with the bands of authentic standards [TG, FA, diacylglycerol (DG), and monoacylglycerol
(MG)]. DG and MG were not detected in this assay condition. Chow, mouse group fed standard rodent diet; HCO,
mouse groups fed 14% HCO-based diet; 2w, 2 week-fed; Sw, 5 week-fed; PUFA (+), groups supplemented with PUFA-
containing oil; and PUFA (—), groups supplemented with PUFA-deficient oil.

(B and C) Quantitation of TG and FFA in the liver (B) and serum (C). Liver lipid extracts and serum were analyzed us-
ing commercial kits. Data are shown as the mean + standard deviation (n = 3-5/group). *P < 0.05, vs. 2w HCO group
fed the same oil supplementation. “P < 0.05, comparison between the PUFA (+) and PUFA (—) groups in the same feed-

ing period.

Effect on hepatic FA uptake and transport

Earlier studies reported that PUFA deficiency stimu-
lated hepatic FA uptake from blood (Sinclair and Collins
1968; Fukazawa et al. 1970), thus, we examined this pro-
cess. The level of the typical FA transporter gene Cd36,
which encodes CD36 antigen/fatty acid translocase, was
increased by HCO feeding in a time-dependent manner,
especially in the PUFA (=) mice at 5 weeks. However, a
significant difference between the PUFA (—) and PUFA (+)
groups was not detected (Fig. 2C). The expression level of
the Fabpl gene encoding liver-type fatty acid-binding pro-
tein (L-FABP), a representative cellular FA transporter, was
markedly higher in the PUFA (+) group, whereas this
change was not detected in the PUFA (—) group and the
level was the same as that in the Chow group (Fig. 2C).
The expression levels of the Figf21 gene encoding fibroblast
growth factor-21, a hepatokine which stimulates lipolysis in
white adipose tissue (Inagaki et al. 2007), were increased
by HCO feeding especially at 5 weeks in the PUFA (—) and
PUFA (+) groups, but these levels were not different

between these groups (Fig. 2D).

Effect on hepatic FA catabolism

We next determined the gene expression of several
mitochondrial FA f-oxidation enzymes (Fig. 3A) including
long-chain acyl-CoA synthetase (Acs/!/), carnitine palmito-
yltransferase-I and -II (Cptl/a and 2), very-long-chain and
long-chain acyl-CoA dehydrogenases (Acadvl and Acadl),
and trifunctional protein o and f subunits (Hadha and
Hadhb). Among these, the former three enzymes function
in FA transport from the cytosol into the mitochondria and
the remaining four enzymes catalyze the f-oxidation reac-
tion. The expression level of the Acs/l gene was markedly
increased in the PUFA (+) group at both 2 and 5 weeks,
whereas the level of the PUFA (—) group remained similar
to that found for the Chow group. The expression level of
the Cptla gene did not differ among the groups, whereas
that of Cpt2 was significantly lower in the PUFA (—) mice
at both time points compared with the Chow and PUFA (+)
mice. The expression levels of Acadvl, Acadl, Hadha, and
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Fig. 2. Effect of PUFA deficiency on hepatic expression of typical genes involved in lipid metabolism.

For lipogenesis (A), Acaca and Fasn genes encode acetyl-CoA carboxylase 1 and fatty acid synthase; these cytosolic
enzymes act on de novo synthesis of FA palmitate (C16:0) from acetyl-CoA. For TG synthesis (B), Gpam and Dgat2
genes encode glycerol-3-phosphate acyltransferase 1 and diacylglycerol acyltransferase 2; they catalyze first and last
reactions, respectively, in TG synthesis from FA and glycerol. For FA uptake (C), Cd36 and Fabpl genes encode CD36
antigen/fatty acid translocase and liver-type fatty acid-binding protein; these proteins are involved in FA transport from
blood to hepatocyte. In adipocyte lipolysis (D), the Figf21 gene encodes fibroblast growth factor-21, a hepatokine which
stimulates TG hydrolysis in white adipose tissue. Gene expression levels were determined on SYBR Green-based real-
time PCR with delta-Ct analysis, and the data were normalized by expression of the Gapdh gene (encoding glyceralde-
hyde-3-phosphate dehydrogenase) and shown as the fold change relative to the data in the Chow group. Chow, mouse
group fed standard rodent diet; HCO, mouse groups fed 14% HCO-based diet; 2w, 2 week-fed; 5w, 5 week-fed; PUFA
(+), groups supplemented with PUFA-containing oil; and PUFA (—), groups supplemented with PUFA-deficient oil.
Data are shown as the mean =+ standard deviation (n = 3-5/group). *P < 0.05, vs. 2w HCO group fed the same oil sup-
plementation. “P < 0.05, comparison between the PUFA (+) and PUFA (—) groups in the same feeding period.

Hadhb were decreased in the PUFA (—) mice in a time-
dependent manner, and a significant difference between the
PUFA (-) and PUFA (+) groups was detected at the 5
weeks. The expression levels of Cpt2, Acadvl, Acadl,
Hadha, and Hadhb were almost identical between the
Chow and PUFA (+) groups. To further assess the effect of
PUFA deficiency on hepatic mitochondrial f-oxidation, we
measured serum ketone body levels, a typical indicator of
the f-oxidation activity. Although the serum level of
3-hydroxybutyrate, the major ketone body in serum, was
increased by HCO feeding, this increase was significantly
suppressed in the PUFA (—) group compared with the PUFA
(+) group (Fig. 3B).

Effect on master regulators in hepatic FA metabolism

Last, we examined SREBP-1c and PPARa. We also
examined PPARy, another PPAR subtype, since its expres-
sion and function can be induced in fatty liver (Gavrilova et
al. 2003). The expression levels of the genes encoding
SREBP-1c (Srebf1c) and PPARa (Ppara) tended to increase
by HCO feeding, but were not significantly altered by either
the feeding period or the existence of PUFA (Fig. 4A). The
specific DNA-binding ability of nuclear SREBP-1c, which

reflects its transcriptional activity, did not differ among the
groups. In contrast, the specific DNA-binding ability of
nuclear PPAR«a was increased in the PUFA (+) groups com-
pared with the Chow group, whereas this increased tran-
scriptional activity was not detected in the PUFA (—) group
(Fig. 4B). This adaptive transcriptional response of PPARa
appeared to correlate with the expression levels of the
PPARa target gene (Figs. 2C and 3A; Fabpl, Acsll, Cpt2,
Acaadvl, Acadl, Hadha, and Hadhb). By comparison, the
expression of the PPARy gene (Pparg) and its DNA-binding
ability did not differ among the groups. These results sug-
gest that the increased adaptive responsiveness of PPAR«a
was suppressed in the PUFA (—) mice, which is associated
with lower expression of several target genes involved in
the S-oxidation system, followed by decrease of hepatic FA
degradation. This condition might be the main cause of
hepatic TG accumulation in the PUFA (—) mice.

Discussion
Past experimental conditions of PUFA deficiency were
primarily based on insufficient intake of both PUFA and
long-chain FA (Martin et al. 2007; Ducheix et al. 2013).
Additionally, previous studies primarily used specific n-3
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Fig. 3. Effect of PUFA deficiency on hepatic FA catabolism.

(A) Expression of major genes in the mitochondrial f-oxidation system. Acs/l, Cptla, and Cpt2 genes encode long-
chain acyl-CoA synthetase, liver-type carnitine palmitoyltransferase-I, and carnitine palmitoyltransferase-II; these
enzymes act on FA transport from the cytosol to the mitochondria. Acadvl, Acadl, Hadha, and Hadhb genes encode
very-long-chain acyl-CoA dehydrogenase, long-chain acyl-CoA dehydrogenase, trifunctional protein a-subunit, and tri-
functional protein S-subunit; they catalyze the f-oxidation reaction of long-chain FA. Gene expression levels were
determined on SYBR Green-based real-time PCR with delta-Ct analysis, and the data were normalized by expression of
the Gapdh gene (encoding glyceraldehyde-3-phosphate dehydrogenase) and shown as the fold change relative to the
data in the Chow group. Chow, mouse group fed standard rodent diet; HCO, mouse groups fed 14% HCO-based diet;
2w, 2 week-fed; 5w, 5 week-fed; PUFA (+), groups supplemented with PUFA-containing oil; and PUFA (—), groups
supplemented with PUFA-deficient oil. Data are shown as the mean + standard deviation (n = 3-5/group). *P < 0.05,
vs. 2w HCO group fed the same oil supplementation. “P < 0.05, comparison between the PUFA (+) and PUFA (-)
groups in the same feeding period.

(B) Serum concentration of the ketone body 3-hydroxybutyrate (3-HB). Data are shown as the mean + standard devia-
tion (n = 3-5/group). "P < 0.05, comparison between the PUFA (+) and PUFA (—) groups in the same feeding period.
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PUFA-enriched diets (Ren et al. 1997; Sekiya et al. 2003),
in which the intake of PUFA was excessively higher than
the physiological requirement (Reeves 1997; FAO 2010).
Thus, the physiological mechanisms relevant to fatty liver
in PUFA deficiency remain unclear.

To address these issues, we examined mice that
received a long-chain FA-sufficient, PUFA-deficient diet in
the presence or absence of PUFA supplementation at physi-
ological required levels. We found that HCO feeding
increased liver TG and serum FFA content time-depend-
ently, indicating increased FA supply to the liver, and that
these lipid changes were greater in the PUFA (—) mice than
in the PUFA (+) mice. Compared with the Chow group,
HCO feeding increased the PPARa DNA-binding ability,
the expression of its targets Fabpl and Acsll, and the serum
ketone body in the PUFA (+) mice, suggesting that PUFA
(+) mice counteracted against oversupply of FA by enhanc-
ing their hepatic PPARa function. In contrast, the hepatic
expression of six key genes in mitochondrial f-oxidation
(Acsll, Cpt2, Acadvl, Acadl, Hadha, and Hadhb), the level
of serum 3-hydroxybutyrate, and the DNA-binding ability
of PPARa were all significantly lower in the PUFA (-)
group compared with the PUFA (+) group, suggesting that

PUFA (—) mice could not sufficiently respond to this condi-
tion. Thus, PPARa-regulated signals were markedly influ-
enced by the existence of PUFA, whereas the SREBP-1c-
regulated lipogenesis signals (i.e., its DNA-binding ability
and target gene expression involved in FA/TG synthesis)
were minimally affected. Our overall findings are summa-
rized in Fig. 5 and suggest that fatty liver in PUFA defi-
ciency is primarily attributable to the suppression of the
FA-degrading system induced by attenuation of PPARa
adaptive responsiveness.

The poor adaptive responsiveness of PPARa, which
was more prominent at 5 weeks than at 2 weeks in the
PUFA (—) mice, may be attributed to the depletion of effec-
tive PPARa ligands derived from PUFA and their metabo-
lites (Forman et al. 1997). Since the tissue content of PUFA
is decreased along with the duration of PUFA-deficient
treatment (Sinclair and Collins 1968), this time-dependent
reduction of the intracellular content of PUFA-derived
ligands might attenuate PPARa adaptive responsiveness.
Another important point, the change in the transportability
of PPAR« ligands should be considered. The Fabpl gene
product L-FABP, a cytosolic protein, assists PPARa by
transporting its ligands from the cytosol into the nucleus
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Fig. 4. Effect of PUFA deficiency on transcription factors regulating hepatic FA metabolism.

(A) Gene expression data. Srebplc, Ppara, and Pparg genes encode SREBP-1c, PPAR«, and PPARy; SREBP-1c¢ and
PPARy both stimulate hepatic FA synthesis, while PPARa maintains FA degradation. Gene expression levels were
determined on SYBR Green-based real-time PCR with delta-Ct analysis, and the data were normalized by expression of
the Gapdh gene (encoding glyceraldehyde-3-phosphate dehydrogenase) and shown as the fold change relative to the
data in the Chow group. Chow, mouse group fed standard rodent diet; HCO, mouse groups fed 14% HCO-based diet;
2w, 2 week-fed; 5w, 5 week-fed; PUFA (+), groups supplemented with PUFA-containing oil; and PUFA (—), groups
supplemented with PUFA-deficient oil. Data are shown as the mean + standard deviation (n = 3-5/group).

(B) Specific DNA-binding abilities. Liver nuclear extract (5 ug protein) was analyzed using commercial kits, and the
results are shown as the fold change relative to the data in the Chow group. Data are shown as the mean + standard
deviation (n = 3-5/group). “P < 0.05, comparison between the PUFA (+) and PUFA (-) groups in the same feeding

period.

(Wolfrum et al. 2001), and L-FABP dysfunction suppresses
the PPARa-regulated pathway, particularly under a high-fat
diet feeding condition (Newberry et al. 2006). In the cur-
rent study, the induction of the L-FABP gene was observed
in the PUFA (+) mice at both 2 and 5 weeks, but not in the
PUFA (—) groups at either time point. This poor induction
of L-FABP might contribute to a lowering of the transport-
ability of PPARa ligands resulting in attenuation of PPAR«a
responsiveness.

The results from the current research showed that
dietary PUFA is an essential factor for PPARa adaptive
responsiveness. The PUFA-containing oil used in this study
was a n-6/n-3 PUFA-balanced oil composed of equal
amounts of linoleic and a-linolenic acids (about 30% (w/w),
respectively), which are the most important PUFA in mam-
mals (Spector and Kim 2015). Moreover, the dosage of this
oil was much lower than that in past studies (Ren et al.
1997; Sekiya et al. 2003; Martin et al. 2007; Ducheix et al.
2013), and it was close to the physiological requirement
(Reeves 1997; FAO 2010). As far as we know, there is no
report showing that these two essential PUFA affect hepatic
PPARa function in vivo at physiological intake levels.
Therefore, the present findings reveal the physiological
effect of dietary PUFA more accurately than the results

from past studies.

Induction of lipogenesis gene expression was not
apparent in the livers of PUFA (—) mice, a result that is dif-
ferent from previous results (Martin et al. 2007; Ducheix et
al. 2013). This difference might be attributed to the differ-
ence in the content of long-chain FA in the diet. Several
studies in humans and animals have demonstrated that
dietary long-chain FA content is an important factor influ-
encing hepatic lipogenesis (Shillabeer et al. 1990; Hudgins
et al. 1996). Similar to our results, it is reported that rats
fed a PUFA-deficient diet, which contained a standard fed
level of long-chain FA, exhibited poor induction of hepatic
FA synthesis activity irrespective of the development of
marked fatty liver (Sinclair and Collins 1968). In contrast,
rats fed a fat-free diet showed approximately five times
higher hepatic FA synthesis activity (Sinclair and Collins
1968). These findings suggest that insufficient intake of
long-chain FA might promote hepatic lipogenesis in the
PUFA-deficient animals previously receiving a fat-free or
4-5% HCO-based diet (Martin et al. 2007; Ducheix et al.
2013). Furthermore, these past studies compared PUFA-
deficient animals to PUFA-supplemented animals, which
were administered strong anti-lipogenesis PUFA, EPA and
DHA. These previously used experimental conditions may
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Fig. 5. Summary of the experimental findings.

[ Decrease of hepatic PUFA content ]

l

Absence of PPARa adaptive response

- No increase of DNA-binding ability
- Decrease/non-induction of target gene
expression involved in FA B-oxidation

l

[ Attenuation of FA degradation ]

!

[ FA accumulation and fatty liver ]

Feeding mice a 14% HCO-containing diet, which is PUFA-deficient, increases the FA supply from the blood to the liver.
Continuous supplementation of physiological levels of PUFA [PUFA (+)] maintains hepatic PUFA content and enhances
hepatic PPARa function against the stress of FA oversupply. This induction of PPARa adaptive response activates FA
degradation and prevents FA accumulation and fatty liver. In contrast, continuation of insufficient PUFA intake [PUFA
(—)] decreases hepatic PUFA content in a time-dependent manner. The ensuing PUFA deficient state is unable to induce
the PPARa adaptive response, resulting in attenuation of FA degradation. This results in insufficient degradation of FA,
which are oversupplied to the liver, leading to FA accumulation and development of fatty liver.

highlight the lipogenesis factors in the development process
of fatty liver in PUFA-deficient animals.

Several studies have reported that hepatic FA uptake is
enhanced by PUFA deficiency (Sinclair and Collins 1968;
Fukazawa et al. 1970). Consistent with these reports,
hepatic Cd36 expression levels were markedly increased in
the PUFA (—) mice at 5 weeks. However, a significant dif-
ference in the Cd36 level was not detected between the
PUFA (+) and PUFA (—) mice. Moreover, the change of
another related FA uptake factor, Fabpl expression, was
opposite to that of Cd36 where a higher level was observed
in the PUFA (+) mice and a lower level was observed in the
PUFA (-) mice. Thus, we could not determine the effect of
PUFA deficiency on hepatic FA uptake. Since the alteration
of FA uptake is closely related to the development of fatty
liver (Tailleux et al. 2012), it is necessary to clarify the
detailed effects of dietary PUFA in this process.

The limitation of this study includes the use of a 14%
HCO-containing diet, which is a high fat diet. HCO con-
tains large amounts of medium-chain FA (> 70% in total
FA). Since medium-chain FA are quickly metabolized in
cells compared with long-chain FA (Schonfeld and
Wojtczak 2016), the effect of this HCO-based high-fat diet

on hepatic and whole-body fat accumulation is probably
less than that of typical high-fat diets composed of long-
chain FA-based oils. However, we cannot deny the possi-
bility that feeding of HCO-based high-fat diets affects
hepatic expression of several genes involved in lipid metab-
olism (Lin et al. 2005). Further studies using PUFA-
deficient diets with a normal fat level, which consist of
long-chain FA at the standard level, are necessary to con-
firm the results in the present study.

In conclusion, the present study demonstrated that
fatty liver in PUFA deficiency is primarily associated with a
decrease of PPARa adaptive responsiveness and the result-
ing attenuation of FA f-oxidation ability, but is minimally
affected by induction of SREBP-1c-regulated lipogenesis
action. The results from the current study also revealed that
dietary PUFA is an essential factor for PPARa adaptive
responsiveness in the liver. These findings may be helpful
for considering new treatments against NAFLD and FA
metabolism disorders and for managing other clinical situa-
tions where there is a risk of PUFA deficiency.
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