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Deficiency of polyunsaturated fatty acids (PUFAs) is known to induce hepatic

steatosis. However, it is not clearly understood which type of PUFA is

responsible for the worsening of steatosis. This study observed a marked

accumulation of hepatic triacylglycerol and cholesterol in fatty acid desat-

urase 2 knockout (FADS2�/�) mice lacking both C18 and ≥ C20 PUFAs

that were fed a PUFA-depleted diet. Hepatic triacylglycerol accumulation

was associated with enhanced sterol regulatory element-binding protein

(SREBP)-1-dependent lipogenesis and decreased triacylglycerol secretion into

the plasma via very-low-density lipoprotein (VLDL). Furthermore, upregula-

tion of cholesterol synthesis contributed to increased hepatic cholesterol con-

tent in FADS2
�/�

mice. These results suggest that ≥ C20 PUFAs

synthesized by FADS2 are important in regulating hepatic triacylglycerol and

cholesterol accumulation during PUFA deficiency.

Keywords: cholesterol; fatty acid desaturase; hepatic steatosis; highly

unsaturated fatty acids; lipogenesis; polyunsaturated fatty acid

Polyunsaturated fatty acids (PUFAs) play an impor-

tant role in determining the structure and integrity of

biological membranes and generate bioactive lipids

that mediate numerous physiological functions. Mam-

mals are unable to synthesize n-6 and n-3 PUFAs de

novo and must obtain these PUFAs from the diet; this

is why linoleic acid (18:2n-6) and a-linolenic acid

(18:3n-3) are called essential fatty acids (EFAs). Highly

unsaturated fatty acids (HUFAs; ≥ 20 carbons and ≥ 3

double bonds) such as 20:4n-6 (arachidonic acid),

20:5n-3 (eicosapentaenoic acid; EPA), and 22:6n-3 (do-

cosahexaenoic acid; DHA) can be synthesized from

EFAs (Fig. 1). In dietary n-6 and n-3 PUFA-deficient

mammals, Mead acid (20:3n-9) is endogenously pro-

duced from oleic acid (18:1n-9) and used as a diagnos-

tic indicator of EFA-deficiency [1]. We previously

reported that Mead acid is produced from oleic acid

via two desaturase enzymes (FADS1 and FADS2) and
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one elongase enzyme (ELOVL5), indicating that the same

enzymes are involved in the synthesis of n-3, n-6, and n-9

HUFAs (Fig. 1) [2]. Arachidonic acid (20:4n-6), an

exogenous n-6 HUFA in membrane phospholipids, is

required to transport lipids from the liver to the plasma

[3,4]. Our previous study indicated that Mead acid in

phospholipids might similarly rescue the impaired hepatic

lipid transport during EFA-deficiency [5], further sug-

gesting that Mead acid could be used as a substitute for

exogenous HUFAs in biological membranes. In addition,

the oxidative metabolites of Mead acid are reported to

participate in both proinflammatory [6] and anti-

inflammatory signaling pathways [7].

Dietary PUFA deprivation is found in patients with

intestinal malabsorption of lipids [8] and patients

receiving no fat during total parenteral nutrition [9].

The symptoms of PUFA deficiency have been reported

to include impaired growth, skin lesions, infertility, and

hepatic steatosis [10]. Hepatic steatosis is caused by

excessive accumulation of neutral lipids such as triacyl-

glycerol (TAG) and cholesterol ester in hepatocytes.

PUFA-depleted diet has been reported to lead to hep-

atic TAG accumulation in mice via activated liver X

receptor (LXR)-sterol regulatory element-binding pro-

tein (SREBP)-1c [11] and via inhibited secretion of

very-low-density lipoprotein (VLDL) particles [12].

However, it is unknown which of the EFAs (C18

PUFAs) or the derivatives of EFAs (≥ C20 PUFAs)

are responsible for the increase in hepatic TAG content

when PUFAs are deficient. Moreover, although exces-

sive cholesterol accumulation in the liver has been

shown to aggravate the pathogenesis of steatosis [13], it

is unclear whether dietary PUFA deprivation causes

increased hepatic cholesterol content.

Fatty acid desaturase 2 (FADS2) is the first and

rate-limiting enzyme in the biosynthesis of n-3 and n-6

HUFAs (Fig. 1). Dysfunction of FADS2 results in the

lack of ≥ C20 PUFAs production from C18 PUFAs

because there is no other isoform of delta 6-desaturase

that can act on 18-carbon unsaturated fatty acids

[14,15]. FADS2 knockout mice (FADS2�/�) are

known to exhibit pathologies such as dysfunction of

spermiogenesis, ulcerative dermatitis, and ulceration in

the duodenum and ileocecal junction [14,15]. Further-

more, it has been reported that hepatic steatosis is

observed in FADS2�/� mice fed a diet including C18

PUFA but not ≥ C20 PUFAs and shown to be allevi-

ated by the administration of arachidonic acid [16].

Our previous study showed that normal mice fed a

PUFA-deficient diet had a marked decrease in C18

PUFAs in the liver, but only a slight decrease in

≥ C20 PUFAs [5]. However, the significance of the

maintenance of ≥ C20 PUFAs in the mice fed a

PUFA-deficient diet is unclear. Since FADS2 is also

involved in the synthesis of Mead acid from oleic acid,

we speculate that the levels of both exogenous ≥ C20

PUFAs and Mead acid are reduced in FADS2�/� mice

fed a diet without PUFAs. This study investigated the

effects of inhibition of the synthesis of exogenous and

endogenous ≥ C20 PUFAs during EFA-deficiency on

the hepatic accumulation of TAG and cholesterol

using FADS2�/� mice. We also studied the underlying

mechanisms of hepatic accumulation of these neutral

lipids in FADS2-deficient mice.

Materials and methods

Generation of FADS2�/� mice

FADS2�/� mice were generated using the CRISPR/Cas9

system [17] at Juntendo University. Cas9 mRNA

(100 ng�µL�1) and sgRNA (40 ng�µL�1) were microinjected

into the cytoplasm of fertilized one-cell eggs at the pronu-

clei stage from C57BL/6J female mice (Charles River Labo-

ratories Japan, Inc., Yokohama, Japan) superovulated by

the intraperitoneal injection of PMSG followed by hCG at

an interval of 48 h and mated overnight with C57BL/6J

male mice (Charles River Laboratories Japan, Inc.).
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Fig. 1. The mammalian synthetic pathway

of exogenous and endogenous PUFAs.
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Microinjections were performed by micromanipulators

(Leica, Wetzlar, Germany) with a PMM-150 FU piezo-

impact drive unit (Prime Tech Inc., Ibaragi, Japan) using a

blunt-ended mercury-containing injection pipette with an

inner diameter of approximately 6 µm [18]. After microin-

jection, two-cell stage embryos were cultured in modified

Whitten’s medium (Mitsubishi Kagaku Iatron Inc., Tokyo,

Japan) for approximately 24 h. After developing from fer-

tilized one-cell eggs, they were transferred into the oviducts

of pseudopregnant ICR females (Charles River Laborato-

ries Japan, Inc.) at 0.5 dpc. Mice were fed ad libitum with

a standard diet and maintained in an air-conditioned and

light-controlled animal room (23 °C � 1 °C, 55% � 5%,

12-h light/12-h dark). All animal experiments were per-

formed following the Guidelines of Laboratory Animal

Experimentation at Juntendo University and approved by

the Institutional Animal Care and Use Committee at Jun-

tendo University.

Mutations were evaluated by polymerase chain reaction

(PCR) followed by a T7E1 enzyme assay. The sequence of

sgRNA used for FADS2�/� mouse generation is 50-
CTCCGATGCCCACCTTCCGTTGG-30. Genomic DNA

was extracted from the tail chips of FADS2�/� with

DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany),

following the manufacturer’s instructions. PCR conditions

were 98 °C for 10 s, 60 °C for 30 s, and 72 °C for 1 min

for 30 cycles (1st PCR) and 35 cycles (2nd PCR). Primer

sequences used in the genotyping of FADS2�/� mice are

indicated below. Fads2 F_1st: 50-CCAGCAGGGCTTAA

CTCCA-30; Fads2 R_1st: 50-CTCCCGAATAGTGTC

CGATG-30; Fads2 F_2nd: 50-GCTCTGCTGATCAC

TGTGGAA-30; Fads2 R_2nd: 50-TGTAGACCTT

GCGGTCGATG-30. Annealed PCR products were treated

with T7 endonuclease to evaluate mismatches at the target

site. The PCR products were column-purified using NucleoS-

pin Gel and PCR Clean-up (MACHEREY-NAGEL, D€uren,

Germany). TA was cloned using pGEM�T-Easy Vector Sys-

tem I (Promega, Madison, WI, USA) and sequenced to

determine the mutations. Consequently, two strains of

FADS2�/� mice were established. The first strain possessed a

65 bp deletion downstream of the start codon (frameshift

mutation), and the second strain possessed an 81 bp deletion

that includes the start codon (Fig. S1). These mice were

backcrossed onto the C57BL/6J background for at least two

generations prior to biochemical and lipidomic analyses.

Neither strain expresses functional FADS2 protein, and they

show almost the same lipidomic changes and phenotypes

(data not shown). In the present study, the second strain was

used for further analyses.

Animal experiments

FADS2�/� mice were obtained by heterozygous mating.

After mating, these mice were distinguished from FADS2+/�

and FADS2+/+ mice by PCR using forward (F-5’-

GCTAGCTAGTGAAGGCGAGG-3’) and reverse

(5’-TGTAGACCTTGCGGTCGATG-3’) primers (Fig. S1C).

Male FADS2�/� mice and littermate wild type (WT)

mice were housed under controlled temperature and humid-

ity and under a 12:12-h dark-light cycle. The FADS2�/�

mice (10 weeks old) were fed a PUFA-deficient diet for

4 weeks and designated as KO-DEF mice. In addition, 10-

week-old WT mice were fed a control diet (WT-CONT) or

PUFA-deficient diet (WT-DEF) for 4 weeks. The control

diet was AIN-93G containing 7% soybean oil as the lipid

source, and the PUFA-deficient diet was AIN-93G with

7% tripalmitate (Tokyo Chemical Industry, Japan) substi-

tuted for soybean oil. Mice were anesthetized and sacrificed

by collecting blood from the heart. After perfusion with

physiological saline through the heart, the liver was

removed. Blood was centrifuged at 3 000 g for 10 min at

4 °C to separate the plasma. The liver and plasma were

stored at �80 °C until further analysis. This study was car-

ried out in accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the

National Institutes of Health. The protocol was approved

by the Committee on the Ethics of Animal Experiments of

Ochanomizu University.

Lipid analysis

Lipids were extracted from plasma and liver using the

method described by Bligh and Dyer [19]. The TAG con-

centrations in the plasma and liver were quantified using

the Triglyceride E-Test Wako Kit (Wako Pure Chemicals,

Osaka, Japan). The cholesterol concentration in plasma

and bile was quantified using LabAssayTM Cholesterol

(Wako Pure Chemicals). For fatty acid analysis, extracted

lipids were methylated with 2.5% H2SO4 in methanol. The

fatty acid methyl esters were then extracted with n-hexane

and quantified by gas chromatography-mass spectrometry

(GC/MS) using a GC/MS QP2010 (Shimadzu, Kyoto,

Japan), as described previously [20]. The phospholipids

were separated by thin-layer chromatography (Merck Milli-

pore, Darmstadt, Germany), and then fatty acids in phos-

phatidylcholine (PC) were methylated and measured by

GC/MS. For cholesterol analysis, hepatic lipids were

allowed to saponify at 70 °C for 1 h and were extracted

with n-hexane three times. Oxysterols were measured as

previously described [21]. Lipids were extracted from the

liver, and the lipids were saponified at room temperature

overnight in the dark. Unsaponified lipids were applied to

a Sep-Pak Vac silica cartridge (Waters) to separate oxys-

terols and sterols [22]. Cholesterol or separated oxysterols

were converted into trimethylsilyl ethers in a mixture of

trimethylchlorosilane, 1,1,1,3,3,3-hexamethyldisilazane, and

dried pyridine (1 : 3 : 9, v : v : v) for 30 min at room tem-

perature. Sterols were quantified by GC/MS equipped with

an SPB-1 fused silica capillary column of 60 m 9 0.25 mm

and 0.25 lm phase thickness (Supelco Inc., Bellefonte, PA,
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USA). The total bile acid (TBA) content in the plasma was

analyzed by Oriental Kobo Co. (Tokyo, Japan).

Lipoprotein analysis

Plasma lipoproteins were analyzed using an on-line dual

enzymatic method for the simultaneous quantification of

cholesterol and TAG in lipoproteins by high-performance

liquid chromatography (HPLC) at Skylight Biotech (Akita,

Japan), following a previously described procedure [23].

H&E staining of liver sections

Formalin-fixed liver tissue was embedded in paraffin, sliced,

and stained with H&E using a standard protocol.

Total RNA isolation and quantitative real-time

PCR

Total RNA was extracted from tissues using TRIzolTM

Reagent (Invitrogen, Carlsbad, CA, USA) and reverse-

transcribed using a High Capacity cDNA Reverse

Transcription kit (Applied Biosystems, Foster City, CA,

USA). Quantitative real-time PCR was performed using

SYBRTM Green PCR Master Mix and 7300 Real-Time

PCR System (Applied Biosystems). The relative target gene

expression was normalized to that of b-actin in the liver or

Gapdh in the intestine. The DNA oligo primers used are

shown in Table 1.

Western blot analysis

Equal amounts of protein were separated by sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis (SDS/PAGE),

transferred to Immobilon PVDF membranes, and probed

with anti-SREBP-1 (2A4) (Santa Cruz Biotechnology,

Santa Cruz, CA, USA), apolipoprotein B (Abcam, Cam-

bridge, UK), and SREBP-2 (1C6) (Santa Cruz Biotechnol-

ogy) antibodies. The secondary antibodies used were anti-

mIgGj BP antibody (Santa Cruz Biotechnology) and goat

anti-rabbit antibody (Jackson ImmunoResearch, West

Grove, PA, USA) conjugated to horseradish peroxidase.

Immunoreactive bands were visualized by enhanced chemi-

luminescence (GE Healthcare, Waukesha, WI, USA).

Table 1. Primer sequences used in the qRT-PCR assays.

Target Forward primer sequence Reverse primer sequence

Beta-actin GCCAACCGTGAAAAGATGAC CCAGAGGCATACAGGGACAG

Gapdh GCCAAGGTCATCCATGACAACT GAGGGGCCATCCACAGTCTT

Acc GAAAATCCACAATGCCAACC TTGCTTCTCCAGCCACTCC

Scd1 TACACCTGCCTCTTCGGGATT GCCGTGCCTTGTAAGTTCTGT

Mcad GCAGAGAAGAAGGGTGACGAG CGTGCCAACAAGAAATACCAG

Insig-1 GTCCTGGGTGTGATGAAGATG GTGGGGGAGCAAGGTAAGAC

Insig-2a CCCTCAATGAATGTACTGAAGGATT TGTGAAGTGAAGCAGACCAATGT

Srebf-1c AAGCTGTCGGGGTAGCGTCT CTTGGTTGTTGATGAGCTGGAG

Fasn TTGCCCGAGTCAGAGAACC ATAGAGCCCAGCCTTCCATC

Cpt1a CAACAACGGCAGAGCAGAG GGACACCACATAGAGGCAGAAG

Mcad GCAGAGAAGAAGGGTGACGAG CGTGCCAACAAGAAATACCAG

Mttp AAATCGGGTGGCTGTGG TCTGTCTCCGCTCTGCTTTC

Cd36 AGAACAGCAGCAAAATCAAGGT GACAGTGAAGGCTCAAAGATGG

Fatp2 TGAATGTGTATGGCGTGCCT AGGTACTCCGCGATGTGTTG

Fatp5 TGGATCCAGACCTCCAGGAG TCAGAAGGTGCAGCATCCAG

Srebf-2 GACCAGCACCCATACTCAGG CACCATTTACCAGCCACAGG

Hmgcr CCAGGAGCGAACCAAGAGAG CAGAAGCCCCAAGCACAAAC

Fdps GACGGCTTTCTACTCTTTCTACCTG GCATTGGCGTGTTCCTTC

Sqls GCAAAACCAAGCAGGTCATC GACAGGTAAATGGGGGAGTAGTG

Lss GATTTTCCCCTTCTCTCCTGAC ACACTGAACGCCTCTCCATC

Ldlr GACCCAGAGCCATCGTAGTG CACCATTCAAACCCCCTTTC

Abca1 ACAGAAAACCGCAGACATCC AAACCCGCCATACCGAAAC

Pcsk9 TGTCTATGCTTCCTGCTGCC GTGACCTGCTCTGAAGGACC

Scarb1 TGGGGTCTTCACTGTCTTCAC ATCTTGCTGAGTCCGTTCCA

Apo-a1 TGTATGTGGATGCGGTCAAAG ACCCAGAGTGTCCCAGTTTTC

Cyp7a1 TGTCCACTTCATCACAAACTCC CATCACTTGGGTCTATGCTTCTG

Cyp27a1 GCTATGGGGTTCGGTCTTG ATGCGGGACACAGTCTTTACTTC

Abcg5 GCTGAGGCGAGTAACAAGAAAC GCGGAGAAGGTAGAAAATGAGG

Abcg8 AGGCAAAGGAACTCAACACAAG CAGGGTGGAAAACTGCTCTATC

Npc1l1 TCCAGAACAACCACACACTCC GCATTGGCACAGTAGAGGAAA
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Measurement of plasma PCSK9 concentration

Plasma PCSK9 concentration was measured using Mouse/

Rat PCSK9 ELISA kit from CircuLex (CircuLex CycLex

Co., Ltd., Nagano, Japan) according to manufacturer’s

protocol.

Statistical analysis

Values are presented as mean � standard error (SE) with

5–6 mice per group. Statistical significance was determined

using the Tukey–Kramer test to identify significant differ-

ences (P < 0.05).

Results

The hepatic PUFA composition in FADS2

knockout mice fed a PUFA-deficient diet

We generated FADS2�/� mice using the CRISPR/

Cas9 system (Fig. S1). In FADS2�/� mice fed a

PUFA-deficient diet (KO-DEF), the de novo synthe-

sized fatty acids such as 16:0, 18:1n-9, and 20:1n-9

were markedly increased in the liver (Fig. 2A,B). The

Mead acid level was increased in the liver of the WT

mice fed a PUFA-deficient diet (WT-DEF) but was

not detected in the KO-DEF group (Fig. 2B), showing

that the production of Mead acid was completely

suppressed in FADS2�/� mice. Exogenous fatty acid,

18:2n-6 in the two groups fed a PUFA-deficient diet

were reduced to less than half that in the WT-CONT

group, whereas no further reduction was observed in

the KO-DEF group (Fig. 2C). However, ≥ C20

PUFAs such as 20:3n-6, 20:4n-6, and 22:6n-3 were sig-

nificantly decreased in the KO-DEF group compared

with those in the other two groups (Fig. 2C). Simi-

larly, the total amount of C18 PUFAs (18:2n-6 and

18:3n-3) was decreased in the two groups of mice fed a

PUFA-deficient diet (Fig. 2D). Furthermore, the total

amount of ≥ C20 PUFAs (20:3n-6, 20:3n-9, 20:4n-6,

20:5n-3, 22:5n-3, and 22:6n-3) was dramatically dimin-

ished in the KO-DEF group (Fig. 2D). A remarkable

decrease of total ≥ C20 PUFA levels was also found in

the plasma of the KO-DEF group (Fig. S2). Thus, we

confirmed that FADS2 knockout mice fed a PUFA-

free diet exhibited a marked reduction of both C18

and ≥ C20 PUFAs.

The hepatic lipid accumulation in FADS2

knockout mice fed a PUFA-deficient diet

Although there was no difference in body weight

among the three groups (data not shown), the liver

weight of the KO-DEF group was significantly higher

than that of the other two groups (Fig. 2E).
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Fig. 2. PUFA-deficient FADS2�/� mice

exhibited a reduction of ≥ C20 PUFA

levels and hepatic lipid accumulation. (A–

D) The fatty acid compositions in the liver

of FADS2�/� mice (KO-DEF), WT mice

(WT-DEF) fed a PUFA-deficient diet, and

WT mice (WT-CONT) fed a control diet

were determined by GC-MS. The amounts

of (A, B) endogenous fatty acids, (C)

exogenous fatty acids, (D) total amounts

of C18 PUFA (18:2n-6 and 18:3n-3) and

≥ C20 PUFAs (20:3n-6, 20:3n-9, 20:4n-6,

20:5n-3, 22:5n-3, and 22:6n-3). (E) The

liver weight was determined. (F) Liver

sections of KO-DEF, WT-DEF, and WT-

CONT mice stained with hematoxylin and

eosin (H&E). Data are presented as mean

values � SE of 5–6 mice per group;

*P < 0.05.
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Hematoxylin and eosin staining of liver sections

revealed a slight increase in hepatic lipid droplets in

the WT-DEF group compared with the WT-CONT

group, while the number of large droplets in the KO-

DEF group was greater than those in the other two

groups (Fig. 2F). Thus, the accumulation of neutral

lipids was observed in the liver of FADS2�/� mice

with the marked decrease of ≥ C20 PUFAs. To exam-

ine whether genetic FADS2 deficiency itself caused

hepatic steatosis, WT or FADS2�/� mice were fed the

high sucrose diet containing soybean oil for 4 weeks to

induce fatty liver. Total ≥ C20 PUFAs content in the

liver of FADS2�/� mice fed the soybean oil diet

remained about 50% of that in WT mice (Fig. S3A).

The liver weight of FADS2�/� mice fed the soybean

oil diet was similar to that of WT mice (Fig. S3B),

and hematoxylin and eosin staining showed that the

liver from FADS2�/� mice had only a slight increase

of lipid droplets compared with that from WT mice

(Fig. S3C). Based on these results, we investigated the

causes behind the hepatic steatosis in FADS2�/� mice

fed the PUFA-deficient diet.

The increase of hepatic lipogenesis in FADS2

knockout mice fed a PUFA-deficient diet

KO mice fed the DEF diet showed a significant

increase of hepatic TAG level compared to two groups

of WT mice (Fig. 3A). To reveal the effect of depriva-

tion of exogenous and endogenous HUFA on the syn-

thesis of TAG in the liver, we examined the expression

of genes involved in fatty acid synthesis. The hepatic

expression levels of fatty acid synthase (Fasn),

stearoyl-CoA desaturase (Scd), and acetyl-CoA car-

boxylase (Acc) were significantly increased in the KO-

DEF group compared with those in the WT-CONT.

There were no significant differences found between

the WT-CONT and WT-DEF groups (Fig. 3B). In

addition, sterol regulatory element-binding factor-1c

(Srebf-1c) is the transcription factor of fatty acid syn-

thesis genes. Insulin-induced gene-1 (Insig-1) is also a

target gene of SREBP-1 and interacts with SREBPs in

ER to retain full-length SREBPs [24]. The expression

of these genes was significantly elevated in the KO-

DEF group compared with that of the other two

groups, whereas the expression level of Insig-2a was

only mildly elevated (Fig. 3B) The expression of car-

nitine palmitoyltransferase 1A (Cpt1a), a gene related

to fatty acid oxidation, was significantly increased in

the KO-DEF group compared to the other two

groups, whereas that of medium-chain specific acyl-

CoA dehydrogenase (Mcad), another gene related to

fatty acid oxidation, was comparable (Fig. 3B). These

results suggested that the hepatic lipid accumulation in

FADS2�/� mice could be attributed to increased

expression of SREBP-1c-dependent fatty acid synthesis

genes. The activation of SREBPs requires proteolytic

cleavage of the full-length protein to release the active

form into the nucleus, which can then bind to their

target promoter regions [25,26]. The ratio of cleaved

to full-length SREBP-1 was significantly increased in

the KO-DEF group (Fig. 3C), further suggesting that

the deficiency of PUFAs with 20 carbons or more

could have contributed to the accumulation of TAG in

the liver by enhancing lipogenesis through the activa-

tion of SREBP-1.

It is known that the increase of cellular cholesterol

or oxysterol, which is endogenously produced from

cholesterol, inhibits SREBP cleavage. For example,

side-chain oxysterols such as 27-hydroxycholesterol

(27-OH) and 25-hydroxycholesterol (25-OH) inhibit

the activation of SREBP-1 [27]. On the other hand, it

has been recently reported that 4b-hydroxycholesterol
(4b-OH) promotes SREBP-1c transcript and de novo

lipogenesis [28]. The hepatic level of 27-OH and 4b-
OH was increased in the KO-DEF group, whereas the

difference of 25-OH level was not observed among

three groups (Fig. 3D). Thus, the increase of 4b-OH in

FADS2�/� mice may be correlated with increased gene

expression of SREBP-1.

The impairment of VLDL secretion in FADS2

knockout mice fed a PUFA-deficient diet

Impaired secretion of VLDL inhibits the transfer of

lipids from the liver to the plasma and is a possible

cause of hepatic lipid accumulation. The hepatic

expression of microsomal triglyceride transfer protein

(Mttp), which plays important roles in VLDL assem-

bly, did not significantly change in any of the three

groups (Fig. S4A). There was also no difference in the

protein level of hepatic apolipoprotein B-100

(apoB100), an essential component of VLDL, among

the three groups (Fig. S4B). However, the protein level

of plasma apoB100 in the KO-DEF group was

reduced compared with those in the other two groups

(Fig. 3E). In addition, the plasma TAG content was

reduced in the KO-DEF group compared with that in

the other two groups (Fig. 3F). The TAG content of

the VLDL fraction in the KO-DEF group was also

lower than that in both WT groups (Fig. 3G). It was

suggested that VLDL secretion into the plasma was

impaired in the liver of the KO-DEF group. It is

reported that the decrease of arachidonic acid (20:4n-

6) content in hepatic phosphatidylcholine (PC) leads to

low membrane surface curvature and less ability for
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TAG clustering, thereby impairing VLDL secretion

[3,4]. When comparing the amounts of C18 PUFAs

(18:2n-6 and 18:3n-3) in the liver and plasma PC, C18

PUFAs were reduced in both the WT-DEF and KO-

DEF groups (Fig. 3H, Fig. S4C,D). However, the

reduction of C18 PUFAs was more pronounced in the

WT-DEF group than in the KO-DEF group. The

amount of ≥ C20 PUFAs (20:3n-6, 20:3n-9, 20:4n-6,

20:5n-3, 22:5n-3, and 22:6n-3) of the liver and the

plasma PC in the KO-DEF group markedly decreased

compared to those in the other two groups. The

amount of ≥ C20 PUFAs in the WT-DEF group was

not lower than that in the WT-CONT group. These

findings suggested that the decrease of ≥ C20 PUFAs

in PC inhibited the secretion of VLDL and enhanced

TAG accumulation in the liver.

Next, we investigated the hypothesis that hepatic

TAG accumulation in the KO-DEF group was caused

by increased release of free fatty acids (FFAs) from

adipose tissue into the circulation and their uptake
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into the liver. The hepatic gene expression of cluster of

differentiation 36 (Cd36), a membrane protein that

facilitates fatty acid uptake, in the KO-DEF group

was higher than the WT-CONT group, while fatty acid

transport protein 2 (Fatp2) and Fatp5, the major

FATPs in the liver [29], were not upregulated in the

liver of the KO-DEF group (Fig. S4E). Furthermore,

the amount of total FFAs in the plasma and liver was

not increased in the KO-DEF group (Fig. S4F,G),

suggesting that FFAs mobilization may not be

involved in hepatic lipid accumulation in FADS2�/�

mice.

The mechanism of hepatic cholesterol

accumulation in FADS2 knockout mice fed a

PUFA-deficient diet

We unexpectedly found that cholesterol was accumu-

lated in the FADS2�/� mouse liver (Fig. 4A). Cellular

cholesterol levels are tightly regulated by the interplay

among its de novo synthesis, uptake, export, and intra-

cellular storage [30]. We then investigated the factors

contributing to hepatic cholesterol accumulation in

FADS2�/� mice. There are two pathways for choles-

terol synthesis: the Bloch pathway and the Kandutsch-

Russell pathway [31–33]. The intermediate sterols such

as lanosterol and desmosterol were dramatically

increased in the liver of the KO-DEF group, but

lathosterol was not changed among the three groups

(Fig. 4B), suggesting that cholesterol synthesis via the

Bloch pathway was upregulated in the KO-DEF

group. The mRNA expression levels of Srebf-2 and its

target genes, 3-hydroxy-3-methylglutaryl-CoA reduc-

tase (Hmgcr), farnesyl diphosphate synthase (Fdps),

and lanosterol synthase (Lss), which are involved in

the mevalonate pathway, were significantly elevated in

the KO-DEF group compared with the other two

groups. The mRNA expression levels of the squalene

synthase (Sqls) and 24-dehydrocholesterol reductase

(Dhcr24) did not differ among the three groups

(Fig. 4C). These results suggested that the induction of

cholesterogenesis could be one of the causes of choles-

terol accumulation in the liver. Furthermore, there was

no difference in the ratio of cleaved to full-length

SREBP-2 among the three groups (Fig. 4D), suggest-

ing that the activation of SREBP-2 did not contribute

to the increased expression of genes involved in choles-

terol synthesis.

Hepatic cholesterol secreted as part of VLDL

returns to the liver as part of LDL, while excess

peripheral cholesterol returns to the liver via high-

density lipoprotein (HDL) and is excreted into the bile.

The level of plasma cholesterol in the KO-DEF group

was significantly lower than those in the two WT

groups (Fig. 5A). Moreover, the cholesterol level of

the HDL fraction in the KO-DEF group was also

lower than those in the other two groups (Fig. 5B).

This indicated that the low plasma cholesterol in the

KO-DEF group might have been due to a lower

cholesterol level in the HDL fraction. We therefore

examined the expression of the genes involved in HDL

metabolism, such as adenosine triphosphate binding

cassette transporter 1 (Abca1), scavenger receptor class

B type 1 (Scarb1), Apo-a1, and low-density lipoprotein

receptor (Ldlr) (Fig. 5C). Of these, the expression

levels of these genes Abca1, Scarb1, and Apo-a1 did

not differ significantly among the three groups, but the

expression of Ldlr was upregulated in the KO-DEF

group. We also examined the proprotein convertase

subtilisin kexin 9 (Pcsk9), which impairs LDL clear-

ance by promoting LDLR degradation. The hepatic

gene expression and circulating level of PCSK9 were

increased in the KO-DEF group (Fig. 5C,D). There-

fore, it was not probable that the increase of Ldlr

expression was the cause for hepatic cholesterol accu-

mulation.

Hepatic expression levels of Abcg5 and Abcg8, trans-

porters for biliary excretion of cholesterol, were

increased in the KO-DEF group (Fig. 5C), but the

levels of biliary cholesterol and plasma TBA did not

change among the three groups (Fig. 5E,F). Moreover,

the expression levels of cholesterol 7 alpha-hydroxylase

(Cyp7a1) and cholesterol 27 alpha-hydroxylase

(Cyp27a1), which encode the rate-limiting enzymes in

the bile acid synthetic pathway, did not show any dif-

ference between the WT and FADS2�/� mice

(Fig. 5C). In addition, the intestinal expression of the

genes involved in trans-intestinal cholesterol transport

such as Abcg8, Abca1, and Ldlr was not different

among the three groups (Fig. S5), and the expression

of Abcg5 in the intestine was decreased in the KO-

DEF group. The expression of Npc1l1, which is critical

for intestinal cholesterol absorption, also tended to

decrease in the KO-DEF group (P = 0.07, vs. the WT-

CONT group). From these results, it is unlikely that

cholesterol excretion into bile and trans-intestinal

cholesterol excretion are decreased in FADS2�/� mice.

Discussion

The dietary fatty acids n-3 and n-6 have been shown

to suppress hepatic lipogenesis and have an inhibitory

effect on hepatic steatosis [34], and the deficiency of

PUFAs is known to induce hepatic steatosis. However,

the importance of desaturation of PUFAs via FADS

during PUFA deficiency remains unexplained. In the
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present study, we used mice deficient in FADS2, a

rate-limiting enzyme for the production of ≥ C20

PUFAs from C18 PUFAs. The total amount of exoge-

nous and endogenous ≥ C20 PUFAs in the liver of

FADS2�/� mice fed a PUFA-deficient diet was

reduced to less than one-fifth that of WT mice fed a

control diet. To the best of our knowledge, the effect

of sufficiency or deficiency of PUFAs on cholesterol

metabolism has yet to be clarified. In addition, the

effect of FADS2 deletion on hepatic cholesterol accu-

mulation is still unknown [16]. In this study, FADS2�/

� mice fed a PUFA-deficient diet elucidated pro-

nounced hepatic accumulation of both TAG and

cholesterol. Therefore, FADS2-mediated synthesis of

≥ C20 PUFA during PUFA depletion may have an

inhibitory effect on hepatic steatosis.

This study demonstrated that the activation of

SREBP-1, a master regulator transcription factor of

lipogenesis, and induction of its target genes were

involved in the increase of hepatic TAG in FADS2�/�

mice fed a diet without PUFAs. This suggested that

endogenous levels of ≥ C20 PUFAs such as arachi-

donic acid and DHA, but not C18 PUFAs, suppressed

SREBP-1 activation. It is known that excess intracellu-

lar cholesterol inhibits SREBP cleavage [25], but

SREBP-1 activation was observed despite the increase

in hepatic cholesterol level of FADS2�/� mice. More-

over, impaired VLDL secretion also appeared to be

involved in TAG accumulation in the liver of

FADS2�/� mice. A study on mice with the lysophos-

phatidylcholine acyltransferase 3 (LPCAT3) knockout

reported that a decrease in arachidonic acid content in

phospholipids induced the inhibition of VLDL secre-

tion [3,4]. It is known that ≥ C20 PUFAs in phospho-

lipids play a crucial role in maintaining the structural

and functional integrity of the cell membrane [35]. In

our study, the factors involved in VLDL secretion,

including TAG level in VLDL particles, apoB protein,
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and ≥ C20 PUFAs in phospholipid, were reduced in

FADS2�/� mice, while such reductions were not

observed in WT mice. Taken together, these results

suggested that the depletion of HUFAs in phospho-

lipids might prevent the normal secretion of VLDL

from the liver.

In this study, FADS2�/� mice fed the deficient diet

showed a significantly increased expression of genes

involved in the mevalonate pathway of cholesterol syn-

thesis, suggesting that depletion of ≥ C20 PUFAs in

the liver resulted in the upregulation of cholesterol

synthesis. Furthermore, our study confirmed the acti-

vation of SREBP-1, but not SREBP-2, a transcription

factor for cholesterol synthesis genes, in FADS2�/�

mice. This was consistent with the previous findings on

the increased intracellular level of PUFAs which were

more effective at inhibiting SREBP-1 activation than

SREBP-2 activation [11,36,37]. While in the present

study, we could not decipher the mechanism underly-

ing the regulation of genes involved in cholesterol pro-

duction in mice deficient in ≥ C20 PUFAs, hepatic

cholesterol accumulation in FADS2�/� mice may be

caused by a SREBP-2-independent increase of choles-

terol synthesis. In addition, this study was not able to

confirm any changes in gene expression that are

responsible for trans-intestinal cholesterol excretion in

FADS2�/� mice; however, the quantification of fecal

neutral sterol will further clarify the contribution of

trans-intestinal cholesterol excretion to the increase in

hepatic cholesterol content. Further studies are needed

to elucidate the detailed mechanism of hepatic choles-

terol accumulation in the HUFA-deficient mice.
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FADS2�/� mice fed a PUFA-deficient diet had

reduced plasma cholesterol and low cholesterol levels

in the HDL fraction compared with WT mice, suggest-

ing that the deficiency of HUFAs caused the dysfunc-

tion of reverse cholesterol transport (RCT).

Overexpression of a gene involved in HDL production,

which plays an important role in RCT, has been

reported to ameliorate cholesterol accumulation in the

liver of nonalcoholic fatty liver disease (NAFLD)

model mice [38]. Therefore, there is a possibility that

the reduction of RCT in FADS2�/� mice contributed

to the accumulation of hepatic cholesterol. The

SREBP-1 promoter contains an LXR response ele-

ment, demonstrating the potential for lipid regulation

via LXR [39]. Importantly, LXR, a pivotal regulator

of cholesterol homeostasis, is also reported to be nega-

tively regulated by PUFAs [11]. The expression of the

LXR target gene Abca1 was unchanged in FADS2�/�

mice with severely reduced ≥ C20 PUFAs, whereas the

expression levels of other LXR target genes Abcg5/8

were increased. Considering this inconsistency in the

expression pattern of LXR target genes, further studies

should be performed to determine whether HUFA

deficiency leads to the activation of LXR in this

model.

HUFAs play an important role in controlling hep-

atic TAG and cholesterol deposits and are maintained

by FADS2-mediated synthesis, even during PUFA

deficiency. This study showed that the hepatic accumu-

lation of cholesterol and TAG occurred when there

was a deficiency of PUFAs with 20 or more carbons.

It is known that people with a single-nucleotide poly-

morphism of FADS have low plasma HUFA levels

[40,41]. In addition, decreased FADS1 and FADS2

activity has been implicated in NAFLD [42]. There-

fore, it may be necessary for individuals with dysregu-

lated HUFA synthesis to supplement their diet with a

sufficient amount of ≥ C20 PUFAs to alleviate the

pathogenesis and progression of NAFLD. Further

studies are required to fully understand the mechanism

of hepatic neutral lipid accumulation induced by

HUFA deficiency.
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