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Fatty Acid Desaturase 1 Influences

Hepatic Lipid Homeostasis by Modulating
the PPARa-FGF21 Axis
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The fatty acid desaturase 1 (FADS1), also known as delta-5 desaturase (D5D), is one of the rate-limiting enzymes
involved in the desaturation and elongation cascade of polyunsaturated fatty acids (PUFAs) to generate long-chain
PUFAs (LC-PUFAs). Reduced function of D5D and decreased hepatic FADSI expression, as well as low levels of
LC-PUFAs, were associated with nonalcoholic fatty liver disease. However, the causal role of D5D in hepatic lipid
homeostasis remains unclear. In this study, we hypothesized that down-regulation of FADS1 increases susceptibility to
hepatic lipid accumulation. We used in vitro and in vivo models to test this hypothesis and to delineate the molecular
mechanisms mediating the effect of reduced FADS1 function. Our study demonstrated that FADS1 knockdown sig-
nificantly reduced cellular levels of LC-PUFAs and increased lipid accumulation and lipid droplet formation in HepG2
cells. The lipid accumulation was associated with significant alterations in multiple pathways involved in lipid homeo-
stasis, especially fatty acid oxidation. These effects were demonstrated to be mediated by the reduced function of the
peroxisome proliferator—activated receptor alpha (PPARa)—fibroblast growth factor 21 (FGF21) axis, which can be re-
versed by treatment with docosahexaenoic acid, PPARa agonist, or FGF21. In vivo, FADS1-knockout mice fed with
high-fat diet developed increased hepatic steatosis as compared with their wild-type littermates. Molecular analyses of
the mouse liver tissue largely corroborated the observations in wifro, especially along with reduced protein expression of
PPARa and FGF21. Conclusion: Collectively, these results suggest that dysregulation in E£4DS7 alters liver lipid homeo-
stasis in the liver by down-regulating the PPARa-FGF21 signaling axis. (Hepatology Communications 2021;5:461-477).

elta-5 desaturase (D5D), or fatty acid desat-
urase 1 (FADS1), is one of the rate-limiting
enzymes in the polyunsaturated fatty acid
(PUFA) desaturation pathway and is specifically
involved in catalyzing the conversion of dihomo-
gamma-linolenic acid (DGLA) (20:3n-6) to arachi-
donic acid (AA) (20:4n-6) and eicosatetraenoic acid
(20:4n-3) to eicosapentaenoic acid (EPA) (20:5n-3)

and docosahexaenoic acid (DHA) (22:6n-3).%) A large
number of genome-wide association studies (GWASs)
have documented an association between the FADS
gene cluster (FADS1, FADS2, and EADS3) polymor-
phisms with hepatic function, endogenous long-chain
PUFA (LC-PUFA) levels, the D5D/D6D activity
that is indexed by the ratio of metabolites/substrates
as well as other metabolic proﬁles.(1'4) Our previous

Abbreviations: AA, arachidonic acid; Cod, coenzyme A; Cont., control; CPT; carnitine palmitoyltransferase; D5D, delta-5 desaturase; DAPI,
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study revealed that the GWAS-identified single-
nucleotide polymorphisms within the FADS gene
cluster were significantly associated with FA4DSI
messenger RNA (mRNA) and protein expression,
and reduced FADS1 expression was associated with
increased total hepatic lipid content.”) Other human
studies have frequently reported the association
between decreased FADS1 expression and/or enzy-
matic activity with obese, nonalcoholic fatty liver dis-
ease (NAFLD) and other metabolic perturbations.(s'7)
However, the causal relationship between FADS1
function and these perturbations remains elusive.
Hepatic fat accumulation is the key step leading to
NAFLD and a risk factor for cardiometabolic pertur-
bations, including hyperlipidemia, hyperglycemia, and
hypertension. Lipidomic studies conducted in both
human and animal models of NAFLD have reported
an elevation of saturated and monounsaturated fatty
acids among the total fat, triglyceride (T'G), and phos-
pholipid pools in the liver, but a significant decrease in
the levels of PUFAs, especially LC-PUFAs, such as AA,
EPA, and DHA.®'? Furthermore, studies with mouse
models with deficient n-3 PUFA levels showed an
exacerbated level of liver TGs and elevated macrovesic-
ular lipid droplets in the liver histology.'*'® Fatty acid
desaturation pathways are involved in generating essen-

tial PUFAs, such as DHA, EPA, and AA. Dysregulation
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of the involved enzymes in these pathways would shift
the cellular lipid compositional balance. Unfortunately,
the role of the FADS1 function in this biology has not
yet been completely elucidated thus far.

In this study, we explore the role of F4DSI in
hepatic lipid accumulation using both iz witro and
in vivo models. Our study corroborates the hypothesis
that down-regulation of F4DSI increases susceptibil-
ity to hepatic steatosis. We also provide evidence that
this process is mediated, at least in part, by the peroxi-
some proliferator-activated receptor alpha (PPAR«)—
fibroblast growth factor 21 (FGF21) signaling axis.

Materials and Methods

Detailed materials and methods are included in the
Supporting Information.
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CELL LINES AND TREATMENTS
Cell lines HepG2 and HuH?7, as well as primary

human hepatocytes, were used in this study. Cells
were authenticated with microsatellite marker geno-
typing before the experiments. Primary hepatocytes
(Thermo Fisher Scientific, Waltham, MA) were used
once after thawing. Stable HepG2 cells with F2Z4DS1
knockdown (KD) were constructed as described in
the Supporting Methods. To investigate the impact
of FADS1 status on lipid accumulation and cell
injuries, the stable FADS1-KD cells were also tran-
siently transfected with an adenovirus vector express-
ing FADS1 or control adenovirus. Cells were treated
with a mixed palmitic acid (PA) and oleic acid (OA),
DHA, FGF21, and/or PPARa agonist in different
experiments (Supporting Methods).

LIPIDOMIC ANALYSIS OF PUFAs
IN HepG2 CELLS

To validate the impact of FADS1-KD on PUFA
metabolism in culture, HepG2 cells (control, KD, and
overexpression) were expanded by incubating in reg-
ular media (Roswell Park Memorial Institute 1640
medium supplemented with 10% fetal bovine serum)
tor 72 hours. Cells were then washed twice with
phosphate-buffered saline (PBS) and collected with a
rubber policeman. Total lipids were extracted accord-
ing to the method of Folch et al.™ Briefly, total
phospholipids were separated using 1-dimensional
thin-layer chromatography on silica gel (60 gypsum)
plates using chloroform/methanol/acetic acid/water
(90:8:1:0.8 vol/vol/vol/vol) as the developing solvent.
Isolated total phospholipids were then transesteri-
fied in 6% methanolic hydrochloric acid overnight at
76°C to 80°C, followed by gas chromatography—mass
spectrometry analysis as previously established in our
team.’ The experiment was conducted with four
replicates.

BODIPY STAINING OF NEUTRAL
LIPIDS AND QUANTIFICATION

HepG2 stable cells (2 x 10" (control, FADS1-KD,
and overexpression) were seeded into 35-mm glass-bot-
tom cell culture dishes. After 24 hours of incubation,
the media was removed and replaced with fresh media
containing vehicle (bovine serum albumin), PA + OA
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(PA 0.3 mM, OA 0.4 mM), or PA + OA + DHA 25 uM
for an additional 24-hour incubation. Cells were then
washed twice with PBS and fixed with 4% parafor-
maldehyde for 10 minutes. Cells were further washed
twice with PBS and stained with a solution containing
5 pg/mL BODIPY and 1 pg/mL Hoechst 33342 (for
nucleus staining). After 30 minutes of incubation at
37°C, cells were washed twice with PBS. Images were
taken using a ZEISS laser scanning microscope 800
confocal microscopy (Carl Zeiss, Germany). Image]
software was used for the quantification of fluorescent

signals by analyzing six fields.

OIL RED O STAINING FOR LIPID
ACCUMULATION

Cultured cells were fixed with formalin and stained
with freshly prepared Oil Red O (ORO) stain, fol-
lowed by extraction with isopropanol, and read at
492 nm. Cells were then stained with 4’,6-diamidino-
2-phenylindole (DAPI). The ORO read was then
normalized to that of DAPI.

QUANTIFICATION OF TGs AND
TOTAL CHOLESTEROL

Total lipids were extracted with modified isopro-
panol:hexane extraction method.'® TG content in
the dried lipids was quantified using the Infinity TG
reagent (Thermo Fisher Scientific). For cholesterol,
lipids were extracted from liver homogenates with
chloroform:isopropanol:NP-40 (7:11:0.1). The dried
lipids were dissolved with assay buffer. The levels of
total cholesterol were measured using a cholesterol
assay kit according to the manufacturer’s instructions
(Abcam, Cambridge, MA). The TG and cholesterol
levels in cells or liver tissue were expressed as the ratio
of total TG or cholesterol content in the cell lysate/
tissue homogenate to the total protein levels in the
lysate/homogenate.

TOTAL ANTIOXIDANT ASSAY,
REACTIVE OXYGEN SPECIES
PRODUCTION, AND LIPID
PEROXIDATION ANALYSIS

The total antioxidant level in each sample was
determined using a colorimetric assay by conversion
of Cu** to Cu*" (Abcam). Reactive oxygen species
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(ROS) production was assessed with CM-H,DCFDA,
Hoechst 33342, and MitoSOX Red (Thermo Fisher
Scientific) staining followed by quantification with
Image].

GENE EXPRESSION, WESTERN
BLOTTING, AND ENZYME-LINKED
IMMUNOSORBENT ASSAY

The mRNA levels of key marker genes were quan-
tified with real-time polymerase chain reaction (PCR).
Primer sequences are listed in Supporting Tables S1
and S2. Protein levels were demonstrated with west-
ern blotting using standard protocols established in
the laboratory (see details in Supporting Methods).
All primary antibodies, anti-FADS1 (ab126706), anti-
PPARa (ab97609), anti-B-actin (ab6276), and anti-
FGF21 (ab171941) were purchased from Abcam. The
FGF21 level in cell culture medium was measured
with enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s protocol (#DF2100;
R&D Systems, Minneapolis, MN).

ELECTROPHORETIC MOBILITY
SHIFT ASSAY

Electrophoretic mobility shift assay (EMSA) was
used to verify the binding of PPARa onto the pro-
moter of FGF21 under different conditions. Briefly,
nuclear proteins were extracted using reagents from the
Thermo Scientific NE-PER Nuclear and Cytoplasmic
Extraction kit. Binding reactions were prepared using
the reagent components provided in the LightShift
EMSA kit (Thermo Fisher
Scientific) and synthesized probes (Supporting Table S3).

Chemiluminescent

DATA AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad
Prism 8.0. Data were analyzed using one-way analysis of
variance and Student # tests where appropriate. Unless
turther specified in the legend or noted in the figure,
data are described as the mean + SD of representative
experiments, which were typically repeated three times
independently. P values represent three significance lev-
els (P < 0.05, P < 0.01, and P < 0.001), with different

labels indicating comparisons among different groups.
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Results

FEADS1 EXPRESSION MODULATES
LIPID AND TG ACCUMULATION
IN VITRO

We first aimed to explore the role of FADS1 in
lipid homeostasis in vitro in human liver cells. To
select the best cell model, we explored the protein
expression levels of FADS1 in HepG2 and Huh7 cells
by western blotting. The endogenous FADS1 expres-
sion level was higher in HepG2 than Huh?7 cells (Fig.
1A). Subsequently, we manipulated FADS1 expres-
sion by knocking down and overexpressing FADS1 in
HepG2 and Huh?7, respectively (Fig. 1A).

With these two cell lines, we initially explored
the effect of FZ4DSI expression on lipid accumula-
tion using ORO staining. Control and FADS1-KD
HepG2 cells treated with different PA/OA concentra-
tions for 24 hours exhibited a dose-dependent increase
in neutral lipid staining compared with untreated
cells (Fig. 1B). The PA/OA-treated groups of the
FADS1-KD cells had significantly higher absorbance
than the control cells. The measured neutral lipid lev-
els in the FADS1-KD cells were significantly higher
compared with the control cells, which was observed
primarily in the PA/OA-treated groups (P < 0.01)
(Fig. 1B). We next explored the effect of £4DS1 over-
expression on lipid accumulation in HuH?7 cells. The
levels of ORO absorbance were significantly lower in
the FADS1 overexpressing cells relative to the control
cells, and this was observed in both the untreated and
PA/OA-treated cells in a dose-dependent manner
(Fig. 1C). Taken together, FADS1 down-regulation
increased intracellular neutral lipids, whereas FADS1
up-regulation reversed this process.

Given that both HepG2 and Huh7 are not typ-
ical hepatocytes, we also examined human primary
hepatocytes to elucidate the role of FADS1 in lipid
accumulation. FADS1-KD and control primary
hepatocytes incubated with two different concen-
trations of PA/OA for 36 hours exhibited dose-
dependent increased neutral lipid staining compared
with the untreated cells (Fig. 1D). The stain extract
absorbance was significantly higherin the FADS1-KD
cells (P < 0.001) compared with control cells
(Fig. 1D).
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FIG. 1. In vitro models for FADS1-KD and overexpression by lentiviral vectors (*P < 0.05; **P < 0.01; **P < 0.001). (A) Western blotting
of FADS1 protein level in HepG2 (before and after short hairpin RNA treatment) and Huh7. (B) ORO extract absorbance normalized
with mean DAPI measurement in control and FADS1-KD HepG2 cells in medium supplemented with vehicle, low, medium, and high
PA/OA for 24 hours. Statistical analysis is used to compare the ORO reading between FADS1-KD cells and control cells. (C) ORO
reading of Huh?7 cells with or without FADS1 overexpression. (D) ORO reading of human primary hepatocytes with or without FADS1-
KD or FADS1-KD with high PA/OA + 25 pM DHA treatment for 36 hours. Data of a representative experiment (in triplicates) of three
independent performances are shown. Abbreviations: Cont., control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NT, vehicle;

OverExp, overexpression; shRNA, short hairpin RNA.

To wvalidate whether FADS1-KD PUFA
metabolism in the HepG2 cells, we conducted a lip-
idomic analysis to quantify the LC-PUFAs incor-
porated into the phospholipid fraction. FADS1-KD
resulted in significantly reduced cellular levels of
AA, EPA, DHA, the conversion rate of DGLA to
AA (AA/DGLA), and the omega-3 index (EPA/
AA) (Table 1). Restoring the expression of FADS1
in the FADS1-KD cells also restored the levels of AA

alters

and the AA/DGLA ratio, but not the levels of EPA,
DHA, or EPA/AA ratio (Table 1).

We further examined whether FADS1-KD pro-
moted the formation of lipid droplets. Indeed, KD
of FADSI1 significantly enhanced lipid droplet for-
mation, even without incubation with free fatty acids
(PA + OA). This process was reversed by restoring
the expression of FADS1 or DHA supplementation
(Fig. 2).
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TABLE 1. INTEGRATED PUFA LIPID LEVELS IN PHOSPHOLIPIDS* AND KEY LIPID RATIOS IN CONTROL,
FADS1-KD (shRNA), AND FADS1 OVEREXPRESSING CELLS

Cont. shRNA FADST shRNA FADST OverExp PValue
Lipid/Ratio Mean SD Mean SD Mean SD Cont.vs. FADST shRNA FADST shRNA vs. OverExp
DGLA 0.69 0.04 0.74 0.02 0.23 0.05 0.03 <0.001
AA 4.14 0.22 2.56 0.06 3.11 0.08 <0.001 <0.001
EPA 0.49 0.04 0.27 0.02 0.25 0.01 <0.001 0.03
DHA 2.43 0.25 1.88 0.06 1.81 0.04 <0.01 NS
AA/DGLA 6.03 0.03 3.43 0.03 14.19 2.47 <0.001 <0.001
EPA/AA 0.12 0.00 0.10 0.00 0.08 0.00 <0.01 <0.001
Note: Data are presented as mean + SD of four replicates.
*Mol percentage of total phospholipid.
Abbreviation: NS, not significant.
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FIG.2. BODIPY staining of neutral lipids in HepG2 stable cells (control, KD, and overexpression in KD). Cells were treated with vehicle,
including bovine serum albumin (NT group), PA + OA, or PA + OA + DHA. Images show lipid droplets in cells (green) and the cell
nuclei (blue) under x40 magnification (A), digitally amplified view of the images (B), and quantified mean fluorescent intensity (C) of the
BODIPY signal based on six independent fields of view for each group. *P < 0.05,P < 0.01, or **P < 0.001 as compared with the control
cells in each group; #P<0.05,%P<0.01,0r ™P<0.001 as compared with the control cells in each group; *P < 0.05 as compared with the
FADS1-KD cells treated with PA + OA; "P < 0.01 as compared with the FADS1-KD cells treated with PA + OA. Data of a representative

experiment (in triplicates) of two independent performances are shown.

CHANGES IN GENE EXPRESSION
UNDERLYING FADS1-KD-INDUCED
LIPID ACCUMULATION

To delineate the molecular mechanisms driving
lipid accumulation following FADS1 down-regulation
in HepG2 cells, we quantified the expression of key
genes involved in fatty acid uptake, de novo lipogene-
sis (DNL), fatty acid oxidation, and T'G synthesis and
secretion (Fig. 3A). Comparable expression levels of
the DNL master transcription factor sterol regulatory

466

element-binding transcription factor 1 (SREBFI)
were observed between FADS1-KD and control
cells. In comparison, the expression of fatty acid syn-
thase (FASN) gene (P < 0.01) was significantly up-
regulated in the FADS1-KD cells. More remarkably,
the expression of the fatty acid oxidation markers,
including PPARa gene carnitine palmitoyltransfer-
ases (CPT14 and CPT2), hydroxyacyl-coenzyme A
(CoA) dehydrogenase trifunctional multienzyme com-
plex subunit alpha (HADHA) gene, and enoyl-CoA
hydratase (ECHI) gene (P < 0.001), were significantly
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down-regulated in the FADS1-KD cells. The expres-
sion of fatty acid uptake transporters was comparable
between the FADS1-KD and control cells, except for
the significant down-regulation of the scavenger recep-
tor CD36 (P < 0.001) and significant up-regulation of
long-chain fatty acid transporter solute carrier family
27 member 1 (SLC2741) (P < 0.001) in FADS1-KD
cells when compared with the control cells. Gene
encoding enzymes involved in TG synthesis, diacyl-
glycerol O-acyltransferase 1 (DGATT) gene (P < 0.001)
and lipid droplet coating protein, perilipin 2 (PLIN2)
gene (P < 0.001), were both significantly up-regulated
in the FADS1-KD cells, whereas markers involved in
TG secretion, including apolipoprotein B (/POB) gene
(P < 0.001) and transmembrane 6 superfamily member
2 (TM6SF2) gene (P < 0.001), were both significantly
down-regulated. On the other hand, we investigated the
effects of FADS1 overexpression and DHA treatment
on the levels of genes involved in lipid homeostasis and
other liver cell injuries associated with FADS1-KD.
Transient re-expression of £4DSI in the FADS1-KD
HepG2 cells did not change the expression of SREBF1
and FASN. However, when FADS1-KD cells were
treated with DHA, both markers—SREBF1 (P < 0.01)
and FASN (P < 0.01)—were significantly down-
regulated. Both overexpression of F4DSI and DHA
treatment were efficient in normalizing the expres-
sion of genes associated with fatty acid oxidation (e.g.,
PPARa, CPT14, CPT2, HADHA, ECHI). We also
observed significant down-regulation of SLC27A41
(P < 0.05) and up-regulation of CD36 (P < 0.001) in
the FADS1-KD cells when the £24DS1 gene was over-
expressed or when the cells were treated with DHA.
Both overexpression of F4DS1 and DHA treat-
ment were effective in down-regulating the DGATY
expression. However, PLIN2, APOB, and TMG6SF2
expression was only down-regulated when F24DS§1 was re-
expressed but not when treated with DHA (Fig. 3A).
Taken together, FADS1-KD may increase lipid accu-
mulation by regulating key genes involved in fatty acid
oxidation and TG synthesis and secretion. This effect
can be largely normalized by restoring the expression

of FADS1 or DHA supplementation.

FADS1 KD AND OTHER CELLULAR
CHALLENGES

We set out to further explore the potential impact
of FADS1 down-regulation on other cellular changes
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underlying hepatocyte injuries, including lipid per-
oxidation, inflammatory cytokine levels, antioxidant
capacity, and markers of endoplasmic reticulum (ER)
stress. There was no significant difference in total
malondialdehyde (MDA) (a PUFA peroxidation and
oxidative stress marker) levels in the FADS1-KD cells
when compared with control cells (data not shown).
However, both the intercellular and mitochondrial
ROS levels in the FADS1-KD cells were significantly
higher than in the control cells (Fig. 3B-D). In addi-
tion, the total antioxidant level in the FADS1-KD
cells was significantly lower than in the control cells
in both untreated and PA/OA-treated cells (Fig. 3E).
This is consistent with the significant down-
regulation of antioxidant mediator nuclear erythroid 2
p45-related factor 2 (NRF2) gene (P < 0.001) in the
FADS1-KD cells (Fig. 3A). Meanwhile, we observed
a significant up-regulation of ER stress markers, acti-
vating transcription factor 6 (47F6) gene (P < 0.001),
and C/EBP homologous protein (CHOP) gene
(P < 0.05) (Fig. 3A). There was a substantial increase
in the expression of the inflammatory marker interleu-
kin-6 (IL-6) (P < 0.001) (Fig. 3A) in the FADS1-KD
cells. Again, the altered total antioxidant level and
the transcription of most of the marker genes in the
FADS1-KD cells were normalized by either FADS1
overexpression or DHA treatment (Fig. 3). Together,
these data indicate that FADS1-KD significantly
reduced cellular antioxidant levels, increasing suscep-
tibility to ER stress and hepatic inflammation.

FADS1-KD LEADS TO ALTERATION
IN THE PPARa-FGF21 AXIS

We further set out to investigate the molecular
mechanism driving the increased susceptibility of
FADS1-deficient cells to lipid accumulation. Given
the significant regulation of PPARa expression by
FADSI in our model, we hypothesized that PPARa
is a key mediator for FADS1-dependent lipid accu-
mulation. PPARa is a ligand-activated factor that
plays an important role in regulating fatty acid and
lipid metabolism. EPA, DHA, and docosapentaenoic
acid have been identified as natural ligand inducers
of PPARa."®') PPAR« regulates numerous genes,
among which FGF21 is one of the most important
effectors.?*?® Both PPARa (P < 0.001) and FGF21
(P < 0.001) mRNA expression were significantly
down-regulated in the FADS1-KD HepG2 cells
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FIG. 3. Reversal of the effects of FADS1-KD by F4DS1 OverExp or DHA treatment in HepG2 cells. (A) mRNA expression of marker
genes in control cells, FADS1-KD cells, FADS1-KD cells with FADS1 overexpression, and FADS1-KD cells treated with DHA (25 pM).
Cells were incubated in regular media with vehicle or DHA treatment for 24 hours. Shown here are genes significantly (*P < 0.05) altered
in the FADS1-KD cells as compared with the control cells, which are also reversed by both FADS1 overexpression and DHA treatment
(gene names in bold), significantly altered in FADS1-KD but reversed by either FADS1 overexpression (P < 0.05) or DHA treatment
(P < 0.05) (gene names labeled with asterisk). (B) Assessment of ROS production in HepG2 control and FADS1-KD cells with CM-
H,DCFDA (general oxidative stress indicator) and MitoSOX Red (mitochondrial ROS indicator). Hoechst 33342 was used for staining
the nuclei. (C,D) Quantification of cellular ROS and mitochondrial ROS level. (E) Total antioxidant levels measured by a colorimetric
assay indexed by the conversion of Cu* to Cu" in FADS1-KD and control HepG2 cells treated with vehicle (NT) or medium containing
PA/OA (all other three groups) for 24 hours. (F) Total TG levels in FADS1-KD and control HepG2 cells in vehicle (NT) and medium
level of PA/OA supplemented medium (other three groups) for 24 hours. *P < 0.05, **P < 0.01, or ™*P < 0.001 as compared with the
control shRNA cells; *P < 0.05, P < 0.01, or #P < 0.001 as compared with the FADS1-KD cells treated with PA/OA. Data of a
representative experiment (in triplicates) of three independent performances are shown. Abbreviations: AO, antioxidant; FA, fatty acid;

IRE, inositol requiring enzyme; mito-ROS, mitochondrial ROS.
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compared with the control cells (Fig. 4). The expres-
sion of both genes was significantly up-regulated when
the FZ4DS1 gene was overexpressed in FADS1-KD
cells and when the FADS1-KD cells were treated
with DHA (Fig. 4A). Similar results were observed
when PPARa and secreted FGF21 protein expres-
sion were analyzed using western blot (Fig. 4B) and
ELISA (Fig. 4C), respectively. These results suggest
that £24DS1 deficiency modulates both PP4Ra and
FGF21 mRNA and protein expression levels. Thus,
the PPARa-FGF21 axis may be essential to main-
taining the protective effects of FADS1 against lipid
accumulation.

PPAR«a is known as a master transcription fac-
tor regulating FGF21 transcription.(ﬂ'%) To further
illustrate the regulation and transcription activity of
FGF21 by PPAR«, we examined the binding activity

of peroxisome proliferator response elements (PPREs)
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in the FGF21 promoter region in our FADS1-KD
and control cells using an EMSA. For this purpose,
the F'GF21 promoter oligonucleotide probe contain-
ing the previously identified?’?* PPRE binding
sequence was used. Binding activities of the nuclear
extract from FADS1-KD cells were significantly
decreased when compared with the nuclear extract
from the control (Fig. 5A). Following F4ADSI gene
overexpression in the FADS1-KD cells or when the
FADS1-KD cells were treated with DHA, the bind-
ing activity of the FGF21 promoter probe with their
nuclear extracts was significantly enhanced as com-
pared with the FADS1-KD cells (Fig. 5A). This
finding suggests that reduced function of FADS1
decreased the amount of LC-PUFAs, such as DHA,
which further reduced the binding activity of PPAR«
toward the FGF21 promoter, which in turn down-
regulated FGF21 expression.

R
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FIG. 4. Expression of PPAR-a and FGF21 following manipulations of FADS1 function. (A) Quantitative PCR mRNA expression of
PPAR-a and FGF21 in control, FADS1-KD, FADS1-KD with FADS1 overexpression, and FADS1-KD with DHA-treated HepG2
cells. Cells were treated with medium level of PA/OA for 24 hours. Protein level of PPAR-« (western blot) in the cells (B) and secreted
FGF21 (ELISA) (C) in collected medium after treated under the same condition as in (A). *P < 0.05, **P < 0.01, or **P < 0.001 as
compared with the control group; *P < 0.05,P < 0.01, or *P < 0.001 as compared with the FADS1-KD cells treated with PA/OA. Data

of a representative experiment (in triplicates) of three independent performances are shown. Abbreviation: ACTB, actin beta.
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To further confirm that PPARa mediates the
FGF21 promoter binding differences observed in
the nuclear extracts from the FADS1-KD cells,
both FADS1-KD and control cells were treated
with fenofibrate (FF), a PPARa agonist (Fig. 5B),
or transfected with PPAR« small interfering RNA
(siRNA) (Fig. 5C). In the presence of serial con-
centrations of FF, nuclear extracts from both
FADS1-KD and control cells exhibited a dose-
dependent increase of FGF21 promoter binding
with increasing concentrations of FF, confirming an
elevated binding of PPARa to the FGF21 promoter.
In contrast, when FADS1-KD and control cells were
transfected with PPARa siRNA, the FGF21 pro-
moter binding activity was significantly reduced in
both FADS1-KD and control cells, confirming the
reduction in FGF21 promoter binding due to the
reduced expression of PPARa. These results collec-
tively suggest that decreased F24DSI reduced FGF21
promoter binding activity by down-regulation of
both PPARa expression and activity. However, fol-
lowing FADSI reintroduction into the FADS1-KD
cells or when the FADS1-KD cells were treated
with DHA, the altered FGF21 promoter binding
activity was restored.

TREATING CELLS WITH
PPARax AGONIST OR FGF21
PROTEIN ATTENUATES
FADS1-KD-DEPENDENT LIPID
ACCUMULATION

To investigate whether the up-regulation of
PPARa-FGF21 in FADS1-KD cells protects against
lipid accumulation, we examined the effects of FF
and FGF21 protein in ameliorating lipid accumula-
tion in the FADS1-KD cells. Co-administration of
FF (50 nM) with PA/OA reduced and normalized
lipid accumulation in FADS1-KD cells (P < 0.01) to
the level of the control group (Fig. 6A). This suggests
that increasing PPAR« expression and activity in the
FADS1-KD cells rescues cells from elevated lipid
accumulation. Similarly, when the FADS1-KD cells
were treated with PA/OA and FGF21 protein at two
different concentrations, the lipid accumulation level
in the FADS1-KD cells was significantly reduced
(P < 0.001) and normalized to control levels (Fig. 6B).
This further confirms that the reduced PPARa and
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FGF21 expression and activity in FADS1-KD cells
increase the susceptibility of the cells to lipid accu-
mulation. Enhancing the PPARa-FGF21 axis in the
FADS1-deficient cells plays a protective role against
lipid accumulation.

Fads1 NULL MICE DISPLAYED
INCREASED HEPATIC STEATOSIS
AND HYPERTRIGLYCERIDEMIA
AFTER EXPOSURE TO A HIGH-FAT
DIET

After feeding a high-fat diet (HFD) for up to
8 weeks, wild-type (WT), heterozygous (Het), and
null mice showed similar body weight (Supporting
Fig. S1A). There was no significant difference in the
liver weight or liver-to—body weight ratios among the
null, Het, and W'T mice at 0, 4, or 8 weeks of HFD
(Supporting Fig. S1B,C). Histologic evaluation was
used to compare the development of steatosis in Fads1
null and WT mice. The hematoxylin and eosin—stained
liver sections showed no presence of inflammation,
ballooning, or fibrosis in mice at both 4 and 8 weeks
of HFD feeding (Fig. 7A). Fads null mice showed
increased hepatic lipid droplets staining (ORO), con-
sistent with elevated hepatic TG levels compared with
the WT mice at 4 weeks of HFD feeding (Fig. 7B).
Similarly, changes in hepatic TG levels were consistent
with histological evaluation, showing a linear trend of
hepatic TG increase at both 4 and 8 weeks from WT
to null mice (linear trend P = 0.0001 and P = 0.045,
respectively) (Fig. 7C). Interestingly, hepatic total cho-
lesterol levels also showed an increasing linear trend
from WT to null mice at both 4 and 8 weeks (linear
trend P = 0.014 and P = 0.05, respectively) (Fig. 7D)
of HFD feeding, with the null mice having a signifi-
cantly higher hepatic total cholesterol level as com-
pared with the WT mice.

To further analyze other potential liver injuries in
the Fadsl null mice, we measured total MDA and
total antioxidant levels in WT, Het, and null mice.
There were no significant differences in the total
MDA levels among W'T, Het, and null mice, and this
was observed across all time points of HFD feeding.
Similarly, there were no significant differences in the
total antioxidant levels among W'I, Het, and null
mice at both 4 and 8 weeks of HFD feeding (data

not shown).
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FIG.5. FADS1 regulates the binding affinity of PPAR-a to the FGF21 promoter. (A) Binding activities of nuclear extract from control,
FADS1-KD, FADS1-KD + overexpression, and FADS1-KD + DHA-treated HepG2 cells with respect to the FGF21 promoter probe
containing the PPRE motif. Competition was performed using excessive unlabeled probe. (B) Binding activities of nuclear extract from
control and FADS1-KD HepG2 cells treated with FF (PPARa agonist) with different concentration to the FGF21 promoter PPRE
probe. (C) Binding activities of nuclear extract from control and FADS1-KD cells treated with control and PPAR-a siRNA with respect
to the FGF21 promoter PPRE probe. Data of a representative experiment (in triplicates) of two independent performances are shown.

Fads1 NULL MICE EXHIBIT
INCREASED GENE EXPRESSION
INVOLVED IN LIPID
METABOLISM

In complementary liver assays, we analyzed key
genes involved in fatty acid oxidation, lipogenesis,
and TG synthesis and secretion in the 4-week-treated
mouse cohort. The expression of SredfI (P < 0.05)
and Fasn (P < 0.05) were significantly up-regulated
in the FadsI null mice when compared with the WT
mice. Similar to our iz vitro findings, a key transcrip-
tion factor Ppara (P < 0.001) and fatty acid oxida-
tion transporter Cpz2 (P < 0.01) were down-regulated

in the Fadsl null mice. The expression of Dgarl
(P < 0.05), Plin2 (P < 0.05), and Plin4 (P < 0.05) was
also significantly up-regulated in the FadsI null mice
when compared with WT mice, suggesting increased
TG synthesis and lipid droplet formation. However,
the markers involved in TG secretion did not show
any significant changes. Taken together, these results
indicate that Fuds! knockout (KO) in mice leads to
increased T'G accumulation by altering the function of
genes involved in lipogenesis, fatty acid oxidation, and
TG synthesis and storage. Furthermore, the expres-
sion of two inflammatory markers, C468 (P < 0.001)
and I/-6 (P < 0.01), was significantly up-regulated in
the Fadsl null mice when compared with the WT
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FIG. 6. Reversal of the FADS1-KD effects with FF (A) or FGF21 (B) treatment. Control or FADS1-KD HepG2 cells were treated with
vehicle (NT), medium PA/OA, medium PA/OA + FF (50 nM), or medium PA/OA + FGF21 protein (10 nM and 30 nM) for 24 hours.
*P < 0.05,"P < 0.01, or **P < 0.001 as compared with the control shRNA cells; #P<0.05,%P < 0.01, or ¥ P < 0.001 as compared with
the FADS1-KD cells treated with PA/OA. Data of a representative experiment (in triplicates) of independent performances are shown.
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FIG. 7. Effect of Fads1-KO on liver histology (A), lipid droplet formation (B), total hepatic TG (C), and total cholesterol levels (D).
Liver histology was demonstrated with hematoxylin and eosin staining, and lipids droplets are shown with ORO staining. Both were from
mice fed with HFD for 4 weeks, and the tissue section was visualized at x20 magnification for total TG levels in £4DSI null, Het, and
WT mice fed with HFD for 4 and 8 weeks. “P < 0.05 or *P < 0.01 as compared with the WT mice. (C,D) Data were generated through
a single experiment in triplicates. Abbreviation: wk, weeks.

mice, despite the fact that inflammatory histologi- Pparo-Fgf21 AXIS IS ASSOCIATED
cal changes in the liver sections were not observed. WTITH Fads1 STATUS IN VIVO

In addition, there was no significant difference in the
expression of ER stress marker A4#/6 expression level We next sought to investigate whether the PPARa-
between the Fadsl null and WT mice (Fig. 8A). FGF21 axis is perturbed in the 4-week HFD-fed
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FIG.8. Effect of Fads1-KO on marker gene expression (quantitative
PCR mRNA levels) (A) and Ppar-a and Fgf21 protein levels in
the liver tissue of null and WT mice (4-week feeding with HFD)
(B). *P < 0.05 as compared with the WT. Data were generated
through a single experiment in triplicates. Abbreviations:
Abbreviation: Actb, actin beta; Scd1, stearoyl-CoA desaturase.

Fads1 null mouse model. Interestingly, the mRNA
(Fig. 8A) and protein (Fig. 8B) expression levels of
both Ppara (P < 0.001) and Fgf21 (P < 0.01) were
significantly down-regulated in the Fadsl null mice
when compared with the WT mice, suggesting that
Fuads1-dependent alteration of the Ppara-Fgf21 axis is
one of the primary effectors in inducing steatosis and
TG accumulation in the liver.

Discussion
Our study demonstrates that the D5D plays a

role in hepatic lipid accumulation, suggesting that
LC-PUFA biosynthesis is important for hepatic lipid
homeostasis, which may be underlying other hepatic
injuries (e.g., oxidative and ER stress). We also
showed that this effect is, at least in part, mediated
by the PPARa-FGF21 axis (Fig. 9). Hepatic lipid
accumulation is central to NAFLD and nonalcoholic
steatohepatitis (NASH) and is a risk factor for many
other chronic metabolic perturbations. Given the

ATHINARAYANAN ET AL.

Lipogenesis t
Fatty acid degradationl
TG synthesis and Ilpld accumulatlont

W

Hepatlc fat
Total antioxidant
Inflammation/fibrogenesis ? 1

FIG. 9. Summary schematic of the findings of the current
study. Reduced FADS1 expression alters the endogenous
production of LC-PUFA and further suppresses the PPARa-
FGF21 axis signaling, resulting in the altered fatty acid oxidation
and homeostasis. This ultimately drives TG and cholesterol
accumulation in the liver.

incomplete understanding in the role of PUFA in
mediating these perturbations, our findings provide a
mechanistic framework to help elucidate the interplay
among genetics, PUFA metabolism, and metabolic
disorders.

Using an in vitro HepG2 cell model, we showed
that reduced FADS1 expression is associated with
intracellular lipid accumulation, and this phenotype
is exacerbated when cells were treated with free fatty
acids. Furthermore, FADS1-KD cells were pheno-
typically rescued following F2Z4DS1 gene overexpres-
sion or treatment with DHA. Consistent with these
findings, Fadsl null mice consuming HFD exhib-

ited an increased hepatic steatosis characterized
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by accumulated hepatic TG and cholesterol levels
compared with the Het and WT mice. These com-
plementary in vitro and in vivo data confirmed that
down-regulation of the FADSI gene increases the
susceptibility to hepatic lipid accumulation, whereas
higher expression of £4DSI protects cells from lipid
accumulation. Our findings are consistent with studies
reporting decreased FADS1 activity in patients with
NAFLD.®?” However, none of these studies deci-
phered the molecular mechanism by which dysregula-
tion of FZ4DS1 exacerbates fatty acid-induced hepatic
steatosis. Thus, it is noteworthy that our findings
provide direct evidence that fills this knowledge gap.
Meanwhile, the beneficial effect of DHA in amelio-
rating T'G accumulation as seen in the FADS1-KD
cells is consistent with studies reporting the benefits
of omega-3 PUFA treatments for reducing steato-
sis and liver fat in animal models®?” and clinical
trials, 303V including our recent study in a pediatric
population in which children with NAFLD carrying
the low-function FADS1 alleles possessed a better
response to DHA supplementation in terms of their
liver histology.*?

Mechanistically, our study indicates that F4DS7
down-regulation significantly alters multiple canon-
ical pathways involved in lipid homeostasis. More
specifically, FADS1-KD enhances the expression of
genes modulating lipogenesis as well as TG synthesis
and storage, while decreasing transcription of genes
involved in fatty acid oxidation and T'G secretion. This
pattern was largely consistent between iz wvitro and
in vivo models, suggesting that FADS1 plays a broad
role in lipid metabolism homeostasis. Importantly, the
deviation of these fatty acid metabolism pathways
was reversed when the F4DSI gene expression was
restored and/or when FADS1-KD cells were treated
with DHA.

We further found that the impact of FADS1 on
hepatic lipid metabolism may be mediated by the
PPARa-FGF21 axis signals. PPARa is a ligand-
activated factor that plays an important role in reg-
ulating fatty acid and lipid metabolism. LC-PUFAs
(e.g., DHA) are one of the most important natural
ligands of PPAR«.""®1%33) Studies conducted in ani-
mals have consistently reported the significance of
PPAR« expression in steatosis and NASH. PPAR«a
null mice develop aggressive steatohepatitis when
fed with HFD or methionine-choline—deficient
diet.®*3” Severe steatosis formation was observed
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in both whole-body PPARa null mice as well as in
mouse models with hepatocyte-specific deletion of
PPARa.®® Interestingly, depletion of n-3 PUFAs
in obese patients with NAFLD caused a significant
decrease in the PPARa expression, further elevating
the SREBF1-to-PPAR ratio balance.®” Our results
are consistent with these findings and demonstrated a
D5D-DHA-PPAR« connection.

FGF21 is a metabolic regulator that strongly affects
both lipid and glucose homeostasis. FGF21 mRNA
and protein expression were significantly down-
regulated in FADS1-KD cells and Fads1 null mouse
liver. Overexpressing FADSI in the FADS1-KD cells
or treatment with DHA restored both PPARa and
FGF21 mRNA and protein expression. This closely
linked co-regulation of these two genes to FADSI,
which was further verified by the EMSA examining
the PPARa binding efficiency to the FGF21 pro-
moter PPRE. Meanwhile, treatment of FADS1-KD
cells with FF and FGF21 protein normalized lipid
accumulation levels to control cells. These results col-
lectively suggested the involvement of the PPARa-
FGF21 axis signaling in the FADS1-dependent
lipid accumulation. These findings are also congru-
ent with a few studies in which PPARa null mice
are deficient in FGF21, and treating these mice with
FGF21 improves hypertriglyceridemia and hypoke-
tonemia.“*) Likewise, other studies have shown
that activation of the PPARa-FGF21 pathway is
protective against lipid accumulation and develop-
ment of fatty liver.*»*) Our data also demonstrate
that Fads1-deficient cells are refractive to the anti-TG
accumulation effects of DHA when compared with
the control cells, and treatment of the cells with
DHA also increased the PPARa-FGF21 axis activ-
ity, which is also consistent with studies reporting that
DHA acts as an FGF21 inducer primarily through
activation of PPAR«.*? Collectively, these data sug-
gest that F/4DS1 expression or genotype may be a
marker to evaluate the efficiency of omega-3 PUFA
or PPARa agonist treatment. This hypothesis merits
turther investigation.

Our findings also indicate that F4DSI down-
regulation not only affects lipid accumulation but also
cholesterol metabolism, ROS production, cellular anti-
oxidant content, and ER stress, suggesting that D5D
may play a central role in rescuing cells from stresses.
However, our animal study did not show significant
histologic alterations in liver fibrosis and inflammation.
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This may be because the HFD is known to have limited
effects on inducing severe liver injury, and the feeding
time was relatively short. A high-fat (including the high
level of trans fat), high-fructose, and high-cholesterol diet
(Amylin liver NASH [AMLN] diet) have been demon-
strated to induce a typical NASH phenotype charac-
terized by severe inflammation and fibrosis, which also
takes approximately 6 months of feeding to induce.*”
Ongoing studies in our laboratories are designed to
test the AMLN diet in the Fads1-KO mouse model,
to examine the role of Fadsl in NASH. It should be
noted, however, that a recent study using a Fadsl anti-
sense oligo (ASO) to treat mice induced severe hepatic
inflammation, especially when the mice were fed with
a Fads1 substrate-enriched diet.*®’ However, this study
demonstrated that Fads1-ASO treatment led to an inhi-
bition of hepatic lipogenesis, which is likely attributed to
the model differences, as we used a systemic KO mouse
model. Because Fadsl is broadly expressed in many
tissues/organs, research in this area needs to assess its
pleiotropic effects.

Although D5D is directly involved in LC-PUFA
metabolism, it has been demonstrated that reduced
D5D function can indirectly affect a wide variety of
lipid metabolites of LC-PUFAs. This has been doc-
umented in our previous lipidomic studies involving
the Fads1-KO model.*"* LC-PUFAs (e.g., AA,
EPA, and DHA) are precursors of numerous bio-
active lipids (e.g., leukotrienes, prostaglandins, pro-
tectins, resolvins). Thus, it is very likely that these
bioactive lipids may also contribute to the modulation
of hepatic lipid metabolism and other liver functions.
In this framework, signaling pathways in addition
to the PPARa-FGF21 axis could be involved. It is
also notable that our lipidomic analysis suggested
that altering the FADS1 function by KD and re-
expression leads to the reversible metabolism of
omega-6 PUFA (i.e., DGLA to AA), but a lesser
extent for the omega-3 PUFAs (i.e., EPA and DHA
levels and the omega-3 index). This suggests that the
elevation of the FADS]1 activity may not be able to
increase the levels of omega-3 LC-PUFAs. The rea-
son underlying this phenomenon remains unclear and
may be in part due to the competition of the omega-
6/3 substrates for the D5D enzyme.“*” Further
studies are warranted to address this question.

In conclusion, our findings demonstrate that
reduced F4DSI function in hepatocytes suppresses
the PPARa-FGF21 signaling axis, which increases

ATHINARAYANAN ET AL.

the total hepatic fat deposition and susceptibility to
steatosis and other liver injuries. Furthermore, we

demonstrate that DHA, PPARa agonist, and FGF21

are effective treatments for reversing these effects in
the FADSI-deficient condition. Future studies inves-
tigating the role of F2Z4DSI in liver fibrosis, inflam-

mation, and progression of NAFLD to NASH are
required to further elucidate how pathogenesis-related

pathways are affected by £24DS7 deficiency.
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