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Abstract Hepatic fatty acid elongase-5 (Elovl-5) plays an
important role in long chain monounsaturated and polyun-
saturated fatty acid synthesis. Elovl-5 activity is regulated
during development, by diet, hormones, and drugs, and in
chronic disease. This report examines the impact of ele-
vated Elovl-5 activity on hepatic function. Adenovirus-
mediated induction of Elovl5 activity in livers of C57BL/6
mice increased hepatic and plasma levels of dihomo-g-linolenic
acid (20:3,n-6) while suppressing hepatic arachidonic acid
(20:4,n-6) and docosahexaenoic acid (22:6,n-3) content.
The fasting-refeeding response of peroxisome proliferator-
activated receptor a-regulated genes was attenuated in mice
with elevated Elovl5 activity. In contrast, the fasting-refeeding
response of hepatic sterol-regulatory element binding protein-1
(SREBP-1)-regulated and carbohydrate-regulatory element
binding protein/Max-like factor X-regulated genes, Akt and
glycogen synthase kinase (Gsk)-3b phosphorylation, and the
accumulation of hepatic glycogen content and nuclear
SREBP-1 were not impaired by elevated Elovl5 activity.
Hepatic triglyceride content and the phosphorylation of
AMP-activated kinase a and Jun kinase 1/2 were reduced
by elevated Elovl5 activity. Hepatic phosphoenolpyruvate
carboxykinase expression was suppressed, while hepatic
glycogen content and phosphorylated Gsk-3b were signifi-
cantly increased, in livers of fasted mice with increased
Elovl5 activity. As such, hepatic Elovl5 activity may affect
hepatic glucose production during fasting. In summary,
Elovl5-induced changes in hepatic fatty acid content affect
multiple pathways regulating hepatic lipid and carbohy-
drate composition.—Wang, Y., M. Torres-Gonzalez, S.
Tripathy, D. Botolin, B. Christian, and D. B. Jump. Elevated
hepatic fatty acid elongase-5 activity affects multiple pathways
controlling hepatic lipid and carbohydrate composition.
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The type and quantity of fat ingested affects hepatic
lipid and carbohydrate metabolism. Feeding rodents a
high-fat diet promotes obesity, increases hepatic triglyceride
content, and activates stress-responsive signaling pathways
(1–5). These events are linked to insulin resistance (6–8). In
contrast, diets containing n-3 PUFAs, like eicosapentaenoic
acid (20:5,n-3) and docosahexaenoic acid (22:6,n-3), lower
hepatic and blood triglycerides and improve insulin sensi-
tivity (9–11). The liver adapts rapidly to changes in dietary
fat composition, and much of this adaptation involves
changes in the expression of genes involved in glycolysis,
de novo lipogenesis, fatty acid elongation, desaturation,
and oxidation (12). Many of the adaptive changes in these
metabolic pathways involve the fatty acid-regulated tran-
scription factors peroxisome proliferator-activated receptor
a (PPARa), sterol-regulatory element binding protein-1
(SREBP-1), and the carbohydrate-regulatory element binding
protein (ChREBP)/Max-like factor X (MLX) heterodimer
(12–14).

Recent studies have established that key enzymes in-
volved in lipid synthesis are equally important in lipid me-
tabolism, hepatic triglyceride content, insulin resistance,
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and dyslipidemia. Acetyl-CoA carboxylase 1 and 2 and FAS
are the major enzymes involved in de novo lipogenesis;
palmitate (16:0) is the end product of this pathway. The
expression of these enzymes is regulated by SREBP-1, liver
X receptor (LXR), and ChREBP/MLX (13, 15). Studies
with the FAS-null mouse (FASKO) establish that end prod-
ucts of de novo lipogenesis regulate hepatic PPARa activity
(16). PPARa regulates many enzymes involved in fatty acid
oxidation, desaturation, and elongation (12, 17, 18). One
in particular is stearoyl-CoA desaturase-1 (SCD1). SCD1 con-
verts saturated fatty acids, like palmitate (16:0) and stearate
(18:0), to monounsaturated fatty acids, like palmitoleic acid
(16:1,n-7) and oleic acid (18:1,n-9), respectively. In addi-
tion to PPARa, ChREBP/MLX, LXR, and SREBP-1 regulate
SCD1 expression (17, 19). In livers of SCD1-null mice, tri-
glyceride synthesis is impaired while AMP-activated kinase
(AMPK) activity is elevated. SCD1 deficiency protects mice
from obesity, insulin resistance, and dyslipidemia (20–25).
Finally, the hepatic fatty acid elongase, elongase-6 (Elovl-6),
elongates saturated fatty acids like myristate (14:0) and 16:0
to 18:0 (26). Elovl-6 expression is regulated by SREBP-1
(27–29), an insulin- and PUFA-regulated transcription fac-
tor (30–32). Elovl-6 deficiency protects mice from obesity-
induced insulin resistance (33).

Enzymes in PUFA synthesis might be equally important
regulators of hepatic gene expression and lipid composition
(17, 34, 35). PUFA synthesis involves fatty acid elongases and
desaturases as well as peroxisomal b-oxidation (36–39).
These enzymes convert essential fatty acids [linoleic acid
(18:2,n-6) and a-linolenic acid (18:3,n-3)] to the end prod-
ucts of PUFA synthesis, arachidonic acid (20:4,n-6) and
22:6,n-3. Linoleic acid, 20:4,n-6, and 22:6,n-3 are the main
PUFAs accumulating in most tissues. Twenty carbon PUFAs
are robust activators PPARa, while C22 PUFAs are robust
suppressors of SREBP-1 (32, 34). Both n-3 and n-6 PUFAs
suppress ChREBP and MLX function, and this control pro-
cess appears to be independent of PUFA chain length or
desaturation status (32, 34, 40, 41). PUFA synthesis re-
quires two fatty acid elongases (Elovl-2 and Elovl-5), two
fatty acid desaturases (D5-desaturase and D6-desaturase),
and peroxisomal b-oxidation (17, 35–39). PPARa and
SREBP-1, but not ChREBP/MLX, control the expression
of these enzymes. As such, dietary PUFAs are feedback
regulators of fatty acid elongases and desaturases and
feed-forward inducers of fatty acid oxidation (17).

This report focuses on hepatic fatty acid elongases. Of
the seven fatty acid elongase subtypes identified in the
mouse and human genomes, five elongase subtypes are ex-
pressed in human and rodent liver (35, 42). Our interest
in elongases is based on studies in which rat primary hepa-
tocytes were found to rapidly convert 20 carbon PUFAs to
22 carbon PUFAs (34). 20:5,n-3 is a robust PPARa agonist,
while 22 carbon PUFAs, like 22:5,n-6 or 22:6,n-3, are weak
PPARa agonists (34). At least two hepatic fatty acid elon-
gases convert 20 carbon PUFAs to 22 carbon PUFAs:
Elovl-2 and Elovl-5. Elovl-2 is a low-abundance constitutively
expressed elongase, while Elovl-5 is both abundant and well
regulated in liver (35, 40). Elovl-5 elongates both mono-
unsaturated and polyunsaturated fatty acyl-CoA substrates

ranging in length from 16 to 20 carbons (35). In the n-6
PUFA pathway, Elovl-5 converts 18:3,n-6 to dihomo-g-linolenic
acid (20:3,n-6), a precursor for series 1 eicosanoids. D6-
desaturation of 20:3,n-6 generates arachidonic acid (20:4,
n-6), a precursor for series 2 eicosanoids. In the n-3 PUFA
pathway, Elovl-5 elongates 18:4,n-3 to 20:4,n-3; D5-desatura-
tion of 20:4,n-3 generates eicosapentaenoic acid (20:5,n-3).
Elovl-2 or Elovl-5 converts 20:5,n-3 to docosapentaenoic
acid (22:5,n-3), which is subsequently desaturated by D6-
desaturase and chain shortened in the peroxisome to gen-
erate 22:6,n-3. 22:6,n-3 is the end product of n-3 PUFA
synthesis and a precursor to regulatory docosanoids (43).
Diets enriched in 20 to 22 carbon n-3 PUFAs inhibit
PUFA synthesis by suppressing Elovl-5, D5-desaturase,
and D6-desaturase expression while enhancing peroxiso-
mal b-oxidation (35, 44). High-fat diets promote glucose in-
tolerance and suppress hepatic Elovl-5 expression. Hepatic
Elovl-5 expression, however, is induced during postnatal
development, in leptin deficiency, and by pharmacological
ligands for PPARa (17).

Since changes in hepatic lipid composition alter PPARa-,
SREBP-1-, and ChREBP/MLX-regulated gene expression
(12), we suggest that changes in elongase activity will alter
hepatic lipid composition and affect fatty acid-regulated
gene expression. To test this hypothesis, we developed re-
combinant adenoviruses expressing several fatty acid elon-
gases, including Elovl-2, Elovl-5, and Elovl-6 (17). In this
report, cultured rat primary hepatocytes were used to estab-
lish the effect of recombinant adenovirus on lipid composi-
tion and gene expression following treatment with PUFAs.
Studies with C57BL/6 mice were used to evaluate the effect
of elevated hepatic Elovl-5 activity on gene expression
and carbohydrate and lipid metabolism in a fasting and re-
feeding model. The outcome of these studies establishes
that Elovl-5 affects the fasting and refeeding response of
several pathways controlling hepatic lipid and carbohy-
drate composition.

MATERIALS AND METHODS

Recombinant adenovirus
Recombinant adenovirus expressing luciferase (Ad-Luc) and

b-galactosidase (Ad-b-Gal) were obtained from C. Rhodes (Pacific
Northwest Research Institute, Seattle, WA) (45) and L. K. Olson
(Department of Physiology, Michigan State University, East
Lansing, MI). Cloning and construction of recombinant adeno-
virus expressing Elovl-2 (Ad-Elovl2), Elovl-5 (Ad-Elovl5), and
Elovl-6 (Ad-Elovl6) were described previously (17, 35). The recombi-
nant adenovirus expressing acyl-CoA synthetase-4 was constructed
using the following primers (5′ end, 5′-GTCGACATGGCAAAGA-
GAATAAAAGCTAAG-3′; 3′ end, 5′-AATCTTTTATTTGCCCCCA-
TACATCCGCTC-3′) in a quantitative real-time PCR to generate
the coding region of the enzyme. The cDNA was inserted into
the pShuttle-CMV (Stratagene), recombined in BJ5188 cells,
and propagated in XL10 Gold ultra competent cells. Ad-DNA
was packaged into adenoviral particles in Ad-293 cells. The result-
ing adenovirus was amplified in Hek293 cells. Recombinant ade-
noviruses used for in vivo studies were twice purified by cesium
chloride density ultracentrifugation. After centrifugation, viral
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particles were dialyzed against PBS 1 10% sucrose, resuspended
to ?2 3 1012 viral particles/ml in PBS 1 10% sucrose, and stored
at 280°C. Adenovirus was titered using the Adeno-X Rapid Titer
Kit (Clontech).

Rat primary hepatocytes and C57BL/6 mice
All procedures for the use and care of animals for laboratory

research were approved by the All University Committee for Ani-
mal Use and Care at Michigan State University.

For rat primary hepatocytes, male Sprague-Dawley rats were
maintained on Harlan-Teklad laboratory chow (No. 8640) and
water ad libitum. Rat primary hepatocytes were prepared from
Teklad chow-fed (ad libitum) male Sprague-Dawley rats and cul-
tured on BioCoat (type 1 collagen) plates (Beckon Dickinson,
Belford, MA.). Cells were treated with insulin (Invitrogen, Carlsbad,
CA) or fatty acids (Nu-Chek Prep, Elysian, MN) as described pre-
viously (46). 14C-labeled fatty acids ([14C]16:0, [14C]20:4,n-6 and
[14C]20:5,n-3) were obtained from Perkin-Elmer. Fatty acid me-
tabolism in rat primary hepatocytes involving lipid extraction
and reverse-phase (RP)-HPLC analysis was preformed as de-
scribed previously (17, 34).

Confluent primary hepatocytes were routinely infected with
virus at 5 plaque-forming units/cell. This dose of virus was suffi-
cient to infect .95% of hepatocytes, based on green fluorescent
protein (Ad-GFP) expression at 24 h after infection. The medium
for the infection period was Williams E medium, 10 mM lactate,
1 mM insulin, and 10 nM dexamethasone. The next morning,
the medium was changed to Williams E medium, 25 mM glu-
cose, 1 mM insulin, 10 nM dexamethasone, and 50 mM BSA in
the absence or presence of fatty acids at 100–250 mM. Cells
were harvested for extraction of RNA or lipid or for analysis of
fatty acid elongase enzyme activity at 6 or 24 h after fatty acid
treatment (17, 32, 40).

Infection of C57BL/6 mice with recombinant adenovirus
Male C57BL/6 mice (Charles River, Kalamazoo, MI; 20–22 g;

?2 months of age) were maintained on a Harlan-Teklad (No.
8640) diet ad libitum throughout all studies. Mice were injected
with recombinant adenovirus by a retro-orbital route at a dose
of 2 3 1010 viral particles (cesium-purified) per mouse while un-
der isoflurane anesthesia. Mice injected with PBS 1 10% sucrose
served as a “saline” control. Body weight, food intake, and
water intake were monitored daily. All animals displayed no

adverse effects from the saline or adenovirus injection and gained
weight equally for the 4 day period after injection (see supple-
mentary data).

Fasting and refeeding
Four days after adenoviral infection, food was removed from

all animal cages at 6:00 PM for an overnight fast. The next morn-
ing (8:00 AM), food was returned to 50% of the animals in each
group. Fasted and refed animals were euthanized (CO2 inhalation)
at 8:00 AM and noon, respectively, for blood and tissue collection.

RNA extraction, Northern blotting, and quantitative
real-time polymerase chain reaction

Total RNA was extracted from rat primary hepatocytes or
mouse liver. Transcript levels were measured by Northern analysis
or quantitative real-time PCR (17, 35, 40). Specific primers for
each gene were described previously (17) or are listed in Table 1.
Primers were designed using Primer Express software (Applied
Biosystems, Foster City, CA). First-strand cDNA was synthesized
using the SuperScript II RNase H reverse transcriptase (Invitrogen).
Synthesized cDNA was mixed with 23 SYBR Green PCR Master
Mix (Applied Biosystems) and various sets of gene-specific for-
ward and reverse primers and subjected to real-time PCR quanti-
fication using the ABI PRISM 7700 Sequence Detection System
(Applied Biosystems). All reactions were performed in triplicate.
The relative amounts of mRNAs were calculated by using the
comparative threshold cycle method (User Bulletin 2; Applied
Biosystems). Cyclophilin was used as a control, and all results
were normalized to the abundance of cyclophilin mRNA.

Lipid extraction and analysis of fatty acids
Total lipids were extracted from liver in chloroform-methanol

(2:1) plus 1 mM butylated hydroxytoluene (35). 7-Nonadecenoic
acid (19:1) was added as a recovery standard at the time of extrac-
tion. Protein (Bio-Rad, Hercules, CA) was measured in extracts
after the initial homogenization step in 40% methanol. Total
lipids were saponified, fractionated, and quantified by RP-HPLC
using a YMC J-Sphere (ODS-H80) column and a gradient starting
at 77.5% acetonitrile 1 acetic acid (0.1%) and ending at 100%
acetonitrile 1 acetic acid (0.1%) over 90 min with a flow rate
of 1.0 ml/min using a Waters 600 controller. Fatty acids were
detected using ultraviolet light absorbance at 192 nm (Waters
model 2487) and evaporative light scatter (Waters model 2420)

TABLE 1. Primer pairs for quantitative real-time PCR

Enzyme Accession Number Forward Reverse

Mouse
Acetyl-CoA carboxylase-1 NM_133360 TGTCCGCACTGACTGTAACC ATTTCCATAGCCGACTTCCA
Acyl-CoA oxidase NM_015729 CCCAACTGTGACTTCCATCA ACGGATAGGGACAACAAAGG
ATP binding cassette A1 NM_013454 TCATGGAGAACAGCCAAGAG GGGCAGTCCAATCTAATCCA
Cyclophilin NM_008907.1 CTTCTTGCTGGTCTTGCCATTCCT TGGATGGCAAGCATGTGGTCTTTG
Cytochrome P450 4A10 NM_010011 TGTTTGACCCTTCCAGGTTT CAATCACCTTCAGCTCACTCA
Cytochrome P450 7A NM_007824 GGGATTGCTGTGGTAGTGAG AGCCCAGGTATGGATCAAC
Fatty acid synthase NM_007988 CAAATACAATGGCACCCTGA TGGCGAAGCCGTAGTTAGTT
Glucokinase NM_010292 GAGATGGATGTGGTGGCAAT ACCAGCTCCACATTCTGCAT
Glucose transporter-2 NM_031197 GAGGAAGTCAGGGCAAAGAA AAGAGCTGGATCACGGAGAC
Interleukin 6 NM_031168 AGACAAAGCCAGAGTCCTTCA AGGAGAGCATTGGAAATTGG
L-pyruvate kinase NM_013631 AGGAGTCTTCCCCTTGCTCT ACCTGTCACCACAATCACCA
HMG-CoA synthase-2 NM_008256 CCTTGAACGAGTGGATGAGA CAGATGCTGTTTGGGTAGCA
Phosphoenolpyruvate carboxykinase NM_011044 ACATTGCCTGGATGAAGTTTG GGCATTTGGATTTGTCTTCAC
Sterol-regulatory element binding protein-1 NM_011480 AGGAGAACCTGACCCTACGA GGTAAGCGTCTCCACCACTT
Stearoyl-CoA desaturase-1 NM_009127 TCAACTTCACCACGTTCTTCA CTCCCGTCTCCAGTTCTCTT

Rat
Cytosolic fatty acyl thioesterase I NM_031315 AGTTCCTGGGTTCAATCTCC AAGAGTGTTTACTCATGGTTCCTTT
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and/or b-scintillation counting (INUS, IN/US Systems, Tampa,
FL) (17, 34). Fatty acid standards for RP-HPLC were obtained
from Nu-Chek Prep.

Elovl-5 antibody
Elovl-5 is a 28 kDa microsomal enzyme. A rabbit polyclonal anti-

body raised against mouse Elovl-5 was prepared by GenWay Biotech,
Inc. (San Diego, Ca) using the peptide GASRRKDHLKGHQNGSV
representing amino acids 258–274 of Elovl-5. The sequence has
high homology to rat, mouse, and human Elovl-5. The antibody
is an immunoaffinity-purified IgG. The antibody was used to de-
tect Elovl-5 in the microsomal fraction by immunoblotting (dilu-
tion, 1:5,000).

Immunoblotting
Extracts of rat liver were prepared as described previously (35,

47) and included both a protease (Roche Diagnostics, Indianapo-
lis, IN) and phosphatase inhibitors (1.0 mM b-glycerol phos-
phate, 2.5 mM Na-pyrophosphate, and 1 mM Na3VO4).
Proteins (25–100 mg) extracted from cytosolic, microsomal, or
nuclear fractions were separated electrophoretically by SDS-
PAGE (NuPAGE 4–12% polyacrylamide Bis-Tris; Invitrogen)
and transferred to nitrocellulose (BA83) membranes. Antibodies
used in these studies included AMPKa (No. 2532), phospho-
AMPKa (Thr172; No. 2535L), phospho-Gsk-3a/b (Ser21/9;
No. 9331), and glycogen synthase kinase-3b (Gsk-3b; 27C10;
No. 9315) from Cell Signaling (Danvers, MA); hepatic nuclear
factor-4a (HNF-4a; H-171; No. sc-8987), extracellular receptor
kinase 1 (Erk1; K-23; No. sc-94), Na,K-ATPase (No. sc-21712),
phospho-Erk (E-4; No. sc-7383), phospho-JNK (Thr182/Tyr 185;
No. sc-12882), JNK1 (FL; No. sc-571), p38 (A-12; No. sc-7972),
phospho-p38 (D8; No. sc-7973), AKT1 (C20; No. sc-1618), phospho-
AKT1/2/3 (Ser 473-R; No. sc-7985-R), MLX (N-17), and PPARa
(H98) from Santa Cruz Biotechnology (Santa Cruz, CA); SREBP-
1 (2A4; No. ab3259) from Abcam, Inc. (Cambridge, MA); lucifer-
ase (G7451) from Promega (Madison WI); and ChREBP
(NB400135) from Novus Biologicals (Littleton, CO). The IRDye
680 and IRDye 800 secondary antibodies (anti-mouse, anti-rat,
and anti-donkey) were obtained from LiCor, Inc. (Lincoln, NE).
Antigen-antibody reactions were detected and quantified using a
LiCor Odyssey scanner and software, respectively.

Measurement of plasma glucose, triglyceride,
and cholesterol

Plasma glucose, triglyceride, and cholesterol were measured
using kits from Wako (Richmond, VA). The glucose and lipid
standards for the assays were included in the kits.

Measurement of hepatic glycogen and triglyceride content
Hepatic glycogen content was measured by a modification of

a protocol described by others (48, 49). Briefly, liver (?0.1 g) was
homogenized in PBS, adjusted to 0.5 N KOH, and heated to 95°C
for 1 h. The sample was cooled and adjusted to 0.6% Na2SO4;
3 volumes of ethanol was added to precipitate the glycogen
(220°C for ?1 h), followed by collection of the precipitate by
centrifugation (5,000 rpm for 10 min). The pellet was washed
with 70% ethanol, drained, and dried. The dried pellet was resus-
pended in water and adjusted to 50 mM Na-acetate, pH 5. The
sample was treated with amylo a-1,4-a-1,6 glucosidase (EC 3.2.1.3;
Sigma) to enzymatically degrade glycogen. The released glucose
was quantified by glucose oxidase using a Wako glucose assay kit.

Total hepatic lipids were extracted with chloroform-methanol
(2:1) as described above. Triglyceride content in the samples was
measured prior to saponification using the L-type TG H triglycer-
ide assay kit (Wako).

Statistical analysis
The statistical analyses performed in this study included Stu-

dentʼs t -test and ANOVA (one- and two-way) plus post hoc Tukeyʼs
honestly significant difference test http://faculty.vassar.edu/lowry/
VassarStats.html). P , 0.05 was considered statistically different.

RESULTS

The cloning of hepatic elongases, development of re-
combinant adenoviral expression systems, and expression
of elongase in rat primary hepatocytes were described pre-
viously (17, 35). Infection of rat primary hepatocytes with
recombinant adenovirus expressing specific fatty acid elon-
gases elevated elongase activity in a substrate-specific man-
ner. Elongase enzyme activity increased by 3- to 8-fold in
infected hepatocytes (17). The effects of four recombinant
adenoviruses on hepatocyte lipid profiles were examined.
These viruses include a control virus expressing luciferase
(Ad-Luc) and viruses expressing Elovl-2, Elovl-5, and Elovl-6
(i.e., Ad-Elovl2, Ad-Elovl5, and Ad-Elovl6). After infection,
cells were treated with 14C-labeled 16:0, 20:4,n-6, or 20:5,n-3
for 24 h. Total lipids were extracted, saponified, fraction-
ated, and quantified by RP-HPLC in a system equipped
with an in-line b-scintillation counter. Quantified products
are presented in Table 2, while representative HPLC pro-
files are illustrated in supplementary Fig. I.

Fatty acid elongation products produced in cells in-
fected with Ad-Luc were not different from unaffected
cells. Cells infected with Ad-Luc elongated 15% of 16:0
to 18:0, 12% of 20:4,n-6 to 22:4,n-6, ?36% of 20:5,n-3 to
22:5,n-3, and ,1% of 20:5,n-3 to 24:5,n-3 (Table 2). These
control studies set the baseline for fatty acid elongation in
primary hepatocytes. Infection of cells with Ad-Elovl2 had
no effect on [14C]16:0 but increased the elongation of 20:4,
n-6 to 22:4,n-6 by ?2-fold and the formation of 24:5,n-3
from 20:5,n-3 by ?37-fold. 20:5,n-3 is elongated to 22:5,n-3
and 24:5,n-3. The product showing the greatest change
was 24:5,n-3. Infection of cells with Ad-Elovl5 had no effect
on the formation of 18:0 or 24:5,n-3 in cells incubated with
[14C]16:0 or [14C]20:5,n-3. Instead, Elovl-5 increased the
conversion of [14C]20:4,n-6 and [14C]20:5,n-3 to 22:4,n-6

TABLE 2. Effects of overexpressed fatty acid elongase on the fatty acid
elongation in rat primary hepatocytes

14C Substrate 14C Product

Recombinant Adenovirus

Ad-Luc Ad-Elovl2 Ad-Elovl5 Ad-Elovl6

% conversion of substrate to product

16:0 18:0 156 3 12 6 2 15 6 3 51 6 5
20:4,n-6 22:4,n-6 126 2 25 6 3 33 6 5 12 6 2
20:5,n-3 22:5,n-3 366 4 33 6 5 50 6 5 33 6 5
20:5,n-3 24:5,n-3 ,1 6 1 37 6 5 ,1 6 1 ,1 6 1

Rat primary hepatocytes were treated with 14C-labeled fatty acids
(substrates, 100 mM; 1.6 Ci/mol) and BSA (25 mM) for 24 h. Afterward,
total lipids were extracted, saponified, fractionated, and quantified by
reverse-phase HPLC using a system equipped with an in-line b-scintillation
counter (see supplementary Fig. I). Results are represented as percentage
conversion of substrate to product, mean 6 range of two or more in-
dependent assays.
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and 22:5,n-3 by 32% and 52%, respectively. Since 16:0 is a
Elovl-6 substrate (26, 36, 37), infection of cells with Ad-
Elovl6 increased the formation of 18:0 with no effect on
the elongation of [14C]20:4,n-6 or [14C]20:5,n-3. Additional
data on the substrate specificity for Elovl-2, Elovl-5, and
Elovl-6 in primary hepatocytes are presented in supple-
mentary Fig. II.

In a second study, primary hepatocytes were either un-
infected or infected with Ad-Luc, Ad-Elovl2, or Ad-Elovl5
and treated with nonradioactive 20:5,n-3 (Fig. 1). 20:5,n-3
was chosen for these studies because 20:5,n-3 is a substrate
for Elovl-2 and Elovl-5 (Table 2). 20:5,n-3 abundance in
hepatocytes is normally very low,,0.5 mol% (34). Addition
of 20:5n-3 to hepatocytes significantly increased 20:5,n-3
cellular content (to ?20 mol%); this increase in 20:5,n-3
activates PPARa and suppresses SREBP-1, ChREBP, and
MLX nuclear abundance (32, 34, 40).

After infection, hepatocytes were treated with 20:5,n-3
(250 mM) for 24 h. After treatment, total lipid was ex-
tracted and saponified for fatty acid analysis (Fig. 1). Infec-
tion of rat primary hepatocytes with Ad-Luc, Ad-Elovl2,
or Ad-Elovl5 had no effect on the hepatocyte content of
16–18 carbon saturated, monounsaturated, or polyunsatu-

rated fatty acids or 20:4,n-6 (Fig. 1A). Compared with non-
infected cells or Ad-Luc-infected cells, hepatocytes
infected with either Ad-Elovl2 or Ad-Elovl5 significantly
(?50%) decreased intracellular 20:5,n-3 content. Ad-
Elovl2 infection increased the formation of 24:5,n-3 but
not 22:5,n-3. Ad-Elovl5 infection increased the formation
of 22:5,n-3 but not 24:5,n-3. Neither elongase elevated
the mol% of 22:6,n-3. Elevated Elovl-2, and to a lesser ex-
tend Elovl-5, decreased total cellular content of n-3 PUFAs.
The decline in total cellular n-3 PUFAs may be due to in-
creased fatty acid oxidation, since .22 carbon PUFAs are
good substrates for peroxisomal b-oxidation (39, 50). The
outcome of these studies established that elevated Elovl-2
and Elovl-5 expression affected the elongation of the ex-
ogenously supplied fatty acid (20:5,n-3), with no apparent
effect on the elongation of other cellular fatty acids, like
20:4,n-6. As such, overexpressed fatty acid elongases using
a recombinant adenovirus approach significantly modifies
hepatocyte fatty acid composition.

Effects of overexpressed elongases on fatty acid-regulated
hepatocyte gene expression

Since 20:5,n-3 is a well-established regulator of hepato-
cyte gene expression (34, 40, 51 52 53) and Ad-Elovl2 and
Ad-Elovl5 alter hepatocyte 20:5,n-3 abundance (Figs. 1, 2),
we determined whether changes in 20:5,n-3 metabolism
are sufficient to affect hepatocyte gene expression. Our
analysis focused on PPARa-regulated genes [cytochrome
P450 4A (CYP4A), cytosolic fatty acid thioesterase-1 (CTE1),
and mitochondrial hydroxymethylglutaryl-CoA synthase
(mtHMG-CoA synthase)]; these transcripts are induced
in response to 20:5,n-3 challenge of primary rat hepato-
cytes (34). In contrast, hepatocyte levels of SREBP-1c and
ChREBP/MLX-regulated genes [L-type (liver) pyruvate
kinase (L-PK)] are repressed by 20:5,n-3 (32, 40).

Fatty acid elongases use fatty acyl-CoA as a substrate, not
free fatty acids (36, 37). As such, we were concerned with
the possibility that overexpressed fatty acid elongases
might enhance fatty acyl-CoA formation and affect fatty
acid control of gene expression. To address this question,
we developed a recombinant adenovirus expressing acyl-
CoA synthetase-4 (Ad-ACS4); ACS4 preferentially converts
C20-PUFAs to fatty acyl-CoA thioesters (54). Analysis of
ACS enzyme activity (54) in Ad-ACS4-infected hepatocytes
showed that it was elevated by 4-fold (data not shown).

In the absence of viral infection, treatment of primary
hepatocytes with 20:5,n-3 induced mRNAs encoding
CYP4A, CTE1, and mtHMG-CoA-synthase by 5-, 2.5-, and
3.5-fold, respectively (Fig. 2A). mRNAs encoding SREBP-1c
and L-PK were suppressed by ?50% by this treatment.
Overexpressed ACS4 had no effect on the 20:5,n-3 control
of these genes. In contrast, overexpressed Elovl-2 attenu-
ated the 20:5,n-3-mediated induction of CYP4A, CTE1,
and mtHMG-CoA synthase by ?50%. Overexpressed
Elovl-2 or Elovl-5, however, did not affect the fatty acid reg-
ulation of SREBP-1c or ChREBP/MLX-regulated genes.

In a second study, we compared the effects of three elon-
gases on the 20:5,n-3 control of mRNACTE1, a PPARa target
gene (55, 56). 20:5,n-3 treatment of rat primary hepato-

Fig. 1. Overexpressed fatty acid elongases alter hepatocyte lipid
composition. Rat primary hepatocytes were either not infected with
recombinant adenovirus or infected with recombinant adenovirus
expressing luciferase (Ad-Luc), fatty acid elongase-2 (Elovl-2; Ad-
Elovl2) or Elovl-5 (Ad-Elovl5) (see Materials and Methods). Cells
were treated for 24 h with 250 mM Williams E medium containing
25 mM glucose, 50 mM BSA, 10 nM dexamethasone, and 1 mM in-
sulin. Cells were extracted for total lipids; lipids were saponified,
fractionated, and quantified by reverse-phase (RP)-HPLC (17, 34).
Results are expressed as mol% (mean 6 range; n 5 2) and are
representative of several studies. The mol% values of 16:0, 18:0,
18:1,n-7 and 18:1,n-9, 18:2,n-6, and 20:4,n-6 are shown in A; the
mol% of n-3 PUFAs (20:5,n-3, 22:5,n-3, 22:6,n-3, and 24:5,n-3) are
shown in B.
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cytes induced mRNACTE1 by nearly 8-fold (Fig. 2B). In cells
infected with Ad-Elovl2 or Ad-Elovl5, the 20:5-mediated in-
duction of CTE1 was attenuated by .50%. In contrast,
overexpressed Elovl-6 had no effect on 20:5,n-3 control
of CTE1.

These studies establish that elevated expression of
Elovl-2 or Elovl-5, but not Elovl-6, attenuates 20:5,n-3 con-
trol of PPARa target genes in rat primary hepatocytes.
These effects are due to the action of the elongase and
not the formation of the fatty acyl-CoA substrate, or adeno-
viral infection, per se. Overexpressed Elovl-2 or Elovl-5,
however, did not affect the fatty acid regulation of SREBP-1,
a SREBP-regulated gene, or LPK, a ChREBP/MLX-regulated
gene (Fig. 2A).

Effects of overexpressed Elovl-5 on mouse liver
gene expression

To determine whether elevated elongase expression af-
fected hepatic gene expression in vivo, C57BL/6 mice
were infected with Ad-Elovl5 and a control virus, Ad-Luc.
Elovl-5 was chosen for these studies because Elovl-5 is the
most abundant fatty acid elongase expressed in rat, mouse,
and human liver (17). Moreover, Elovl-5 is well regulated
during postnatal development by PPARa agonist and is ele-
vated in leptin-deficient obesity but suppressed by high-fat
diets (17, 35). Four days after infection, mice were fasted
overnight. The next day, half of the mice in each group
were fed a Teklad chow diet for 4 h. During the course
of the study, body weight and food consumption were
not different between the Ad-Luc and Ad-Elovl5 groups
(see supplementary data Fig. 3). Liver weight (fasted Ad-
Luc, 1.2 6 0.2 g; fasted Ad-Elovl5, 1.2 6 0.1 g; fed Ad-
Luc, 1.4 6 0.2 g; fed Ad-Elovl5, 1.5 6 0.1 g) also was not
different between groups.

Quantitative real-time PCR analysis indicated that tran-
scripts expressing Elovl-5 were increased by ?30-fold in
liver, but Elovl-5 mRNA abundance remained unaffected

in heart, brain, and kidney. Animals receiving Ad-Luc
showed no change in hepatic Elovl-5 expression. Ad-
Luc-infected animals expressed luciferase in liver as
determined by quantitative real-time PCR and immuno-
cytochemistry (data not shown).

Levels of hepatic Elovl-5 were measured in Ad-Luc-
and Ad-Elovl5-infected animals by immunoblot analysis
(Fig. 3A) and enzyme activity (Fig. 3B). Na,K-ATPase was
used as a control for the immunoblot studies; hepatic
Na,K-ATPase content remained unaffected by fasting or
refeeding as well as Ad-Luc and Ad-Elovl5 infection. In
Ad-Elovl5-infected animals, hepatic Elovl-5 protein was
increased by ?2-fold compared with Elovl-5 expression
in Ad-Luc-infected animals. Elovl-5 protein abundance
remained unaffected by fasting or refeeding in both
Ad-Luc- and Ad-Elovl5-infected animals (Fig. 3A).

Elovl-5 enzyme activity was measured using three sub-
strates (16:0-CoA, 18:3,n-6-CoA, and 20:4,n-6-CoA) (Fig. 3B).
Microsomes were prepared from fed Ad-Luc- and Ad-
Elovl5-infected animals. Fatty acid elongase activity in Ad-
Luc-infected mouse liver was comparable to that seen in
uninfected C57BL/6 mice (data not shown). Mice infected
with Ad-Elovl5 had no effect on elongase activity when
using 16:0-CoA as substrate. This was expected, since
16:0-CoA is not an Elovl-5 substrate (36, 37). Hepatic
Elovl-5 enzyme activity increased by .3-fold using 18:3-
CoA or 20:4-CoA as substrate; both 18:3,n-6 and 20:4,n-6 are
Elovl-5 substrates (36, 37) (Fig. 2; see supplementary data).

Fatty acid-regulated gene expression
The effect of Ad-Luc and Ad-Elovl5 infection on hepatic

gene expression was examined in both the fasted and
fed states. The expression of genes involved in glycoly-
sis (L-PK) and fatty acid synthesis (FAS and SCD1) and
the transcription factor controlling de novo lipogenesis
(SREBP-1) is induced by refeeding fasted animals and re-
pressed by dietary PUFAs (57, 58). Ad-Luc infection did

Fig. 2. Overexpressed Elovl-2 and Elovl-5, but not Elovl-6, attenuate fatty acid induction of peroxisome proliferator-activated receptor a
(PPARa)-regulated genes in rat primary hepatocytes. Rat primary hepatocytes were either not infected or infected with recombinant ade-
novirus expressing acyl-CoA synthetase-4 (ACS-4; A), Elovl-2 (A, B), Elovl-5 (B), or Elovl-6 (B) (see Materials and Methods). Cells were
incubated in Williams E containing 25 mM glucose, 50 mM BSA, 10 nM dexamethasone, and 1.0 mM insulin in the absence or presence
of 250 mM 20:5,n-3 for 24 h. After fatty acid treatment, RNA was extracted and assayed for mRNA abundance of cytochrome P450 4A
(CYP4A), mitochondrial hydroxymethylglutaryl-CoA synthase (mtHMG-CoA synthase), sterol-regulatory element binding protein-1
(SREBP-1), and L-type (liver) pyruvate kinase (L-PK; A) by Northern analysis (34) or of cytosolic fatty acid thioesterase-1 (CTE1; B) by quan-
titative real-time PCR (Table 1; see Materials and Methods) (17). Results are expressed as fold change in mRNA induced by 20:5,n-3 treatment
(mean 6 SD, n 5 6). * P < 0.05, no infection versus Ad-Elovl2 or Ad-Elovl5.
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not affect the induction of hepatic L-PK, FAS, SREBP-1, or
SCD1 (Fig. 4A–D) in response to refeeding. The expres-
sion of acetyl-CoA carboxylase-1 and glucose transporter-2,
other SREBP-1- and ChREBP/MLX-regulated genes (14,
59), also was not affected by elevated luciferase expression.
In contrast, SCD1 expression was significantly repressed in
livers of both fasted and fed animals expressing elevated
Elovl-5. The expression of D5- and D6-desaturase, however,
was not significantly affected by elevated Elovl-5 activity
(data not shown).

Figure 4E–H illustrates the effects of elevated Elovl-5
activity on PPARa-regulated genes [CYP4A10, mtHMG-CoA
synthase, and phosphoenolpyruvate carboxykinase (PepCk)]
and the LXR-regulated gene ABCA1. Microsomal CYP4A10
and mtHMG-CoA synthase are involved in fatty acid oxida-
tion. PepCk is a gluconeogenic enzyme; its expression is
strongly suppressed by elevated blood insulin levels (60).
The PepCk promoter binds PPARa in liver cells derived
from fasted animals (61). ABCA1 is involved in cholesterol
efflux. ABCA1 expression shows a modest response to fast-
ing and refeeding (62).

Refeeding Ad-Luc-infected animals suppressed the ex-
pression of CYP4A10, mtHMG-CoA synthase, and PepCk.
In Ad-Elovl5-infected animals, however, the mRNA abun-
dance for CYP4A10, mtHMG-CoA synthase, and PepCk
was not induced in response to fasting. Feeding these ani-
mals did not suppress the expression of these transcripts
further. The expression of acyl-CoA oxidase, another
PPARa target gene, was repressed by Elovl-5 overexpres-
sion (data not shown). Expression of ABCA1 (Fig. 4H)
and CYP7A (data not shown), two LXR-regulated genes,
was not significantly affected by elevated Elovl-5 activity.

Elevated expression of Elovl-5 had no significant effect on
SREBP-1-, ChREBP/MLX-, or LXR-regulated gene expres-
sion. Only PPARa-regulated transcripts (SCD1, CYP4A10,
PepCk, mtHMG-CoA synthase, and acyl-CoA oxidase) were

affected by elevated hepatic Elovl-5 activity. These in vivo
studies confirm the cell culture studies (Fig. 2) indicating
that changes in Elovl-5 expression affect PPARa-regulated
gene expression without affecting SREBP-1- or ChREBP/
MLX-regulated genes.

Mechanisms controlling PPARa function
The effect of elevated Elovl-5 expression on hepatic

fatty acid-regulated genes affects PPARa target genes but
not SREBP-1- or ChREBP/MLX-regulated genes. In an ef-
fort to identify possible mechanisms to explain this effect,
PPARa nuclear abundance and the cell signaling pathway
affecting PPARa activity were examined (63).

The nuclear abundance of PPARa, HNF-4a, SREBP-1,
ChREBP, and MLX was examined in livers from fasted
and fed mice (Fig. 5). Fasting and refeeding had no signifi-
cant effect on the nuclear abundance of HNF-4a, PPARa,
MLX, or TATA binding protein. As expected, refeeding mice
significantly increased SREBP-1 nuclear content (?5-fold).
ChREBP nuclear content increased by?50% by refeeding.
These results are comparable to those from previous stud-
ies with C57BL/6 mice (17). Infection of mice with Ad-
Elovl5 did not significantly affect the nuclear abundance
of PPARa, HNF-4a, SREBP-1, ChREBP, or MLX. Hepatic
PPARa mRNA abundance also was not significantly af-
fected by elevated Elovl-5 activity. As such, major changes
in PPARa expression cannot explain the attenuated ex-
pression of hepatic PPARa-regulated genes in Ad-Elovl5-
infected mice.

PPARa is a phosphoprotein, and its activity is regulated
by several cell signaling pathways (63). Gsk-3b phosphory-
lation of PPARa suppresses PPARa nuclear content. Akt
phosphorylates Gsk-3b, inactivating Gsk-3b. Akt and Gsk-3b
phosphorylation status was significantly elevated in livers
of fasted mice expressing elevated hepatic Elovl-5 activity
(Fig. 6A). Both kinases showed significant increases in

Fig. 3. Fatty acid elongase expression in livers of C57BL/6 mice infected with Ad-Luc or Ad-Elovl5. Mice received recombinant adenovirus
(Ad-Luc or Ad-Elovl5) by retro-orbital injection of 2 3 1010 viral particles/mouse. After injection, mice received Teklad chow and water
ad libitum. Mice showed no change in body weight or stress over the 5 day experiment. Food consumption was not different between
groups (see supplementary Fig. III). Four days after injection, animals were euthanized (CO2 inhalation) for blood and tissue recovery.
A: Postnuclear liver homogenates were assayed for Na,K-ATPase and Elovl-5 content by immunoblots (upper panel). Levels of immuno-
reactivity were normalized to values seen in fasted Ad-Luc-infected animals. Results are expressed as fold change in Na,K-ATPase or Elovl-5
(mean 6 SD, n 5 3). * P , 0.05 versus fasted Ad-Luc-infected animals. B: Hepatic microsomes were prepared for the elongation assay.
Three substrates were used, [14C]16:0-CoA, [14C]18:3,n-6, and [14C]20:4,n-6 (17). Results are expressed as elongase activity (nmol substrate
converted to elongated product/mg protein; mean 6 SD, n 5 4). Results are representative of four separate studies. * P < 0.05, Ad-Luc
versus Ad-Elovl5 infection.
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phosphorylation in response to feeding in Ad-Luc- and
Ad-Elovl5-infected mice. These results cannot explain
the effect of elevated Elovl-5 activity on PPARa-regulated
gene expression.

Phosphorylation of PPARa by AMPK, Erk1/2, Jun kinase
( JNK) 1/2, and p38 is associated with elevated PPARa ac-
tivity (63). The phosphorylation status of AMPKa, the
regulatory subunit of AMPK, decreased 40% by feeding
Ad-Luc-infected mice (Fig. 6B). Hepatic AMPKa phos-
phorylation status was suppressed (?40%) in both fasted
and fed Ad-Elovl5-infected mice compared with fasted
Ad-Luc-infected animals. Increased Elovl-5 activity was cor-
related in increased Erk1/2 phosphorylation in livers of
both fasted and fed mice. Hepatic Erk1/2 phosphorylation

status, however, was unaffected by fasting and feeding in
both Ad-Luc- and Ad-Elovl5-infected mice. JNK1/2 phos-
phorylation status decreased by 50% in mice infected with
Ad-Elovl5. p38 phosphorylation status was not significantly
affected by elevated Elovl-5 activity.

The outcome of these studies provides several important
findings. First, changes in hepatic Elovl-5 activity induce
significant changes in several cell signaling pathways. Sec-
ond, suppression of AMPKa and JNK1/2 phosphorylation
status may account for the decline in PPARa-regulated
gene expression in livers with elevated Elovl-5 expression.
Third, targets of insulin action [i.e., Akt, Gsk-3b, and Erk1/
2 (64)] show increased phosphorylation in livers of fasted
animals from Ad-Elovl5-infected mice. As such, these re-

Fig. 4. Effects of overexpressed luciferase and Elovl-5 on hepatic gene expression in fasted and fed
C57BL/6 mice. Total RNA was extracted from livers of fasted and refed mice infected with either Ad-
Luc or Ad-Elovl5. Transcript abundance was measured by quantitative real-time PCR (Table 1) (17). Tran-
scripts measured included cyclophilin, L-PK (A), SREBP-1 (B), FAS (C), stearoyl-CoA desaturase (SCD1;
D), CYP4A10 (E), phosphoenolpyruvate carboxykinase (PepCk; F), HMG-CoA synthase (G), and ABCA1 (H).
Results are expressed as relative transcript abundance (transcript/cyclophilin; mean 6 SD, n 5 4). For panels
A–C, * P , 0.05, by Studentʼs t-test; for panels D–G, P values are shown, by ANOVA.
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sults provide no evidence to suggest that elevated Elovl-5
impairs insulin regulation of hepatic function.

Elevated hepatic Elovl-5 activity affects plasma and hepatic
carbohydrate and lipid composition

Since elevated hepatic Elovl-5 induced changes in gene
expression and cell signaling pathways controlling carbo-
hydrate and lipid metabolism, we determined whether

these effects resulted in changes in plasma and hepatic
glucose and lipid content. Plasma glucose was significantly
reduced in both fasted and fed animals expressing ele-
vated hepatic Elovl-5 activity (Fig. 7A). Plasma triglycerides
were induced by ?2.2-fold and 1.6-fold by feeding Ad-Luc-
and Ad-Elovl5-infected animals, respectively (Fig. 7B).
Compared with Ad-Luc-infected mice, however, plasma tri-
glycerides were significantly suppressed in fed Ad-Elovl5-

Fig. 5. Effects of overexpressed luciferase or Elovl-5
on the nuclear abundance of hepatic nuclear factor-
4a (HNF-4a), SREBP-1, carbohydrate-regulatory ele-
ment binding protein (ChREBP), Max-like factor X
(MLX), PPARa, and TATA binding protein (TBP).
Hepatic nuclear proteins were prepared from fasted
and fed Ad-Luc- and Ad-Elovl5-infected mice, electro-
phoretically separated, and assayed for HNF-4a,
SREBP-1, ChREBP, MLX, PPARa, and TATA binding
protein by immunoblotting (upper panel). Immuno-
blots were quantified using LiCor Odyssey. These re-
sults are normalized to the protein abundance in
fasted Ad-Luc-infected animals. Results are presented as
fold change in nuclear protein abundance (mean 6
SD, n 5 3). The results reported here are representa-
tive of two or more separate experiments. * P , 0.01,
Ad-Luc versus Ad-Elovl5, by ANOVA.

Fig. 6. Effects of overexpressed luciferase or Elovl-5 on the phosphorylation status of Akt, glycogen synthase
kinase-3b (Gsk-3b), AMP-activated kinase (AMPK) a, extracellular receptor kinase 1/2 (Erk1/2), Jun kinase
( JNK) 1/2, and p38. Postnuclear hepatic proteins were prepared from Ad-Luc- and Ad-Elovl5-infected mice,
electrophoretically separated, and assayed for total protein and phosphoprotein by immunoblotting (upper
panels). Immunoblots were quantified using LiCor Odyssey, and the phosphoprotein-total protein ratio was
calculated. Results are normalized to the phosphoprotein-total protein ratio in the fasted Ad-Luc-infected
animals. A: Results for Akt and Gsk-3b. B: Results for AMPKa, Erk1/2, JNK1/2, and p38. Results are pre-
sented as phosphorylation status fold change (mean 6 SD, n 5 3). The results reported here are represen-
tative of two or more separate studies. a P, 0.05, treatment versus Ad-Luc fasted; b P, 0.05, treatment versus
Ad-Elovl5 fasted; both by ANOVA.
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infected mice. While plasma cholesterol was not affected
by feeding Ad-Luc animals, plasma cholesterol in fed Ad-
Elovl5 mice was reduced significantly (20%) (Fig. 7C). Since
food intake was not different between Ad-Luc- and Ad-
Elovl5-infected mice, these differences likely reflect changes
in metabolism induced by elevate hepatic Elovl-5 activity.

Hepatic glycogen content was examined as a measure
of glucose/insulin control of hepatic carbohydrate metab-
olism. Hepatic glycogen content was significantly elevated
by 20- and 5-fold as a result of feeding Ad-Luc- and Ad-
Elovl5-infected animals, respectively (Fig. 8A). This differ-
ence in response was not due to a significant difference in
total glycogen in the fed state but to the residual glycogen
remaining in the liver of fasted mice. Increased hepatic
glycogen in livers of fasted mice expressing elevated
Elovl-5 activity correlates with the increased level of Gsk-3b
phosphorylation (Fig. 6). Phospho-Gsk-3b does not sup-
press glycogen synthase activity.

Analysis of hepatic lipid composition by TLC revealed a
modest change in triglyceride content but no change in
other lipids, like cholesterol esters, diacylglycerol, choles-
terol, or polar lipids (Fig. 8B). Direct measure of hepatic
triglyceride content showed a 50% reduction in livers of
fed Ad-Elovl5-infected mice compared with fed Ad-Luc-
infected mice (Fig. 8C).

Analysis of the plasma and hepatic fatty acid profiles
by HPLC revealed modest but significant changes (Fig. 9).
Dihomo-g-linolenic acid (20:3,n-6), a product of Elovl-5
elongation of 18:3,n-6, is a minor fatty acid in liver and

plasma representing ,2 mol%. Elevated Elovl-5 activity sig-
nificantly increased 20:3,n-6 (?2-fold) in both plasma and
liver (Fig. 9C). Hepatic 20:4,n-6 was decreased significantly
(?40%) in Ad-Elovl5-infected mice, with no change in
plasma 20:4,n-6 (Fig. 9A, B). When normalized for hepatic
18:2,n-6 content, the 20:4,n-6/18:2,n-6 ratio (Fig. 9D) was
also suppressed. Hepatic 22:6,n-3 was also suppressed by
?40% in livers with elevated Elovl-5 activity. These results
establish that changes in hepatic Elovl-5 activity will affect
both hepatic and plasma lipids.

Elevated hepatic Elovl-5 activity also affects saturated
fatty acid levels. Compared with fasted Ad-Luc-infected
mice, plasma levels of 16:0 were significantly lower in Ad-
Elovl5-infected mice. In contrast, plasma levels of 18:0
were significantly higher (Fig. 9A). Elevated hepatic
Elovl-5 activity did not significantly affect saturated fatty
acid abundance in liver.

DISCUSSION

Hepatic gene expression and cell signaling pathways are
sensitive to changes in hepatic lipid content (12). Fatty
acid elongases represent a class of lipid-metabolizing enzymes
that have only recently received attention (36, 37, 65). At
least seven elongase subtypes are expressed in human and
rodents, each with unique substrate specificity. Several of
these elongases are well regulated by diet, hormones,
and drugs (17, 26, 28, 35–37). Recent gene ablation stud-

Fig. 7. Blood glucose, cholesterol, and triglyceride levels in fasted and fed adenovirus-infected mice.
C57BL/6 mice were infected with recombinant adenovirus expressing luciferase (Ad-Luc) or Elovl-5
(Ad-Elovl5) as described in the legend to Fig. 3 and Materials and Methods. Four days after infection,
all mice were starved overnight. The next morning (8:00 AM), half of the mice in each group were fed
chow. Fasted mice were euthanized at 8:00 AM, and fed mice were euthanized 4 h after initiating feeding
(12:00 PM). Blood glucose (A), cholesterol (B), and triglycerides (C) weremeasured in fasted and fed animals
(see Materials and Methods). Results are reported as means 6 SD (n 5 4 per group). Statistical differences
as determined by ANOVA in blood glucose, triglycerides, and cholesterol between the four groups are
noted. * P , 0.05, fasted versus fed for either the Ad-Luc or Ad-Elovl5 group, by ANOVA.
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ies in mice established an important role for Elovl-6 in
lipid metabolism and insulin sensitivity (33, 36, 37, 66).
Here, we determined whether changes in fatty elongase
activity affected hepatic function. The outcome of these
studies establish that Elovl-5, a well-regulated hepatic elon-
gase (17, 35), significantly affects hepatic gene expression,
cell signaling, and hepatic and plasma lipid and carbohy-
drate composition.

Fatty acid elongase effects on hepatocyte gene expression
A recombinant adenovirus approach was used to assess

the effects of elevated Elovl-2, Elovl-5, and Elovl-6 activity
on rat primary hepatocyte fatty acid metabolism and gene
expression. Elovl-2 and Elovl-5, but not Elovl-6, elongated
20 carbon PUFAs to 22 or 24 carbon PUFAs. The conse-
quences of this metabolism were a significant reduction
in hepatocyte 20:5,n-3 abundance and a significant in-
crease in 22 and 24 carbon PUFAs (Table 1, Fig. 1). When
added to cells, 20:5,n-3 is a robust PPARa activator in rat
primary hepatocytes (34). Lowering hepatocyte 20:5,n-3
levels attenuates the expression of PPARa-regulated gene
expression (Table 2, Figs.1, 2). There is also a significant
decline in total n-3 PUFAs with Ad-Elovl2 and Ad-Elovl5
infection. These results suggest that elevated Elovl-2 and
Elovl-5 may induce the oxidation of these fatty acids. The

outcome of these studies confirms a previous report wherein
fatty acid structure was found to be an important deter-
minant in controlling PPARa activity (34). In contrast to
PPARa, 20:5,n-3 control of SREBP-1- or ChREBP/MLX-
regulated genes was not affected by overexpressed Elovl-2
or Elovl-5 (Fig. 2). Both 20 and 22 carbon n-3 PUFAs con-
trol the nuclear abundance of SREBP-1 and ChREBP/
MLX (12, 32, 40, 41). These cell culture studies support
our hypothesis that fatty acid elongases change hepatic lipid
composition and regulate hepatic gene expression.

Elovl-5 effects on hepatic gene expression in
C57BL/6 mice

The in vivo studies focused on Elovl-5 because this en-
zyme is both abundant and well regulated in rodent liver
(17, 35). A fasting and refeeding approach was used to
control PPARa-, SREBP-1-, and ChREBP/MLX-regulated
gene expression in vivo (13, 14, 35, 40, 67). The outcome
of these studies essentially confirmed the primary hepatocyte
results. PPARa-regulated, but not SREBP-1- or ChREBP/
MLX-regulated, genes were affected by elevated Elovl-5 ac-
tivity (Fig. 4). 20:5,n-3 is a minor fatty acid in livers of mice
fed a Teklad chow diet. As such, changes in 20:5,n-3 in-
duced by Elovl-5 likely do not affect hepatic PPARa activity.
Instead, failure of hepatic PPARa-regulated genes to re-

Fig. 8. Hepatic glycogen and triglyceride contents in Ad-Luc- and Ad-Elovl5-infected C57Bl/6 mice.
A: Hepatic glycogen content was measured in the fasted and fed mice (see Materials and Methods). Results
are expressed as hepatic glycogen content (mg glucose/mg protein; mean 6 SD, n 5 4 per group). For
fasted animals, Ad-Luc versus Ad-Elovl5, P , 0.025; * P < 0.005, fasted versus fed for either the Ad-Luc
or Ad-Elovl5 group, by ANOVA. B: Total lipids were extracted from mouse liver of animals infected with
Ad-Luc or Ad-Elovl5 and separated by TLC, stained with iodine, and photographed. Standards for complex
lipids (cholesteryl esters, triglyceride, diacylglycerol, and phospholipids and sphingolipids) and NEFAs and
cholesterol were obtained from Nu-Chek Prep and Avanti Polar Lipids (Alabaster, AL) (76). C: Triglyceride
content in the total lipid extract was measured using a triglyceride kit from Wako. Results are expressed as
mg triglyceride/mg protein (mean6 SD, n5 4). P< 0.01, fed Ad-Luc versus fed Ad-Elovl5 group, by ANOVA.
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spond to fasting may be linked to the 50% reduction in
hepatic 20:4,n-6 abundance (Fig. 9). 20:4,n-6 is the major
20 carbon PUFA in liver and is a good PPARa agonist (34).
Interestingly, other putative ligands, such as 16:0, 18:2,n-6,
and 18:1,n-9 (68), did not change significantly. As such,
changes in 20:4,n-6 may not fully account for the abro-
gated response of PPARa-regulated genes to fasting.

Other factors controlling PPARa function in liver in-
clude PPARa nuclear abundance and its phosphorylation
status (63). While hepatic PPARa nuclear abundance was
not significantly affected by elevated Elovl-5, several cell

signaling pathways controlling PPARa activity were af-
fected (Figs. 5, 6). AMPK, JNK, and p38 phosphorylate
PPARa and increase its activity (63). While phospho-p38
levels were not significantly affected by elevated Elovl-5 ac-
tivity, hepatic phospho-JNK1/2 and phospho-AMPKa were
reduced by ?40% (Fig. 6). The attenuated phosphoryla-
tion status of these two cell signaling pathways may contrib-
ute to the abrogated response of PPARa-regulated gene
expression to fasting in Ad-Elovl5-infected mice. Although
our studies point to an effect of altered Elovl-5 expression
on PPARa-regulated gene expression, it is possible that

Fig. 9. Plasma and hepatic lipid composition in animals infected with recombinant adenovirus expressing
luciferase or Elovl-5. A, B: Total lipid from plasma (A) and liver (B) of fasted mice was extracted, saponified,
fractionated, and quantified by RP-HPLC (17, 34). Results are expressed as mol% (mean 6 SD, n 5 4).
* P , 0.05, fasted versus fed for either the Ad-Luc or Ad-Elovl5 group, by Studentʼs t-test. C: Mol% of
20:3,n-6. D: Mole ratio of 20:4,n-6/18:2,n-6. Data for the graphic representation of 20:3,n-6 and 20:4,n-6/
18:6,n-6 were derived from Fig. 9A, B. Results are expressed as means 6 SD (n 5 4). P values were calcu-
lated for Ad-Luc versus Ad-Elovl5, by Studentʼs t -test.
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this is just a coincidence. Other possible mechanisms
might account for our findings, such as effects on key
cofactors controlling PPARa-regulated genes or other
mechanisms controlling the cellular abundance of the
transcripts examined.

Elovl-5 effects on hepatic fat metabolism
Based on studies with PPARa-null mice (67) and the low-

ering of expression of enzymes involved in fatty acid oxida-
tion (Fig. 4), we expected hepatic triglyceride content to
increase in fasting. Elevated Elovl-5 had the opposite ef-
fect: hepatic triglycerides did not increase in fasting. More-
over, the normal increase in hepatic triglycerides with
feeding was blunted in animals infected with Ad-Elovl5
(Fig. 8). Hepatic triglyceride content in fed mice is de-
termined by the uptake of fatty acids and chylomicron
remnants, reesterification in the liver, as well as de novo
lipogenesis and triglyceride synthesis. Studies with the
SCD1-null mouse have established an important role for
this enzyme in the formation of 18:1,n-9 for triglyceride
synthesis (24). Elevated Elovl-5 activity suppresses SCD1
(Fig. 4). Whether the lower levels of hepatic triglycerides
in Ad-Elovl5-infected mice are due solely to suppressed
SCD1 expression or other mechanisms will require addi-
tional study.

Elevated Elovl-5 activity altered both saturated fatty acid
and PUFA content in liver and plasma. Linoleic acid (18:2,
n-6), the major dietary n-6 PUFA, is converted to 18:3,n-6
by D6-desaturase; 18:3,n-6 is a substrate for Elovl-5 (Fig. 2;
see supplementary data). Increased Elovl-5 activity ele-
vated 20:3,n-6 levels in both plasma and liver (Fig. 9C).
As such, changes in hepatic elongase activity have systemic
effects by changing plasma lipid profiles. Despite increased
20:3,n-6, hepatic 20:4,n-6 levels were reduced by 50% in
these mice. Hepatic 22:6,n-3 levels were also reduced. This
outcome suggests that elevated Elovl-5 activity inhibits
the formation of end products of the n-6 and n-3 PUFA
pathway. Lower levels of 20:4,n-6 and 22:6,n-3 were seen
in livers from both fasted (Fig. 9) and fed (data not shown)
mice. Plasma 20:4,n-6 and 22:6,n-3 levels do not increase,
arguing against the increased secretion of these PUFAs
as VLDL triglyceride, phospholipid, or cholesteryl ester.
It seems unlikely that elevated hepatic 20:3,n-6 levels
inhibit D5-desaturase activity. One explanation may be re-
lated to the normal expression of Elovl-5 relative to D5- and
D6-desaturases. Hepatic levels of Elovl-5, D5-desaturase, and
D6-desaturase are coordinately regulated during postnatal
development and in response to dietary fish oil (35). Ele-
vated Elovl-5 activity does not significantly affect D5- or D6-
desaturase activity. A change in the relative abundance of
these enzymes may redirect excess n-6 PUFA production to
b-oxidation. Further analysis of this pathway will be re-
quired to define the metabolic fate of hepatic 20:4,n-6
and 22:6,n-3 when Elovl-5 activity is elevated.

Increased hepatic Elovl-5 activity significantly altered
plasma saturated fatty acid abundance (Fig. 9). Compared
with Ad-Luc-infected mice, the mol% of plasma 16:0 de-
creased while 18:0 mol% increased in Ad-Elovl5-infected
mice (Fig. 9). Since 16:0 is not a substrate for Elovl-5

(36, 37) (Fig. 2; see supplementary data), a changes in
saturated fatty acid type cannot be explained by the direct
action of Elovl-5. Instead, elevated Elovl-5 activity sup-
pressed hepatic SCD1 expression in liver (Fig. 4D). SCD1
desaturates 16:0 and 18:0 to form 16:1n-7 and 18:1,n-9.
Elovl-5 and Elovl-6 elongate 16:1,n-7 to 18:1,n-7 (17). In
mice with ablated SCD1, 18:0 accumulates in liver (24),
whereas 18:0 accumulates in the plasma of mice with ele-
vated hepatic Elovl-5 (Fig. 9A, B). In both chronic and
acute models of SCD1 deficiency (69–72), plasma triglyc-
erides are reduced, as is seen with elevated Elovl-5 (Fig. 7B).
Suppressing SCD1 expression may account, in part, for the
decline in hepatic and plasma triglyceride levels (Figs. 7, 8).
In contrast to the acute suppression of SCD1 expression
(71), hepatic triglycerides are not elevated in livers of mice
with elevated Elovl-5 activity (Fig. 8B, C). Elevated hepatic
triglycerides are associated with insulin resistance (6–8)
and JNK activation (2, 3). Consistent with the lower he-
patic triglyceride content, stress-activated signaling path-
ways like JNK and p38 are not induced in livers with
elevated Elovl-5 expression (Fig. 6). Both acute SCD1 sup-
pression and elevated Elovl-5 activity enhance Akt phos-
phorylation (Fig. 6) and suppress PepCk mRNA (Fig. 4)
(71). Unlike acute SCD1 suppression, however, elevated
Elovl-5 activity does not suppress lipogenic gene expres-
sion (71) but suppresses PPARa-regulated genes involved
in fatty acid oxidation (Fig. 4).

Effects of elevated Elovl-5 on hepatic glycogen metabolism
Hepatic glycogen content was significantly higher in

livers of fasted mice with elevated Elovl-5 activity (Fig. 8).
Hepatic glycogen content is regulated by the balance of
glycogen synthesis and glycogenolysis. The phosphoryla-
tion status of both Akt and Gsk-3b was higher in livers of
fasted mice expressing elevated Elovl-5 (Fig. 6). Phosphor-
ylation of Gsk-3b attenuates Gsk-3b kinase activity (64),
suppressing Gsk-3b-mediated inhibition of glycogen synthase
activity (73, 74). As such, hepatic glycogen synthesis may
be higher in fasted animals with elevated Elovl-5 activity.
Elevated hepatic Elovl-5 activity also suppressed PepCk ex-
pression during fasting (Fig. 4F). PepCk is a key gluconeo-
genic enzyme involved in hepatic glucose production.
These studies suggest that changes in Elovl-5 activity regu-
late hepatic glucose storage and production. Elevated he-
patic Elovl-5 activity lowers plasma glucose levels (Fig. 7A).
As downstream targets of insulin action (30, 64, 75), these
results reveal no apparent interference with hepatic insu-
lin action. Considering the role the liver plays in the main-
tenance of blood glucose, more studies are required to
further define how changes in Elovl-5 activity affect hepatic
carbohydrate metabolism. Studies with Elovl-6 (33) and
SCD1 (20–23) have revealed that chronic changes in these
enzymes affect the onset of diet-induced insulin resistance
and dyslipidemia. Whether chronic changes in Elovl-5 have
similar effects as Elovl-6 and SCD1 on hepatic and whole
body lipid metabolism remains to be established.

In summary, acute elevation of hepatic Elovl-5 activity af-
fects the expression of PPARa-regulated genes without af-
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fecting SREBP-1- or ChREBP/MLX-regulated genes. This
effect can be linked the suppression of cellular PPARa
ligands and the phosphorylation status of two signal-
ing pathways affecting PPARa activity (i.e., AMPK and
JNK1/2). More important, however, is the finding that
hepatic Elovl-5 affects hepatic lipid and carbohydrate me-
tabolism. Changes in hepatic metabolism also affect blood
lipids and glucose content. The fact that Elovl-5 is sup-
pressed in diabetes (17) raises the question of whether
chronic changes in Elovl-5 activity contribute to impaired
lipid and carbohydrate metabolism associated with diet-
induced diabetes.

The authors thank Christopher J. Rhodes (University of Chi-
cago, Chicago, IL) for generously providing the recombinant
adenovirus expressing luciferase.
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