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Abstract Of the six fatty acid elongase (Elovl) subtypes ex-
pressed in mammals, adult rat liver expresses four sub-
types: Elovl-5 

 

�

 

 Elovl-1 

 

�

 

 Elovl-2 

 

�

 

 Elovl-6. Overnight
starvation and fish oil-enriched diets repressed hepatic elon-
gase activity in livers of adult male rats. Diet-induced
changes in elongase activity correlate with Elovl-5 and Elovl-6
mRNA abundance. Adult rats fed the peroxisome prolifera-
tor-activated receptor 

 

�

 

 (PPAR

 

�

 

) agonist WY14,643 have in-
creased hepatic elongase activity, Elovl-1, Elovl-5, Elovl-6,

 

�

 

5

 

, 

 

�

 

6

 

, and 

 

�

 

9

 

 desaturase mRNA abundance, and mead
acid (20:3,n-9) content. PPAR

 

�

 

 agonists affect both fatty acid
elongation and desaturation pathways leading to changes in
hepatic lipid composition. Elovl activity is low in fetal liver
but increases significantly after birth. Developmental changes
in hepatic elongase activity paralleled the postnatal induc-
tion of Elovl-5 mRNA and mRNAs encoding the PPAR

 

�

 

-reg-
ulated transcripts, 

 

�

 

5

 

 and 

 

�

 

6

 

 desaturase, and cytochrome P450
4A. In contrast, Elovl-6, 

 

�

 

9

 

 desaturase, and FAS mRNA abun-
dance paralleled changes in hepatic sterol regulatory element
binding protein 1c (SREBP-1c) nuclear content. SREBP-1c
is present in fetal liver nuclei, absent from nuclei immedi-
ately after birth, and reappears in nuclei at weaning, 21 days
postpartum.  In conclusion, changes in Elovl-5 expression
may account for much of the nutritional and developmental
control of fatty acid elongation activity in the rat liver.—
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Most cells have the capacity to synthesize fatty acids from
glucose de novo. This pathway uses products from glycoly-
sis and along with the two enzymes, acetyl-CoA carbox-
ylase and fatty acid synthase, generates palmitate (16:0). In-
sulin, 3,5,3

 

�

 

-triiodothyronine, glucocorticoids, and glucose
induce de novo lipogenesis (DNL), whereas C

 

20

 

 PUFAs,

 

glucagon, and epinephrine suppress DNL (1–3). Many cells
also have the capacity to modify fatty acid structure through
metabolic pathways that include desaturation, elongation,
mono-oxidation, and peroxisomal 

 

�

 

-oxidation (chain shorten-
ing). Such modifications occur to fatty acids generated de
novo as well as fatty acids derived from the diet. These
metabolic pathways play an important role in the mainte-
nance of membrane lipid composition and the genera-
tion of precursors for certain signaling molecules, such as
eicosanoids. These pathways may also contribute to the
control of cellular fatty acids that affect specific nuclear
receptors [e.g., peroxisome proliferator-activated recep-
tor 

 

�

 

 (PPAR

 

�

 

)] (2, 4, 5).
Of the various pathways known to affect fatty acid struc-

ture, physiological control of fatty acid elongation remains
poorly defined. The predominant pathway for fatty
acid elongation occurs in the endoplasmic reticulum and
uses malonyl-CoA and fatty acyl-CoA as substrates for C

 

2

 

additions to fatty acids. Elongases are condensing en-
zymes that interact with 3-keto acyl-CoA reductase, a de-
hydratase, and 

 

trans

 

-2,3-enoyl-CoA reductase to elongate
fatty acids (6–8). The rate of fatty acid elongation is deter-
mined by the activity of the elongase (condensing en-
zyme) and not the reductases or the dehydratase. Six dis-
tinct fatty acid elongase (Elovl) subtypes (Elovl-1 through
Elovl-6) are present in the mouse, rat, and human ge-
nomes. Elovl-1 (Ssc1) and Elovl-6 (LCE, FACE, rElo2)
elongate saturated and monounsaturated fatty acids. Dis-
orders of sphingolipid metabolism, such as the Quaking
and Jimpy phenotypes (9), have been associated with im-
paired Elovl-1 activity. Elovl-6 is induced in transgenic
mice overexpressing sterol regulatory element binding
protein 1 (SREBP-1) (10–12). Elovl-2 (Ssc2) substrates in-

 

Abbreviations: ChREBP, carbohydrate regulatory element binding
protein; CYP, cytochrome P450; DNL, de novo lipogenesis; EFAD, es-
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carbohydrate; HNF, hepatic nuclear factor; LXR, liver X receptor 

 

�
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tor; SREBP, sterol regulatory element binding protein.
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clude C

 

20–22

 

 PUFAs, whereas Elovl-5 (FAE1, Relo1, Helo1)
may use a broad substrate array, C

 

16–22

 

 (10, 13). Elovl-2
and Elovl-5 likely play a role in endogenous PUFA synthe-
sis, that is, the conversion of the essential fatty acid precur-
sors linoleic acid (18:2,n-6) and 

 

�

 

-linolenic acid (18:3,n-3)
to arachidonic acid (20:4,n-6) and docosahexaenoic acid
(22:6,n-3) (11). Elovl-3 (Cig30, Elo3) and Elovl-4 (Elo4)
are expressed in the skin (14) and retina (15), respec-
tively. Both Elovl-3 and Elovl-4 elongate a broad array of
fatty acids (

 

�

 

C

 

26

 

). Elovl-3 is induced in brown adipose tis-
sue after exposure of animals to the cold (16). Stargardt-
like macular dystrophy and autosomal dominant macular
dystrophy are associated with defective Elovl-4 expression
(17).

Many studies have examined the regulation of mamma-
lian elongases at the level of enzyme activity (6, 8–10, 12,
13, 16, 18–31). Overlapping substrate/product profiles
for these enzymes make it difficult to ascertain which
enzyme subtype is regulated under specific physiological
conditions. More recent studies have examined nutri-
tional and tissue-specific regulation of elongase expres-
sion (9, 10, 12, 14, 16, 18). We are unaware of any study
that has correlated nutritional and developmental changes
in fatty acid elongation activity with the expression of spe-
cific elongase subtypes. We have cloned five of the six
Elovls known to be expressed in mammals and examined
their expression in rat liver. Elovl-4 was not examined
because of its retina-specific expression. Our studies in-
cluded an analysis of the tissue-specific expression of the
five elongases as well as dietary and developmental regula-
tion of hepatic elongase expression and fatty acid elonga-
tion activity. Elongases and desaturases work in concert to
synthesize monounsaturated and polyunsaturated fatty ac-
ids (32). Accordingly, we examined the expression of 

 

�

 

5

 

,

 

�

 

6

 

, and 

 

�

 

9

 

 desaturase to determine the physiological con-
ditions leading to coordinated control of elongase and
desaturase expression. Our studies show that of the four
Elovl subtypes expressed in rat liver, Elovl-5 is the predom-
inant elongase. Rat hepatic Elovl-5 and 

 

�

 

5

 

 and 

 

�

 

6

 

 desatu-

rase are coordinately regulated by diet and during post-
natal development. Changes in Elovl-5 expression may
account for much of the nutritional and developmental
control of fatty acid elongation activity in the rat liver.

MATERIALS AND METHODS

 

Cloning of mouse and rat Elovls and desaturases

 

cDNAs for Elovls and desaturases were cloned by RT-PCR.
Primers corresponding to the open reading frame of each elon-
gase and desaturase (

 

Table 1

 

) were designed based on sequences
obtained from GenBank and the location of the open reading
frame as determined using DNA-Star. Mouse liver was used as a
template to clone all desaturases and elongases, except Elovl-5;
Elovl-5 was cloned from rat liver. The RT-PCR products were in-
serted into TOPO cloning plasmids (Invitrogen, Carlsbad, CA)
and screened by blue-white selection. Positive clones were se-
lected and sequenced at the Genomic Technology Support Facil-
ity at Michigan State University. Sequences were verified by align-
ment to sequences in GenBank (Local Alignment Search Tool;
http://www.ncbi.nlm.nih.gov/ bl2seq/bl2.html). Rat and mouse
elongases are 

 

�

 

85% homologous at the protein sequence level.

 

Animals

 

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. Rats were main-
tained on Harlan-Teklad laboratory chow (#8640) and water ad
libitum. Tissues for the analysis of elongase expression were de-
rived from 60 day old Sprague-Dawley male rats maintained on a
chow diet ad libitum. Nutritional regulation of elongases used a
meal-feeding protocol (33). Briefly, rats were acclimated to meal
feeding of a high-carbohydrate (HiCHO; glucose) diet (ICN Bio-
chemicals, Aurora, OH) supplemented with olive oil (Pompeian,
Baltimore, MD) at 10% (w/w) for 7 days. The meal began at 8
AM and ended at noon. After the acclimation period, rats were
either maintained on the olive oil diet or switched to a HiCHO
diet supplemented with fish oil (Dyets, Inc., Bethlehem, PA)
at 10% (w/w) or a HiCHO-olive oil diet supplemented with
WY14,643 at 0.1% (w/w) (34). Animals were maintained on the
olive oil, fish oil, or olive oil-WY14,643 diet for 7 days. Fasted rats
were meal fed the HiCHO-olive oil diet for 7 days but were fasted

 

TABLE 1. Primers used to clone Elovls and desaturases from mouse or rat liver

 

Enzyme Accession No. Primer Sequence

 

Elongase
Elovl-1 BC006735 Sense: ATGGAGGCTGTTGTCAACTTG

Antisense: TCAGTTGGCCTTGACCTTGGT
Elovl-2 NM_019423 Sense: ATGGGCGGCCGCATGGAGCAGCTGAAGGCCTTT

Antisense: TTATTGAGCCTTCTTGTCCGT
Elovl-3 AF054504 Sense: ATGGACACATCCATGAATTTC

Antisense: TCATTGGCTCTTGGATGCAAC
Elovl-5 NM_134382 Sense: ATGGAACATTTCGATGCGTCA

Antisense: TCAATCCTTCCGCTGCTTCCT
Elovl-6 AY053453 Sense: ATGAACATGTCAGTGTTGACT

Antisense: TCTAGACTACTCAGCCTTCGTGGCTTTCTT
Desaturase

 

�

 

5

 

 desaturase NM_146094 Sense: ATGGCTCCCGACCCGGTGCCG
Antisense: CTATTGGTGAAGGTAAGCGTC

 

�

 

6

 

 desaturase BC057189 Sense: AGTCGACATGGGGAAGGGAGGTAACCAG
Antisense: TCATTTATGGAGGTAAGCATC

 

�

 

9

 

 desaturase NM_009127 Sense: ATGCCGGCCCACATGCTCCAA
Antisense: TCAGCTACTCTTGTGACTCCC

Elovl, fatty acid elongase.
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for 24 h before euthanasia. Two hours after completion of the
final meal, animals were euthanized for tissue and blood collec-
tion.

The developmental studies used timed pregnant female Sprague-
Dawley rats from Charles River Laboratories (Kalamazoo, MI).
Fetal livers were obtained at 18–19 days after coitus and pooled
for analysis. Male suckling pups (1–20 days of age) and weaned
male animals (30 days of age) were used as a source of liver. Rats
were weaned onto Harlan-Teklad laboratory chow at 21 days
postpartum.

 

Primary hepatocytes

 

Rat primary hepatocytes from Harlan-Teklad chow-fed (ad li-
bitum) male Sprague-Dawley rats were prepared and treated
with fatty acids or WY14,643 as previously described (5, 33).

 

In vitro fatty acid elongation assay

 

Rat liver microsomes were isolated by differential centrifuga-
tion (35). Elongation reactions were carried out with modifica-
tions to the procedure described by Moon et al. (10). Briefly, re-
action mixtures contained 50 

 

	

 

g of microsomal proteins in a
total reaction volume of 100 

 

	

 

l. The reaction constituents were
50 mM potassium phosphate buffer, pH 6.5, 5 

 

	

 

M rotenone
(Sigma, St. Louis, MO), 40 

 

	

 

M fatty acyl-CoA (Avanti Polar Lip-
ids, Alabaster, AL, and Sigma), 60 

 

	

 

M malonyl-CoA (Sigma), 6.5
dpm/pmol [2-

 

14

 

C]malonyl-CoA (Perkin-Elmer), 1 mM NADPH
(Sigma), and 20 

 

	

 

M BSA (fatty acid free). Reactions (at 37

 




 

C)
were initiated with the addition of NADPH. Reactions were ter-
minated after 20 min with the addition of 100 

 

	

 

l of 5 N KOH 

 

�

 

10% methanol; lipids were saponified for 1 h at 65

 




 

C. The sapon-
ification reaction was acidified with 100 

 

	

 

l of 5 N HCl; 100 

 

	

 

l of
ethanol was added to aid hexane extraction of fatty acids. Elon-
gated fatty acids were collected by two independent extractions
with hexane (800 

 

	

 

l). Hexane extracts were pooled, and 

 

14

 

C ra-
dioactivity was quantified by 

 

�

 

-scintillation counting. Results are
expressed as elongase activity units (nanomoles of [

 

14

 

C]malonyl-
CoA incorporated per milligram of protein per 20 minutes). The
formation of reaction products was dependent on the presence
of NADPH and the fatty acid-CoA. Fatty acid elongation products
were verified by reversed-phase HPLC using a flow-through

 

�

 

-scintillation counter (5).

 

RNA extraction, Northern blot analysis, and RT-PCR

 

RNA was extracted and separated on denaturing (formalde-
hyde) agarose gels, transferred to nitrocellulose, and hybridized
with [

 

32

 

P]cDNAs. The cDNAs for the various transcripts have
been described previously (5, 33, 35). Hybridization was visual-
ized by PhosphorImager analysis (Molecular Dynamics, Sunnyvale,
CA). To ensure an accurate assessment of all elongases, RT-PCR
was used. Transcript-specific primers are described in Table 1.

 

Immunoblotting

 

Hepatic nuclear and microsomal proteins were separated by
SDS-PAGE and transferred to nitrocellulose. SREBP-1, SREBP-2,
and cytochrome P450 4A (CYP4A) were detected as previously
described (35). PPAR

 

�

 

 was measured using antibodies obtained
from Santa Cruz Biotechnology. Anti-goat antibodies were also
obtained from Santa Cruz. The detection system used the Super
Signal West Pico chemiluminescence kit (Pierce).

 

Quantitation of hepatic and plasma mead acid levels

 

Total lipid was extracted from liver or plasma in chloroform-
methanol (2:1) plus 1 mM butylated hydroxytoluene (5). 7-Non-
adecenoic acid (19:1) was added as a recovery standard at the
time of extraction. Protein (Bio-Rad) was measured in extracts
after the initial homogenization step. Total lipids were saponi-

fied, fractionated, and quantified by reversed-phase HPLC using
a YMC J-Sphere (ODS-H80) column and a sigmoidal gradient
starting at 86.5% acetonitrile 

 

�

 

 acetic acid (0.1%) and ending at
100% acetonitrile 

 

�

 

 acetic acid (0.1%) over 50 min with a flow
rate of 1.0 ml/min using a Waters 600 controller. Fatty acids were
detected using both ultraviolet absorbance at 192 nm (Waters
model 2487) and evaporative light scatter (Waters model 2420).
Fatty acid composition and structures were confirmed at the
Michigan State University Mass Spectrometry Facility by GC-MS
(www.bch.msu.edu/facilities/massspec/index.html). Fatty acid
standards for reversed-phase HPLC were obtained from Nu-
Chek Prep (Elysian, MN). Mead acid (20:3,n-9) was obtained
from Sigma-Aldrich (St. Louis, MO).

 

Statistical analysis

 

Statistical analysis involved Student’s 

 

t

 

-test. 

 

P

 

 values were calcu-
lated using Microsoft Excel 

 

t

 

-test for two samples with unequal
variance.

 

RESULTS

 

Tissue-specific expression of rat Elovls

 

Northern blot and RT-PCR approaches were used to de-
termine the profile of Elovl expression in several rat tis-
sues (

 

Fig. 1

 

). Elovl-1 was well expressed in lung, brain, kid-
ney, and heart but was barely detectable in liver, brown
adipose tissue, and skin. Because Northern blot analysis of
hepatic Elovl-2 indicated that this transcript was expressed
at low levels (

 

Fig. 2

 

), RT-PCR was used to examine its ex-
pression in various rat tissues. Elovl-2 was expressed in
liver, lung, brain, and kidney; its expression was not de-
tected in other tissues. Elovl-3 was only detected in skin.
Elovl-5 expression was readily detected in all tissues exam-
ined. Elovl-6 mRNA was also expressed at low levels in rat
liver (Fig. 2). RT-PCR was used to show that Elovl-6 was ex-

Fig. 1. Tissue-specific expression of rat fatty acid elongases
(Elovls). RNA was extracted from rat liver, lung, brain, brown adi-
pose tissue (BAT), kidney, skin, and heart. These tissues were ob-
tained from a 60 day old male rat maintained on a Harlan-Teklad
chow diet ad libitum. Elovl-1, Elovl-3, and Elovl-5 mRNAs were de-
tected by Northern blot analysis (NB) using cDNAs cloned as de-
scribed in Materials and Methods. Elovl-2 and Elovl-6 were detected
by RT-PCR (35 cycles) (PCR).
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pressed in all tissues; its highest expression was in brain.
The tissue distribution of Elovl-1 (9), Elovl-2 (9), Elovl-3
(9, 14), Elovl-5 (13), and Elovl-6 (10, 13) was similar to
that in previous reports. Rat liver expressed four distinct

Elovls: Elovl-1, Elovl-2, Elovl-5, and Elovl-6. The relative
mRNA abundance of elongase subtypes expressed in liv-
ers of adult male rats fed Harlan-Teklad chow ad libitum
was Elovl-5 

 

�

 

 Elovl-1 

 

�

 

 Elovl-2 

 

�

 

 Elovl-6 (Figs. 1, 2).

 

Dietary effects on hepatic elongase and desaturase
gene expression

 

Because elongases act in concert with desaturases for
MUFA and PUFA synthesis (32), we examined the effect
of diet on the hepatic expression of four elongases (Elovl-1,
-2, -5, and -6), three desaturases (

 

�

 

5

 

, 

 

�

 

6

 

, and 

 

�

 

9

 

), and FAS.
Our goal was to determine if diet coordinately regulates
fatty acid elongation, fatty acid desaturation, and DNL
pathways. Adult male rats were meal-fed HiCHO diets sup-
plemented with olive oil (10%, w/w), fish oil (10%, w/w),
or the PPAR

 

�

 

 agonist WY14,643 (0.1%, w/w) for 7 days.
Figure 2A, B illustrates the effect of these treatments on
mRNA abundance of the various transcripts.

 

Fasting and refeeding

 

Fasting suppresses the expression of enzymes involved
in DNL, fatty acid desaturation (1, 3, 36), and at least one
elongase, Elovl-6 (12, 13). To determine if other hepatic
Elovls are regulated by fasting, rats meal-fed a HiCHO diet
supplemented with olive oil (10%, w/w) were fasted for
24 h and refed the same diet for 4 h (Fig. 2). mRNAs en-
coding Elovl-1 and Elovl-5 were induced marginally (1.5-
and 1.9-fold) by refeeding fasted rats. Only Elovl-6 mRNA
displayed a robust (14-fold) induction in response to re-
feeding fasted rats. In contrast, the desaturase (

 

�

 

5

 

, 

 

�

 

6

 

, and

 

�

 

9

 

) mRNAs and FAS mRNA were induced 5.2-, 2.6-, 18-,
and 6.5-fold, respectively. Unlike the desaturases, the elon-
gases did not display a uniform response to fasting and
refeeding.

 

Fish oil feeding

 

Feeding rats diets enriched in n3 PUFAs (i.e., fish oil)
inhibits DNL and the expression of all fatty acid desatu-
rases (36–38). Although fish oil suppressed FAS and each
desaturase mRNA by 

 

�

 

50%, fish oil feeding had no
significant effect on Elovl-1 and Elovl-2 mRNA abun-
dance. Only Elovl-5 and Elovl-6 mRNAs were significantly
(

 

�

 

50%) suppressed by fish oil (Fig. 2). Therefore, fish oil
feeding does not uniformly suppress the expression of all
hepatic Elovls.

 

WY14,643 feeding

 

All hepatic fatty acid desaturases are induced by PPAR

 

�

 

agonists, such as WY14,643 (36, 39, 40). To determine if
the elongases are regulated by WY14,643, rats were fed
WY14,643 (0.1%, w/w) in the HiCHO-olive oil diet for 7
days (Fig. 2). mRNAs encoding all of the desaturases and
three of the elongases were induced by WY14,643. Elovl-1
and Elovl-5 were induced 2- and 2.5-fold; Elovl-6 was
induced nearly 4-fold. Elovl-2 mRNA was not affected
by WY14,643 feeding. 

 

�

 

5

 

, 

 

�

 

6

 

, and 

 

�

 

9

 

 desaturase mRNAs
were induced 4.1-, 2.3-, and 4.8-fold, respectively, whereas
FAS mRNA was not affected by WY14,643. The effect of
WY14,643 on both elongase and desaturase expression

Fig. 2. Effect of diet on rat hepatic elongase and desaturase ex-
pression. Male Sprague-Dawley rats (50 days of age) were meal-fed
a high carbohydrate (HiCHO) diet supplemented with olive oil
(Olive; 10%, w/w), fish oil (Fish; 10%, w/w), or olive oil plus
WY14,643 (WY14,643; 0.1%, w/w) for 7 days. Fasted animals were
meal-fed the HiCHO-olive oil diet as described above but were
fasted for 24 h before euthanasia. A: Northern blots of elongase
and desaturase mRNAs. A rat liver standard (S) derived from a 90
day old rat fed Harlan-Teklad chow was included in all Northern
blots for Elovl-1, Elovl-2, Elovl-5, and Elovl-6 and �5, �6, and �9 de-
saturase mRNA measurements. Single transcripts were detected for
each mRNA, except Elovl-6. Two transcripts have been reported for
Elovl-6 (10). In all cases, the size of the mRNA corresponded with
the reported size of the transcript. A representative ethidium bro-
mide stain of 18S and 28S mRNA documents equal loading of the
RNA samples. Elovl-3 was not detected in any treatment (not
shown). B: Fold changes in Elovl, fatty acid desaturase (D), and FAS
mRNA abundance after dietary challenge. Top panel: Effect of fast-
ing and refeeding on mRNA expression. Results are expressed as
means 
 SD; n � 3/animals/group. * P � 0.05, fasted versus fed.
Middle panel: Effect of fish oil feeding on mRNA expression. Re-
sults are expressed as means 
 SD; n � 6/group. * P � 0.05, olive
oil versus fish oil. Bottom panel: Effect of WY14,643 feeding on
mRNA expression. Results are expressed as means 
 SD; n � 6/
group. * P � 0.05, olive oil versus olive oil � WY14,643. The dashed
lined in each panel represents a fold change of 1.0.
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suggests that PPAR

 

�

 

 agonists may induce long-chain poly-
unsaturated synthesis.

 

Dietary effects on hepatic elongase activity

 

We next determined whether changes in hepatic elon-
gase mRNA abundance correlated with hepatic fatty acid
elongation activity. Elongase assays used seven substrates
(i.e., 16:0-CoA, 18:0-CoA, 18:1,n-9-CoA, 20:0-CoA, 20:4,n-
6-CoA, 22:0-CoA, and 24:0-CoA) in separate assays (

 

Fig.
3

 

). Based on reports by others, these substrates can be
used by one or more hepatic elongase. Specifically, 16:0-
CoA is a substrate for Elovl-1 and Elovl-6 but not Elovl-2
(9, 10, 12). 18:1-CoA is not a substrate for Elovl-6 (12) but
is a substrate for other elongases. 20:4,n-6 is a substrate for
Elovl-2 and Elovl-5 but not Elovl-6 (10, 13). 20:0-CoA, 22:
0-CoA, and 24:0-CoA are substrates for Elovl-1 (9).

Compared with the olive oil-fed rats, hepatic micro-
somes isolated from fasted rats had significantly lower
(

 

�

 

50%) elongase activity when using 16:0-CoA and 20:4-
CoA as substrates. Elongation of other fatty acyl-CoAs was
not significantly affected by fasting and refeeding. This ef-
fect correlates with the suppression of Elovl-6, Elovl-1, and
Elovl-5 mRNAs in starved animals (Fig. 2). A comparison
of the elongase activity in microsomes isolated from olive
oil- and fish oil-fed animals indicates that fish oil feeding
suppressed (

 

�

 

60%) the elongation of both 16:0-CoA and
20:4-CoA. This change in elongase activity correlated with
the fish oil suppression of Elovl-6 and Elovl-5 mRNA abun-
dance (Fig. 2). Feeding rats WY14,643 increased the elon-
gation of all saturated and monounsaturated fatty acyl-
CoA substrates except 16:0-CoA by 2- to 3-fold. Increased
elongase activity after WY14,643 feeding correlated with
increased hepatic abundance of mRNAs encoding Elovl-1,
Elovl-5, and Elovl-6 (Fig. 2).

 

Effect of fish oil and WY14,643 on hepatic and plasma 
fatty acid composition

 

We next determined whether changes in elongase gene
expression and elongase activity altered hepatic or plasma
fatty acid composition (

 

Fig. 4

 

). We focused on mead acid
(20:3,n-9) because it is not a dietary fat; its presence in
cells is the result of the elongation and desaturation of 18:
1,n-7 or 18:1,n-9 (41).

Fish oil and WY14,643 feeding significantly affected tis-
sue and plasma levels of 20:3,n-9 (Fig. 4). In olive oil-fed
rats, the mol% of 20:3,n-9 and 20:4,n-6 in the plasma was

0.7 and 6.4; in liver, it was 1.8 and 14.2, respectively. The
ratio of 20:3,n-9 to 20:4,n-6 in plasma and liver was 0.1 and
0.13, respectively. These values are in agreement with es-
sential fatty acid sufficiency (42). Rats fed the fish oil diet
had a 

 

�

 

95% reduction in plasma and hepatic 20:3,n-9. In
contrast, olive oil- and WY14,643-fed rats had a 4- and
5-fold increase in 20:3,n-9 levels in plasma and liver, respec-
tively. The 20:3,n-9/20:4,n-6 ratio in the WY14,643-fed rats
was 0.8 and 0.6 in plasma and liver; these values are found
in essential fatty acid deficiency (EFAD). The increase in
20:3,n-9 levels can be correlated to increased elongation
of 18:1-CoA (Fig. 3) and increased Elovl-1 and Elovl-5 and

 

�

 

5

 

 and 

 

�

 

6

 

 desaturase mRNA abundance (Fig. 2). The in-

Fig. 3. Effect of diet on hepatic Elovl activity. In vitro assays
for elongase activity used microsomes isolated from livers of
rats fasted or fed a HiCHO diet containing olive oil, fish oil, or
WY14,643 as described in Materials and Methods. Separate re-
actions were run using 16:0-CoA, 18:0-CoA, 18:1,n-9-CoA, 20:0-
CoA, 20:4,n-6-CoA, 22:0-CoA, and 24:0-CoA as substrates. Re-
sults are expressed as elongase activity units (nmol [14C]malo-
nyl-CoA incorporated/mg protein), means 
 SD; n � 3/
group. * P � 0.05, olive oil-fed rats versus fasted, fish oil fed-,
WY14,643 fed-, or Harlan-Teklad chow-fed rats.

Fig. 4. Effect of diet on plasma and liver mead acid levels. Total
lipids extracted from rat liver and plasma of animals fed olive oil,
fish oil, or WY14,643 were saponified, separated by reversed-phase
HPLC, and quantified (see Materials and Methods). The identities
of all fatty acids were confirmed by gas chromatography-mass spec-
trometry. Levels of mead acid (20:3,n-9) and arachidonic acid (20:
4,n-6) were quantified and the results are presented as mol% of the
total saponified lipid fraction (means 
 SD; n � 3/animals/
group). The mol% of 20:3,n-9 in olive oil-fed versus fish oil-fed ani-
mals and in olive oil-fed versus olive oil � WY14,643-fed animals
was significantly different (P � 0.01).
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creased dietary intake of 18:1,n-9 in the olive oil diet likely
contributes to increased 20:3,n-9 synthesis.

 

Developmental regulation of hepatic Elovl and desaturase 
gene expression

 

SREBP-1c, a key transcription factor controlling hepatic
lipid synthesis (43), has been implicated in the regulation
of at least one Elovl (Elovl-6) (10–12). In an effort to de-
termine whether changes in hepatic SREBP-1c nuclear
content correlate with hepatic elongase activity and ex-
pression, we used the model of early postnatal develop-
ment. In this model, SREBP-1c is present in fetal hepatic
nuclei (

 

Fig. 5A

 

). Soon after birth, nuclear SREBP-1c levels
decrease to undetectable levels and increase again when
the animals are weaned at 21 days postpartum (35).

Figure 5B illustrates changes in the abundance of elon-
gase and desaturase mRNAs in fetal liver (18 days after co-
itus) and livers derived from male rats at 10 days post-
partum (suckling) and 30 days postpartum (weaned). All
four elongases (Elovl-1, -2, -5, and -6), all three desaturases
(

 

�

 

5

 

, 

 

�

 

6

 

, and 

 

�

 

9

 

), and FAS were detected in fetal liver.
Elovl-1 decreased to adult values after birth. Elovl-2 re-
mained unchanged from 18 days after coitus to 30 days
postpartum. Fetal Elovl-5 expression was 

 

�

 

10% of the 30
day value and increased 5-fold by 10 days and 10-fold by 30
days postpartum. Elovl-6 mRNA was expressed in fetal and
adult liver but was undetectable by 10 days postpartum.
Elovl-6 mRNA levels increased after weaning.

The developmental regulation of Elovl-6, 

 

�

 

9

 

 desaturase,
and FAS parallels changes in SREBP-1c nuclear content
during early development. However, at no time in this
analysis was Elovl-6 mRNA found to be highly expressed; it
remained a low-abundance transcript. In contrast, mRNAs
encoding Elovl-5 and 

 

�

 

5

 

 and 

 

�

 

6

 

 desaturase were very low
in fetal liver and increased after parturition. Developmen-
tal changes in Elovl-5 and 

 

�

 

5

 

 and 

 

�

 

6

 

 desaturase do not
parallel changes in SREBP-1c nuclear content.

At parturition, animals ingest a high-fat milk diet in
which 65% of the calories are fat (44). The ingestion of
the high-fat milk diet is associated with the activation of
PPAR

 

�

 

-regulated transcripts (45, 46). Nuclear PPAR

 

�

 

content changed little in livers of fetal, neonatal, or
weaned animals (

 

Fig. 6

 

). The PPAR

 

�

 

-regulated transcript,
CYP4A, was induced (

 

�

 

10-fold) within 1 day of birth; both
CYP4A mRNA and microsomal CYP4A protein increased
by 

 

�

 

10-fold. The induction of CYP4A mRNA paralleled
the induction of Elovl-5 mRNA after birth. Both 

 

�

 

5

 

 and 

 

�

 

6

desaturase mRNAs also rapidly increased after birth (not
shown). This observation, coupled with the fact that Elovl-5
mRNA was induced by WY14,643 in adult rats (Fig. 2), sug-
gests that PPAR� and the high-fat milk diet contribute to
the postnatal increase in Elovl-5 mRNA.

Developmental regulation of hepatic Elovl activity
Fatty acid elongation activity was examined in micro-

somes isolated from fetal liver and livers of 10 and 30 day
old male rats (Fig. 7). Fatty acid elongation activity for all

Fig. 5. Developmental regulation of rat hepatic sterol regu-
latory element binding protein 1 (SREBP-1) and SREBP-2 nu-
clear content and Elovl, fatty acid desaturase, and fatty acid
synthase mRNA abundance. A: Immunoblot. Nuclear proteins
isolated from livers at 18 days after coitus (Fetal) and 1, 7, 15,
and 30 days postpartum were prepared, separated by SDS-
PAGE, transferred to nitrocellulose, and probed with antibod-
ies for SREBP-1 and SREBP-2 (35). The inclusion of SREBP-2
shows that hepatic SREBP-1 and SREBP-2 nuclear contents are
regulated differently during development. B: mRNA abun-
dance. Rat liver mRNAs from 18 days after coitus (Fetal) and
10 and 30 days postpartum were used to quantify levels of
Elovls (Elovl-1, Elovl-2, Elovl-5, and Elovl-6), fatty acid desatu-
rases (�5 D, �6 D, and �9 D), and FAS. The results are repre-
sented as relative RNA abundance and are normalized to the
level of expression in a 90 day old male rat (means 
 SD; n �
3/group). * P � 0.05, fetal versus 10 or 30 days.

Fig. 6. Rapid induction of hepatic Elovl-5 and cytochrome P450
4A (CYP4A) mRNA after parturition. Immunoblot (IB) CYP4A and
PPAR� (peroxisome proliferator-activated receptor �): Nuclear
(PPAR�) or microsomal (CYP4A) proteins were isolated from livers
at 18 days after coitus (Fetal) and 3, 7, 10, 15, 18, 21, and 30 days
postpartum. Proteins were separated by SDS-PAGE, transferred to
nitrocellulose, and probed with antibodies for PPAR� or CYP4A
(35). Northern blot (NB) CYP4A: Total RNA was extracted from rat
livers at 18 days after coitus (Fetal) and 1, 7, 15, 21, and 30 days
postpartum (n � 3/group). S (standard), RNA from 90 day old rat
liver. RNA electrophoretically separated and transferred to nitrocel-
lulose was probed for CYP4A (50). Northern blot (NB) Elovl-5: To-
tal RNA was extracted from livers of fetal rats and from male rats 3,
7, 10, 15, 18, 21, and 90 days old. RNA electrophoretically separated
and transferred to nitrocellulose was probed for Elovl-5.
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substrates was low in fetal liver and increased 5- to 20-fold
by 10 days postpartum. Elongation of C22–24 saturated fatty
acids was �2- to 3-fold higher than that of C16–18 saturated
fatty acids in fetal liver, a pattern consistent with increased
Elovl-1 expression in fetal liver. Elongation activity for
each substrate was induced significantly by 10 days post-
partum. The level of elongase activity at 10 days postpar-
tum was at or near adult (90 day) values. Of all the fatty
acyl-CoA substrates used, two to three times more 20:4-
CoA was converted to its elongation product (22:4,n-6) than
any other fatty acyl-CoA tested.

The low elongase activity in fetal livers correlates with
the low level of expression of all hepatic elongases. Note
that Elovl-1, Elovl-2, and Elovl-6 are expressed at low levels
in both fetal and adult livers (Figs. 1, 2, 5). The postnatal
increase in hepatic elongase activity correlates with only
one elongase transcript, Elovl-5. Elovl-5 mRNA abundance
increased 5-fold by 10 days postpartum (Fig. 5, 6). The
finding that no other elongase was significantly induced
by 10 days postpartum suggests that Elovl-5 is likely the
elongase responsible for a major fraction hepatic fatty
acid elongation. If so, then Elovl-5 is capable of elongating
a broad range of fatty acid substrates, including saturated
(16:0, 18:0, 20:0, 22:0, and 24:0), monounsaturated (18:
1,n-9), and polyunsaturated (20:4,n-6) fatty acids (Fig. 7).

DISCUSSION

The goal of this study was to examine the dietary and
developmental regulation of Elovl expression in rat liver.
This study was prompted by earlier studies in which C20
PUFAs were rapidly elongated to C22 PUFAs in primary
hepatocytes (5), Hek293 cells (4), and FTO-2b hepatoma
cells. C20–22 PUFAs regulate the activity of fatty acid-regu-
lated nuclear receptors, such as PPAR� and liver X recep-
tor � (LXR�) (4, 5). As such, changes in C20 PUFA elon-
gation might affect PPAR� and LXR� action. The studies
reported here revealed new information on the regula-
tion of elongase expression and which elongase likely con-
tributes to C20 PUFA metabolism in rat liver.

Of the four Elovl subtypes (Elovl-1, Elovl-2, Elovl-5, and
Elovl-6) expressed in liver (Figs. 1, 2), only Elovl-1, Elovl-2,
and Elovl-5 use C20 fatty acid substrates (9, 10, 13). Com-
pared with Elovl-5, mRNAs encoding Elovl-1 and Elovl-2
were low-abundance transcripts in rat liver (Figs. 1, 2).

Moreover, Elovl-1 and Elovl-2 mRNAs did not increase
during postnatal development, a time in which the liver
substantially increased its capacity for C20 PUFA elonga-
tion (Fig. 7). Elovl-5 was the only Elovl readily detected in
primary hepatocytes (not shown). Based on these observa-
tions, we suggest that Elovl-5 is responsible for the elonga-
tion of C20 PUFAs to C22 PUFAs in primary hepatocytes.
The finding that Elovl-5 mRNA is expressed in a broad ar-
ray of tissues (Fig. 1) (13), regulated during postnatal de-
velopment (Fig. 5), by dietary fat and the PPAR� agonist
WY14,643 (Fig. 2) suggests that changes in Elovl-5 expres-
sion and activity may be important for the maintenance of
cellular long-chain fatty acids. Whether changes in Elovl-5
expression and activity affect fatty acid-regulated nuclear
receptor function is currently under investigation.

It is unclear whether changes in elongase activity during
postnatal development are attributable solely to changes
in elongase expression. Elongases are condensing enzymes
that interact with 3-keto acyl-CoA reductase, a dehydratase,
and trans-2,3-enoyl-CoA reductase to elongate fatty acids
(6–8). The rate of fatty acid elongation is generally viewed
as being determined by the activity of the elongase (con-
densing enzyme) and not the reductases or dehydratase.
However, the low elongase activity in fetal liver may be the
result of deficient expression of the reductases and dehy-
dratase as well as elongases. Additional studies will be re-
quired to examine the expression of these enzymes in fe-
tal liver.

The developmental and nutritional studies have al-
lowed us to assess the role of key transcription factors in
the control of elongase expression. During the perinatal
and postnatal periods, two distinct patterns of Elovl and
desaturase expression become apparent. These patterns
of regulation can be linked to changes in SREBP-1c nu-
clear content or PPAR� activation by the high-fat milk
diet. Both SREBP-1c and PPAR� play major roles in whole-
body and hepatic lipid metabolism (43, 47). Changes in
SREBP-1c nuclear content closely parallel changes in FAS,
�9 desaturase, and Elovl-6 expression (Fig. 5). SREBP-1c is
expressed in fetal livers at levels near adult values. How-
ever, during the suckling period, SREBP-1c is absent from
the nucleus. FAS, �9 desaturase, and Elovl-6 increase after
weaning when SREBP-1c nuclear content increases. SREBP-
1c nuclear abundance has been linked, directly or indi-
rectly, to the transcriptional control of each of these genes
(11, 43, 48). The regulation of SREBP-1c nuclear content

Fig. 7. Developmental regulation of hepatic Elovl activity. In
vitro assays for elongase activity used microsomes isolated from
livers of fetal rats (18 days after coitus) and 10, 30, and 90 days
postpartum. Separate reactions were run using 16:0-CoA, 18:0-
CoA, 18:1,n-9-CoA, 20:0-CoA, 20:4,n-6-CoA, 22:0-CoA, and 24:
0-CoA as substrates. Results are expressed as elongase activity
units (nmol [14C]malonyl-CoA incorporated/mg protein),
means 
 SD; n � 3/group. Elongase activity in fetal liver was
significantly lower than in postpartum liver for all substrates
examined (P � 0.05).
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during postnatal development is mediated by changes
in the proteolytic conversion of the SREBP-1c precursor
(�125 kDa) to the mature form (�65 kDa) and its trans-
port to the nucleus (35). Ingestion of the high-fat milk
diet (�65% calories as fat) begins at parturition. The in-
gestion of the high-fat milk diet, coupled with low blood
insulin levels (44, 49), likely contributes to this regulatory
scheme.

The expression of Elovl-5 does not parallel changes in
SREBP-1c nuclear content during postnatal development
(Fig. 5). In fact, the induction of Elovl-5 mRNA parallels
the induction of the PPAR�-regulated transcripts, CYP4A,
and �5 and �6 desaturase. In addition, treatment of pri-
mary hepatocytes with T1317, an LXR agonist, signifi-
cantly increases SREBP-1c nuclear content as well as sev-
eral SREBP-1c-regulated transcripts (33). T1317 only modestly
induced Elovl-5 mRNA (�30%) in primary hepatocytes
(not shown). Unlike Elovl-6 (10, 12), Elovl-5 does not ap-
pear to be a target for either SREBP-1c or LXR�.

Although the postnatal induction of Elovl-5 and �5 and
�6 desaturase closely parallels the induction of PPAR�-
regulated transcripts [e.g., CYP4A (Fig. 6)] (34, 50), the
role that PPAR� plays in this regulatory scheme is less
clear. PPAR� agonists, such as WY14,643 (Fig. 2), and fi-
brates (31) induce hepatic elongase activity toward a broad
range of fatty acids. Our studies show that WY14,643 in-
duced Elovl-1, -5, and -6 mRNAs (Fig. 2). However, stud-
ies with primary hepatocytes indicated that although
PPAR� target genes, such as CYP4A and acyl CoA oxidase,
are well induced in primary hepatocytes (5, 34), transcripts
encoding elongases (e.g., Elovl-5) are only marginally
(�25%) induced (not shown). The lack of a significant
WY14,643 effect on Elovl-5 (or other elongases) in pri-
mary hepatocytes suggests that these enzymes are not a di-
rect target of PPAR�. Clearly, many factors change during
postnatal development [e.g., insulin, glucagon glucocorti-
coids, leptin, T3 (44, 51, 52)] that could affect hepatic
elongase expression. These and other factors are being
evaluated for their contribution to elongase expression.

The finding of two distinct regulatory patterns for elon-
gase and desaturase expression during postnatal develop-
ment likely has physiological significance for the synthesis
and/or maintenance of tissue levels of 20:4,n-6 and 22:
6,n-3. Analysis of hepatic fatty acid profiles in fetal, 10 day
old, and 30 day old liver showed that the mol% of 20:4,n-6
and 22:6,n-3 remained essentially unchanged, at 15–20
mol% (not shown). Blood of pregnant female rats fed a
Harlan-Teklad chow diet contained levels of 20:4,n-6 and
22:6,n-3 at 10 and 5 mol%, respectively (not shown). Be-
cause both elongase and desaturase expression was low in
fetal liver, the high tissue content of 20:4,n-6 and 22:6,n-3
is likely derived from maternal blood. At parturition, neo-
nates rely on maternal milk and endogenous pathways to
sustain the production of n3 and n6 PUFAs. Rat milk is de-
ficient in 20:4,n-6 and 22:6,n-3 (i.e., 0.5 and 0.1 mol%,
respectively). Neonates grow very rapidly, and the only
mechanism available to sustain the constant level of he-
patic 20:4,n-6 and 22:6,n-3 in the absence of an extrahe-
patic source of C20–22 PUFA is to induce PUFA synthesis.

The capacity of the neonatal liver to synthesize 20:4,n-6
and 22:6,n-3 from dietary precursors (18:2,n-6 and 18:3,n-3)
is achieved, at least in part, by inducing mRNAs encoding
�5 and �6 desaturase and Elovl-5 (Figs. 6, 7).

Fetal liver has high blood levels of 20:4,n-6 and 22:6,n-3,
low elongase activity, and low levels of mRNAs encoding
Elovl-5 and �5 and �6 desaturase. Adult animals fed fish
oil (a rich source of 20:5,n-3, 22:5,n-3, and 22:6,n-3) had
low 20:4,n-6 and 20:5,n-3 elongation activity (Fig. 5) and
suppressed expression of mRNAs encoding Elovl-5 and �5

and �6 desaturase (Fig. 2). Thus, changes in Elovl-5 and
�5 and �6 desaturase expression respond to changes in di-
etary PUFA composition and tissue requirements for C20–

22 PUFAs. Elovl-2 has also been implicated in PUFA syn-
thesis (18, 19). Yet, Elovl-2 mRNA remained unresponsive
during postnatal development after fasting/refeeding and
fish oil treatment. Based on these findings, Elovl-5, and
not Elovl-2, appears to play the major role, along with �5

and �6 desaturase, in the adaptive response of PUFA syn-
thesis after changes in dietary lipid composition. This re-
sponse is mediated, at least in part, through the regula-
tion of the cellular abundance of the mRNAs encoding
these enzymes. Additional studies will be needed to fur-
ther define the roles that Elovl-2 and Elovl-5 play in the
control of hepatic PUFA synthesis. In this regard, raising
rats on n3 PUFA-deficient diets leads to changes in blood
and tissue lipid profiles as well as to diminished cognitive
function (53). Whether similar effects occur in null muta-
tions of specific elongases or desaturases remains to be de-
termined.

Feeding rats fish oil suppresses lipogenic gene expres-
sion (33, 54) and Elovl-5 mRNA (�50%) (Fig. 2). Primary
hepatocytes treated with 20:5,n-3 showed �50% reduction
in Elovl-5 mRNA (not shown). Many of the effects of fish
oil on hepatic gene expression can be attributed to the
suppression of nuclear levels of SREBP-1c or the activa-
tion of PPAR� (2). Our findings suggest that neither fac-
tor plays a direct role in regulating Elovl-5 expression in
primary hepatocytes. Hepatic l-pyruvate kinase gene tran-
scription is suppressed by 20:5,n-3 through mechanisms
that are independent of PPAR� and SREBP-1c (34, 54).
The target for 20:5,n-3 action on l-pyruvate kinase is a re-
gion that binds a carbohydrate regulatory element bind-
ing protein (ChREBP), MAX-like factor (Mlx), and He-
patic nuclear factor (HNF)-4 (55, 56). Elovl-5 mRNA is
unresponsive to changes in glucose treatment of primary
hepatocytes, suggesting that ChREBP and Mlx are not in-
volved in Elovl-5 expression (not shown). The role of
HNF-4 in Elovl-5 expression is under investigation.

Finally, the finding that WY14,643 increased hepatic
and plasma levels of mead acid (20:3,n-9) in olive oil-fed
rats was a surprise (Fig. 4). Mead acid is an elongation and
desaturation (�5 and �6 desaturase) product of vaccenic
acid (18:1,n-7) and oleic acid (18:1,n-9) (41). The effect
of dietary n3 and n6 PUFAs on tissue and plasma levels of
20:3,n-9 has been well described (42). It is generally ac-
cepted that much of the PUFA-mediated suppression of
20:3,n-9 content in cells is attributable to competition
among PUFAs for �6 desaturase (n3 � n6 � n9) (57). The
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increased tissue content of C20–22 PUFAs, coupled with the
decline in both elongation and desaturation capacity
(Figs. 2–4), likely accounts for the low levels of 20:3,n-9 in
fish oil-fed animals. Contrary to the effects of fish oil,
WY14,643 significantly increased hepatic and plasma lev-
els of 20:3,n-9. The level of 18:2,n-6 in the olive oil diet
(3.3 mol%) is sufficient to prevent EFAD. However, inges-
tion of an 18:1,n-9-enriched diet, coupled with the induc-
tion of hepatic Elovl-1, Elovl-5, and Elovl-6 plus �5 and �6

desaturases by WY14,643, is apparently sufficient to in-
crease 20:3,n-9 synthesis and its accumulation in tissues
and plasma. The consequence of increased 20:3,n-9 pro-
duction is an increase in the hepatic 20:3,n-9/20:4,n-6 to
0.62, a value consistent with EFAD (42). Clearly, the in-
creased expression of key enzymes involved in PUFA syn-
thesis, plus ingestion of an 18:1,n-9-enriched diet, is suffi-
cient to shift the tissue balance of 20:3,n-9 and 20:4,n-6.

Conclusions
We have examined the nutritional and developmental

regulation of rat hepatic Elovl expression and correlated
changes in elongase expression with elongase enzymatic
activity. Of the four elongase subtypes expressed in rat
liver, Elovl-5 is the most abundant elongase transcript. Rat
hepatic Elovl-5 expression is regulated at the pretransla-
tional level by dietary n3 PUFAs and PPAR� agonist and
during postnatal development. These same factors regu-
late hepatic Elovl activity. Changes in the expression of
the elongases (and their activity) and desaturases are suffi-
cient to induce changes in tissue and plasma levels of spe-
cific fatty acids (e.g., 20:3,n-9). Unlike �5, �6, and �9 de-
saturases, the elongases do not display a uniform response
to fasting-refeeding, fish oil, or PPAR� agonist. In this re-
gard, changes in nuclear SREBP-1c levels correlate with
changes in Elovl-6 expression but not other elongases. Al-
though PPAR� agonists induce all desaturases and three
elongases (Elovl-1, -5, and -6), the mechanism for this con-
trol remains unresolved, although it likely represents an
adaptive response to changes in hepatic/whole-body me-
tabolism induced by WY14,643 (58). Clearly, additional
studies will be required to define the molecular basis for
the regulation of expression of Elovl-5 and other elon-
gases by PPAR� and dietary and developmental factors.
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