
 

Journal of Lipid Research

 

Volume 43, 2002

 

107

 

Dual regulation of mouse 

 

D

 

5

 

- and 

 

D

 

6

 

-desaturase
gene expression by SREBP-1 and PPAR

 

a

 

Takashi Matsuzaka,

 

†

 

 Hitoshi Shimano,

 

1,†

 

 Naoya Yahagi,* Michiyo Amemiya-Kudo,*
Tomohiro Yoshikawa,* Alyssa H. Hasty,* Yoshiaki Tamura,* Jun-ichi Osuga,* Hiroaki Okazaki,* 
Yoko Iizuka,* Akimitsu Takahashi,

 

†

 

 Hirohito Sone,

 

†

 

 Takanari Gotoda,* Shun Ishibashi,*
and Nobuhiro Yamada

 

†

 

Department of Metabolic Diseases,* University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-8655, Japan; 
and Department of Internal Medicine,

 

†

 

 Institute of Clinical Medicine, University of Tsukuba, 1-1-1 Tennodai, 
Tsukuba, Ibaraki, 305-8575, Japan

 

Abstract In the process of seeking sterol regulatory element-
binding protein 1a (SREBP-1a) target genes, we identified and
cloned a cDNA clone encoding mouse 

 

D

 

5

 

-desaturase (D5D).
The hepatic expression of D5D as well as 

 

D

 

6

 

-desaturase (D6D)
was highly activated in transgenic mice overexpressing nuclear
SREBP-1a, -1c, and -2. Disruption of the SREBP-1 gene sig-
nificantly reduced the expression of both desaturases in
the livers of SREBP-1-deficient mice refed after fasting.
The hepatic expression of both desaturases was downregu-
lated by dietary PUFA, which were reported to suppress
SREBP-1c gene expression. Sustained expression of hepatic
nuclear SREBP-1c protein in the transgenic mice abolished
the PUFA suppression of both desaturases. Although these
data suggested that SREBP-1c regulates D5D and D6D ex-
pression, there was no difference in either the D5D or D6D
mRNA level between fasted and refed normal mouse livers,
indicating a mechanism for fasting induction of both desat-
urases. Administration of fibrate, a pharmacological ligand
for peroxisome proliferator activating receptor 

 

a

 

 (PPAR

 

a

 

),
caused a significant increase in expression of both desatu-
rases.  The data suggested that D5D and D6D expression
is dually regulated by SREBP-1c and PPAR

 

a

 

, two reciprocal
transcription factors for fatty acid metabolism, and could
be involved in lipogenic gene regulation by producing
PUFA.

 

—Matsuzaka, T., H. Shimano, N. Yahagi, M. Amemiya-
Kudo, T. Yoshikawa, A. H. Hasty, Y. Tamura, J-i. Osuga, H.
Okazaki, Y. Iizuka, A. Takahashi, H. Sone, T. Gotoda, S. Ishi-
bashi, and N. Yamada.
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PUFA such as arachidonic acid (AA, 20:4n-6), EPA
(20:5n-3), and DHA (22:6n-3) play pivotal roles in a num-
ber of biological functions including brain development,
cognition, reproduction, inflammatory responses, and he-
mostasis. In addition to being crucial components of mem-
brane phospholipids and functioning in key steps of cell

 

signaling, PUFA have a unique ability to suppress the tran-
scription of hepatic genes encoding lipogenic enzymes
(1–4). The availability of 20- and 22-carbon (n-3 and n-6)
PUFA is determined by the synthesis of 

 

g

 

-linolenic acid
(18:3n-6) and stearidonic acid (18:4n-3) and by the subse-
quent elongation and desaturation of these fatty acids to
20:4n-6 and 22:6n-3 (5). One of two rate-limiting steps in
the production of these polyunsaturated fatty acids is the
desaturation of eicosatrienoic acid (20:3n-6) and eico-
satetraenoic acid (20:4n-3) to 20:4n-6 and 20:5n-3, deter-
mined by the activity of 

 

D

 

5

 

-desaturase (D5D). The other
step is the desaturation of linoleic acid (18:2n-6) and 

 

a

 

-
linolenic acid (18:3n-3) to 18:3n-6 and 18:4n-3 catalyzed
by 

 

D

 

6

 

-desaturase (D6D). Studies based on enzymatic activ-
ity suggest that the liver is the primary site for 20-carbon
polyenoic fatty acid synthesis because the liver is an organ
with a great amount of D6D and D5D activity (6). Both en-
zymes are coordinately regulated by various dietary condi-
tions and hormonal levels in the liver. For instance, D6D
activity is induced by peroxisome proliferators and by the
supplementation of insulin to diabetic rats (7, 8). It is also
highly suppressed by dietary PUFA, indicating that these
enzymes are involved in feedback regulation in the pro-
duction of AA, EPA, and DHA. Remarkable progress in
understanding the molecular basis of the nutritional regu-
lation of these desaturases has been made by cloning
mammalian D5D and D6D cDNAs (9, 10). The predicted
amino acid sequences were suggested to contain a cyto-
chrome 

 

b

 

5

 

-like domain that might dispense with the pres-
ence of a separate cytochrome 

 

b

 

5

 

. Suppression of D5D and
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D6D activities by dietary unsaturated fatty acids was shown
to be associated with decreased D5D and D6D mRNA levels
(9, 10).

Sterol regulatory element-binding proteins (SREBP)
are membrane-bound transcription factors that belong to
the basic helix-loop-helix leucine zipper family (11–13).
A sterol-regulated cleavage is required for SREBP to enter
the nucleus and activate the transcription of genes in-
volved in cholesterol and fatty acid synthesis by binding
to a sterol regulatory element (SRE) or its related se-
quences, including E-boxes, within their promoter re-
gions (14, 15). There are three forms of SREBP that have
been characterized: SREBP-1a and -1c (also known as
ADD1) and SREBP-2 (16–18). Most organs, including
the liver and adipose tissue, express predominantly
SREBP-2 and the c isoform of SREBP-1 (19). Lipogenic
enzymes, which are involved in energy storage through
the synthesis of fatty acids and triglycerides, are coordi-
nately regulated at the transcriptional level during differ-
ent metabolic states. In vivo studies demonstrated that
SREBP-1c plays a crucial role in the dietary regulation of
most hepatic lipogenic genes, whereas SREBP-2 is actively
involved in the transcription of cholesterogenic enzymes.
These include studies of the effects of the absence or
overexpression of SREBP-1 on hepatic lipogenic gene ex-
pression (20–22), as well as physiological changes of
SREBP-1c protein in normal mice after dietary manipula-
tion, such as placement on high carbohydrate diets, poly-
unsaturated fatty acid-enriched diets, and fasting-refeeding
regimens (23–27). Previous reports on the regulation of
SREBP-1c have all demonstrated the induction to be at
the mRNA level. Promoter analysis revealed that the ex-
pression of the SREBP-1c gene is regulated by two factors:
SREBP itself, forming an autoloop, and the oxysterol liver
X receptor-retinoid X receptor (28, 29). The mechanism
for PUFA suppression of the SREBP-1c promoter is under
investigation.

Both D5D and D6D play crucial roles in the production
of PUFA, which in turn suppresses SREBP-1. In addition,
D5D, D6D, and SREBP-1c are nutritionally regulated.
These lines of evidence suggest that D5D and D6D ex-
pression might be related to SREBP-1 activity. In the
screening of SREBP-activated genes, we cloned and iden-
tified a mouse D5D gene. Our current studies suggest
that nutritional expression of D5D and D6D is regulated
by both SREBP-1 and peroxisome proliferator activating
receptor 

 

a

 

 (PPAR

 

a

 

).

EXPERIMENTAL PROCEDURES

 

Materials and general methods

 

We purchased 20:3n-6 from Sigma (St. Louis, MO), Redivue
[

 

a

 

-

 

32

 

P]dCTP (6,000 Ci/mmol) from Amersham Pharmacia Bio-
tech (Piscataway, NJ), and restriction enzymes from New En-
gland BioLabs (Beverly, MA).

Standard molecular biology techniques were used. DNA se-
quencing was performed with a CEQTM dye terminator cycle
sequencing kit and CEQ2000 DNA analysis system (Beckman
Coulter, Fullerton, CA).

 
Preparation of SREBP-1a transgenic liver cDNA library

 

An expression cDNA library of SREBP-1a transgenic liver (21)
was prepared as previously described for construction of a cDNA
library of SREBP-1-deficient mouse adipose tissue, except that
poly(A)

 

1

 

 RNA was prepared from livers of SREBP-1a transgenic
mice (29).

 

Cloning of mouse D5D cDNA

 

From a DNA microarray system using hepatic poly(A)

 

1

 

 RNA
of SREBP-1a transgenic and nontransgenic littermate mice, we
identified an expressed sequence tag (EST) clone (GenBank ac-
cession number AA068575) that was activated 8-fold in SREBP-1a
transgenic liver as compared with wild-type liver, and resembled
the mouse D6D. Using this sequence information, an [

 

a

 

-

 

32

 

P]dCTP-
labeled DNA probe was prepared and used in the screening
from an SREBP-1a transgenic mouse liver cDNA library by col-
ony hybridization. Positive clones were sequenced and the
clones containing an open reading frame were used for expres-
sion experiments.

 

Expression of mouse D5D

 

HEK-293 cells were grown at 37

 

8

 

C in an atmosphere of 5%
CO

 

2

 

 in DMEM containing 25 mM glucose, penicillin (100 U/
ml), and streptomycin sulfate (100 

 

m

 

g/ml) supplemented with
10% FCS on 100-mm culture plates. At 80% confluence, the
mouse D5D expression plasmid or the basic plasmid CMV7
alone (10 

 

m

 

g) was transfected into cells, using SuperFect trans-
fection reagent (Qiagen, Valencia, CA) according to the manu-
facturer protocol. After transfection, cells were treated with
either 100 

 

m

 

M 20:3n-6 diluted in ethanol or ethanol alone for
24 h and then used for fatty acid analysis.

 

Fatty acid analysis

 

Total fatty acid extracted from HEK-293 cells transfected with
the mouse D5D expression plasmid or CMV7, in the presence of
100 

 

m

 

M 20:3n-6, was analyzed by gas chromatography of methyl
ester derivatives. Lipids were extracted and transmethylated with
methanolic HCl, and the fatty acid methyl esters were analyzed
as described previously (10).

 

Animal experiments

 

All mice were housed in a controlled environment with a 12-h
light/dark cycle and free access to water and diet. For fatty acid
or drug experiments, 7-week-old male C57BL/6J mice (21 –23 g)
were purchased from CLEA (Tokyo, Japan) and adapted to the
environment for 1 week. Before sacrifice, each group of animals
was fed a diet containing the indicated fatty acids and drugs for 7
days. Fasting and refeeding regimens for wild-type and SREBP-1
knockout mice were previously described (22). Transgenic mice
overexpressing the nuclear form of SREBP-1a, -1c, and -2 in the
liver under the control of the phospho

 

enol

 

pyruvate carboxy-
kinase promoter were previously described (21, 30, 31). SREBP-1c
and -2 transgenic mice were homozygous for the transgene (32).
These three transgenic lines and wild-type controls (nontrans-
genic littermates of SREBP-1a transgenic mice) were put on a
high protein/low carbohydrate diet to induce transgenic mice
for 2 weeks, and were fasted for 12 h before sacrifice. For fasting
and refeeding treatment, SREBP-1-deficient and wild-type mice
were fasted for 24 h and fed a high sucrose/fat-free diet for 12 h.

 

Total RNA preparation and Northern blotting

 

Total RNA was extracted from mouse livers and various tissues
with TRIzol reagent (Life Technologies, Rockville, MD). RNA
samples were run on a 1% agarose gel containing formaldehyde
and transferred a nylon membrane (Hybond-N; Amersham Phar-
macia Biotech). The probes used were labeled with [

 

a

 

-

 

32

 

P]dCTP,
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using the Megaprime DNA labeling system kit (Amersham Phar-
macia Biotech). The cDNA probe for mouse D5D was prepared
by digesting the cloned cDNA with 

 

Not

 

I and 

 

Eco

 

RI. The cDNA
probes for mouse D6D and ribosomal phosphoprotein P0
(36B4) were prepared as described previously (10, 22). The
membranes were hybridized with the radiolabeled probe in
Rapid-Hyb buffer (Amersham Pharmacia Biotech) at 65

 

8

 

C and
washed in 0.1

 

3

 

 SSC, 0.1% SDS at 65

 

8

 

C. The resulting bands
were quantified by exposure of the filters to BAS2000 with
BASstation software (Fuji Photo Film, Tokyo, Japan).

 

RESULTS

 

Cloning mouse D5D as an SREBP-activated gene

 

DNA microarray analysis identified an EST clone whose
expression was increased 7-fold in the livers of SREBP-1a
transgenic as compared with wild-type mice. This clone
(GenBank accession number AA068575) was originally
named an EST clone slightly similar to mouse D6D in the
database. Mouse D6D was cloned and reported (10). The
sequences suggested that this clone should encode some-
thing similar, but not identical, to D6D. Using this EST
clone as a probe, we cloned the cDNA clone that contains
an open reading frame (ORF) from an SREBP-1a trans-
genic liver cDNA library. The DNA sequence analysis re-
vealed that the predicted amino acid sequence was highly
similar to human and rat D5D (9). Alignment of the pre-
dicted amino acid sequences for mouse and human D5D
is shown in 

 

Fig. 1

 

. Eighty-eight percent of the amino acid
sequence for the mouse and human homologs was identi-
cal. The high homology includes the presence of a cyto-
chrome 

 

b

 

5

 

 domain, transmembrane domains, and histi-
dine-rich regions, all of which were reported for human
D5D and mouse D6D.

 

Expression of mouse D5D

 

The high similarity of the predicted amino acid se-
quence from the ORF of the cloned mouse cDNA to the
human D5D amino acid sequence suggested that the cDNA
encodes the mouse D5D. To confirm this, the cDNA was ex-
pressed in HEK-293 cells supplemented with C20:3n-6. As
shown in 

 

Table 1

 

, gas chromatography analysis of the cel-
lular fatty acids revealed that overexpression of this puta-
tive D5D clone increased the relative amounts of C20:4n-6
and C22:4n-6, accompanying a decrease in C20:3n-6 in the
cells as compared with mock-transfected cells. The data sug-
gested that the cells transfected with the cDNA were capable
of synthesizing 20:3n-6 from eicosadienoic acid (20:2n-6),
indicating that the cDNA product has a D5D activity.

 

Tissue distribution of mouse D5D mRNA

 

Expression of D5D and D6D was examined in various
tissues as estimated by Northern blot analysis. Mouse D5D
is a single transcript that is approximately 4.5 kb in size
(

 

Fig. 2

 

). The expression was high in the adrenal gland,
liver, brain, and testis, tissues where lipogenesis and ste-
roidogenesis are active. The tissue distribution pattern of
mouse D6D expression was similar, suggesting that D5D
and D6D cooperatively produce polyenoic fatty acids.

 

Activation of D5D and D6D expression
in liver of SREBP transgenic mice

 

We performed Northern blot analysis of liver RNA from
nuclear SREBP-1a, -1c, and -2 transgenic and wild-type mice
to estimate the effects of nuclear SREBP on the expression
of D5D as well as D6D. As shown in 

 

Fig. 3

 

, the hepatic
mRNA level of D5D was robustly increased by overexpres-
sion of nuclear SREBP-1a, -1c, and -2 at this order of mag-
nitude. Hepatic D6D mRNA levels were also induced by
SREBP overexpression in a pattern similar to that of D5D
mRNA. A shorter mouse D6D transcript was barely detect-

Fig. 1. Predicted amino acid sequence and homology analysis of
mouse and human D5D. The cytochrome b5 domain is underlined.
Transmembrane domains are shown as dashed lines, and three
histidine-rich regions are in boxes.

 
TABLE 1. Fatty acid profiles of HEK-293 cells transfected

with mouse 

 

D

 

5

 

-desaturase

 

1

 

100 

 

m

 

M 20:3n-6

Fatty Acid CMV7 D5D

 

mol% of fatty acids

 

C14:0 2.80 

 

6

 

 0.16 2.80 

 

6

 

 0.14
C16:0 25.63 

 

6

 

 0.28 26.58 

 

6

 

 0.78
C16:1n-7 3.24 

 

6

 

 0.03 3.26 

 

6

 

 0.08
C18:0 11.23 

 

6

 

 0.36 11.58 

 

6

 

 0.51
C18:1n-9 15.10 

 

6

 

 0.24 15.39 

 

6

 

 0.08
C18:2n-6 2.69 

 

6

 

 0.12 2.58 

 

6

 

 0.08
C20:3n-6 26.55 

 

6

 

 0.82 20.65 

 

6

 

 0.88

 

a

 

C20:4n-6 5.69 

 

6

 

 0.24 8.98 

 

6

 

 0.10

 

b

 

C22:4n-6 2.20 

 

6

 

 0.13 4.43 

 

6

 

 0.35

 

c

 

C22:5n-3 1.79 

 

6

 

 0.08 1.88 

 

6

 

 0.25
C22:6n-3 1.84 6 0.11 1.78 6 0.08

Fatty acid composition of HEK-293 cells transfected with the
mouse D5-desaturase and CMV7, grown in the presence of 100 mM
20:3n-6. Results are expressed as the mol percentage of total fatty acids
and as means 6 SEM for three independent cultures. Statistical signifi-
cance was assessed by unpaired t-test.

a P , 0.01 versus CMV7.
b P , 0.0005 versus CMV7.
c P , 0.005 versus CMV7.
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able from livers of fasted wild-type mice, but became
prominent in SREBP transgenic livers. This minor, short
transcript was identified in human D6D and was reported
to be nutritionally regulated as well as the major tran-
script. The data indicate that every isoform of SREBP can
activate the expression of both desaturase genes.

Nutritional regulation of D5D and D6D
expression in SREBP-1-deficient mice

Nutritional regulation of hepatic D5D and D6D mRNA
levels was estimated in wild-type and SREBP-1 deficient
mice. As shown in Fig. 4, these mice were fasted and then
refed with a high sucrose/fat-free diet. Interestingly, the
wild-type mice did not show a marked change in D5D or
D6D mRNA level between fasting and refeeding. In the
fasted state, the SREBP-1-deficient mice showed hepatic
expression levels of both D5D and D6D similar to those of
wild-type mice. After refeeding, there was a considerable
reduction in the expression of both desaturases in SREBP-1
null mice, showing a much lower level than in the refed
wild-type mice. Expression of PPARa was induced by fast-
ing and suppressed by refeeding, whereas the SREBP-1c
mRNA level showed the opposite response. These data
demonstrate that the hepatic expression of D5D and D6D

is not upregulated by refeeding, but that SREBP-1 contrib-
utes strongly to their expression in the refed state. The
nutritional regulation of these enzymes is distinct from
that of regular lipogenic enzymes, which are suppressed
by fasting and are markedly induced by refeeding, al-
though both these desaturases and lipogenic enzymes are
regulated by SREBP-1.

Effects of PUFAs on D5D and D6D expression
Numerous dietary studies indicate that the hepatic ac-

tivity and expression of both desaturases are induced by
diets low in essential fatty acids and suppressed by diets
rich in PUFA such as vegetable or marine oils. We com-
pared mouse hepatic D5D and D6D expression levels in
mice fed a fat-free high carbohydrate diet with various
kinds of fatty acids. Figure 5 showed that stearate (C18:0)
or oleate (C18:1) did not affect the expression of D5D
and D6D. However, when a high carbohydrate diet was
supplemented with linoleate or EPA, the expression of
both desaturases was considerably suppressed, and the re-
duction was more marked with fish oils rich in EPA and
DHA. These data were consistent with previous reports on
the expression of human and rat desaturase genes. We
also tested PUFA suppression of their expression in
SREBP-1c transgenic mice (Fig. 6). This line of transgenic
mice expresses amounts of nuclear SREBP-1c protein, de-
rived from the transgene, similar to the physiological level
of nuclear SREBP-1c in the livers of normal refed mice
(27). The sustained level of nuclear SREBP-1c completely
abolished PUFA suppression of D5D and D6D mRNA lev-
els. These data suggest that endogenous SREBP-1c could

Fig. 2. D5D and D6D mRNA levels in mouse tissues. Northern
blotting analysis was performed with 10 mg of total RNA isolated
from a variety of mouse tissues with the indicated cDNA probes.
WAT, White adipose tissue.

Fig. 3. Northern blot analysis of D5D and D6D mRNA in livers
from wild-type (WT) mice and transgenic (Tg) mice overexpress-
ing the nuclear form of SREBP-1a, -1c, and -2. Total RNA (15 mg)
pooled equally from each group was subjected to Northern blot-
ting, followed by hybridization with the D5D and D6D cDNA
probes. A cDNA probe for 36B4 (acidic ribosomal phosphoprotein
P0) was used to confirm equal loading.
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be involved in maintaining D5D and D6D expression in a
fed state.

Effects of PPARa ligands on D5D and D6D expression
As shown in Fig. 4, fasting treatment induces expression

of PPARa, crucial for fatty acid oxidation. To estimate the
possible involvement of PPARa in D5D and D6D expres-
sion, we challenged mice with fibrate, a pharmacological
PPAR ligand. Addition of fibrate to the diet increased
both D5D and D6D mRNA levels (Fig. 7) whereas troglita-
zone, which induces PPARg, had no effect, indicating that
both desaturases can be induced by PPARa and not by
PPARg. These results are consistent with the previous re-
port that peroxisome proliferators enhanced linoleic acid
metabolism in rat liver (8).

DISCUSSION

D5D and D6D as potential SREBP-1 targets
The current study clearly demonstrates that SREBP acti-

vate the expression of both D5D and D6D in the liver.
Both hepatic D5D and D6D mRNA levels were markedly
increased by overexpression of SREBP, with preference
for SREBP-1 relative to SREBP-2. Furthermore, the ab-

sence of SREBP-1 markedly impaired the hepatic expres-
sion of these desaturases in a refed state. All these data
suggest that D5D and D6D are highly potential SREBP tar-
get genes and that SREBP-1 plays a pivotal role in the he-
patic expression of these desaturases, at least under lipo-
genic conditions. The physiological relevance of SREBP
activation of these desaturases is currently unknown.
Under lipogenic conditions, when SREBP-1 is activated,
newly synthesized fatty acids could be dominated by satu-
rated or monounsaturated fatty acids, and availability of
essential fatty acids might be limited. In this situation, acti-
vation of D5D and D6D might be necessary to meet cellu-
lar requirements for AA, EPA, and DHA. Cumulative evi-
dence suggests that the cellular availability of PUFA is
crucial for the regulation of lipogenesis. On the assump-
tion that the PUFA that these desaturases synthesize can
be used for inhibition of lipogenesis, SREBP-1 induction
of these desaturases would contribute to efficient suppres-
sion of lipogenesis whenever essential fatty acids such as
C18:2n-6 become available. It is consistent with the previous
report that D6D activity is important for PUFA suppres-
sion of hepatic lipogenic gene expression. This is the first
observation that there could be a feedback system for the
hepatic SREBP-1c-lipogenesis system, which was thought
to depend essentially on the supply of carbohydrates as
discussed in the autoloop activation of the SREBP-1c pro-

Fig. 4. Northern blot analysis of D5D and D6D mRNA in livers
from fasted or refed wild-type (WT) and SREBP-1 knockout (KO)
mice. Total RNA was extracted from the livers of the mice in each
treatment group. Equal aliquots of 15 mg were pooled and sub-
jected to electrophoresis and blot hybridization with the D5D, D6D,
SREBP-1, and PPARa 32P-labeled cDNA probes. A cDNA probe for
36B4 (acidic ribosomal phosphoprotein P0) was used to confirm
equal loading. Note that SREBP-1c mRNA signal from refed KO
mice was an aberrant transcript from the disrupted gene and its
product is inactive (22).

Fig. 5. Northern blot analysis of D5D and D6D mRNA from livers
of mice fed a diet containing various fatty acids. Mice (three male
C57BL/6J, 8 weeks old) were fed the indicated diet for 7 days and
killed in a nonfasted state. Diets were as follows. Lane 1, a high car-
bohydrate fat-free diet; lane 2, a high carbohydrate diet with 20%
tristearin (18:0); lane 3, 20% triolein (18:1); lane 4, 5% linoleate
ethyl ester (18:2); lane 5, 5% EPA ethyl ester (20:5); lane 6, 20%
sardine fish oil; lane 7, 20% tuna fish oil. Total RNA (10 mg) pooled
equally from three mice was subjected to Northern blotting, fol-
lowed by hybridization with the D5D and D6D cDNA probes. A
cDNA probe for 36B4 (acidic ribosomal phosphoprotein P0) was
used to confirm equal loading.
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moter underlying the overshooting phenomenon in a
refed state (28).

A mechanism for the feedback suppression
of D5D and D6D by PUFA

Dietary PUFA have been reported to decrease both the
activity and expression of D5D and D6D (9, 10), a finding
supported by our current observations. PUFA were re-
ported to inhibit SREBP-1 activity by multiple mechanisms
(24–27, 33, 34). Considering our new finding that D5D
and D6D are potential SREBP targets, it is likely that down-
regulation of D5D and D6D expression by PUFA could be
mediated through suppression of SREBP-1. This hypothe-
sis is further supported by the observation that PUFA sup-
pression of D5D and D6D was completely abolished by the
sustained amount of nuclear SREBP-1c protein forcibly
expressed in SREBP-1c transgenic mice.

Dual regulation of D5D and D6D expression
by SREBP-1 and PPARa

This unique fashion of nutritional regulation (activa-
tion by SREBP-1c, but no change by a fasting-refeeding
treatment) places D5D and D6D in a position distinct
from regular lipogenic enzymes. In particular, in SREBP-1
knockout mice, D5D and D6D mRNA levels are consider-
ably higher in fasted liver than in refed liver. These obser-
vations can be explained by the hypothesis that, in addi-

tion to SREBP-1c-mediated induction as observed in the
refed state of normal mice, there is another regulatory
mechanism that activates the expression of D5D and D6D
in a fasted state. Our results from administration of fenofi-
brate, a PPARa ligand, indicate that PPARa is responsible
for the fasting induction of these desaturases. Further-
more, we and others previously reported that starvation
increases the expression of PPARa, which should enhance
fasting-induced activation of D5D and D6D in addition to
the ligand activation of PPARa (27, 35). In a fasted state,
lipolysis from adipose tissue is enhanced and circulating
free fatty acids enter the liver for b-oxidation that is con-
trolled by PPARa. Many of these free fatty acids are essen-
tial fatty acids, and can be both ligands for both PPARa
and substrates for D5D and D6D. Activation of D5D and
D6D by PPARa in the liver might be important to produce
required amounts of PUFA.

Taken together, the expression of D5D and D6D could
be regulated by two distinct mechanisms, one through
SREBP-1c as is shown by its induction during refeeding,
and the other through PPARa that is inducible by fasting.
Dual regulation of D5D and D6D by the two factors
SREBP-1 and PPARa, which possess opposing activation
properties depending on nutritional status, caused no re-
markable change in the overall expression of these en-
zymes between fasting and refeeding as schematized in
Fig. 8. This dual regulation of both desaturases contrib-
utes to a stable production of PUFA that are essential for
cellular functions regardless of energy state.

Further analysis of the promoter regions of the D5D
and D6D genes will be required. Interestingly, these genes

Fig. 6. Northern blot of D5D and D6D mRNA from livers of wild-
type or TgSREBP-1c mice fed PUFA diets. Wild-type mice were fed
a high carbohydrate fat-free diet (lane 1), and homozygous Tg-
SREBP-1c mice were fed a high protein diet with 20% triolein (lane
2), 5% EPA ethyl ester plus 20% triolein (lane 3), or 20% sardine
fish oil (lane 4) for 7 days and killed in a nonfasted state. Total RNA
(10 mg) pooled equally from livers of each group was subjected to
Northern blotting, followed by hybridization with the D5D and
D6D cDNA probes. A cDNA probe for 36B4 (acidic ribosomal phos-
phoprotein P0) was used to confirm equal loading.

Fig. 7. Northern blot analysis of D5D and D6D mRNA from livers
of mice administered fenofibrate or troglitazone. Mice (three male
C57BL/6J, 8 weeks old) were fed a high carbohydrate fat-free diet
without (lane 1) or with 0.5% fenofibrate (lane 2) or 0.1% troglita-
zone (lane 3) for 7 days. The mice were killed in a nonfasted state.
Total RNA (10 mg) pooled equally from three mice was subjected to
Northern blotting, followed by hybridization with the D5D and
D6D cDNA probes. A cDNA probe for 36B4 (acidic ribosomal phos-
phoprotein P0) was used to confirm equal loading.
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are located close to each other in an inverted orientation,
sharing an 11-kb upstream region (9). It would be intrigu-
ing if D5D and D6D shared in this region enhancers that
are important for nutritional regulation, such as an SRE
responsible for SREBP activation and/or a peroxisome
proliferator response element, which could explain PPAR
ligand activation. The current study suggests that PUFA
play an essential role in energy metabolism by regulating
or modifying these lipid transcription factors and that
D5D and D6D could be involved in this system by produc-
ing PUFA.
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