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Acetoacetyl-CoA synthetase gene is abundant in rat adipose,
and related with fatty acid synthesis in mature adipocytes
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Abstract

Acetoacetyl-CoA synthetase (AACS, acetoacetate-CoA ligase, EC 6.2.1.16) is a novel cytosolic ketone body (acetoacetate)-spe-
cific ligase, the physiological role of which remains to be elucidated. We examined the expression profiles of AACS mRNA in adult
rat tissues, finding that it was particularly abundant in male subcutaneous white adipose tissue after weaning. In white adipose tis-
sue, AACS mRNA was preferentially detected in mature adipocytes but not in preadipocytes. The AACS mRNA expression in pri-
mary preadipocytes increased during the adipocyte differentiation. These expression profiles were similar to that of acetyl-CoA
carboxylase-1, but not like to that of 3-hydroxy-3-methylglutaryl-CoA reductase. These results suggest that AACS in adipose tissue
plays an important role in utilizing ketone body for the fatty acid-synthesis during adipose tissue development.
� 2005 Elsevier Inc. All rights reserved.
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In the mitochondria, ketone bodies, D(�)-b-hydrox-
ybutyrate and acetoacetate are important energy source,
and succinyl-CoA:3-ketoacid CoA transferase (SCOT;
EC 2.8.3.5) has been regards as for the ketone body uti-
lization in the mitochondria [1]. On the other hand, in
the cytosol, ketone body is known to be activated and
incorporated into cholesterol and fatty acids by acetoac-
etyl-CoA synthetase (AACS, acetoacetate-CoA ligase,
EC 6.2.1.16), which we purified for the first time from
bacterium, Zoogloea ramigera I-16-M [2], and rat liver
cytosol [3]. This enzyme is the strictly acetoacetate-spe-
cific ligase [4,5]. Endemann et al. [6] have proposed that
main function of AACS is direct supply of acetyl-CoA
from acetoacetate in the cytosol for the synthesis of
the lipidic substances and that such cytosolic activation
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could bypass the pathway involving ATP-dependent
supply of acetyl-units from mitochondria to cytosol.

Previously, we showed that the AACS activity in the
liver of rats remarkably increased and then decreased
during the animal�s development [5] and increased upon
the administration of hypocholesterolemic compounds,
cholestyramine and/or pravastatin, to rats [7]. We have
also demonstrated that hepatic AACS activity markedly
decreased in streptozotocin-induced diabetic rats as in
the case of 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR) or acetyl-CoA carboxylase [8]. Furthermore,
we found that AACS mRNA in the cerebellum was
restricted to glial cells, while in the cerebral cortex, it
was restricted to neural cells [9]. These results suggest
that direct activation of acetoacetate by AACS in the
cytosolic compartment of the cells is an important step
for the regulation of ketone body utilization on choles-
terol and/or fatty acids biosynthesis.
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In order to clarify a physiological role of AACS in
the lipogenesis, we examined expression levels of AACS
mRNA in a variety of rat lipogenic tissues. The present
manuscript describes the remarkable expression of
AACS mRNA in male subcutaneous white adipose tis-
sue among the lipogenic tissues, its preferential expres-
sion in mature adipocytes, and the alteration of its
level during the adipocyte-differentiation.
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Fig. 1. Gene expression of acetoacetyl-CoA synthetase mRNA in rat
lipogenic tissues. Total RNAs were isolated from brain, liver, white
adipose tissue (WAT), and brown adipose tissue (BAT) of male and
female rats (8-week old). Aliquots of RNAs (10 lg) were subjected to
Northern blotting analysis of AACS, SCOT, and HMGCR cDNA
probes. M and F indicate male and female, respectively. The lower
panel shows EtBr staining of ribosomal RNAs (2 lg/lane).
Materials and methods

Preparation of RNA. RNA was prepared from rat tissues using a
QuickPrep total RNA extraction kit (Amersham Biosciences), and
from primary adipocytes using a RNeasy mini kit (Qiagen).

Northern blotting analysis. Aliquots of RNAs (10 lg each) were
dissolved on a denaturing agarose gel (1%) containing formaldehyde
and transferred to a nylon membrane in 20· SSC (1· SSC = 0.15 M
NaCl/0.015 M sodium citrate) overnight. The membrane was prehy-
bridized at 42 �C for 4 h in a hybridization solution (10% dextran
sulfate, 50% formamide, 2% SDS, 5· SSPE, 5· Denhardt�s solution,
and 100 lg/ml heat-denatured salmon sperm DNA), followed by
hybridization at 42 �C for 18 h in the hybridization solution containing
a 32P-labeled probe labeled by Ready-To-Go DNA Labeling Beads
(Amersham Biosciences) with cytidine 5 0-[a-32P]dCTP (�30 TBq/
mmol, Amersham Biosciences). The membrane was then washed at
room temperature three times for 5 min each time in 2· SSC/0.1%
SDS, and at 65 �C twice for 30 min each time in 0.25· SSC/0.1% SDS.
The washed membrane was analyzed with a radioimaging analyzer
(BAS2000, Fuji Photo Film, Japan).

PT-PCR for PPARc. Aliquot of RNAs (4 lg) was incubated for
60 min at 37 �C in the reaction mixture (20 ll) containing 300 U of
moloney murine leukemia virus reverse transcriptase (Gibco-BRL,
USA), 15 U of human placenta RNase inhibitor (WAKO), and 0.5 lg
of random hexadeoxynucleotide primer (Takara). To amplify the
human AACS cDNA fragment, PCR was performed for 30 cycles
in the reaction mixture containing an aliquot of the above cDNA
solution, 0.05 U/ll EX Taq DNA polymerase (Takara) and 4 pmol/ll
each of sense (gagatgccattctggcccaccaacttcgg) and antisense
(tatcataaataagcttcaatcggatggttc) primers of rat PPARc (Accession
No.: AF156666) [10].

Preparation of probes. The cDNA fragments of AACS, SCOT,
HMGCR, and ACC1 were amplified from rat liver cDNA. The oli-
gonucleotide primers used for amplification were: forward (atgtc-
caagctggcacggct) and reverse (ttcagaagtcctgcagctca) for rat AACS
(GenBank Accession No. AB026291) [7]; forward (atgacnccncarggna
cntt) and reverse (gtccgtgtctgaagacaact) for human SCOT (GenBank
Accession No. P55809) [11]; forward (acggtgacacttactatctg) and re-
verse (accatgtgacttctgacaag) for rat HMGCR (GenBank Accession
No. NM013134); forward (gtccgtgtctgaagacaact) and reverse
(tcctaactgttccagagct) for rat ACC1 (GenBank Accession No. J03808)
[12]. The cDNA fragment of leptin was amplified from rat epididymal
adipose tissue. The oligonucleotide primers used for amplification
were: forward (tgctccagcagctgcaaggt) and reverse (gaagaatgtcctgcagag
ag) for rat leptin (GenBank Accession No. NM013076) [13]. The
fragments were cloned into the pGEM-T vector (Promega).

Preparation of mature adipocytes and stromal–vascular cells.Mature
adipocytes and stromal–vascular cells were prepared from rat subcu-
taneous white adipose tissue essentially according to the method of
Ogawa et al. [13].

Primary culture of preadipocytes. Primary preadipocytes were cul-
tured and differentiated according to Mitchell et al. [14]. The stromal–
vascular cells were suspended in Dulbecco�s modified Eagle�s medium
(DMEM; Sigma) supplemented penicillin (100 U/ml; Gibco-BRL) and
streptomycin (100 lg/ml; Gibco-BRL), and re-filtered. The cells were
adjusted to a density of 4.0 · 105 cells/ml in DMEM with 10% fetal
bovine serum (FBS; Gibco-BRL). Two milliliters volumes of these cells
was plated onto 35 mm dishes. After 1 day in culture at 37 �C in an
atmosphere of 5% CO2, differentiation was induced by the addition of
medium supplemented with isobutylmethylxanthine (IBMX; 0.5 mM;
Sigma), dexamethasone (DEX; 0.25 lM; Nacalai tesque), and insulin
(10 lg/ml; Sigma). After 48 h, the induction medium was removed and
replaced by DMEM containing 10% FBS supplemented with insulin
(10 lg/ml) alone [15]. This medium was changed every 2 days.
Results and discussion

Expression of AACS mRNA in rat lipogenic tissues

Fig. 1 shows the expression levels of AACS mRNA in
male and female rat lipogenic tissues: brain, liver, white
adipose tissue, and brown adipose tissue. The white adi-
pose tissue was prepared from the subcutaneous region,
and the brown adipose tissue from the interscapular re-
gion. The integrity of RNAs was confirmed by electro-
phoresis on a denaturing agarose gel containing
formaldehyde (lower lane). The labeled probe hybrid-
ized to an mRNA of about 4.7 kb in all tissues exam-
ined. AACS mRNA was particularly abundant in male
white adipose tissue. But in other lipogenic tissues, such
remarkable sex difference of AACS expression level was
not observed. SCOT, that is known as a key mitochon-
drial enzyme in the energy production from ketone
bodies in various tissues except liver [16], was equally
expressed in all tissues examined except for the liver.
3-Hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR; EC 1.1.1.34), the rate-limiting enzyme of
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cholesterol-synthesis [17], was highly expressed in the
brain and liver, but apparently absent in the white adi-
pose tissues.

Preferential expression of AACS mRNA in subcutaneous

white adipose tissue

Adipose tissue is involved in the pathogenesis of dia-
betes, which causes to increase the blood concentration
of ketone body. Of the two types of adipose tissues,
white adipose tissue provides the primary site of energy
storage and also serves as an important endocrine organ
through secretion of hormones such as leptin, adiponec-
tin, resistin, and other cytokines [18]. Brown adipose tis-
sue is major site of energy expenditure through
expression of uncoupling protein 1 and its role in ther-
mogenesis [19].

Since male white adipose tissue contained significant
levels of AACSmRNA, we examined the mRNA expres-
sion of AACS and other enzymes in a variety of adipose
tissues including subcutaneous, perigonadal and mesen-
teric white adipose tissues, and interscapular brown adi-
pose tissue (Fig. 2). SCOT mRNA expression was
weaker in subcutaneous white adipose tissues than in
other regions. HMGCR mRNA was apparently absent
in any adipose tissue examined. Whereas, AACS mRNA
expression was high especially in the male subcutaneous
white adipose tissue. These data suggest that among the
enzymes examined, only AACS mRNA has the sex dif-
ference in the expression level in adipose tissue.
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Fig. 2. Gene expression of acetoacetyl-CoA synthetase mRNA in rat
adipose tissues. Total RNAs were isolated from various adipose tissues
of male and female rats (8-week old). Aliquots of RNAs (10 lg) were
subjected to Northern blotting analysis of AACS, SCOT, and
HMGCR cDNA probes. Sub, gen, mes, and BAT indicate a
subcutaneous, paragenitalium, mesenterium, and brown adipose
tissue, respectively. M and F indicate male and female, respectively.
The lower panel shows EtBr staining of ribosomal RNAs (2 lg/lane).
Expression of AACS mRNA was increased in male white

adipose tissue during postnatal development

Rat white adipose tissue cannot be detected macro-
scopically during embryonic stage and at birth, and its
growth is greatly stimulated during postnatal develop-
ment. The sucking–weaning transition is a physiological
situation during which marked nutritional changes oc-
cur spontaneously [20]. Cell-size and cell-number of
white adipose tissue is changed very little during the
sucking, but increased markedly after weaning. So, we
examined the expression profile of AACS mRNA in
male and female subcutaneous adipose tissues at sucking
(2 week) and after weaning (4, 6, 8, and 10 week). AACS
expression was detected at low level at sucking, then in-
creased after weaning (Fig. 3). Interestingly, in male
subcutaneous adipose, AACS mRNA was greatly in-
creased after 6 week of age. On the other hand,
HMGCR and SCOT mRNA expression was not signif-
icantly changed during all ages examined. These data
indicate that AACS may play some important roles dur-
ing postnatal adipose development, especially after sex-
ual maturation.

AACS mRNA was expressed in mature adipocytes

White adipose tissue is composed of mature adipo-
cytes and stromal–vascular cells [21]. To determine the
cellular localization of AACS mRNA expression in
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Fig. 3. The developmental profile of AACS mRNA expression in
subcutaneous white adipose tissue. Total RNAs were isolated from
subcutaneous adipose tissues of male and female rats (2-, 4-, 6-, 8-, and
10-week old). Aliquots of RNAs (10 lg) were subjected to Northern
blotting analysis of AACS, SCOT, and HMGCR cDNA probes. M
and F indicate male and female, respectively. The lower panel shows
EtBr staining of ribosomal RNAs (2 lg/lane).
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Fig. 5. Time course of the AACS mRNA expression during adipocyte
differentiation in rat primary culture Total RNA from cultured cells at
the indicated time points of day 0, day 1, day 2, day 4, and day 6 were
prepared. Four micrograms of extracted RNAs was subjected to RT-
PCR analysis of PPARc, and 8 lg of extracted RNAs was subjected to
the Northern blot analysis of AACS, ACC-1, and HMGCR cDNA
probes. N indicates the lane of non-induced cells on day 6. The lower
panel shows EtBr staining of ribosomal RNAs (2 lg/lane).
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white adipose tissue, we prepared mature adipocytes and
stromal–vascular cells from subcutaneous adipose tis-
sue. Leptin mRNA, which produces a hormone induc-
ing satiety and increasing energy expenditure, is
known to preferentially be expressed in mature adipo-
cytes but not in stromal–vascular cells of white adipose
tissue [13]. On our preparations, leptin mRNA was pref-
erentially detected in mature adipocytes but not stro-
mal–vascular cells (Fig. 4), indicating that the mature
adipocytes and stromal–vascular cells were properly pre-
pared. Similarly as leptin mRNA, AACS mRNA was
preferentially detected in mature adipocytes but not in
stromal–vascular cells. These results suggest that AACS
has a characteristic role in mature adipocytes.

Expression profiles of AACS mRNA in adipocyte during

adipogenesis

Mature adipocytes are differentiated from preadipo-
cytes included in stromal–vascular cells. During the dif-
ferentiation, a large number of genes have to be
regulated in a selective and coordinated manner, and cell
morphology as well as gene expression undergo signifi-
cant changes [22]. Therefore, we examined the temporal
expression of AACS, HMGCR, ACC-1, and PPARc
during the differentiation of rat primary preadipocytes.
PPARc is a transcription factor that plays a pivotal role
in adipocyte differentiation [23,24], so we used it as the
adipocyte-differentiation marker gene. Primary preadi-
pocytes prepared from rat epididymal white adipose tis-
sue can undergo the differentiation to mature adipocytes
in the presence of mixture of adipogenic inducers, DEX,
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Fig. 4. AACS mRNA expression in pre-adipocytes and mature
adipocytes Mature and preadipose cells were prepared by the
collagenase-digestion method described under Materials and methods.
Total RNAs (8 lg/lane) were isolated from these cells, and subjected to
the Northern analysis of AACS, ACC-1, HMGCR, and leptin cDNA
probes. SV indicates stromal–vascular cells. The lower panel shows
EtBr staining of ribosomal RNAs (1 lg/lane).
IBMX, and insulin, for 48 h. Northern blots (AACS,
HMGCR, and ACC-1) and RT-PCR products (PPARc)
are shown in Fig. 5. PPARc mRNA was increased
around days 1–4, and reached the maximum level on
day 6. HMGCR mRNA was hardly detected during dif-
ferentiation. ACC-1 mRNA expression was increased
and transiently peaked on day 4. AACS mRNA expres-
sion was detected in predifferentiated state (day 0) and
increased around days 1–4, and transiently peaked on
day 4. This alteration in the gene expression during the
adipocytes differentiation was similar to that of ACC-1.

AACS is regarded as the enzyme that supplies acetyl
units directly from acetoacetate in the cytosolic com-
partment for cholesterol and/or fatty acids biosynthesis
[6]. In adipose tissues, HMGCR, the rate-limiting en-
zyme of cholesterol-synthesis, was weakly expressed
(Figs. 1 and 2), and hardly detected in preadipocytes
and mature adipocytes (Fig. 5). On the other hand,
expression pattern of ACC-1, the key enzyme of fatty
acid-synthesis, was quite similar to that of AACS during
preadipocytes-differentiation. These results indicate that
AACS supply acetyl units from acetoacetate for fatty
acid-synthesis in adipocytes.

Moreover, AACS and ACC-1 were peaked on the
same differentiation period when PPARc was up-regu-
lated. PPARc is the transcription factor that has impor-
tant effects on lipid deposit via regulation of the
expression of genes involved in lipid metabolism, such
as lipoprotein lipase, fatty acid translocase/CD36, fatty
acid-binding protein aP2, acyl-CoA synthetase, and
phosphoenolpyruvate carboxylase [25]. Indeed, we
observed multi lipid droplets after day 5. These results
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indicate that AACS gene expression is closely related to
the initiation of depositing lipid droplets.

In summary, our study showed that AACS was high-
ly expressed in rat adipose tissues, especially in adipo-
cytes on initiation-period of the lipid deposit. These
results suggest that AACS gene expression is closely
related with adipogenesis, especially with fatty acid-syn-
thesis. Moreover, AACS mRNA expression is strongly
dependent upon the site of adipose deposit and sexual
maturation of the rats. Regional adipose distribution
differs between men and women, and is thus considered
as a secondary sex character [26]. Such sex differences in
white adipose tissue metabolism were reported previous-
ly for gene expression of mitochondrial 3-hydroxy-3-
methyl-glutaryl-CoA synthase (mtHMGCS) [27]. This
enzyme, the rate-limiting enzyme of ketogenesis [28], is
highly expressed in the male subcutaneous white adipose
tissue. Since these two enzymes related to ketone body-
metabolism were highly expressed in the same region of
adipose deposit, ketone body, and its utilizing enzymes
could play an important role on lipogenesis of the male
subcutaneous white adipose tissue.
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