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Abstract The mRNAs encoding mitochondrial 3-hydroxy-
3-methylglutaryl-CoA synthase (mtHMG-CoA synthase), the
rate limiting enzyme in ketone body production, are highly
expressed in subcutaneous (SC) and, to a lesser extent,
in peri-epididymal (PE) rat adipose tissues. This atypical
mtHMG-CoA synthase gene expression is dependent on the
age (from 9 weeks of age) and sex (higher in male than in
female) of the rats. In contrast, the expression of mtHMG-
CoA synthase in SC adipose deposit is independent of the
nutritional state (fed versus starved) or of the thermic envi-
ronment (24

 

8

 

C versus 4

 

8

 

C). The expression of mtHMG-
CoA synthase is suppressed in SC fat pads of castrated male
rats whereas treatment of castrated rats with testosterone
restores a normal level of expression. Moreover, testoster-
one injection induces the expression mtHMG-CoA synthase
in SC adipose tissue of age-matched females. The presence
of the mtHMG-CoA synthase immunoreactive protein con-
fers to mitochondria isolated from SC adipose deposits, the
capacity to produce ketone bodies at a rate similar to that
found in liver mitochondria (SC 
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1.4 nmol/min/mg prot). mtHMG-CoA synthase is expressed
in the stromal vascular fraction (SVF) whatever the adipose
deposit considered. While acetyl-CoA carboxylase (ACC) is
only expressed in mature adipocytes, the other lipogenic
enzymes, fatty acid synthase (FAS) and citrate cleavage en-
zyme (CCE), are expressed both in SVF cells and mature
adipocytes. The expression of lipogenic enzyme genes is
markedly reduced in adipocytes but not in SVF cells iso-
lated from 48-h starved male rats. When SVF is subfraction-
ated, mtHMG-CoA synthase mRNAs are mainly recovered
in two fractions containing poorly digested structures such
as microcapillaries whereas the lowest expression is found
in the pre-adipocyte fraction. Interestingly, FAS and CCE
mRNAs co-segregate with mtHMG-CoA synthase mRNA.
The possible physiological relevance of such atypical ex-
pression of mtHMG-CoA synthase is discussed.

 

—Thumelin,
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Until recently, it was generally accepted that ketone
body production was restricted to the liver of non-rumi-
nant species. This was based on the fact that extrahepatic
tissues were devoid of mitochondrial 3-hydroxy-3-methyl-
glutaryl-CoA synthase (mtHMG-CoA synthase), the rate-
limiting enzyme of ketogenesis (reviewed in ref. 1). How-
ever, mtHMG-CoA synthase gene expression was found in
the intestinal mucosa and kidney cortex of suckling rats
(2, 3) conferring to these tissues the capacity to produce
ketone bodies (2, 4, 5). This ketogenic capacity disap-
peared after weaning as the result of the suppression of
mtHMG-CoA synthase gene expression (2). These obser-
vations emphasized the crucial role of mtHMG-CoA syn-
thase for net ketone body production. Nevertheless, the
expression of mtHMG-CoA gene in tissues not usually
considered as ketogenic organs raises the question of
whether the mtHMG-CoA synthase pathway could have
purposes other than the production of ketone bodies. For
instance, it was suggested that mtHMG-CoA synthase
could be involved in cholesterol synthesis in liver (6) or
steroid synthesis in the testis and the ovary (7). However,
the role of mtHMG-CoA synthase for this purpose remains
uncertain as these tissues express the cytosolic isoform of
HMG-CoA synthase, the regulatory enzyme of mevalonate
synthesis. Similarly, the physiologic relevance for the pres-
ence of all ketogenic enzymes, including mtHMG-CoA
synthase, in cortical astrocytes of suckling rats (8) remains
unknown. Finally, the presence of ketogenic enzyme activ-
ities was reported in human white adipose tissue (9). How-
ever, it seems unlikely that human white adipose tissue

 

Abbreviations: mtHMG-CoA synthase; mitochondrial hydroxymethyl-
glutaryl-CoA synthase; SC, subcutaneous adipose tissue; PE, peri-epididy-
mal adipose tissue; BAT, brown adipose tissue; SVF, stromal vascular frac-
tion; HSL, hormone-sensitive lipase; CPT I, carnitine palmitoyltransferase
I; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; CCE, citrate
cleavage enzyme; MEM, minimum essential medium; DMEM, Dulbecco’s
modified Eagle’s medium; BSA, bovine serum albumin.
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performs a net ketone body synthesis as mtHMG-CoA syn-
thase activity is very low in this tissue (9).

The present work reports that white adipose tissue of
male rats is able to produce ketone bodies due to a high
level of mtHMG-CoA synthase gene expression.

MATERIALS AND METHODS

 

Animals

 

Male (4-, 6-, 9-, and 12-week-old) and female Wistar rats (11-
and 12-week-old), were housed in individual plastic cages at 24

 

8

 

C,
with light from 15:00 to 03:00 h. They had free access to water
and chow pellets (65% carbohydrate, 11% fat, 24% protein, % of
energy). Subcutaneous (inguinal region), peri-epididymal, peri-
ovarian, and retro-peritoneal fat pads, and interscapular brown
adipose tissue, liver, heart, hindlimb muscle, brain, and intestine
were sampled at 9.00, i.e., during the absorptive period, or after
48 h of starvation or cold exposure (4

 

8

 

C).

 

Surgery and injection of animals

 

Male rats were castrated at the age of 9 weeks under phenobar-
bital anesthesia. Two weeks later, they were injected daily (in the
interscapular subcutaneous area) for 1 week with either commer-
cial olive oil (controls) or testosterone propionate (10 mg/kg/
day) diluted in olive oil. Age-matched females were injected us-
ing the same experimental design. After 3 weeks, castrated male
rats expressed a reduction of seminal vesicle wet weight of more
than 90% compared to aged-matched control rats, whereas test-
osterone treatment resulted in total recovery (non-castrated 
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 17 mg; castrated injected with tes-
tosterone 
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 905 
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 71 mg, n 
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 5).

 

Culture of white adipose tissue explants

 

Adipose tissue explants were prepared from subcutaneous and
peri-epididymal fat pads of 48-h starved male rats and from sub-
cutaneous adipose tissue of 48-h starved female rats as described
by Foufelle et al. (10). Briefly, 300 mg of tissue was cut in small
pieces and cultured in 75 cm

 

2

 

 Petri dishes for 6, 24, or 48 h in a
serum-free MEM medium supplemented with 1% BSA, 10 IU/ml
penicillin and 50 

 

m

 

g/ml kanamycin. The cultures were main-
tained at 37

 

8

 

C in an incubator equilibrated with O

 

2

 

/CO

 

2

 

 (95/
5%). The culture medium was collected and deproteinized with
perchloric acid (4% final conc). Ketone bodies were determined
in neutralized perchloric filtrates. Each experimental condition
was performed in duplicate.

 

Isolation and incubation of mitochondria

 

Liver, heart, and subcutaneous fat pads from 12-week-old rats
were finely minced and homogenized at 4

 

8

 

C in 0.25 

 

m

 

 sucrose
medium containing 10 m

 

m

 

 Tris/HCl, 1 m

 

m

 

 EGTA, 1 m

 

m

 

 dithio-
threitol (DTT), and 2% bovine serum albumin (BSA). After re-
moval of lipids by filtration on gauze, mitochondria were isolated
by a differential centrifugation technique as described previously
(11). The subcutaneous fad pads from six female rats and four
adult male rats were used to obtain sufficient amounts of mito-
chondria for determination of ketogenic capacity. Ketone body
production was determined in isolated mitochondria (1 mg/ml)
after a 15-min incubation period at 30

 

8

 

C in the presence of 0.5
m

 

m

 

 

 

l

 

-carnitine and in the absence or in the presence of 0.1 m

 

m

 

oleate as described previously (12).

 

Isolation of adipocytes and non-adipocyte cells

 

Adipocytes were separated from the stromal vascular fraction
(SVF) according to Rodbell (13), as modified by Parker, Lane,

and Axelrod (14). Briefly, the fat pads (3–6 g) were rapidly ex-
cised, finely minced, and incubated (1 g/10 ml) for 60 min at
37

 

8

 

C in a low glucose (5 m

 

m

 

) Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 2% BSA, and type C collage-
nase (1 mg/ml). Undigested tissue was then removed by filtering
the suspension on a sterile nylon filter (250 

 

m

 

m). After decanta-
tion of adipocytes (10 min at 37

 

8

 

C), the infranatant (SVF) was
collected. Isolated adipocytes from the supernatant were washed
3 times (2 min at 600 

 

g

 

) in a saline phosphate buffer (PBS: NaCl
130 m

 

m

 

; KCl 2.7 m

 

m

 

; Na

 

2

 

HPO

 

4

 

 22 m

 

m

 

; NaH

 

2

 

PO

 

4

 

 1.45 m

 

m

 

; pH
7.4) containing 2% BSA. This procedure was necessary to elimi-
nate contaminating SVF cells from the adipocyte fraction (Ad).
This fraction of SVF cells (subfraction Fa) was collected sepa-
rately or pooled to other SVF subfractions (see below). In some
experiments, SVF was filtered on a nylon filter (60–90 

 

m

 

m) to
separate isolated cells (subfraction Fc) from tissular structure
more resistant to collagenase digestion (subfraction Fb). Thus,
SVF fraction represents a pool of subfractions Fa (from adipocyte
washing), Fb (fraction resistant to collagenase digestion retained
on the filter), and Fc (isolated cells). Cells from total SVF or
from Fa, Fb, and Fc subfractions were washed once in PBS and
sedimented by centrifugation for 10 min at 800 

 

g.

 

 The cell pellets
and adipocyte suspensions were immediately homogenized in 3
or 6 ml guanidinium thiocyanate denaturing solution, respec-
tively, for total RNA extraction. Only samples arising from the
same preparation were used for comparison.

 

Western blot analysis

 

Mitochondrial proteins (100 

 

m

 

g to 300 

 

m

 

g) from liver, heart,
and adipose deposits from male and female rats were subjected
to a 8.5% SDS-PAGE under reducing conditions (100 m

 

m

 

 DTT)
as described previously (2). The blots were hybridized using the
anti-ox liver mtHMG-CoA synthase antibody (1/500, v/v) accord-
ing to Quant et al. (15).

 

Isolation of total RNA and Northern blot analysis

 

After homogenization of the freeze-clamped tissues and the
cellular extracts in the guanidinium thiocyanate denaturing solu-
tion, homogenates were centrifuged at 3000 

 

g

 

 for 5 min (4

 

8

 

C) to
remove lipids. Total RNA was further extracted as described (16)
and samples of 20 

 

m

 

g were size fractionated in 1% agarose gel
containing 2.2 

 

m

 

 formaldehyde. Then, they were transferred to
hybond N membranes (Amersham) and hybridized at 42

 

8

 

C as
previously reported (2). mRNA encoding mtHMG-CoA synthase
and liver carnitine palmitoyltransferase I (L-CPT I) were hybrid-
ized with random priming radiolabeled probes prepared from a
KpnI–KpnI fragment from the pMS1 plasmid (17), and an
EcoR1–EcoR1 fragment from the p61a plasmid (18), respec-
tively. The 

 

a

 

2

 

-chain of type IV collagen (

 

a

 

2

 

ColIV/pOb24) was
used as a pre-adipocyte marker; the hormone-sensitive lipase
(HSL) and the glucose transporter, Glut-4, were used as markers of
mature adipocytes. Radiolabeled probes for these markers were
prepared, respectively, from an EcoR1–EcoR1 fragment of the
C3-PU18-11 plasmid (19), a SmaI–EcoRV fragment of the pGEM-
2 vector (20), and an EcoR1–EcoR1 fragment of the pBKSII(

 

1

 

)
vector (21). The fatty acid synthase (FAS), acetyl-CoA carboxylase
(ACC), and citrate cleavage enzyme (CCE) where used as lipo-
genic markers. The specific mRNAs encoding these proteins
were hybridized with probes prepared from an EcoR1–EcoR1
fragment of the pFAS plasmid (22), an EcoR1–EcoR1 fragment
of the p181-6 plasmid (23), and an EcoR1–BamH1 fragment of
the pBS 18 plasmid (24), respectively. Hybridization of the blots
with an excess of [

 

g

 

-

 

32

 

P]ATP-labeled synthetic oligonucleotide
specific for the 18S rRNA subunit (25) allowed us to correct for
possible variations in the amount of RNA transferred onto the
membranes.
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Analytical methods

 

Acetoacetate and 3-hydroxybutyrate were determined using en-
zymatic methods (26). Proteins were determined by the method of
Lowry et al. (27) with bovine serum albumin as standard.

 

Statistical analysis

 

Results are expressed as means 

 

6

 

 SEM. Statistical analyses were
performed using an analysis of variance for unpaired variables.

 

Chemicals

 

Culture medium was obtained from Gibco (Cergy-Pontoise,
France). All substrates and enzymes were obtained from Boeh-
ringer-Mannheim (Meylan, France). Testosterone propionate,
fatty acid-free albumin, Type C collagenase for adipocytes isola-
tion, 

 

l

 

-carnitine, oleate, antibiotics, and reagents for Northern and
Western blot analysis were purchased from Sigma (St. Louis, MO).

 

RESULTS

 

Tissue specific expression and regulation
of mtHMG-CoA synthase gene in adult rats

 

As shown in 

 

Fig. 1

 

, the mtHMG-CoA synthase mRNAs
are undetectable in hindlimb muscle, heart, brain, and
brown adipose tissue of 48-h starved adult rats. In con-
trast, the transcript is present in the subcutaneous adipose
tissue at a level similar to the one found in the liver of the
starved adult rat (Fig. 1). This atypical expression of
mtHMG-CoA synthase is age-dependent as its transcript is
not detected in pre-pubescent rats (Fig. 1). mtHMG-CoA
synthase is highly expressed in subcutaneous fat pads of
both fed and starved adult male rats (

 

Fig. 2

 

). In contrast,

the mtHMG-CoA synthase mRNA levels are undetectable
in subcutaneous fat pads of fed age-matched females (Fig.
2) and are very low in subcutaneous fat pads of 48-h
starved female (Fig. 2). They are virtually absent from
other adipose deposits in both starved male and female
adult rats (Fig. 2). Moreover, mtHMG-CoA synthase
mRNA levels in subcutaneous deposits of male rats are not
affected by thermic environment (Fig. 2) and are unde-
tectable in brown adipose tissue, even after cold exposure.

Castration of 9 week-old male rats results, 3 weeks later,
in a complete disappearance of mtHMG-CoA synthase
mRNAs in subcutaneous adipose deposit (

 

Fig. 3

 

). Treat-
ment of castrated rats with testosterone allows partial res-
toration of mtHMG-CoA synthase mRNA at a level similar
to the one found in 9-week-old rats (Fig. 3). Interestingly,
when age-matched females are injected with the same
amount of testosterone, mtHMG-CoA synthase is induced in
the subcutaneous adipose tissue of fed female rats (Fig. 3).

As shown for the transcript, the level of mtHMG-CoA
synthase immunoreactive protein is not affected by the
nutritional status of the male rats and is similar in mito-
chondria isolated from subcutaneous adipose tissue or
from liver of 48-h starved rats (

 

Fig. 4

 

). In contrast, the
amount of mtHMG-CoA synthase protein is low in mito-
chondria isolated from peri-epididymal fat pads of starved

Fig. 1. Tissue specific expression of mtHMG-CoA synthase gene
in starved adult rats. This northern blot is representative of four dif-
ferent experiments.

Fig. 2. Effect of sex and/or nutritional or ther-
mic environments on mtHMG-CoA synthase gene
expression in subcutaneous adipose tissue. Total
RNAs were extracted from subcutaneous (SC),
peri-epididymal (PE), retro-peritoneal (RP), and
peri-ovarian (PO) white fat pads and brown adi-
pose tissue (BAT). Twelve-week-old female or male
rats were either starved for 48 h at 248C or fed and
exposed for 48 h to a cold environment (48C).
This Northern blot is representative of four differ-
ent experiments.

Fig. 3. Effects of castration and testosterone treatment on mtHMG-
CoA synthase gene expression in subcutaneous adipose tissue. Male
rats were castrated at 9 weeks of age and total RNAs were extracted
from subcutaneous adipose deposits at 12 weeks of age in castrated
male rats which had been treated for 1 week with either testoster-
one (10 mg/kg/day) or the same volume of vehicle (olive oil). Age-
matched females were treated under same conditions. This North-
ern blot is representative of four different experiments.
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male rats (Fig. 4) or from subcutaneous adipose tissue of
female rats (Fig. 4).

 

Ketone body production by cultured explants and
isolated mitochondria from various adipose deposits

 

The rate of ketone body production from endogenous
substrates is time-dependent whatever the origin of adipose
tissue explant (

 

Fig. 5

 

). After 48 h of culture, the rate of ke-
tone body production is 40% lower in subcutaneous adi-
pose tissue of fed male rats than in 48-h starved rats (Fig.
5). In contrast, it is 15-fold higher in subcutaneous than in
peri-epididymal fat pads of starved rats (Fig. 5). Moreover,
the rate of ketone body production is 5-fold higher in sub-
cutaneous explants from male than from age-matched fe-
male rats (Fig. 5). Similar differences are observed when
the ketogenic capacity is measured in isolated mitochon-
dria incubated in the presence of saturating concentrations
of oleate. While heart mitochondria (used as negative con-
trols) are unable to synthesize ketone bodies from oleate
(

 

Table 1

 

), mitochondria isolated from subcutaneous fat
pads of male rats have a ketogenic rate similar (80%) to the
one found in liver mitochondria used as positive controls
(Table 1). The ketogenic capacity of mitochondria isolated
from female subcutaneous deposits is much lower than in
the homologous adipose pads of male rats (Table 1).

 

Distribution of mtHMG-CoA synthase mRNA
inside the adipose tissue

 

On the basis of pre-adipocyte (

 

a

 

2

 

ColIV/pOb24) and
adipocyte (HSL and Glut-4) markers, mtHMG-CoA syn-

thase is mainly expressed in the total SVF fraction (SVFt)
whatever the origin of the adipose pad (

 

Fig. 6

 

). This local-
ization is unaffected by the nutritional state of the male rats
(Fig. 6). As recently reported (28), liver-type carnitine palm-
itoyltransferase I (L-CPT I) is expressed in pre-adipocytes.
When we look at the distribution of lipogenic enzyme
gene expression, it is interesting to emphasize that fatty
acid synthase (FAS) and, to a lesser extent, citrate cleav-
age enzyme (CCE) are expressed not only in mature adi-
pocytes but also in SVF of subcutaneous fat pads of adult
male rats (

 

Fig. 7

 

). In contrast, acetyl-CoA carboxylase is
found exclusively in mature adipocytes (Fig. 7). In mature
adipocytes isolated from subcutaneous fat pads of male
rats, the expression of lipogenic enzyme genes is markedly
decreased after starvation (Fig. 7) whereas FAS and CCE
mRNA concentrations are still elevated in SVF (Fig. 7).
When the SVF is subfractionated, the highest mtHMG-
CoA synthase gene expression is associated with Fa and Fb
fractions (Fig. 7), two fractions containing poorly digested

Fig. 4. Determination of mtHMG-CoA synthase immunoreactive
protein in liver and subcutaneous adipose tissue. Mitochondria
were isolated from liver (L), heart (H), subcutaneous (SC), or peri-
epididymal (PE) adipose deposits of fed or 48-h starved male rats
(upper panel) and from liver and subcutaneous fat pads of 48-h
starved female rats (lower panel). Mitochondrial proteins (100 or
300 mg as indicated) were size fractionated in 8.5% acrylamide gel
and blotted with an anti-ox liver HMG-CoA synthase antibody as de-
scribed in Material and Methods. These Western blots are represen-
tative of three to five different experiments.

Fig. 5. Ketone body production in cultured explants from male
and female adipose tissue. Explants were prepared either from sub-
cutaneous or peri-epididymal fat pads and cultured as described in
Materials and Methods. Subcutaneous adipose deposits were sam-
pled from fed adult male rats (n) or from 48-h starved male (d) or
female (s) rats. Peri-epididymal fat pads were sampled in 48-h
starved male rats (h). Results are expressed as mmol of total ketones
(acetoacetate 1 b-hydroxybutyrate) produced per mg of fresh tis-
sue. The tissue ketone body concentration at the time of plating
was similar whatever the origin of the deposit and was subtracted
for the rate of ketone body production in each experimental condi-
tion. Results are means 6 SEM of five different cultures performed
in duplicate. The respective concentration of b-hydroxybutyrate
(B) and acetoacetate (A) in various cultured explants are (in nmol/
mg): subcutaneous pads from fed males: B 5 574 6 122; A 5 323 6
95; subcutaneous pads from starved males: 6 h in culture B 5 93 6 28;
A 5 89 6 18; 24 h in culture B 5 546 6 108; A 5 294 6 96; 48 h in
culture B 5 1180 6 212 A 5 441 6 87. Subcutaneous pads from
starved females: 6 h in culture B 5 43 6 9; A 5 36 6 12; 24 h in cul-
ture B 5 93 6 23; A 5 68 6 12; 48 h in culture B 5 190 6 52; A 5
121 6 32. Peri-epididymal pads from starved males: 6 h in culture
B 5 13 6 2; A 5 17 6 6; 24 h in culture B 5 34 6 8; A 5 37 6 5; 48
h in culture B 5 60 6 12; A 5 41 6 6.
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structures such as microcapillaries and capillaries (14,
29, 30). In contrast, mtHMG-CoA synthase mRNA concen-
tration is lower in the Fc fraction (Fig. 7) a pre-adipocyte
enriched fraction as suggested by the increase in the
a2ColIV/pOb24 mRNA concentration (Fig. 7). Interest-
ingly, FAS and, to a lesser extent, CCE mRNA co-segregate
with mtHMG-CoA synthase mRNA (Fig. 7).

DISCUSSION

The present data demonstrate that unidentified cells
from SVF of white adipose tissue are able to produce ke-
tone bodies due to a mitochondrial HMG-CoA synthase
pathway whose activity is quite similar to that found in

liver mitochondria, at least in term of maximal capacity.
However, it must be emphasized that the proportion of
mitochondria is much lower in adipose tissue that in the
liver, suggesting that the contribution and/or the purpose
of ketogenesis in these tissues is not the same. Indeed, if
we take into account the mass of subcutaneous fat pads of
male rats (around 6 g) this allows us to estimate, from cul-
tured explant experiments, that daily ketone body pro-
duction is 90% lower than that estimated from liver ex-
plants cultured under the same conditions (data not shown).
Moreover, the present work suggests that the regulation
of adipose tissue mtHMG-CoA synthase differs from that
of hepatic enzyme as its expression is not stimulated by
starvation, unlike in the liver (31). The fact that ketone
body production is 40% higher in subcutaneous explants
from starved rats than from fed ones could result 1) from
a higher proportion of SVF cells due to a smaller size of

TABLE 1. Ketone body production in incubated mitochondria 
isolated from liver, subcutaneous adipose tissue, and heart

Mitochondrial Source Fed Male Starved Male Starved Female

Liver 16.4 6 1.4 (7) 20.9 6 1.2 (7) 18.2 6 1.4 (5)
Subcutaneous fat pads 13.7 6 0.7 (7) 17.0 6 0.6 (7) 2.9 6 0.5 (5)a

Heart 1.5 6 0.4 (6) 0.9 6 0.2 (3) 0.7 6 0.2 (5)

Isolated mitochondria (1 mg/ml) were incubated for 15 min in
the absence or in the presence of oleate bound to 2% fatty acid-free al-
bumin. Endogenous ketogenesis (absence of oleate) was subtracted
from the rate of ketone body production (acetoacetate 1 b-hydroxybu-
tyrate) determined from 0.1 mm oleate. Results are expressed as nmol/
min/mg of protein. Values are means 6 SEM for the number of exper-
iments shown in parentheses.

a P , 0.01 when compared to mitochondria isolated from subcuta-
neous adipose tissue of male rats whatever the nutritional status.

Fig. 6. Localization of mtHMG-CoA synthase mRNA in adipocyte
or stromal vascular fraction of various fat pads. Total RNAs were ex-
tracted from adipocytes (Ad) and stromal vascular fraction (SVF)
cells isolated from subcutaneous (SC) or peri-epididymal (PE) fad
pads of 12-week-old fed (left panel) or starved (right panel) adult
male rats. Fractions were characterized according to the expression
of marker gene specific for mature adipocytes (glucose transporter
Glut-4; hormone sensitive lipase, HSL, and acetyl-CoA carboxylase,
ACC), or non-adipocyte cells (a2 chain of collagen IV, a2ColIV/
pOb24; liver type carnitine palmitoyltransferase I, L-CPT I). These
Northern blots are representative of four different experiments.

Fig. 7. Distribution of mRNA encoding lipogenic enzymes be-
tween adipocytes and subfractions of SVF isolated from subcutane-
ous fat pads of adult male rats. Adipocytes (Ad) were isolated from
subcutaneous deposits of 12-week-old fed (F) or 48-h starved (S)
male rats. SVF isolated from subcutaneous adipose tissue of 48-h
starved male rats were subfractionated in three fractions as de-
scribed in Materials and Methods. After collagenase digestion of the
tissue and decantation, two phases were clearly identified. 1) the up-
per phase containing adipocytes contaminated with some SVF cells.
This fraction was washed and centrifuged, the pellet being the Fa
subfraction of SVF; 2) the infranatant containing SVF cells. This
fraction was filtered on 60-mm nylon fibers and two fractions were
obtained: Fb which represents the fiber-retained fraction and Fc
the filtrate fraction. Each fraction was characterized by adipocyte
(hormone-sensitive lipase, HSL) and SVF (a2C olIV/pOb24) mark-
ers. Northern blots were hydridized with probes encoding mtHMG-
CoA synthase, lipogenic enzymes (acetyl-CoA carboxylase ACC,
fatty acid synthase FAS, citrate cleavage enzyme CCE). These blots
are representative of three to four different experiments.
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adipocytes in subcutaneous fat pads of starved rats; and 2)
from a lower inhibition of CPT I by malonyl-CoA, whose
concentration is probably low as suggested by the very low
level of mRNA encoding acetyl-CoA carboxylase. In keep-
ing with this, the rates of ketone body production are sim-
ilar in mitochondria (a malonyl-CoA free system) isolated
from fed or starved male rats.

This work also shows that the expression of mtHMG-
CoA synthase is strongly dependent upon the site of adi-
pose deposit and the sex of the animal. Such site and sex
differences in white adipose tissue metabolism were previ-
ously reported for glucose metabolism (32, 33), insulin
sensitivity (34–36), lipolytic activity (37), and ob gene ex-
pression (reviewed in ref. 38). This differences between
male and female are also observed for liver metabolism
(39) where is was shown that estrogens decrease the rate of
hepatic fatty acid oxidation (40) as the result of an increased
sensitivity of CPT I to malonyl-CoA inhibition (41). The
mechanisms by which testosterone controls mtHMG-CoA
synthase in subcutaneous adipose tissue remain unknown.
However, it is noteworthy that changes in mtHMG-CoA
synthase mRNA concentration in response to testosterone
in the SVF are similar to those observed in total adipose
deposits (data not shown). This suggests that the regula-
tion of mtHMG-CoA synthase by testosterone is specific
and does not result from variations in the adipocytes to
SVF ratio inside the subcutaneous adipose tissue. The fact
that preadipocytes are sensitive to physiological concentra-
tions of testosterone in vitro (42) suggests that testoster-
one could directly control the expression of mtHMG-CoA
synthase in subcutaneous adipose deposits. Moreover,
sex hormones could be involved in the regionalization
of mtHMG-CoA synthase gene expression as previously
described for the control of lipolytic activity in white adi-
pose tissue (reviewed in ref. 37).

mtHMG-CoA synthase mRNA is not detected in skin,
salivary or preputial glands of adult male rats, suggesting
that the expression of this gene in subcutaneous fat pads
is not due to a contamination by these tissues. In contrast,
preliminary histochemical experiments suggest that this
high expression could be related to changes in the mor-
phology of male rat subcutaneous adipose tissue as the re-
sult of an increase in uncharacterized glandular structures
(sebaceous, sweat, or undifferentiated mammary glands?).
Sebaceous glands are characterized by high rates of lipo-
genesis, cholesterol and triglyceride synthesis (43, 44). It
was proposed some 25 years ago that acetoacetate produc-
tion in subcutaneous adipose tissue would represent a sys-
tem that allows the transfer of acetyl-CoA units from the
mitochondria to the cytosol (9, 45) to sustain an active li-
pogenesis in a tissue characterized by low CCE activity
(32). However, it seems unlikely that mtHMG-CoA syn-
thase would play this role in “uncharacterized SVF cells”
of subcutaneous fat pads as ACC, the key lipogenic en-
zyme, is not expressed in the same fraction as mtHMG-
CoA synthase. Nevertheless, despite the absence of ACC
in SVF cells expressing FAS and mtHMG-CoA synthase
genes, the synthesis of short- or medium-chain fatty acyl-
CoA cannot be excluded as acetoacetyl-CoA is a more effi-

cient precursor for FAS than acetyl-CoA (46). In addition
to a putative role for mtHMG-CoA synthase in fatty acid
and triglyceride synthesis, it could play a role in sustaining
cholesterol synthesis as previously reported in testis and
ovary (7) or in liver (6). This role could be essential if cho-
lesterogenesis takes place, at least in part, in mitochondria
as shown in Leydig cells from rat testis (47).

The recombinant plasmids for the mHMG-CoA synthase, L-
CPT I, Glut 4, HSL, A2ColIV/pOb24, FAS, ACC and CCE were
kindly provided by Dr. Hegardt (University of Barcelona,
Spain), Dr. McGarry (Southwestern Medical Center of Dallas,
Texas, USA), Dr. James (University of Queensland, Brisbane,
Australia), Dr. P. Belfrage (University of Lund, Sweden), Dr. Dani
(Centre de Biochimie, Université de Nice, France), Dr. Good-
ridge (Ohio State University, Columbus, Ohio), Dr. Kim (Pur-
due University, West Lafayette, Indiana) and Dr. Iritani (Uni-
versity of Osaka, Osaka, Japan) respectively.

Manuscript received 4 August 1998, in revised form 21 October 1998, and in
re-revised form 11 January 1999.

REFERENCES

1. Robinson, A. M., and D. H. Williamson. 1980. Physiological role of
ketone bodies as substrates and signals in mammalian tissues. Phys-
iol. Rev. 60: 143–187.

2. Thumelin, S., M. Forestier, J. Girard, and J. P. Pégorier. 1993.
Developmental changes in mitochondrial 3-hydroxy-3-methyl-
glutaryl-CoA synthase gene expression in rat liver, intestine and
kidney. Biochem. J. 292: 493–496.

3. Serra, D., G. Asins, and F. G. Hegardt. Ketogenic mitochondrial 3-
hydroxy-3-methylglutaryl-CoA synthase gene expression in intes-
tine and liver of suckling rats. Arch. Biochem. Biophys. 301: 445–448.

4. Hahn, P., and M. Taller. 1987. Ketone formation in the intestinal
mucosa of infant rats. Life Sci 41: 1525–1528.

5. Békési, A., and D. H. Williamson. 1990. An explanation for ketoge-
nesis by the intestine of the suckling rat: The presence of an active
hydroxymethylglutaryl-coenzyme A pathway. Biol Neonate. 58: 160–
165.

6. Endemann, G., P. G. Goetz, J. Edmond, and H. Brunengraber.
1982. Lipogenesis from ketone bodies in the isolated rat perfused
liver. J. Biol. Chem. 257: 3434–3440.

7. Royo, T., M. J. Pedragosa, G. Gil-Gomez, S. Vilaro, and F. G. He-
gardt. 1993. Testis and ovary express the gene for the ketogenic
mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase. J. Lipid
Res. 34: 867–874.

8. Cullinford, T. E., C. T. Dolphin, K. K. Bhakoo, S. Peuchen, L. Cane-
vari, and J. B. Clark. 1998. Molecular cloning of rat mitochondrial
3-hydroxy-3-methylglutaryl-CoA lyase and detection of the corre-
sponding mRNA and those encoding the remaining enzymes com-
prising the ketogenic 3-hydroxy-3-methylglutaryl-CoA cycle in cen-
tral nervous system of suckling rat. Biochem. J. 329: 373–381.

9. Rous, S. 1976. On the occurrence of enzymes of ketone body me-
tabolism in human adipose tissue. Biochem. Biophys. Res. Comm. 69:
74–78.

10. Foufelle, F., B. Gouhot, J. P. Pégorier, D. Perdereau, J. Girard, and
P. Ferré. 1992. Glucose stimulation of lipogeneic enzyme gene ex-
pression in cultured white adipose tissue. A role for glucose-6-
phosphate. J. Biol. Chem. 267: 20543–20546.

11. Herbin, C., J. P. Pégorier, P. H. Duée, C. Kohl, and J. Girard. 1987.
Regulation of fatty acid oxidation in isolated hepatocytes and liver
mitochondria from newborn rabbits. Eur. J. Biochem. 165: 201–207.

12. Escriva, F., P. Ferré, D. Robin, P. Robin, J. F. Decaux, and J. Girard.
1986. Evidence that the development of hepatic fatty acid oxida-
tion at birth in the rat is concomitant with an increased intramito-
chondrial CoA concentration. Eur. J. Biochem. 156: 603–607.

13. Rodbell, M. 1964. Metabolism of isolated fat cells. I. Effects of hor-
mones on glucose metabolism and lipolysis. J. Biol. Chem. 239: 375–
380.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Thumelin et al. Ketone body production in subcutaneous adipose tissue of male rats 1077

14. Parker, J., J. Lane, and L. Axelrod. 1989. Cooperation of adipocytes
and endothelial cells required for cathecholamine stimulation of
PGl2 production by rat adipose tissue. Diabetes. 38: 1123–1132.

15. Quant, P. A., D. Robin, P. Robin, P. Ferré, M. D. Brand, and J. Gi-
rard. 1991. Control of hepatic mitochondrial-3-hydroxy-3-methyl-
glutaryl-CoA synthase during the fetal/neonatal transition, suck-
ling and weaning in the rat. Eur. J. Biochem. 195: 449–454.

16. Chomczynski, P., and N. Sacchi. 1987. Single step method of RNA
isolation by acid guanidium thiocyanate–phenol–chloroform ex-
traction. Anal. Biochem. 162: 156–159.

17. Ayté, J., G. Gil-Gomez, D. Haro, P. F. Marrero, and F. Hegardt.
1990. Rat mitochondrial and cytosolic 3-hydroxy-3-methylglutaryl-
CoA synthases are encoded by two different genes. Proc. Natl. Acad.
Sci. USA. 87: 3874–3878.

18. Esser, V., C. H. Britton, B. C. Weis, D. W. Foster, and J. D. McGarry.
1993. Cloning, sequencing, and expression of a cDNA encoding
rat liver carnitine palmitoyltransferase I. Direct evidence that a sin-
gle polypeptide is involved in inhibitor interaction and catalytic
function. J. Biol. Chem. 268: 5817–5822.

19. Dani, C., E. Z. Amri, B. Bertrand, S. Enerback, G. Bjursell, P. Gri-
maldi, and G. Ailhaud. 1990. Expression and regulation of pOb 24
and lipoprotein lipase genes during adipose conversion. J. Cell.
Biochem. 43: 103–105.

20. Holm, C., T. D. Kirchgessner, K. L. Svenson, G. Fredrikson, S. Nils-
son, C. G. Miller, J. E. Shively, C. Heinzmann, R. S. Sparkes, T. Mo-
handas, A. J. Lusis, P. Belfrage, and M. C. Schotz. 1988. Hormone-
sensitive lipase: sequence, expression, chromosomal localization
to 19 cent-q13.3. Science. 241: 1503–1506.

21. James, D. E., M. Strube, and M. Mueckler. 1989. Molecular cloning
and characterization of an insulin-sensitive glucose transporter.
Nature. 338: 83–87.

22. Neprokroeff, C. M., K. Adachi, C. Yan, and J. K. Porker. 1984.
Cloning of DNA complementary to rat liver fatty acid synthase
mRNA. Eur. J. Biochem. 140: 441–445.

23. Bai, D. H., M. E. Pape, F. Lopez-Casillas, X. C. Luo, J. E. Dixon,
and K. H. Kim. 1986. Molecular cloning of cDNA for acetyl-CoA
carboxylase. J. Biol. Chem. 261: 12395–12399.

24. Fukuda, H., A. Katsurada, and N. Iritani. 1992. Effects of nutrients
and hormones on gene expression of ATP citrate-lyase in rat liver.
Eur. J. Biochem. 209: 217–222.

25. Chan, Y. L., R. Gutell, H. F. Noller, and I. G. Wool. 1984. The nu-
cleotide sequence of a rat 18 S ribosomal ribonucleic acid gene
and a proposal for the secondary structure of 18 S ribosomal ribo-
nucleic acid. J. Biol. Chem. 259: 224–230.

26. Bergmeyer, H. U. editor. 1974. Methods of Enzymatic Analysis. Ac-
ademic Press, New York.

27. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951.
Protein measurement with the Folin phenol reagent. J. Biol. Chem.
193: 265–275.

28. Brown, N. F., J. K. Hill, V. Esser, J. D. Kirkland, B. E. Corkey, D. W.
Foster, and J. D. McGarry. 1997. Mouse white adipocytes and 3T3-
L1 cells display an anomalous pattern of carnitine palmitoyltrans-
ferase I (CPT I) isoform expression during differentiation. Inter-
tissue and inter-species expression of CPT I and CPT II enzymes.
Biochem. J. 327: 224–231.

29. Wagner, R. C., P. Kreiner, R. J. Barrnett, and M. W. Bitensky. 1972.
Biochemical characterization and cytochemical localization of a
catecholamine-sensitive adenylate cyclase in isolated capillary en-
dothelium. Proc. Natl. Acad. Sci. USA. 69: 3175–3179.

30. Wagner, R. C., and M. A. Matthews. 1975. The isolation and cul-

ture of capillary endothelium from epididymal fat. Microvasc. Res.
10: 286–297.

31. Casal, N., N. Roca, M. Guerrero, G. Gil-Gomez, J. Ayté, C. J.
Ciudad, and F. G. Hegardt. 1992. Regulation of the expression of
the mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase gene.
Its role in the control of ketogenesis. Biochem. J. 283: 261–264.

32. Fried, S., M. Lavau, and F. X. Pi-Sunyer. 1982. Variations in glucose
metabolism by fat cells from three adipose depots of the rat. Metab-
olism. 31: 876–883.

33. Cousin, B., L. Casteilla, C. Dani, P. Muzzin, J. P. Revelli, and L. Pen-
icaud. 1993. Adipose tissues from various anatomical sites are char-
acterized by different patterns of gene expression and regulation.
Biochem. J. 292: 873–876.

34. Guerre-Millo, M., A. Leturque, J. Girard, and M. Lavau. 1985. In-
creased insulin sensitivity and responsiveness of glucose metabo-
lism in adipocytes from female versus male rats. J. Clin. Invest. 76:
109–116.

35. Sztalryd, C., S. Azhar, and G. M. Reaven. 1991. Differences in insu-
lin action as a function of original anatomical site of newly differ-
entiated adipocytes obtained in primary culture. J. Clin. Invest. 88:
1629–1635.

36. Santos, R. F., C. Sztalryd, and R. Reaven. 1991. Effect of anatomical
site on insulin action and insulin receptor phosphorylation in iso-
lated adipocytes. Int. J. Obesity. 15: 755–762.

37. Guidicelli, Y., M. N. Dieudonne, D. Lacasa, Y. N. Pasquier, and R.
Pecquery. 1993. Modulation by sex hormones of the membranous
transducing system regulating fatty acid mobilization in adipose
tissue. Prostaglandins Leukot. Essent. Fatty Acids. 48: 91–100.

38. Girard, J. 1997. Is leptin the link between obesity and insulin resis-
tance? Diabete & Metab. 23: 16–24.

39. Soler-Argilaga, C., and H. Heimberg. 1976. Comparison of the me-
tabolism of free fatty acids by isolated perfused livers from male
and female rats. J. Lipid Res. 17: 605–615.

40. Weinstein, I., C. Soler-Argilaga, H. V. Werner, and M. Heimberg.
1979. Effects of ethinylestradiol on the metabolism of [1-14C]ole-
ate by perfused livers and hepatocytes from female rats. Biochem. J.
180: 265–271.

41. Weinstein, I., G. A. Cook, and M. Heimberg. 1986. Regulation by
estrogen of carnitine palmitoyltransferase in hepatic mitochon-
dria. Biochem. J. 237: 593–596.

42. Xu, X. 1989. The effect of androgens on the regulation of lipolysis
in adipose precursor cells. Endocrinology. 126: 1229–1234.

43. Smythe, C. D. W., M. Greenall, and T. Kealey. 1998. The activity of
HMG-CoA reductase and acetyl-CoA carboxylase in human apo-
crine sweat glands, sebaceous glands and hair follicles is regulated
by phosphorylation and by exogenous cholesterol. J. Invest. Derma-
tol. 111: 139–148.

44. Downie, M. M. T., and T. Kealey. 1998. Lipogenesis in the hu-
man sebaceous gland: glycogen and glycerophosphate are sub-
strates for the synthesis of sebum lipids. J. Invest. Dermatol. 111:
199–205.

45. Rous, S., and P. Favarger. 1973. The role of acetoacetate in the
transfert of acetyl units outside the mitochondria in liver and adi-
pose tissue of rats or mice. FEBS Lett. 37: 231–233.

46. Dodds, P. E., M. G. F. Guzman, S. C. Chalberg, G. J. Anderson, and
S. Kumar. 1981. Acetoacetyl-CoA reductase activity of lactating bo-
vine mammary fatty acid synthase. J. Biol. Chem. 256: 6282–6290.

47. Pignataro, O. P., J. P. Radicella, J. C. Calvo, and E. H. Charreau.
1983. Mitochondrial biosynthesis of cholesterol in Leydig cells
from rat testis. Mol. Cell. Endocrinol. 33: 53–67.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

