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Abstract Lipogenesis is considered less active in human
than in rat adipose tissue. This could be explained by differ-
ent nutritional conditions, namely high-carbohydrate (HCHO)
diet in rats and high-fat (HF) diet in humans. Adipose tissue
was sampled (postabsorptive state) in rats and humans re-
ceiving HCHO or HF diets, ad libitum fed humans, and obese
subjects. We measured 

 

1

 

) mRNA concentrations of fatty acid
synthase (FAS), acetyl-CoA carboxylase 1 (ACC1), sterol reg-
ulatory element binding protein 1c (SREBP-1c), and carbo-
hydrate response element binding protein (ChREBP), 

 

2

 

)
SREBP-1c protein, and 

 

3

 

) FAS activity. FAS, ACC1, ChREBP,
and SREBP1-c mRNA concentrations were unaffected by
diet in humans or in rats. FAS and ACC1 mRNA levels were

 

lower in humans than in rats (

 

P

 

 

 

�

 

 0.05). FAS activity was un-
affected by diet and was lower in humans (

 

P

 

 

 

�

 

 0.05).
SREBP-1c mRNA concentrations were similar in rats and
humans, but the precursor and mature forms of SREBP-1c
protein were less abundant in humans (

 

P

 

 

 

�

 

 0.05). ChREBP
mRNA concentrations were lower in humans than in rats.
In conclusion, the lipogenic capacity of adipose tissue is
lower in humans than in rats. This is not related to differ-
ences in diet and is probably explained by lower abundance
of SREBP-1c protein. A decreased expression of ChREBP
could also play a role.

 

—Letexier, D., C. Pinteur, V. Large, V.
Fréring, and M. Beylot.
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Adipose tissue and liver are the two main sites of de
novo lipogenesis (DNL), which is the synthesis of fatty
acid molecules from nonlipid substrates, mainly carbohy-
drates. DNL is considered a minor metabolic pathway in
humans. Indeed, in healthy humans, hepatic DNL is a mi-
nor contributor to the fatty acids used for liver triglyceride
(TG) synthesis and secretion (usually less than 1 g/day)
(1–4). Although hepatic lipogenesis is largely (2- to 4-fold)

 

increased by high-carbohydrate (HCHO) diets (2, 5–8)
and increased in ad libitum-fed obese subjects (3, 9) and
in hypertriglyceridemic type 2 diabetic patients (10), its
contribution (2–5 g/day) to the total amount of TG avail-
able daily remains minor compared with the oral intake
(usually 

 

�

 

80 g/day in Western countries). The contribu-
tion of adipose tissue to fat synthesis in humans is less well
defined. The key enzymes for fatty acid synthesis are
present in human adipose tissue (11–13), but its actual
contribution to whole-body lipogenesis is considered very
low and less than that of liver (14–17). This situation ap-
pears different from that in rats, in which DNL is consid-
ered to occur to a similar extent in the liver and in adi-
pose tissue and to be more active than in humans (12).
However, this view of a large difference in the lipogenic
activity of adipose tissue between humans and rats has
been challenged. First, the usual diet of rats in animal fa-
cilities is an HCHO diet, contrary to the usual diet of hu-
mans, which is much more rich in fat, at least in Western
countries. This could play a role in the difference between
the two species, given the well-known stimulatory effect of
carbohydrate (CHO) and the inhibitory action of fat on li-
pogenesis (18, 19). Actually, Swierczynski et al. (20) con-
cluded that the difference between the lipogenic poten-
tial of human and rat adipose tissue was only moderate
when humans and rats were studied while receiving com-
parable diets. Second, measurements of whole-body and
liver lipogenesis in subjects massively overfed with CHO
showed that liver lipogenesis explained only a part of the
increase in whole-body lipogenesis (6, 21). This suggested
that lipogenesis was stimulated in another tissue, probably
adipose tissue. On the other hand, we found no evidence
for stimulation of the expression and activity of the lipo-
genic pathway in adipose tissue of control subjects by ei-
ther acute glucose load or moderate CHO overfeeding,
while hepatic lipogenesis was clearly stimulated (2). Thus,
adipose tissue DNL appeared less responsive than liver to
physiological variations of CHO intake.
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In the present report, we compared directly the expres-
sion (mRNA concentrations) and activity of the lipogenic
pathway in human and rat adipose tissues. To determine
whether the differences between the two species previ-
ously reported were or were not related to differences in
diet, rats were studied while receiving an HCHO or high-
fat (HF) diet, and humans while receiving either a moder-
ate HCHO or a moderate HF diet. Obese human subjects
were also included. Because sterol regulatory element
binding protein 1c (SREBP-1c) is a key transcription fac-
tor controlling the expression of the lipogenic pathway
(18, 22, 23), we measured also its mRNA concentration
and the amounts of the precursor and mature forms of its
protein. The transcriptional activity of SREBP-1c can be
stimulated or inhibited by various cofactors such as Sp1,
Nfy, Coup-TF1

 

, 

 

Ids, and YY1 (24–28). We measured, there-
fore, the expression level of these cofactors. Finally, a new
transcription factor mediating the stimulatory effect of
glucose on the expression of lipogenic genes was recently
purified from rat liver and called carbohydrate response
element binding protein (ChREBP) (29, 30). To date, the
role of ChREBP has been firmly established only in rat
and mouse liver and for the 

 

l

 

-pyruvate kinase gene. To
our knowledge, no data on the presence and possible role
of ChREBP in adipose tissue are available. Therefore, we
checked for and measured the mRNA concentrations of
ChREBP in human and rat adipose tissue.

MATERIALS AND METHODS

 

Studies in animals

 

Male Sprague Dawley rats (4 weeks old) were obtained from
Iffacredo (l’Arbresle, France). After acclimating to the animal fa-
cility, they were separated into two groups. One group (n 

 

�

 

 5)
received a standard diet (rHCHO) (20% proteins, 10% lipids,
70% starch) and the other group (n 

 

�

 

 5) an HF diet (rHF) {20%
proteins, 60% lipids [74% PUFA; 20% monounsaturated fatty
acid (MUFA); 6% saturated fatty acid (SFA)], 20% starch} for 2
weeks. All rats had free access to food. Rats on the HF diet did
not gain more weight than those in the HCHO group during the
2 weeks. For each diet, rats were studied in the postabsorptive
state (6 h after food withdrawal). All rats were anaesthetized with
pentobarbital (6 

 

�

 

g/100 g body weight). Perirenal adipose tissue
was quickly removed and snap frozen in liquid nitrogen. Samples
were stored at 

 

�

 

80

 

�

 

C until analysis.

 

Studies in human subjects

 

Subjects.

 

Written informed consent was obtained from 12
healthy subjects and seven obese patients after explanation of
the nature, purpose, and possible risks of the study. The control
group consisted of seven women and five men [aged 24 

 

�

 

 2
years, body mass index (BMI) 21 

 

�

 

 1]. No control subject had a
personal or familial history of diabetes or obesity or was taking
any medication; all had normal physical examinations and nor-
mal plasma glucose and lipid concentrations (

 

Table 1

 

). Subjects
with unusual dietary habits were excluded. The obese group con-
sisted of seven women (aged 29 

 

�

 

 4 years, BMI 42 

 

�

 

 2) with nor-
mal physical examinations except for excessive body weight. All
had plasma glucose, lipid, and cholesterol levels within normal
values but slightly above values of the control group (

 

P

 

 

 

�

 

 0.05)
(Table 1).

 

Protocols.

 

The protocols of the study were approved by the
Ethical Committee of Lyon and the Institut National de la Santé
et de la Recherche Médicale, and the study was conducted ac-
cording to the Hurriet law. A first group of seven control subjects
was studied once while consuming its usual diet (i.e., fed ad libi-
tum). The other five control subjects were studied twice after 3
weeks of a controlled diet, either an HCHO diet (hHCHO) or an
HF diet (hHF), with 4 months between the two studies. The or-
der of the diets was randomized. The hHCHO and hHF diets
were isoenergetic. The hHCHO diet provided 55% of total en-
ergy as carbohydrate (20–25% simple and 30–35% complex car-
bohydrate) and 30% as fat (10% SFAs, 10% MUFAs, and 10%
PUFAs). The hHF diet provided 45% of total energy as lipids
(15% SFAs, 15% MUFAs, and 15% PUFAs) and 40% as carbohy-
drate (same proportions of simple and complex carbohydrates as
in the hHCHO diet). These diets were provided by a dietitian
who met with each subject before each diet period to obtain a re-
port of the subject’s usual diet and to establish the subject’s diet
during the HF and HCHO controlled diet period. The dietitian
met again with each subject at the end of the controlled diet pe-
riods. A detailed report of each subject’s dietary intake during
the last week of the controlled diet period was obtained, and the
actual intakes were calculated using the Cuqual tables. For
women, the test was performed during the first 10 days of the
menstrual cycle in order to take into account the known varia-
tions of lipogenesis during the menstrual cycle (there are no
menstrual variations for cholesterol synthesis) (3). All subjects
abstained from alcohol or heavy physical activity the week before
the study. The evening before the test, in order to measure he-
patic lipogenesis, the subjects drank a loading dose of deuter-
ated water (3 g/kg body water; one-half after the evening meal
and one-half at 10 PM). Until the end of the study, they drank
only water enriched with 

 

2

 

H

 

2

 

O (4.5 g 

 

2

 

H

 

2

 

O/l of drinking water).
All tests were initiated in the postabsorptive state after an over-
night fast. At 7:30 AM, an indwelling catheter was placed in a
forearm vein and blood samples were drawn for the various con-
centration and enrichment measurements. Thereafter, a sample
of abdominal subcutaneous (SC) adipose tissue (150–250 mg)
was obtained by needle biopsy under local anesthesia and imme-
diately stored in liquid nitrogen.

For obese patients, samples of omental (Om) and abdominal
SC adipose tissues were obtained during the surgical placement
of an adjustable gastric ring by laparoscopy under general anes-
thesia and immediately stored in liquid nitrogen until analysis.

 

Analytical procedures

 

Metabolites and enrichments.

 

Metabolites were assayed using en-
zymatic methods on neutralized perchloric extracts of plasma
(glucose) or on plasma (TG, cholesterol) (9). Plasma insulin and

 

TABLE 1. BMI, hormonal, and metabolic parameters of human
subjects measured in the postabsorptive state

 

Control 
Subjects

Obese 
Subjects

hHCHO
Subjects

hHF 
Subjects

 

Sex (M/F) 3/4 0/7 2/3 2/3
Age (years) 24 

 

�

 

 1.99 29.33 

 

�

 

 4.26 26.8 

 

�

 

 2.86 23.8 

 

�

 

 1.47
BMI (Kg/m

 

2

 

) 21.36 

 

�

 

 0.76 42.56 

 

�

 

 2.49* 20.12 

 

�

 

 0.92 21.3 

 

�

 

 1.01
Glucose (mM) 4.71 

 

�

 

 0.14 5.60 

 

�

 

 0.33* 4.45 

 

�

 

 0.11 4.47 

 

�

 

 0.08
Insulin (pM) 54 

 

�

 

 9 ND 43 

 

�

 

 7 43 

 

�

 

 8
Cholesterol

(mM) 4.37 

 

�

 

 0.23 5.51 

 

�

 

 0.42* 3.96 

 

�

 

 0.46 4.06 

 

�

 

 0.45
TG (mM) 0.83 

 

�

 

 0.08 1.76 

 

�

 

 0.18* 0.75 

 

�

 

 0.10 0.66 

 

�

 

 0.16

TG, triglyceride; BMI, body mass index; ND, not determined;
HCHO, high-carbohydrate; HF, high-fat.

 

* 

 

P

 

 

 

�

 

 0.05 versus all groups.
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glucagon concentrations were determined by radioimmunoas-
say. Measurements of deuterium enrichment in the palmitate of
plasma triglycerides were performed as described in detail previ-
ously (1, 9, 31). Deuterium enrichment in plasma water was mea-
sured by the method of Yang et al. (32). The contribution of he-
patic lipogenesis to the plasma pool of TG was calculated as
previously described (1, 9).

 

Measurements of mRNA concentration.

 

Total RNA was extracted
from adipose tissue samples using the RNeasy Mini Kit (Qiagen,
Coutaboeuf, France). Concentration and purity were verified by
measuring optimal density at 260 and 280 nm. Their integrity
was checked by 1% agarose gel electrophoresis (Tebu, Le Peray
en Yvelines, France). Id1, Id2, Id3, Nfy 

 

	

 

, Sp1, TF1, and YY1 mRNA
concentrations were measured by semiquantitative reverse tran-
scription polymerase chain reaction (RT-PCR) using 

 




 

-actin as a
reference. Primer sequences are shown in 

 

Table 2

 

. For each tar-
get mRNA, RT was performed from 0.04 

 

�

 

g of total RNA with
2.5 U of the thermostable reverse transcriptase (

 

Tth

 

 DNA poly-
merase, Promega Corp., Charbonnières France) in 10 mM Tris-
HCl (pH 8.3), 90 mM KCl, and 10 mM MnCl

 

2

 

 buffer with 4 pmol
deoxynucleoside triphosphate and 15 pmol of the specific anti-
sense primer, in a final volume of 20 

 

�

 

l. The reaction consisted
of 10 min at 32

 

�

 

C, then 3 min at 60

 

�

 

C, followed by 15 min at 72

 

�

 

C
and 5 min at 99

 

�

 

C. After chilling, 5 

 

�

 

l were used for the PCR re-
action. The 5 

 

�

 

l of RT medium was added to 45 

 

�

 

l of PCR mix
[10 mM Tris-HCl (pH 8.3), 10 mM KCl, 0.75 mM EGTA, 0.05%
Tween

 

®

 

, 5% glycerol, and 25 mM MgCl

 

2

 

] containing 8 pmol of
deoxynucleoside triphosphate, 2.5 U of 

 

Taq

 

 polymerase (Invitro-
gen, Cergy Pontoise, France), 15 pmol of corresponding anti-
sense primers, and 22.5 pmol of sense primers. The PCR condi-
tions were 2 min at 94

 

�

 

C followed by 35 cycles (1 min at 94

 

�

 

C, 1
min at 60

 

�

 

C, 1 min at 72

 

�

 

C) and 10 min at 72

 

�

 

C. The 

 




 

-actin
sense primer was added after five complete cycles of PCR. For
the determination of ChREBP mRNA concentration, the num-
ber of cycles were 33 and 23 for ChREBP and 

 




 

 actin, respec-
tively. Products were analyzed on agarose gel, post-stained with
Gelstar

 

®

 

 (Tebu). For quantitation of relative band intensities,
scanning was performed with a fluorimager (Molecular Dynam-
ics Instruments, CA), and the ratio of each target to 

 




 

 actin was
determined for each sample with Gel Grab software (Clara Vi-
sion, Paris, France).

Fatty acid synthase (FAS), acetyl-CoA carboxylase 1 (ACC1),
and SREBP-1c mRNA concentrations in human adipose tissue
were measured by RT followed by competitive PCR as published

 

previously (9, 33). For measurements of FAS and ACC1 mRNA
concentrations in rat adipose tissue, we utilized the same method
used with the human adipose tissue measurement, as the primer
was designed for use in both species. We verified that the ex-
pected decrease in rat liver mRNA concentrations during fasting
was observed for FAS (postabsorptive state: 103 

 

�

 

 25 attomoles/

 

�

 

g total RNA, 24 h fasted: 1.1 

 

�

 

 0.2) and ACC1 (postabsorptive
state: 46 

 

�

 

 11 attomoles/

 

�

 

g total RNA, 24 h fasted: 5 

 

�

 

 2). For
SREBP-1c mRNA, the competitor and the antisense primer used
are the same for rats and humans, but the sense primer is differ-
ent (see Table 2). We verified also that the expected decrease of
SREBP-1c mRNA in the liver of fasted rats was found using this
method of measurement (postabsorptive state: 6.9 

 

�

 

 2.4 atto-
moles/

 

�

 

g total RNA, 24 h fasted: 0.9 

 

�

 

 0.2)

 

Western blot analysis.

 

Amounts of Sp1 and SREBP-1c proteins
were quantified by immunoblotting. Frozen tissue samples (

 

�

 

200
mg) were crushed in liquid nitrogen and then homogenized
in 0.6 ml of 0.25 M sucrose with 1 mM dithioerythritol, 1 mM
EDTA, 20 

 

�

 

g/ml leupeptin, 20 

 

�

 

g/ml antipain, and 1 

 

�

 

g/ml
pepstatin A, at pH 7 and 4

 

�

 

C. Fat-depleted infranatants were ob-
tained after centrifugation at 12,000 

 

g

 

 and 4

 

�

 

C for 3 h. Total pro-
tein infranatant was measured using BCA protein assay (Pierce,
Rockford, IL). Aliquots of the infranatants (200 

 

�

 

g of total pro-
teins) were adjusted to final concentrations of 0.008% bro-
mophenol blue (w/v), 1% sodium dodecyl sulfate (w/v), and 7%
glycerol (v/v) and applied to 8% polyacrylamide gels according
to the Laemmli method under reducing conditions (3% 

 




 

-mer-
captoethanol). Prestained precision protein standards (Bio-Rad,
Marne-la-coquette, France) were used as references. Afterward,
electrophoresis proteins were transferred to nitrocellulose mem-
brane. The blot was incubated in blocking buffer (2 h) and then
with a primary antibody (1 h). Finally, the blot was incubated
with a phosphatase alkaline-conjugated secondary antibody for
1 h and then briefly incubated with ECF (Amersham Pharmacia
Biotechnology, UK). The relative amounts of immunodetectable
proteins contained in each lane were determined by scanning
with a fluorimager and Gel Grab software. The following pri-
mary antibodies were used: a rabbit polyclonal anti-Sp1 antibody
(1:500) (Santa Cruz Biotechnology, CA) and a mouse monoclonal
anti-SREBP-1c antibody (1:200) (IgG-2A4) produced by cell line
(American Type Culture Collection, Manassas, VA) and purified
from conditioned medium by protein G-Sepharose affinity chro-
matography as described by the manufacturer (Amersham Phar-
macia Biotech). The primary antibodies were visualized with

 

TABLE 2. Sequence of primers used for RT-PCR

 

Sense Antisense Size

 

(5

 

�

 

 3

 

�

 

) bp

 




 

-actin GACGAGGCCCAGAGCAAGAGA GGGTGTTGAAGGTCTCAAACA 225
h Id1 TGTCTGTCTGAGCAGAGCGT CTGATCTCGCCGTTCAGGGT 310
r Id1 ATGAAGGTCGCCAGTAGCAGT CTGATCTCGCCGTTCAGGGT 391
Id2 AACAGCCTGTCGGACCACAG TGCAAGGACAGGATGCTGAT 314
Id3 TGCCTGTCGGAACGTAGCCT CTCCTCTTGTCCTTGGAGAT 304
Nfy 

 

	

 

AGCAGCAGTGATGCCCAGCAAAG CTGCTGACCTTCTCCAACCTGCAT 572
Sp1 TAGGAACAGCAACAACTCCCA TGCACCTGGTATGATCTGTA 408
TF1 GCAAGCACTACGGCCAATTC AGCTCGCAGATGTTCTCGAT 384
YY1 CAGAAGCAGGTGCAGATCAAGA TGTGCACAGACGTGGACTCTG 370
h SREBP-1c GCGGAGCCATGGATTGCAC CTCTTCCTTGATACCAGGCCC 311
r SREBP-1c ACGACGGAGCCATGGATTG TTTGATTGGAGGCCCAGGGG 308
ChREBP CTGGTGTCTCCCAAGTGGAA CACCGCTGAAGAGGGAGTCAACCA 702
FAS GGCCTGGACTCGCTCATGGG TGGGCCTGCAGCTGGGAGCA 514
ACC1 GTTGCACAAAAGGATTTCAG CGCATTACCATGCTCCGCAC 504

 

r

 

, rat; h, human; SREBP-1c, sterol regulatory element binding protein 1c; ChREBP, carbohydrate response ele-
ment binding protein; FAS, fatty acid synthase; ACC1, acetyl-CoA carboxylase 1.
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anti-rabbit (1:10,000) for Sp1 or anti-mouse IgG (1:20,000) for
SREBP-1c.

FAS enzymatic activity. The activity of the FAS was determined
with the method of Linn (34). Briefly, frozen tissue samples
(�100 mg) were crushed in liquid nitrogen and then homoge-
nized in 0.3 ml of 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 250
mM sucrose, and protease inhibitor cocktail. Fat-depleted infra-
natants were obtained after centrifugation at 800 g and 4�C for
10 min. A second centrifugation was performed on the infrana-
tant at 100,000 g and 4�C for 1 h. Sixty microliters of the superna-
tant was added to 220 �l of 100 mM phosphate buffer (pH 6.5)
containing 85 �M acetyl-CoA and 126 �M NADPH in the final
concentration. The reaction was started by adding malonyl CoA
at a final concentration of 115 �M. The oxidation of NADPH was
followed at 340 nm and 37�C for 20 min. The results are ex-
pressed as nanomoles of NADPH oxidized/min/mg of tissue (35).

Statistical analysis. The results are shown as means � SEM.
Comparisons were performed with Mann-Whitney nonparamet-
ric test, except for the comparisons between the hHCHO and
hHF diets (Student t-test for paired data).

RESULTS

Metabolite concentrations and hepatic lipogenesis
in human subjects

Obese subjects had slightly higher values of glucose,
cholesterol, and TG than the other groups of human sub-
jects (Table 1). In agreement with a previous report (36),
subjects studied when consuming the hHCHO diet had
slightly lower cholesterol concentrations (P � 0.05) than
when consuming the hHF diet. The contribution of he-
patic lipogenesis to the circulating TG pool was, as ex-
pected, higher (P � 0.05) during the hHCHO diet (12.9 �
1.6%) than during the hHF diet (6.8 � 0.5%). The value
for subjects studied while consuming their usual diet (8.7 �
1.3%) was intermediate and not significantly different
from the values observed during the hHCHO or hHF di-
ets. These subjects also had contributions of CHO (47 �
4%) and fat (37 � 4%) to total energy intake intermedi-
ate to those actually obtained in the other two groups.

FAS mRNA concentration and activity in adipose tissue
Compared with the other group (rHCHO diet), rats con-

suming the rHF diet had a moderate decrease of FAS
mRNA concentration, which was of borderline significance
(P � 0.11) (Figs. 1, 2). FAS activity was unaffected by diet. In
humans, FAS mRNA concentrations were not different in
the hHCHO and the hHF diet groups, and the values were
comparable to that found in the control groups; these con-
centrations were significantly lower in obese patients, for
both the SC and visceral adipose tissues (P � 0.05 vs. all
other human groups). These mRNA concentrations were
lower in normal subjects than in rats consuming the
rHCHO or rHF diet (P � 0.05). Obese patients had values
lower than those in both groups of rats (P � 0.05). FAS ac-
tivity could not be determined in human subjects consum-
ing the HCHO and HF diets due to limitations in the
amount of tissue. Activities measured in control subjects and
in obese patients were comparable; they were all largely
lower (P � 0.05) than activities measured in rats (Fig. 2).

ACC1 mRNA concentrations
There were no significant differences between the

HCHO and HF diet groups either in rat or in human
groups (Fig. 1). The values in the three groups of normal
subjects were dramatically lower than in rats (P � 0.05).
These values were still lower in obese patients (P � 0.05
vs. control group for both SC and visceral adipose tissue).

SREBP-1c mRNA concentrations and protein amounts
No difference in mRNA levels was observed according

to diet, either in rat groups (rHCHO vs. rHF) or in hu-
man groups (hHCHO vs. hHF, and both groups vs. the
control group) (Fig. 1). Contrary to what was observed for
FAS and ACC1 mRNA levels, there was no difference of
SREBP-1c mRNA levels between the adipose tissue of rats
and that of normal human subjects. In obese subjects,
SREBP-1c mRNA concentrations in SC adipose tissue were
comparable to those in rats and normal human subjects
but were slightly lower than in rats (P � 0.05) for visceral
adipose tissue.

Fig. 1. mRNA concentrations (attomoles/�g of total RNA) of
fatty acid synthase (FAS) (upper panel), acetyl-CoA carboxylase 1
(middle panel), and sterol regulatory element binding protein 1c
(SREBP1c) (lower panel) in the adipose tissue of rats consuming a
high-carbohydrate (HCHO) diet (rHCHO, n � 5) or a high-fat
(HF) diet (rHF, n � 5), in subcutaneous (SC) adipose tissue of hu-
man subjects fed ad libitum (C, n � 7) or consuming either an
HCHO diet (hHCHO, n � 5) or an HF diet (hHF, n � 5), and in
SC and omental (Om) adipose tissue of obese human subjects (n �
7). Results are shown as mean and SEM. * P � 0.05 versus rHCHO;
$ P � 0.05 versus control human subject group (C).
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SREBP-1c protein amounts could not be measured in
human subjects consuming the HCHO and HF diet due
to the small amounts of tissue available. Figure 3 shows a
representative blot obtained in control and obese human
samples and in rat adipose tissue samples. In rats, there
was an insignificant trend for lower amounts of both the
precursor and mature forms of SREBP-1c in the rHF
group (Fig. 4). Contrary to SREBP-1c mRNA concentra-
tions, both the precursor and mature forms of SREBP-1c
protein were clearly decreased (P � 0.05) in human adi-
pose tissue compared with values of rats consuming either
the HCHO or the HF diet. In control human subjects, the
precursor form was barely detectable and could not be
quantified. There was no difference between control hu-
man and obese adipose tissue (SC and visceral) for the
mature form of SREBP1c.

Cofactors of SREBP-1c
We measured the mRNA concentrations of cofactors of

SREBP-1c that acted either to stimulate (Sp1, Nfy 	, coup-
TF1) or to inhibit (Id1, Id2, Id3, YY1) its transcriptional
activity. For all of these cofactors, there was no difference
according to diet (rHCHO vs. rHF) in rat groups (data
not shown). Coup-TF1 mRNA concentrations were similar
in rat and human adipose tissue (data not shown). For the
two coactivators, Sp1 and Nfy 	, the mRNA levels were sig-
nificantly decreased in human groups (control and
obese) and compared with rat groups (P � 0.01) (Fig. 5),
with no difference between control and obese human sub-
jects. However, with respect to Sp1, we found no differ-
ence in protein amount between rat and human adipose

tissue (Fig. 4). Nfy protein levels were barely detectable by
Western blot in either rat or human adipose tissue. Among
the possible inhibiting cofactors of SREBP-1c, we found
large decreases of the mRNA concentrations of YY1, Id1,
and Id3 (Fig. 5) in human adipose tissue (control and
obese subjects), whereas the mRNA concentration of Id2
was increased.

ChREBP mRNA
ChREBP mRNA was found in the adipose tissue of rats

and humans. In rats, there was a trend for lower values in
the HF group (Fig. 6). In humans, comparable values
were found in the groups of healthy subjects, despite a
trend for lower values in the HF group compared with the
HCHO group; these values in lean humans were lower
than in rats (P � 0.05 for each group). Obese patients had
lower values than lean subjects, but the difference was sig-
nificant only in Om adipose tissue (P � 0.05).

DISCUSSION

An accurate comparison between human and rat adi-
pose tissue lipogenesis must have similar nutritional con-

Fig. 2. FAS activity (nmol NADPH oxidized/min/mg of tissue) in
adipose tissue of rats consuming an HCHO diet (rHCHO, n � 5)
or an HF diet (rHF, n � 5), of human control subjects (C, n � 7),
and of obese human subjects (SC and Om adipose tissue, n � 7).
Results are shown as mean and SEM. * P � 0.05 versus rat rHCHO.

Fig. 3. Representative Western blot of SREBP-1c showing the pre-
cursor and mature form in adipose tissue samples from rats fed an
HCHO (rHCHO) or an HF (rHF) diet, in control humans (C), and
in obese subjects (SC, Om tissue).

Fig. 4. Results from a Western blot analysis of precursor SREBP-1c
(A), mature SREBP-1c (B), and Sp1 (C) proteins (relative inten-
sity/mg of tissue). Measurements were performed in adipose tissue
of rats consuming either an HCHO (rHCHO, n � 5) or an HF diet
(rHF, n � 5), of human control subjects (C, n � 7), and of obese
human subjects (SC and Om adipose tissue, n � 7). Results are
shown as mean and SEM. * P � 0.05 versus rHCHO.
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ditions for the two species. Most metabolic studies in hu-
mans are conducted with subjects in the postabsorptive
state (in the morning, 12 h after the last meal). Therefore,
we also chose to study rats in the postabsorptive state (i.e.,
6 h after food withdrawal) and not, as in most studies, in
the fed state and/or after a 24 h or 48 h fast. Moreover,
both humans and rats were studied while receiving either
an HCHO or an HF diet in order to determine whether
the previously reported difference between human and
rat adipose tissue lipogenic capacity could be linked, as
suggested (20), to differences in diets (HF diet in humans
vs. HCHO diet in rats).

We found first that in humans, neither the mRNA con-
centrations of FAS, ACC1, and SREBP-1c nor the amounts
of the precursor and mature forms of SREBP-1c protein
were modified by diet. We found that ChREBP mRNA was

present in adipose tissue. This is, to our knowledge, the
first evidence that this transcription factor is expressed as
well, at least at the mRNA level, in adipose tissue. We ob-
served no significant modification of these mRNA levels
by diet. The control of ChREBP activity by glucose and
fatty acids in the liver has been clearly demonstrated (30,
37, 38), but little is known on the possible regulation of
ChREBP expression by nutrients and/or hormones, ex-
cept for the finding of a stimulation of ChREBP transcrip-
tion by glucose in INS-1 insulin-secreting cells (39). Our
data do not provide clear evidence for such a regulation
in adipose tissue. Hepatic lipogenesis, as measured by the
deuterated water method, on the contrary, was clearly re-
sponsive to variations in the fat-to-CHO ratio in diet.
These results agree with our previous finding that neither
an acute oral glucose load nor the feeding of a high-energy
HCHO diet stimulated the expression and activity of adi-
pose tissue lipogenesis in normal subjects, while hepatic li-
pogenesis was stimulated (2). Altogether, these results
point to differences between liver and adipose tissue in
the regulation of lipogenesis in humans. We also found no
significant difference in the expression of lipogenic
genes, including ChREBP, in adipose tissue of rats receiv-
ing an HCHO or HF diet, despite a more marked varia-
tion in the dietary fat-to-CHO ratio than in humans. This
contrasts again with the well-demonstrated stimulation
and inhibition of hepatic lipogenesis by carbohydrates
and PUFAs, respectively (18, 40–43). This lack of variation
of adipose tissue lipogenesis in the present report could
be linked to our choice of studying rats in the postabsorp-
tive rather than in the fed state. However, some previous
studies showed that the response of lipogenic genes to
stimulation by insulin/glucose (44), sucrose (45), and
HCHO diet (42) and inhibition by PUFA (43, 44) is less
important in adipose tissue than in rat liver. Therefore,
there also appears to be some difference in the regulation
of lipogenesis in these two tissues in rats.

Our main aim was to compare the lipogenic capacity of
human and rat adipose tissue. This capacity is clearly re-
duced in normal humans: FAS and ACC1 mRNA levels
were lower, whatever the nutritional conditions, and FAS
activity was largely reduced. This adipose tissue lipogenic
capacity was also decreased in subjects with long-standing
obesity. In agreement with a previous report (9), FAS and
ACC1 mRNA concentrations in SC adipose tissue were
still lower in obese than in control subjects; these mRNA
concentrations were also low in Om adipose tissue, whereas
FAS activity was comparable in the adipose tissue of con-
trol and obese subjects. SREBP-1c is a key transcription
factor controlling the expression of lipogenic genes in
liver and adipose tissue (18, 22, 41). SREBP-1c protein is
present in two forms: a precursor, membrane-bound form,
and a mature form resulting from the proteolytic cleavage
of the precursor and the release of the active, N-terminal
part of the protein. This mature form is translocated into
the nucleus, where it binds to specific sequences in the
promoters of lipogenic genes (18). Contrary to what was
observed for FAS and ACC1, we found no decrease in
SREBP-1c mRNA concentration in control human sub-

Fig. 5. mRNA (mRNA target/mRNA 
 actin) concentrations of
Nfy (A), Sp1 (B), YY1 (C), Id1 (D), Id2 (E), and Id3 (F) in adipose
tissue of rats consuming either an HCHO (rHCHO, n � 5) or an
HF diet (rHF, n � 5), of human control subjects (C, n � 7), and of
obese human subjects (SC and Om adipose tissue, n � 7). Results
are shown as mean and SEM. * P � 0.05 versus rHCHO.

Fig. 6. mRNA (mRNA target/mRNA 
-actin) concentrations of
carbohydrate response element binding protein in adipose tissue of
rats consuming either an HCHO (rHCHO, n � 5) or an HF diet
(rHF, n � 5), of lean human subjects fed ad libitum (C, n � 7) con-
suming an HCHO (hHCHO, n � 5) or an HF (hHF, n � 5), and in
obese human subjects (SC and Om adipose tissue, n � 7). Results
are shown as mean and SEM. * P � 0.05 versus rHCHO and rHF,
$ P � 0.05 versus C.
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jects compared with rats. In agreement with previous stud-
ies (9, 46, 47), this SREBP-1c mRNA level was decreased in
obese subjects, the decrease being more marked in Om
tissue. However, the amounts of both the precursor and
mature forms of SREBP-1c protein were largely decreased
in the adipose tissue of control and obese subjects com-
pared with rat adipose tissue. This low abundance of
SREBP-1c protein probably plays a major role in the de-
creased lipogenic capacity of human adipose tissue. It re-
mains to be determined why the amount of SREBP-1c pro-
tein is decreased despite mRNA levels comparable to
those observed in rats.

The transcriptional activity of SREBP-1c is also depen-
dent upon the presence of activating or inhibiting cofac-
tors. The mRNA concentrations of two main activating co-
factors, Sp1 and Nfy (25, 27), were decreased in human
adipose tissue. However, we found no difference in the
protein amount of Sp1, and in both species, the amount
of Nfy protein was too low to allow for correct quantifica-
tion. Moreover, the mRNA level of YY1, a potential inhibi-
tor of SREBP-1c, was also decreased, while those of the
various Ids (26) were either decreased (Id1 and Id3) or in-
creased (Id2). Therefore, it is difficult to determine
whether these various cofactors play a role in the differ-
ence in the expression of the lipogenic pathway between
human and rat adipose tissue. Finally, we found that
ChREBP mRNA concentrations were clearly lower in hu-
man than in rat adipose tissue. Although the role of the
transcription factor in the regulation of lipogenic gene ex-
pression in adipose tissue remains to be established, the
low mRNA level of ChREBP could also be involved in the
difference in lipogenic activity between rat and human ad-
ipose tissue.

In conclusion, we found that that the lipogenic capacity
of adipose tissue is reduced in humans compared with
rats. This is not explained by differences in the CHO-to-fat
ratio in the diet and appears to be related to a reduced
amount of SREBP-1c protein. Differences in the expres-
sion of ChREBP could also play a role. Finally, this finding
of low lipogenic activity in adipose tissue in humans con-
firms that most of the TGs stored in adipose tissue are pro-
vided by diet and delivered to adipocytes by circulating li-
poproteins.

The authors wish to thank all the subjects who participated in
this study, and J. Peyrat, C. Maitrepierre, and M. Sothier for
their help in performing the studies in human subjects. The
SREBP-1c competitor was a gift from Hubert Vidal (INSERM
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REFERENCES

1. Diraison, F., and M. Beylot. 1998. Role of human liver lipogenesis
and reesterification in triglycerides secretion and in FFA reesterifi-
cation. Am. J. Physiol. 274: E321–E327.

2. Diraison, F., V. Yankah, D. Letexier, E. Dusserre, P. Jones, and M.
Beylot. 2003. Differences in the regulation of adipose tissue and
liver lipogenesis by carbohydrates in humans. J. Lipid Res. 44: 846–
853.

3. Faix, D., R. Neese, C. Kletke, S. Wolden, D. Cesar, M. Countlangus,
C. Shackleton, and M. Hellerstein. 1993. Quantification of men-
strual and diurnal periodocities in rates of cholesterol and fat syn-
thesis in humans. J. Lipid Res. 34: 2063–2075.

4. Hellerstein, M., M. Christiansen, S. Kaempfer, C. Kletke, K. Wu, S.
Reid, N. Hellerstein, and C. Schackleton. 1991. Measurement of
de novo lipogenesis in humans using stable isotopes. J. Clin. Invest.
87: 1841–1852.

5. Aarsland, A., D. Chinkes, and R. R. Wolfe. 1996. Contributions of
de novo synthesis of fatty acids to total VLDL-triglyceride secretion
during prolonged hyperglycemia/hyperinsulinemia in normal
man. J. Clin. Invest. 98: 2008–2017.

6. Aarsland, A., D. Chinkes, and R. Wolfe. 1997. Hepatic and whole-
body fat synthesis in humans during carbohydrate overfeeding.
Am. J. Clin. Nutr. 65: 1174–1182.

7. Hudgins, L. C., M. K. Hellerstein, C. Seidman, R. Neese, J. Diakun,
and J. Hirsh. 1996. Human fatty synthesis is stimulated by a euca-
loric low fat high carbohydrate diet. J. Clin. Invest. 98: 2081–2091.

8. Mittendorfer, B., and L. Sidossis. 2001. Mechanism for the in-
crease in plasma triacylglycerol concentrations after consumption
of short-term high-carbohydrate diets. Am. J. Clin. Nutr. 73: 892–
899.

9. Diraison, F., E. Dusserre, H. Vidal, M. Sothier, and M. Beylot. 2002.
Increased hepatic lipogenesis but decreased expression of lipo-
genic gene in adipose tissue in human obesity. Am. J. Physiol. 282:
E46–E51.

10. Forcheron, F., A. Cachefo, S. Thevenon, C. Pinteur, and M. Beylot.
2002. Mechanisms of the triglyceride and cholesterol-lowering ef-
fect of fenofibrate in hyperlipidemic type 2 diabetic patients. Dia-
betes. 51: 3486–3491.

11. Shrago, E., T. Spennetta, and E. Gordon. 1969. Fatty acid synthesis
in human adipose tissue. J. Biol. Chem. 244: 905–912.

12. Shrago, E., J. Glennon, and E. Gordon. 1971. Comparative aspects
of lipogenesis in mammalian tissues. Metabolism. 20: 54–62.

13. Angel, A., and G. Bray. 1979. Synthesis of fatty acids and choles-
terol by liver, adipose tissue and intestinal mucosa from obese and
control patients. Eur. J. Clin. Invest. 9: 355–362.

14. Bjorntorp, P., and L. Sjostrom. 1978. Carbohydrate storage in
man: speculations and some quantitative considerations. Metabo-
lism. 27: 1853–1865.

15. Marin, P., M. Rebuffe-Scrive, U. Smiyh, and P. Bjorntorp. 1987.
Glucose uptake in human adipose tissue. Metabolism. 36: 1154–
1160.

16. Marin, P., I. Hogh-Kristiansen, S. Jansson, M. Krotkiewski, G. Holm,
and P. Bjorntorp. 1992. Uptake of glucose carbon in muscle glyco-
gen and adipose tissue triglycerides in vivo in humans. Am. J. Phys-
iol. 263: E473–E480.

17. Sjöström, L. 1973. Fatty acid synthesis de novo in adipose tissue
from obese subjects on a high-carbohydrate diet. Scand. J. Clin.
Lab. 32: 339–349.

18. Foufelle, F., and P. Ferré. 2002. New perspectives in the regulation
of hepatic glycolytic and lipogenic genes by insulin and glucose: a
role for the transcription factor sterol regulatory element binding
protein-1c. Biochem. J. 366: 377–391.

19. Kersten, S. 2001. Mechanisms of nutritional and hormonal regula-
tion of lipogenesis. EMBO Rep. 21: 282–286.

20. Swierczynski, J., E. Goyke, L. Wach, A. Pankiewicz, Z. Kochan, W.
Adamonis, Z. Sledzinski, and Z. Aleksandrowicz. 2000. Compara-
tive study of the lipogenic potential of human and rat adipose tis-
sue. Metabolism. 49: 594–599.

21. Acheson, K., Y. Schutz, T. Bessard, K. Anantharaman, J. Flatt, and
E. Jequier. 1988. Glycogen storage capacity and de novo lipogene-
sis during massive carbohydrate overfeeding in man. Am. J. Clin.
Nutr. 48: 240–247.

22. Gondret, F., P. Ferré, and I. Dugail. 2001. ADD1/SREBP-1c is a ma-
jor determinant of tissue differential lipogenic capacity in mam-
malian and avian species. J. Lipid Res. 42: 106–113.

23. Stoeckman, A., and H. Towle. 2002. The role of SREBP-1c in nutri-
tional regulation of lipogenic enzyme gene expression. J. Biol.
Chem. 277: 27029–27035.

24. Ericsson, J., A. Usheva, and P. Edwards. 1999. YY1 is a negative reg-
ulator of transcription of three sterol responsive element-binding
protein-responsive genes. J. Biol. Chem. 274: 14508–14513.

25. Magana, M., S. Koo, H. Towle, and T. Osborne. 2000. Different ste-
rol regulatory element-binding protein-1 isoforms utilize distinct
co-regulatory factors to activate the promoter for fatty acid syn-
thase. J. Biol. Chem. 275: 4726–4733.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2134 Journal of Lipid Research Volume 44, 2003

26. Moldes, M., M. Boizard, X. Le Liepvre, B. Feve, I. Dugail, and J.
Pairault. 1999. Functional antagonism between inhibitor of DNA
binding (Id) and SREBP-1c transfactors for the regulation of fatty
acid synthase promoter in adipocytes. Biochem. J. 344: 873–880.

27. Xiong, S., S. Chirala, and S. Wakil. 2000. Sterol regulation of hu-
man fatty acid synthase promoter I requires nuclear factor Y and
Sp1 binding sites. Proc. Natl. Acad. Sci. USA. 97: 3948–3953.

28. Compe, E., G. De Sousa, K. François, R. Roche, R. Rahman, J. Tor-
resani, M. Raymondjean, and R. Planels. 2001. Spot-14 protein in-
teracts and cooperates with chicken ovalbumin upstream pro-
moter-transcription factor 1 in the transcription of the L-type
pyruvate kinase gene through a specificity protein 1 (Sp1) binding
site. Biochem. J. 358: 175–183.

29. Yamashita, H., M. Takenoshita, M. Sakurai, R. Bruick, W. Henzel,
W. Shillinglaw, D. Arnot, and K. Yeda. 2001. A glucose-responsive
transcription factor that regulates carbohydrate metabolism in the
liver. Proc. Natl. Acad. Sci. USA. 98: 9116–9121.

30. Uyeda, K., H. Yamashita, and T. Kawaguchi. 2002. Carbohydrate
responsive element-binding protein (ChREBP): a key regulator of
glucose metabolism and fat storage. Biochem. Pharm. 63: 2075–2080.

31. Diraison, F., C. Pachiaudi, and M. Beylot. 1997. Measuring lipo-
genesis and cholesterol synthesis in humans with deuterated wa-
ter: use of simple gas chromatography mass spectrometry tech-
niques. J. Mass Spectrom. 32: 81–86.

32. Yang, D., F. Diraison, M. Beylot, Z. Brunengraber, M. Samols, and
H. Brunengraber. 1998. Assay of low deuterium enrichment of wa-
ter by isotopic exchange with [U-13C]acetone and gas chromatog-
raphy mass spectrometry. Anal. Biochem. 258: 315–321.

33. Letexier, D., F. Diraison, and M. Beylot. 2003. Addition of inulin to
a moderately high-carbohydrate diet reduces hepatic lipogenesis
and plasma triacylglycerol concentration in humans. Am. J. Clin.
Nutr. 77: 559–564.

34. Linn, T. 1981. Purification and crystallization of rat liver fatty acid
synthase. Arch. Biochem. Biophys. 209: 613–619.

35. Coupe C., D. Perdereau, Y. Hitier, M. Narkewicz, and J. Girard.
1990. Lipogenic enzyme activities mRNA in rat adipose tissue at
weaning. Am. J. Physiol. 258: E126–E133.

36. Vidon, C., P. Boucher, A. Cachefo, O. Peroni, F. Diraison, and M.
Beylot. 2001. Effects of isoenergetic high-carbohydrate compared
with high-fat diets on human cholesterol synthesis and expression
of key genes of cholesterol metabolism. Am. J. Clin. Nutr. 73: 878–
884.

37. Kawaguchi, T., K. Osatumi, H. Yamashita, T. Kabashima, and K.
Uyeda. 2002. Mechanism for fatty acid “sparing” effect on glucose-
induced transcription. Regulation of ChREBP protein by AMP-
activated protein kinase. J. Biol. Chem. 277: 3829–3835.

38. Hasegawa, J., K. Osatomi, R. Wu, and K. Uyeda. 1999. A novel fac-
tor binding to the glucose response elements of liver pyruvate ki-
nase and fatty acid synthase genes. J. Biol. Chem. 274: 1100–1107.

39. Wang, H., and C. Wollheim. 2002. ChREBP rather than USF2 reg-
ulates glucose stimulation of endogenous L-pyruvate linase expres-
sion in insulin-secreting cells. J. Biol. Chem. 277: 32746–32752.

40. Kim, H., M. Takahashi, and O. Ezaki. 1999. Fish oil feeding de-
creases mature SREBP-1c by down-regulation of SREBP-1c mRNA
in mouse liver. A possible mechanism for down-regulation of lipo-
genic enzyme mRNAs. J. Biol. Chem. 274: 25892–25898.

41. Kim, J., P. Sarraf, M. Wright, K. Yao, E. Mueller, E. Solanes, B. Low-
ell, and B. Spiegelman. 1998. Nutritional and insulin regulation of
fatty acid synthetase and leptin gene expression through ADD1/
SREBP-1. J. Clin. Invest. 101: 1–9.

42. Kim, T., and H. Freake. 1996. High carbohydrate diet and starva-
tion regulate lipogenic mRNA in rats in a tissue-specific manner. J.
Nutr. 126: 611–617.

43. Foufelle, F., D. Perdereau, B. Gouhot, P. Ferre, and J. Girard. 1992.
Effect of diets rich in medium-chain and long-chain triglycerides
on lipogenic-enzyme gene expression in liver and adipose tissue of
the weaned rat. Eur. J. Biochem. 208: 381–387.

44. Fukuda, H., N. Iritani, T. Sugimoto, and H. Ikeda. 1999. Transcrip-
tional regulation of fatty acid synthase gene by insulin/glucose,
polyunsaturated fatty acid and leptin in hepatocytes and adipo-
cytes in normal and genetically obese rats. Eur. J. Biochem. 260:
505–511.

45. Agheli, N., M. Kabir, S. Berni-Canani, E. Petitjean, A. Boussairi, J.
Luo, F. Bornet, G. Slama, and S. Rikzalla. 1998. Plasma lipids and
fatty acid synthase activity are regulated by short-chain fructo-oli-
gosaccharides in sucrose-fed insulin-resistant rats. J. Nutr. 128:
1283–1288.

46. Kolehmainen, M., H. Vidal, E. Alhava, and M. Uusitupa. 2001. Ste-
rol regulatory element binding protein-1c (SREB1C) expression
in human obesity. Obes. Res. 9: 706–712.

47. Oberkofler, H., N. Fukushima, H. Esterbauer, F. Krempler, and W.
Patsch. 2002. Sterol regulatory element binding proteins: relation-
ship of adipose tissue gene expression with obesity in humans. Bio-
chim. Biophys. Acta. 1575: 75–81.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

