Mature Adipocytes Inhibit In Vitro Differentiation of
Human Preadipocytes via Angiotensin Type 1 Receptors
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O

besity is well recognized as a major risk factor
for the development of type 2 diabetes. Paradoxically, loss of adipose tissue (1) or impaired
adipogenic differentiation (2) have been proposed as important mechanisms underlying the development of insulin resistance and type 2 diabetes (lipotoxicity
hypothesis [3]). Adipogenesis results from a precise interplay of transcription factors, enabling preadipocytes to
accumulate lipids and respond to insulin (4). Interestingly,
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mature adipocytes secrete a host of vasoactive substances
that influence adipogenesis (5), including the adipogenic
vasodilators nitric oxide (6) and prostacyclin (7) and the
antiadipogenic vasoconstrictor endothelin-1 (8), suggesting a paracrine role of vasoactive molecules in the regulation of adipocyte growth and differentiation.
Angiotensin II (Ang II), another vasoactive molecule,
has also recently been implicated in the modulation of
adipogenesis (9). Thus, mature adipocytes express all
components of the renin-angiotensin system (RAS), including angiotensinogen (AGT), the sole precursor of Ang
II, as well as the angiotensin peptide forming enzymes
renin, ACE, and chymase. Adipocytes also express the
type 1 (AT1) and type 2 (AT2) angiotensin receptor subtypes (10). AGT expression and secretion increases during
adipogenesis (11–14), whereas suppression of the differentiation-specific element binding protein, the activator
of differentiation-dependent AGT gene expression, suppressed AGT expression and adipogenesis in 3T3-L1
mouse clonal preadipocytes (15). Although previous studies in rodents pointed to adipogenic effects of Ang II by
AT2 receptor–mediated formation of prostacyclin by mature adipocytes (16,17), adipocyte-specific expression of
the AGT gene in transgenic mice was accompanied by
adipocyte hypertrophy and hypoplasia (18), suggesting
that Ang II is a trophic factor for adipocytes. In contrast,
human preadipocytes and adipocytes express almost exclusively the AT1 receptor subtype (14,19), and Ang II was
recently shown to reduce lipid accumulation in human
preadipocytes committed to adipogenesis by insulin (20).
Ang II (in the presence of FCS) also increased proliferation in human preadipocytes by stimulation of the cell
cycle regulator cyclin D1 (21). Because several recent
clinical studies suggest that pharmacological blockade of
the RAS may prevent the development of type 2 diabetes
(22,23), the intriguing hypothesis has emerged that these
effects may be due (in part) to the influence of RAS
blockade on human adipogenesis.
The aim of our study was to examine the effect of Ang II
on adipogenic differentiation of human primary cultured
preadipocytes. Because mature adipocytes secrete AGT
and may thus serve as a local source of endogenous Ang II,
we also examined the effect of mature adipocytes on the
adipogenic differentiation of human preadipocytes.
RESEARCH DESIGN AND METHODS
Isolation of preadipocytes and mature adipocytes from human adipose
tissue. Human preadipocytes were isolated from subcutaneous adipose tissue
obtained during breast reduction from healthy women (aged 20 – 60 years, BMI
22–35 kg/m2). After excision of blood vessels, adipose tissue was minced into
small pieces, washed in Hank’s balanced salt solution (HBSS) once, and
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Recent studies suggest that angiotensin II (Ang II)
plays a role in the adipogenesis of murine preadipocytes. Here, we examined the role of Ang II for the
differentiation of primary cultured human preadipocytes. Preadipocytes were isolated from human adipose
tissue and stimulated to differentiate. Quantitation of
gene expression during adipogenesis was performed for
renin-angiotensin system (RAS) genes. The influence of
the RAS on adipogenic differentiation was investigated
by addition of either angiotensinogen (AGT), Ang II, or
angiotensin receptor antagonists to the differentiation
medium. We also examined the influence of adipocytes
on adipogenesis by co-culture experiments. Expression
of the RAS genes AGT, renin, angiotensin-converting
enzyme, and Ang II type 1 receptor increased during
adipogenesis. Stimulation of the Ang II type 1 receptor
by Ang II reduced adipose conversion, whereas blockade of this receptor markedly enhanced adipogenesis.
Adipocytes were able to inhibit preadipocyte differentiation in the co-culture, and this effect was abolished
by blockade of the Ang II type 1 receptor. This finding
points to a functional role of the RAS in the differentiation of human adipose tissue. Because AGT secretion
and Ang II generation are characteristic features of
adipogenesis, we postulate a paracrine negative-feedback loop that inhibits further recruitment of preadipocytes by maturing adipocytes. Diabetes 51:1699 –1707,
2002
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TABLE 1
RT-PCR primers, probes, and templates
Gene

Concentration (nmol/1)

CTTCACTGAGAGCGCCTGC
GAGACCCTCCACCTTGTCCA
CTGATCCAGCCTCACTATGCCTCTGACC
TTGGAGAGGTCACGGAGATGC
TGCCCACAACCCCATCAAAC
CGCCTTACCCTTCATGCTGGCCG
CACCCAGGCCAGGAAGTTT
TGCCCGTTCTAGGTCCTGAA
CCAGTTGCAGAACACCACTATCAAGCGG
ACCCAATGAAGTCCCGCCT
AGCAGCCAAATGATGATGCAG
CGACGCACAATGCTTGTAGCCAAAGTCA
CCAAGTCCTGAAGATGGCAGC
GGAAGGTCAGAACATGGAAGGG
TTGTTCTGGCCTTCATCATTTGCTGGC
TCAAACACATCACCCCCCTG
TGGCAGCCCTGAAAGATGC
AGGAGCAGAGCAAAGAGGTGGCCATC
ACCAGGATCAATGACATTTCACAC
CCAGGAATGAAGTCCAAACCG
CGCAGTCAGTCTCCTCCAAACAGAAAGTCAT
TGGCAAATTCGACCTTTCTCA
GGACCCCGTGGAATGTCAC
ACCACCCGCTCGGCATGGC

900
900
225
50
900
100
900
900
175
300
900
175
300
900
100
300
900
100
50
300
250
50
300
250

cDNA (ng/l)
2.5
2.5
1
1
2.5
1
2.5
2.5

The cDNA concentration refers to the final concentration of cDNA equal to reverse-transcribed RNA in each PCR. F, forward primer; R,
reverse primer; P, probe (labeled 5⬘ FAM and 3⬘ TAMRA).
centrifuged for 5 min at 380g. Tissue was then decanted into isolation medium
(0.7 g tissue/ml HBSS supplemented with 25 mmol/l HEPES, 200 g/ml
kanamycin, 100 units/ml penicillin, 100 g/ml streptomycin, 3% BSA, and 0.75
mg/ml collagenase) and digested for 1 h at 37°C with constant shaking.
Suspended cells were then filtered through a 250-m nylon filter and spun for
10 min at 380g.
Adipocytes were decanted, washed, and spun (200g, 5 min) three times in
isolation medium without collagenase. Then, 20 ml adipocytes were resuspended in 50 ml adipocyte medium overnight (Dubecco’s modified Eagle’s
medium, [DMEM]/Ham’s F12 [1:1], supplemented with 14 mmol/l NaHCO3,
16.5 mol/l biotin, 8.5 mol/l panthotenate, 15 mmol/l glucose, 2 mmol/l
L-glutamin, 13.5 mmol/l HEPES, 200 g/ml kanamycin, 100 units/ml penicillin,
100 g/ml streptomycin, and 10% FCS). On the next day, adipocytes were spun
(200g, 5 min), decanted, resuspended in adipocyte medium without FCS,
washed three times, and cultured for 24 h in FCS-free adipocyte medium.
Viability of isolated adipocytes was determined by acridine orange staining
(24), revealing ⬎90% metabolically active cells.
Stromavascular pellets were resuspended in 100 ml of erythrocyte lysis
buffer (0.154 mol/l NH4Cl, 10 mmol/l KHCO3, 0.1 mmol/l EDTA, and 10% FCS)
and allowed to settle for 10 min at room temperature, followed by a 10-min
centrifugation at 380g. The cell pellet was resuspended in adipocyte medium.
After filtration through a 20-m nylon mesh, cells corresponding to 50 g of
adipose tissue were dispensed under constant stirring onto a 24-well plate
(7 ⫻ 104 cells per well) or two 24-cm2 cell culture flasks (9 ⫻ 105 cells),
resulting in confluency. After an overnight rest, adherent preadipocytes were
washed three times (short shaking) with FCS-free adipocyte medium and
subsequently cultured for 24 h in the same medium. Repeated counting
revealed equal cell numbers in the wells of multiwell plates.
Flourescence-activated cell sorting analysis of isolated primary preadipocytes revealed ⬍5% contamination with endothelial cells, thrombocytes,
granulocytes, and B- and T-cells, and it also revealed ⬃10% contamination
with monocytes. The antibodies used in this analysis were directed against
CD62P (endothelial cells, activated thrombocytes), CD41 (thrombocytes),
CD45 (leukocytes), CD19 (B-cells), CD3 (T-cells), and CD11B and CD14
(monocytes).
Cell culture and differentiation assays. Preadipocytes were incubated at
37°C in humidified atmosphere with 5% CO2. Cells were stimulated to
differentiate over 8 or 12 days in differentiation medium (FCS-free adipocyte
medium, supplemented with 1 mol/l insulin, 1 nmol/l triiodothyronine [T3],
and 100 nmol/l hydrocortisone). Under these conditions, 60 – 80% of the cells
were able to differentiate. Media were changed every 3 days. Cells for
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expression analysis were cultured in 24-cm2 flasks, and cells for quantitation
of lipid accumulation (see below) were cultured in 24-well plates. The
influence of the RAS on adipogenesis was tested by supplementing the
differentiation medium with Ang II, AGT, irbesartan (a specific AT1 receptor
antagonist [25]), PD-123,319 (a specific AT2 receptor antagonist [26]), or
captopril (a selective ACE inhibitor [27]) over the complete period of the
experiment (four wells for each substance and concentration). Solvents like
ethanol were without effect on adipogenesis (data not shown).
Co-culture experiments. Co-culture experiments were performed in 12-well
dishes with polycarbonate membrane inserts (see Fig. 4A). The membrane
pore size of 3.0 m permits free exchange of media between insert and well.
Approximately 1.2 ⫻ 105 preadipocytes/well were seeded under constant
stirring, and 3 ⫻ 104 adipocytes from the same subject were co-cultured in the
insert (see Fig. 4A) under the already-described cell culture and differentiation
conditions in FCS-free media. We also tested an alternative approach, in that
equal cell numbers of undifferentiated or in vitro– differentiated preadipocytes
(immature adipocytes) were cultured on the insert membrane. Unstimulated
preadipocytes (background control), stimulated preadipocytes (differentiation control), stimulated preadipocytes co-cultured with adipocytes, and
stimulated preadipocytes co-cultured with adipocytes in the presence of the
AT1-receptor blocker irbesartan were compared at day 12.
Gene expression analysis. Preadipocytes were trypsinized, washed once
with PBS, and pelleted (380g, 10 min) at 0, 1, 2, 4, and 8 days. RNA isolation,
reverse transcription, and quantitation of gene expression analysis with the
ABI 5700 sequence detection system for real time PCR (TaqMan) were
performed as described previously (28).
Expression analysis was performed for the genes encoding AGT (AGT), ACE
(ACE), renin (REN), AT1-receptor (AT1), and AT2-receptor (AT2) and also for the
differentiation marker genes PPAR␥, leptin (LEP), and fatty acid synthase (FAS).
Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as the
endogenous control (“housekeeping gene”) (29). Sequences and concentrations
of primers, probes, and cDNA are given in Table 1.
Quantitation of intracytoplasmic lipids. Intracytoplasmic lipids were
quantitated according to the method of Ramı́rez-Zacarı́as et al. (30). Immature
adipocytes were fixed by the addition of glutaraldehyde to a final concentration of 3% for at least 2 h. Fixation solution was then replaced by 500 l of 60%
isopropyl alcohol. After 5 min, isopropyl alcohol was evaporated and preadipocytes were stained in a working solution of 300 l Oil Red O for 2 h. The
stain solution was removed, and cells were rinsed in 500 l of 60% isopropyl
alcohol for 5 s. To extract dye, 700 l of 60% isopropyl alcohol was added per
well and sealed plates were shaken for 2 h. The extracted dye was quantitated
DIABETES, VOL. 51, JUNE 2002
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AGT F
AGT R
AGT P
REN F
REN R
REN P
ACE F
ACE R
ACE P
AT1 F
AT1 R
AT1 P
AT2 F
AT2 R
AT2 P
PPAR␥ F
PPAR␥ R
PPAR␥ P
LEP F
LEP R
LEP P
FAS F
FAS R
FAS P

5⬘ sequence 3⬘
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spectrophotometrically at 510 nm. Lipid accumulation was compared between
differentiated cells with and without RAS additives. Undifferentiated cells that
served as background control were subtracted.
Materials. DMEM/Ham’s F12, HBSS, HEPES, PBS, FCS, collagenase, Lglutamin, penicillin, streptomycin, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5diphenlyltetrazolium bromide) proliferation kit, cell culture flasks, and 24-well
plates were from Biochrom (Berlin). Insulin, hydrocortisone, triiodothyronine, panthotenate, biotin, glucose, NH4Cl, KHCO3, NaHCO3, EDTA, glutaraldehyde, Oil Red O, isopropyl alcohol, AGT, Ang II, and PD-123,319 were from
Sigma-Aldrich Chemie and Sigma RBI (Taufkirchen, Germany). PCR primers
and kanamycin were from Life Technologies (Karlsruhe, Germany), BSA was
from Biomol (Hamburg, Germany), nylon filters were from neoLab (Heidelberg, Germany), and co-culture 12-well plates were from Corning Costar
(Bodenheim, Germany). Labeled oligonucleotides were from BioTez (Berlin).
Irbesartan was provided by Sanofi Synthelabo (Berlin). Captopril was a gift
from D.L. Crandall, Wyeth-Ayerst Research (Radnor, PA).
Statistics. The number of experiments was limited by the number of cells
isolated from each subject. Consequently, primary cultures were established
from different individuals, and all experiments were repeated at least three
times. Interindividual differences in adipogenic potential were commonly
observed, probably related to differences in body weight or age of the donors.
Because of the large variation between experiments, data were analyzed by a
nonparametric test for multiple related samples (Friedman’s test) and are
presented as box and whisker plots (with median, 25th and 75th percentiles,
and extremes). Statistically significant differences between the samples of
each experiment were accepted at P values ⬍0.05.

RESULTS

Influence of adipogenesis on RAS gene expression.
As expected, adipogenesis was accompanied by increased
RNA expression of the early marker gene PPAR␥ and the
DIABETES, VOL. 51, JUNE 2002

intermediate marker gene for leptin. Adipogenic differentiation was also associated with a marked increase in the
RNA expression of AGT, REN, ACE, and AT1 (Fig. 1). In
contrast, AT2 RNA expression was barely detectable in
preadipocytes and increased only marginally during adipogenesis.
Influence of Ang II on adipogenesis. Incubation with
Ang II or AGT resulted in a dose-dependent inhibition of
adipogenic differentiation, despite concomitant stimulation with the differentiation cocktail (insulin ⫹ hydrocortisone ⫹ T3) (Fig. 2A and B). In contrast to stimulation
with Ang II, AT1 receptor blockade with irbesartan increased lipid accumulation (Fig. 2C). Increased lipid accumulation was attributable to both an increased number of
differentiated cells and an increase in intracytoplasmic
lipid accumulation (see also Fig. 4). Specific ACE blockade
with captopril, although a strong adipogenic stimulus in
some of the experiments, failed to reach statistical significance across all experiments. The antiadipogenic effect
was dependent on the addition of the differentiation
cocktail because AT1 receptor blockade or ACE inhibition
alone failed to induce lipid accumulation (data not
shown). Inhibition of adipogenic differentiation by Ang II
and stimulation by AT1 receptor blockade was also accompanied by a respective decrease or increase in expression
of the adipogenic marker genes PPAR␥ and FAS (Fig. 3).
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FIG. 1. RNA expression analysis of RAS genes and adipogenic “marker-genes” PPAR␥ and LEP during human preadipocyte differentiation.
A: Relative expression levels on days 1, 2, 4, and 8 after hormonal stimulation compared with unstimulated cells (day 0 ⴝ 1, n ⴝ 3 for each gene).
B: The amplification plot of AGT and the endogenous control GAPDH shown as an example. The threshold cycle (CT) indicates the fractional cycle
number at which the amount of amplified target reached a fixed threshold (horizontal line) in the exponential amplification phase. One cycle
difference (⌬CT ⴝ 1) corresponds to a twofold increase or decrease of the mRNA template. The standard curves for AGT and GAPDH are not
shown because they overlay the sample curves. The average of the quadruplicate determination of AGT and GAPDH expression in each sample
was first aligned with their standard curve. After that, AGT expression was normalized by the expression of GAPDH (internal control).
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DISCUSSION

This study demonstrates that Ang II inhibits adipogenic
differentiation of primary cultured human preadipocytes.
In addition, specific AT1 receptor blockade markedly
augments lipid accumulation and differentiation of these
cells. Importantly, co-culture with mature adipocytes resulted in inhibition of adipogenic differentiation, and this
effect was again abolished by AT1 receptor blockade.
Together with our observation that adipogenic differentiation is associated with increased expression of AGT,
REN, and ACE, as well as the previous demonstration of
increased Ang II formation during human preadipocyte
differentiation by Schling et al. (14), our data clearly
suggest that the ability of mature and maturing adipocytes
to inhibit adipogenic differentiation was indeed mediated
by Ang II. Combined, these findings support the hypothesis
that the adipose tissue RAS plays a functional role in the
regulation of adipogenesis in human adipose tissue. The
fact that ACE inhibition was not as effective as AT1
receptor blockade in promoting adipogenesis may be
attributable to the presence of other angiotensin peptide–
forming enzymes, such as chymase or cathepsins (10), that
may contribute to the endogenous formation of Ang II.
Interestingly, our results are in contrast to earlier findings in Ob1771 mouse adipocytes, where Ang II was shown
to have indirect adipogenic properties, possibly mediated
through activation of the AT2 receptor (16). Although the
AT2 receptor has also been found in murine 3T3-L1 cells
(31), our data do not support a role of this receptor in
human preadipocyte differentiation. Thus, AT2 expression
was barely detectable in these cells, and pharmacological
inhibition had no effect on Ang II–induced inhibition or
AT1 receptor blockade–induced stimulation of adipogenic
differentiation. Whether these disparate findings represent
species differences and/or differences between clonal cell

FIG. 3. Expression analysis of the adipogenic marker genes encoding
PPAR␥ and FAS in preadipocytes at day 8 after induction of differentiation with insulin ⴙ hydrocortisone ⴙ T3. Expression levels of cells
differentiated in the presence of 10 mol/l Ang II (AT1 receptor
agonist) or 10 mol/l irbesartan (AT1 receptor antagonist) were
compared with those differentiated without irbesartan or Ang II
(control). Data are means of quadruplicate determinations during a
single experiment.

lines and primary cultured preadipocytes remains to be
resolved. In human preadipocytes, Schling and Löffler (20)
also described an inhibitory effect of Ang II on adipose
conversion under similar conditions (differentiation with
insulin), whereas differentiation in the presence of isobutyl methyl xanthine (IBMX) was not inhibited by Ang II.
Thus, apparently IBMX, a strong inducer of intracellular
cAMP concentrations, can “override” the inhibitory effects
of Ang II. This is in line with the known differences
between the adipogenic pathways induced by insulin and
cAMP (32).
Despite the lucid nature of our observations, certain
methodological issues deserve mention. The methods
used in our study (isolation, in vitro stimulated differentiation, and Oil Red O staining of human primary preadipocytes) are based on well-established protocols (33). As
shown by Ramı́rez-Zacarı́as et al. (30), quantitation of lipid
accumulation by Oil Red O staining correlates well with
the measurement of glycerophosphate dehydrogenase activity. Additionally, the antiadipogenic effects of Ang II
(decreased expression of both markers compared with
differentiating cells without Ang II) and the adipogenic
effects of specific AT1 receptor blockade was demonstrated by expression analyses of the adipogenic marker
genes FAS and PPAR␥. In this context, it may be of
interest to note that 12–72 h of incubation with Ang II has
been shown to directly influence FAS gene expression in
differentiated 3T3-L1 cells and mature human adipocytes

FIG. 2. Influence of Ang II (A), AGT (B), AT1 receptor antagonist irbesartan (C), ACE inhibitor captopril (D), AT2 receptor antagonist
PD-123,319 alone (E), and PD-123,319 combined with 10 mol/l irbesartan (F) on lipid accumulation in differentiating preadipocytes at day 12
(A, B, C, D, and F: n ⴝ 3; E: n ⴝ 4). Cells were stimulated to differentiate with insulin ⴙ hydrocortisone ⴙ T3. The relative lipid content after
in vitro differentiation with different concentrations of additives is compared with that of cells in pure differentiation medium. Statistical analysis
was performed for the complete data set (A–E) and for the combination of irbesartan and PD-123,319 (F).
DIABETES, VOL. 51, JUNE 2002
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Specific AT2 receptor blockade with PD-123,319 had no
effect on adipogenic differentiation and failed to counteract the effect of AT1 receptor blockade (Fig. 2E and F).
Influence of mature adipocytes on adipogenesis (coculture experiments). Because Ang II inhibited in vitro
adipogenesis and adipocytes are known to form Ang II, we
tested the hypothesis that mature adipocytes inhibit adipogenesis via the AT1 receptor. In the presence of cocultured mature adipocytes, adipogenic differentiation of
preadipocytes was virtually halted, despite the presence of
the differentiation cocktail (Fig. 4B). In contrast, AT1
receptor blockade abolished the inhibitory effect of mature adipocytes and resulted in a rapid and greater lipid
accumulation than in controls. Similar results were obtained when in vitro differentiated immature adipocytes
were used instead of mature adipocytes, but the inhibitory
potency of these cells on adipogenesis was lower than that
of mature adipocytes (Fig. 4C). Undifferentiated preadipocytes, co-cultured in the insert, did not influence in vitro
adipogenesis, but rather underwent differentiation at rates
comparable to those of seeded preadipocytes.

ADIPOCYTES INHIBIT PREADIPOCYTE DIFFERENTIATION
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FIG. 4. Co-culture of differentiating preadipocytes and adipocytes. A: Schematic illustration of a co-culture well. The permeable membrane of the
insert allows the free exchange of media between the two culture compartments. Preadipocytes were first seeded on the well bottom, and then
the floating adipocytes were transferred into the insert (see B). Alternatively, preadipocytes were first allowed to differentiate to immature
adipocytes on the insert membrane, and the insert was then placed into a well with undifferentiated preadipocytes seeded on the bottom (see C).
B: Oil Red O lipid staining after 12 days. First column: unstimulated preadipocytes. Second column: differentiated preadipocytes after hormonal
stimulation. Third column: preadipocytes cultured with 50 l of adipocytes failed to differentiate under the same conditions. Fourth column: the
inhibitory influence of adipocytes was abolished by 10 mol/l of the AT1 receptor blocker irbesartan (n ⴝ 5). C: The same experimental conditions
as reported for B, but with in vitro differentiated immature adipocytes in place of mature adipocytes. The inhibitory effect by immature
adipocytes on lipid accumulation was less pronounced than that of mature adipocytes (n ⴝ 4).
1704
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(40). Ang II has also been shown to increase serine
phosphorylation of the insulin receptor, IRS-1, and PI-3
kinase, which in general has been shown to downregulate
insulin receptor signaling (41). These effects, if also active
in preadipocytes, may in part explain our findings because
insulin is the key adipogenic substance in our assays.
However, it is important to note that the crosstalk between
Ang II, insulin receptors, and other proteins involved in
growth and differentiation is complex and may involve a
variety of pathways, including activator protein 1 (AP-1),
signal transducer and activator of transcription (STAT), or
nuclear factor-B (42).
A possible clinical implication of our findings could well
be that blockade of the RAS may increase the number of
small, newly differentiated adipocytes, which are known
to be more insulin-sensitive than older, larger adipocytes
(43,44). This idea may indeed provide a novel explanation
for the unexpected recent demonstration that RAS blockade may lower the risk for the development of type 2
diabetes (22,23). In fact, Danforth (2) recently proposed
the intriguing idea that an impaired ability to differentiate
new fat cells, possibly manifested as enlargement of
existing ones, may in part play a role in the development of
type 2 diabetes. The mechanisms behind this may be by
promoting the storage of excess lipids in other organs like
the liver, muscle, or pancreas (lipotoxicity hypothesis [3]).
This hypothesis is also supported by the observation that
a genetic form of lipodystrophy in the mouse can cause a
syndrome of severe insulin resistance that can be largely
reversed by implantation of adipose tissue (1). Furthermore, pharmacologically induced (45) or familial forms of
partial lipodystrophy (46) have been associated with an
increased risk of insulin resistance and the development of
type 2 diabetes in humans, whereas induction of adipose
tissue differentiation by thiazolidinediones is associated
with increased insulin sensitivity (47). Finally, it has long
been noted that the presence of large adipocytes, perhaps
as a result of failure to produce new fat cells, is associated
with the development of diabetes and the metabolic
syndrome (48,49). Thus, as recently pointed out by
Townsend (50), the adipose tissue RAS may serve more to
regulate both regional blood flow to adipose tissue and the
size and number of fat cells, rather than participate
directly in the regulation of substrate utilization.
In conclusion, our data indicate that under our experimental conditions, adipocytes inhibit in vitro adipogenic
differentiation of human preadipocytes via Ang II and the
AT1 receptor, whereas blockade of this receptor leads to a
marked augmentation of adipogenesis. This finding points
to a functional role of the RAS for the differentiation of
adipose tissue. Future studies will be required to determine both the signaling pathways leading from the stimulation of the AT1 receptor to the inhibition of human
adipogenesis as well as the clinical implications of these
findings for human health and disease.
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(34,35). It is thus important to distinguish between the
induction of gene expression during adipogenesis (as
measured in our study) and the hormonal modulation of a
gene in mature cells that already express this gene.
Adipogenic conversion was observed in up to 80% of the
isolated cells. To study the influence of the RAS on
adipogenesis, we chose a cell culture model that allows
the demonstration of both an increase as well as a
decrease in adipogenic conversion. For this purpose, we
used a hormonal cocktail that differs from that usually
used in human preadipocytes (36) in that it did not include
a xanthine derivate (see above) or a peroxisome proliferator–activated receptor-␥ (PPAR-␥) ligand. Such additives
are often used to achieve maximum differentiation of
preadipocytes and may thus override the effects of subtle
modulators of adipogenic differentiation. Additionally, the
use of only three naturally occurring hormones in the
culture system minimizes interactions between the substances used to manipulate adipogenic stimulation in
vitro. Importantly, a possible inhibitory influence of Ang II
on PPAR-␥ activity is conceivable and may be confounded
by the use of a strong PPAR-␥ agonist.
Although some contamination with other cells such as
monocytes cannot be ruled out (see RESEARCH DESIGN AND
METHODS), it is highly unlikely that the presence of such
cells accounts for the dramatic effects of Ang II or AT1
receptor blockade on adipogenic differentiation observed
in our study. Furthermore, it is important to note that the
adipogenic properties of primary cultured preadipocytes
show considerable inter-individual variability. Nevertheless, all experiments were repeated at least three times
with cells obtained from several different individuals and
showed similar results in direction if not in magnitude.
Inhibition of adipogenic differentiation by mature adipocytes clearly suggests the presence of a paracrine negative
feedback loop, by which increased production of AGT/Ang
II results in the decreased recruitment of preadipocytes.
This negative feedback loop can be overcome by AT1
receptor blockade. We may thus speculate that although
increased tissue activity of the RAS in adipose tissue can
prevent the recruitment and adipogenic differentiation of
preadipocytes, blockade of this system may result in the
increased formation of fat cells. This notion is supported
by a recent in vivo study demonstrating that selective
overexpression of the AGT gene in adipocytes driven by
the aP2 promoter leads to adipocyte hypertrophy and
hypoplasia, suggesting that Ang II has trophic rather than
adipogenic effects (18). However, it is important to remember that weight gain can be caused by both an increase in
the size of existing adipocytes and further recruitment of
preadipocytes. Thus, changes in the formation of new fat
cells must not necessarily be reflected in changes in total
adipose mass, and the use of ACE inhibitors has occasionally been reported to be associated with decreased body
weight (37–39).
Currently, we can only speculate on the mechanisms
involved in the Ang II–mediated inhibition of adipogenic
differentiation. Ang II has been demonstrated to decrease
insulin-stimulated tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1) and its docking with phosphatidylinositol 3 (PI-3) kinase in vascular smooth muscle
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