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Jones, Brynn H., Melissa K. Standridge, James W.
Taylor, and Naima Moustaid. Angiotensinogen gene expres-
sion in adipose tissue: analysis of obese models and hormonal
and nutritional control. Am. J. Physiol. 273 (Regulatory
Integrative Comp. Physiol. 42): R236-R242, 1997.—Synthe-
sis of angiotensin II (ANG II) has recently been described in
adipose cells and has been linked to regulation of adiposity.
Angiotensinogen (AGT), the substrate from which ANG II is
formed, was previously shown to be elevated in adipose tissue
of obese (0b/ob and db/db) mice and regulated by nutritional
manipulation. It is unknown, however, whether overexpres-
sion of adipose AGT can be extended to other models of
obesity and whether hormonal and/or nutritional factors
directly regulate AGT expression in adipocytes. We investi-
gated these possibilities by analyzing AGT mRNA levels in
adipose tissue of obese Zucker rats, viable yellow (A%) mice,
and humans and by treating 3T3-L1 adipocytes with insulin,
glucose, and a B-adrenergic agonist. We demonstrate that
AGT mRNA is decreased by ~50 and 80%, respectively, in
adipose tissue of obese vs. lean Zucker rats and A% mice. We
also report that AGT is expressed at variable levels in human
adipose tissue. Finally, we show that AGT mRNA is upregu-
lated by insulin and downregulated by B-adrenergic stimula-
tion in adipocytes.
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IN RECENT YEARS, the synthesis of angiotensin II (ANG
II) has been described in various tissues. In addition to
the classical pathway of ANG II synthesis involving the
liver, kidney, and endothelium, tissue renin-angioten-
sin systems (RAS), which consist of all components
necessary for ANG II synthesis, have been identified in
numerous peripheral tissues. Accordingly, the classical
function of ANG II as a modulator of vascular tone and
hemodynamics has been expanded: in many tissues the
function of locally produced ANG II has been linked to
control of tissue growth and development (28).

Adipose tissue is one of the tissues shown to express
its own RAS. Expression of the angiotensinogen gene
(AGT), the precursor from which ANG II is formed, has
been reported in murine adipocyte cell lines and in rat
and mouse adipose tissue (1, 9, 31). Synthesis and
secretion of ANG II has been confirmed in adipocyte cell
lines (32). Consistent with other tissues expressing
RAS, adipocyte ANG II has also been linked to control
of adipose tissue growth and development. Several
clinical and laboratory studies using angiotensin-
converting enzyme (ACE) inhibitors to control blood
pressure have reported weight loss as a side effect (8,
12, 22, 23, 29). Crandall et al. (6) specifically investi-
gated this issue by treating rats with an oral ANG II
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receptor antagonist (losartan) and measuring the ef-
fects on adiposity. Losartan-treated rats displayed sig-
nificantly reduced fat pad weights and adipocyte size,
independent of food intake. Harp and DiGirolano (11)
recently reported that AGT mRNA and protein levels
were positively related to relative rates of adipocyte growth
in rats. In humans, linkage between genetic variation
at the AGT locus and waist-to-hip ratio was recently
reported in a population of male Hutterites (13). Accord-
ing to a recent report by Darimont et al. (7), cellular
mechanisms that link adipocyte ANG II to control of
adipose mass may involve recruitment of preadipocytes
to differentiate into mature fat cells. These authors
demonstrated that ANG II treatment of mature adipo-
cytes (Ob 1771) induced differentiation of cocultured
preadipocytes. In agreement with these studies, we
have recently demonstrated that ANGII increases lipo-
genesis in murine and human adipocytes (17a).

In light of a potential role for ANG II in control of
adiposity, it is particularly interesting that AGT synthe-
sis was recently shown to be threefold higher in adipose
tissue of genetically obese mice (0b/ob and db/db) than
in lean controls (9). However, it is unknown whether
these results can be extrapolated to other models of
obesity. The serine protease adipsin, for example, was
reported to be much lower in 0b/0b and db/db mice vs.
lean controls and was originally linked to obesity;
however, no significant differences were seen in adipsin
levels between lean and obese Zucker rats (reviewed in
Ref. 20) or in obese compared with lean humans (25).
We therefore were interested to determine whether the
obese-specific regulation of AGT in adipose tissue de-
scribed by Fredrich et al. (9) could be extended to other
animal models of genetic obesity, specifically the Zucker
obese rat and the viable yellow (A%”) mouse. We further
investigated whether AGT mRNA was detected in
human adipose tissue and, if so, whether these levels
were elevated in obese compared with lean human sub-
jects. Finally, we determined whether hormonal and
nutritional factors known to regulate adipocyte metabo-
lism also modulated AGT expression in adipose cells.

MATERIALS AND METHODS

Animals. Lean Zucker rats (Fa/?) were obtained from
Harlan Sprague Dawley (Indianapolis, IN) and bred to pro-
duce lean and obese rats. Pups were weaned and sexed at 21
days; obese and lean pups were identified on the basis of body
weight. C57BL/6J-A% mice were purchased from the Jackson
Laboratory and maintained at the Oak Ridge National Labo-
ratory (Oak Ridge, TN) by mating A»/a mice to nonagouti a/a
black siblings. Obese (A»/a) mice and lean control nonagouti
(a/a) mice were identified on the basis of coat color (yellow or
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black, respectively). All animals were fed standard rat or
mouse chow (Ralston Purina, St. Louis, MO) and housed in a
climate-controlled environment (21°C) with a 12-h light-dark
cycle. Four or five male animals of each phenotype (lean and
obese), age 14 wk, were included in this study. This protocol was
approved by the University of Tennessee Institutional Animal
Care and Use Committee. Animals were anesthetized with
pentobarbitol sodium and killed by exsanguination while under
anesthesia. Liver and abdominal adipose tissue were snap-
frozen into liquid nitrogen for subsequent RNA isolation.

3T3-L1 cells. 3T3-L1 cells (American Type Culture Collec-
tion, Rockville, MD) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS) (standard medium) in 100-mm culture
dishes, as previously described (16). Cells were induced to
differentiate into an adipocyte phenotype by a modification of
the method of Rubin et al. (30). At confluency (day 0), the
medium was supplemented with 250 nM dexamethasone and
0.5 mM isobutyl-methylxanthine for 2 days, after which cells
were returned to standard medium. Differentiation was
considered to be complete at day 5, at which time cells were
incubated in either serum-free medium (SFM) containing 1%
bovine serum albumin (BSA; insulin and isoproterenol experi-
ments) or glucose-free medium (GFM) supplemented with
10% FBS (glucose experiments) for 36 h. Insulin (0.1 nM, 10
nM, or 1 M) and isoproterenol (10 or 100 nM) treatments
were carried out in SFM for 48 h; controls consisted of cells in
SFM + BSA (1%) only. In the glucose experiments, cells were
either switched to standard medium containing 0.5, 1.0, or
2.5 mM glucose or were maintained in GFM for 48 h. After
treatment, adipocytes were harvested and prepared for RNA
isolation using the guanidine/CsCl method, as we previously
described (16). Individual culture dishes (100 mm) of cells
were used for each RNA sample within treatments, and 3 or 4
samples were included in each treatment group in an experi-
ment. All experiments were repeated at least twice.

Humans. Subcutaneous abdominal adipose tissue was
taken from 12 female, Caucasian patients, 19-58 years of
age, undergoing elective cosmetic surgery. Samples were
obtained in compliance with a protocol approved by the
Institutional Review Board for Human Subjects and by the
Committee for Research Protocols at the University of Tennes-
see, Knoxville. All patients were nondiabetic and nonhyperten-
sive, with no known metabolic abnormalities. Patients with a
body mass index (BMI) >28 were considered obese; seven
nonobese and five obese patients were included in this study.
Tissue samples to be used for RNA isolation were frozen
immediately until use. Human adipocytes were isolated by
collagenase digestion and filtration of adipose tissue, as we
recently described (24). Mature, lipid-filled adipocytes were
separated from stromal-vascular cells by centrifugation, the
latter of which were discarded. Floating cells (mature adipo-
cytes) were maintained in primary culture in DMEM supple-
mented with 1% FBS for 2 wk. Viability during culture was
confirmed by Trypan blue exclusion, glucose consumption,
and activity levels of glycerol-3-phosphate dehydrogenase
and fatty acid synthase enzymes (24).

RNA analysis. RNA was prepared by centrifugation of
tissue homogenates through CsCl density gradients. RNA
from all samples within an experiment were electrophoresed
on the same agarose gel, transferred to positively charged
nylon membranes, and analyzed by Northern blotting. Mem-
branes were hybridized with 32P-labeled cDNA probes for rat
AGT (kindly provided by Dr. K. Lynch, University of Virginia)
or human AGT (kindly provided by Dr. E. Clauser, College de
France, Paris, France), stearoyl-CoA desaturase (SCD; kindly
provided by Dr. P. Smith, Veterans Affairs Medical Center,
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East Orange, NJ), and B-actin (American Type Culture
Collection). Unbound probe was removed by washing mem-
branes in 2X saline-sodium phosphate-EDTA (SSPE) for 30
min at 25°C and then in 0.1X SSPE-0.1% sodium dodecyl
sulfate for 60 min at 65°C. After washing, membranes were
exposed to X-ray film (New England Nuclear, Boston, MA).
Autoradiograms were analyzed by densitometric scanning,
and data were expressed as the ratio of AGT to B-actin.
Results are reported as means = SE.

Statistics. Student’s ¢-test (Figs. 1 and 2) and analysis of
variance (ANOVA; Fig. 4) were used to compare overall group
means. The Bonferroni multiple-comparisons procedure (26)
was used to compare pairs of means following a significant F
test (Fig. 4). All tests were conducted using a 95% confidence
interval.

RESULTS

Expression of the AGT gene in liver and adipose tissue
of obese Zucker rats. Northern blot analysis of RNA
isolated from Zucker rat liver and adipose tissue re-
vealed a single band of the expected size (~1.8 kb) for
AGT. Hepatic levels of AGT mRNA, obtained by densito-
metric scanning and normalized to B-actin, are shown
in Fig. 1A. No significant differences in hepatic AGT
mRNA levels between lean and obese rats were de-
tected (2.35 * 0.46 vs. 2.34 = 0.43, respectively). These
data are consistent with expression of AGT in liver of
genetically obese (ob/ob and db/db ) and lean mice, in
which no effect of obesity was observed (8).

Figure 1B represents Northern blot analysis of adi-
pose tissue AGT mRNA in lean and obese Zucker rats.
AGT mRNA content in adipose tissue from obese rats was
~50% lower than in lean rats (3.61 = 0.68 vs. 1.79 *
0.15; P < 0.05). The signal for SCD mRNA, which we
have previously reported to be significantly elevated in
adipose tissue of Zucker rats (17), is shown as a control.

Expression of the AGT gene in liver and adipose tissue
of lean (a/a) and obese (A») mice. Figure 2A depicts
hepatic AGT mRNA levels in lean and obese (A*) mice.
As in ob/ob and db/db mice (9) and in Zucker rats (Fig.
1A), there was no effect of obesity on AGT mRNA levels
in liver. Adipose tissue levels of AGT mRNA are shown
in Fig. 2B. Like the obese Zucker rat, A¥” mice displayed
significantly reduced expression of AGT (0.686 = 0.17
vs. 0.102 + .00004; P < 0.01) in adipose tissue relative
to lean controls. These data are in direct contrast to
previous reports regarding AGT expression in adipose
tissue of obese mice (ob/ob and db/db), in which AGT
mRNA and protein levels were increased two- to four-
fold over lean controls (9). The signal for SCD mRNA,
which we recently reported to be increased in obese A%
mice (16), is shown as a control.

Expression of the AGT gene in human adipose tissue
and primary cultures of human adipocytes. The results
of Northern blot analysis for AGT mRNA levels in
human adipose tissue are shown in Fig. 3A. Hybridiza-
tion of human adipose tissue RNA with the human AGT
cDNA revealed a band of the expected size [~2.0 kb (4)].
AGT mRNA was detectable by Northern blot in adipose
tissue of 7 (lanes 1, 4, 5, 7-10) of the 12 patients
examined. Among these seven patients, expression
varied from low (lanes 4 and 10) to high (lanes 1 and 9)



R238

]
(X tn w

AGT mRNA/B-actin mRNA 3.

obese

b - =

AGT mRNA/B-actin mRNA

obese

lean

Fig. 1. Northern blot analysis of angiotensinogen (AGT) mRNA
levels in liver and adipose tissue of lean and obese Zucker rats. RNA
was extracted and analyzed as described in MATERIALS AND METHODS,
Twenty-five micrograms of total RNA was loaded in each lane. Values
for AGT and p-actin mRNA levels depicted in bar graphs were
obtained by densitometric scanning of autoradiograms. Data are
presented as the mean = SE of AGT/B-actin for 4 (obese) or 5 (lean)
animals from each phenotype. A: AGT mRNA levels in liver. B: AGT
mRNA levels in adipose tissue. Bands shown are from representative
animals of each phenotype. Corresponding signal for stearoyl-CoA
desaturase (SCD) from the same blot is shown as a comparison to
AGT. #*Significantly different from lean, P < 0.05 (Student’s ¢-test).

levels. Although the amount of RNA loaded as indicated
by B-actin levels did vary considerably, the wide range
of AGT mRNA content between patients was not due to
these differences: lanes 2, 11, and 12, for example, had
high levels of B-actin mRNA but expressed almost no
AGT. We did not find a consistent obesity-related pattern
of AGT expression in adipose tissue of lean and obese
subjects. Lanes 1-5 represent samples taken from obese
patients. Only three of those patients exhibited detect-
able levels of AGT, with one patient (lane 1) displaying
high levels and one relatively low levels (lane 4).

To determine whether the variation in AGT mRNA
levels among patients was due to circulating factors, we
analyzed expression of AGT in human adipocytes main-
tained in primary culture (24). On the basis of Fig. 34
we included adipocytes from one patient (lane 1) in
which AGT was clearly expressed in adipose tissue and
one patient (lane 2) in which AGT mRNA was absent.
These results are reported in Fig. 3B. The lane num-
bers correspond to the patient’s adipose tissue sample
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represented on the Northern blot shown in Fig. 3A.
Interestingly, AGT was expressed at similar levels in
isolated adipocytes maintained in primary culture from
both patients. This pattern of expression is in sharp
contrast to that in freshly isolated adipose tissue (Fig.
3A), in which a wide degree of patient-to-patient vari-
ability was exhibited and in which AGT expression was
limited to 7 of 12 patients. Consistent with the results
from two patients in Fig. 3B, we have analyzed AGT
expression in primary adipocytes from 12 additional
patients, both nonobese and obese, not included in Fig.
3A: after isolation and maintenence in similar in vitro
conditions, AGT was expressed in adipose cells of all
patients studied to date (data not shown). We propose
that the variability in adipose tissue AGT mRNA levels
reflects inhibition of AGT expression by in vivo factors,
such as diet and hormonal status, for which we could
not control in this study; accordingly, these differences
disappeared when adipocytes were isolated and main-
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Fig. 2. Northern blot analysis of AGT mRNA levels in liver and
adipose tissue of lean and obese A mice. RNA was extracted and
analyzed as described in MATERIALS AND METHODS, Twenty-five micro-
grams of total RNA was loaded in each lane. Values for AGT and
p-actin mRNA levels depicted in bar graphs were obtained by
densitometric scanning of autoradiograms. Data are presented as the
mean = SE of AGT/B-actin for 4 (obese) or 5 (lean) animals from each
phenotype. A: AGT mRNA levels in liver; B: AGT mRNA levels in
adipose tissue. Bands shown are from representative animals of each
phenotype. Corresponding signal for SCD from the same blot is
shown as a comparison to AGT. *Significantly different from lean,
P <2 0.05 (Student’s {-test).
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Fig. 3. A: expression of AGT mRNA in human adipose tissue. Total
RNA from adipose tissue of 12 patients was analyzed by Northern
blotting (as deseribed in MATERIALS AND METHODS ). Variable amounts
of RNA were loaded onto the gel, as indicated by the variability in the
hybridization signal for B-actin. Autoradiograms were exposed to film
for 3 days (AGT) or 4 h (p-actin). B: expression of AGT in human
adipocytes maintained in primary culture for 4-7 days under similar
conditions. Aboutl twenty micrograms of total RNA was analyzed from
adipocytes from 2 of the 12 patients represented in A, including one
patient with (lane 1) and one without (lane 2) AGT expression in
adipose tissue; the number corresponds to the lane of the adipose
tissue RNA sample for that patient in A; the autoradiogram was
exposed for 24 h.

tained as viable, metabolically active cells in culture for
several days.

Nutritional and hormonal regulation of AGT expres-
sion in 3T3-L1 adipocytes. In light of 1) downregulation
of AGT expression in adipose tissue of obese Zucker rats
and A mice and 2) variable regulation of AGT in
human adipose tissue, we then wanted to determine
whether factors known to regulate adipocyte metabo-
lism influenced expression of AGT in adipose cells. For
these studies we used the 3T3-L1 murine adipocyte cell
line, which exhibits biochemical and physiological char-
acteristics similar to those of mature adipocytes. Ini-
tially, we evaluated the effects of glucose on AGT
expression. We were interested in glucose because 1)
AGT mRNA in adipose tissue was shown to be regu-
lated by fasting and refeeding (9), 2) hyperglycemia is a

common feature of obese models (15), and 3) several of

the glycolytic and lipogenic genes with which AGT is
regulated in parallel during adipocyte differentiation
are also regulated by glucose (reviewed in Ref. 14). For
these experiments, 3T3-L1 adipocytes were incubated
for 36 h in GFM, after which they were either treated
with media containing 0.5-2.5 mM glucose or main-
tained in glucose-free conditions for 48 h. As shown in
Fig. 4A, we saw no effect of the paradigm described
above on AGT mRNA levels in cultured adipocytes. By
contrast, expression of an important lipid-metabolizing
gene (SCD) was dramatically decreased in the absence
of glucose and was restored by glucose treatment in a
dose-dependent manner (33). Similar results with AGT
were obtained with longer duration of both the glucose-
free pretreatment phase (48 h) and the glucose treat-
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ment period (72 h) and with higher concentrations (5
and 25 mM) of glucose (data not shown).

Because hyperinsulinemia is a common feature of
obese models, we then chose to evaluate the effects of
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Fig. 4. AGT expression in 3T3-L1 adipocytes treated with glucose,
insulin, or isoproterenol. As described in MATERIALS AND METHODS,
cells for glucose experiment were incubated for 24 h in glucose-free
medium before treatment. Cells used for insulin and isoproterenol
experiments were incubated for 24 h in serum-free medium before
treatment. All treatments were carried out for 48 h. Data were
derived from densitometric scanning of the AGT and B-actin autora-
diogram signals and are presented as means = SE for 3 or 4 100-mm
culture dishes within each treatment. A: effects of media glucose
concentration (0, 0.5, 1.0, or 2.5 mM). B: effects of insulin (0.1 nM, 10
nM, or 1 uM). *P = 0.05 vs. 0 insulin (Bonferroni multiple-
comparison procedure). C: effects of B-adrenergic receptor stimula-
tion with isoproterenol (10 or 100 nM). *P < 0.01 vs. 0 isoproterenocl
(Bonferroni multiple-comparison procedure). conc, Concentration.
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insulin on AGT expression. Although physiological con-
centrations of insulin (0.1 nM) have been shown to
increase AGT expression in a hepatocyte cell line
(H4IIE) (2), no studies have reported the effects of
insulin on AGT expression in adipocytes. As shown in
Fig. 4B, treatment of 3T3-L1 adipocytes for 48 h with
insulin caused an increase in AGT mRNA levels. ANOVA
indicated a significant effect of insulin dosage (P <
0.05); post hoc comparisons revealed that both 10 nM
and 1 uM insulin significantly increased AGT expres-
sion (control: 0.82 * 0.1; 10 nM: 1.37 = 0.14; 1 uM:
1.31 = 0.06; P < 0.01) over control levels. There was a
slight but not significant increase in AGT expression in
adipocytes treated with 0.1 nM insulin.

We also evaluated the effect of B-adrenergic stimula-
tion on AGT expression in the 3T3-L1 adipocyte model.
Activation of sympathetic B-receptors in adipose cells is
known to increase lipolysis, and B-adrenergic stimula-
tion has been shown to modulate AGT expression in
other cell types (19, 33). As shown in Fig. 4C, isoproter-
enol treatment significantly reduced AGT mRNA levels
by ~50% (ANOVA; P < 0.01). Both concentrations (10
and 100 nM) of the B-agonist elicited a similar and
significant reduction (control: 0.67 = 0.04; 10 nM:
0.37 = 0.03 100 nM: 0.29 * 0.02; P < 0.01) in AGT
mRNA levels compared with controls.

DISCUSSION

We conducted this study in part to determine whether
overexpression of the AGT gene in adipose tissue,
previously reported in obese mice (0b/ob and db/db),
could be extended to another murine model of obesity
(A») or to obese models of other species (Zucker rats
and humans). We were interested in this issue because
of recent data suggesting a role for ANG II in control of
adiposity. ANG II has been shown to increase adipocyte
differentiation (7), and antagonism of ANG II receptors
reduced adipose mass and adipocyte size by ~40% in
rats (6) and prevented ANGII-stimulated lipogenesis in
3T3-L1 adipocytes (17a). This apparent ability of ANG
IT to modulate fat mass, coupled with increased expres-
sion of the adipose tissue RAS in obesity, could thus
provide insight into control of adiposity. Although the
report by Frederich et al. (9) described obese-specific
expression of AGT in two different models of obesity,
both models have etiologies related to the recently
identified protein leptin (10, 27). Overexpression of
AGT in adipose tissue found in this report could thus be
unique to models with a defect in the leptin signaling
pathway. Alternatively, the differences in AGT expres-
sion described by Frederich et al. (9) could be unique to
mouse models of obesity. To determine whether this
pattern of AGT expression was common to numerous
obese models, or if this pattern was due to leptin- or
species-related factors, we analyzed adipose tissue
expression of AGT in 1) a rodent model (Zucker rat)
with a genetic mutation homologous to that of the db/db
mouse (3) and 2) a mouse model (A%) in which obesity is
due to ectopic overexpression of the agouti gene (35)
and is unrelated to the leptin pathway. In direct
contrast to Frederich’s results in obese mice, AGT
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expression in the obese Zucker rat was significantly
decreased (~50%) in adipose tissue relative to lean
controls (Fig. 1B). AGT mRNA levels were also signifi-
cantly lower (~80%) in adipose tissue of obese A* mice
compared with lean controls (Fig. 2B). Hepatic levels of
AGT were not different between lean and obese ani-
mals of either model (Figs. 1A and 2A4). We also found
no differences in renal AGT mRNA levels between lean
and obese animals (unpublished data). These results
demonstrate that decreased AGT expression in these
two models of obesity is tissue specific.

We also wanted to determine whether the AGT gene
was expressed in human adipose tissue because no
previous studies had addressed this issue. In addition,
we wanted to determine whether there were differences
in AGT mRNA levels between lean and obese humans.
Linkage between genetic variation near the AGT locus
on human chromosome 1 and waist-to-hip ratio in male
Hutterites was recently reported (13), which implies
that the AGT gene might be involved in body fat
distribution in humans. We have reported here that AGT
was expressed in human adipose tissue taken from 7 of 12
patients studied. These observations complement re-
cent studies that demonstrated the presence of ANG II
receptors (5) and ACE (18) in human adipocyte mem-
branes and adipose tissue, respectively. Five of the 12
patients that we studied were classified as obese accord-
ing to BMI. We found no consistent obesity-related
pattern of AGT expression in these obese subjects. Two
of the five obese subjects displayed detectable levels of
AGT mRNA; levels were relatively high in adipose
tissue from one of these two patients but low in the
other. Although it is not possible to make any conclu-
sions regarding expression of AGT in adipose tissue of
all obese humans based on samples from five subjects,
our data do not suggest an association between obesity
and levels of AGT mRNA in human adipose tissue.

When adipocytes were isolated and maintained in
primary culture for 4-7 days, a very different pattern of
AGT expression was observed: AGT mRNA was detect-
able at comparable levels in adipocytes from the two
patients shown in Fig. 3B, despite the fact that one of
the patients (lane 2) showed no expression of AGT in
adipose tissue. The discrepancy between these data
and those obtained in RNA from freshly isolated adi-
pose tissue raises some interesting questions concern-
ing in vivo regulation of adipose AGT. Apparently,
elements found in vivo but not in vitro suppress AGT
gene expression in some but not all patients. Preopera-
tive factors such as diet, fasting, and medications were
not controlled in the patients studied; many potential
differences thus exist between patient status at the time of
adipose tissue removal. These differences were effec-
tively eliminated by isolating adipocytes and maintain-
ing them in similar culture conditions. These findings
may also impact the irregularity of AGT mRNA levels
in obese humans as reported in Fig. 3A. It may thus be
very difficult to demonstrate an association between
obesity and AGT mRNA levels in human adipose tissue
given that some factor(s) present in vivo apparently
suppress AGT expression in certain patients.
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Our data from obese Zucker rats, A%” mice, and
humans demonstrate that all obese models do not share
increased expression of AGT in adipose tissue, as
previously reported in 0b/ob and db/db mice. AGT is
thus regulated by a different complement of factors
than the ob gene, the expression of which is increased
in adipose tissue of all obese models examined to date.
Downregulation in obese Zucker rats and A% mice
(Figs. 1 and 2) and variable levels of expression in
adipose tissue from human subjects (Fig. 3) demon-
strate that AGT is subject to regulation in vivo by
unknown factors. Little is known about regulation of
the adipocyte RAS; glucocorticoid is the only hormonal
factor that has been shown to modulate AGT expres-
sion in adipocytes (21). It is important to understand
regulation of adipocyte AGT, the largest potential source
of ANG II in the body (9), because of the potential role of
ANG 1II in control of adipose mass obesity-related
hypertension (19). The second purpose of our study was
thus to investigate regulation of AGT mRNA levels in
vitro using an adipocyte cell line. We found that 48 h of
insulin treatment (10 nM and 1 xM) increased AGT
expression in 3T3-L1 adipocytes (Fig. 4B). These re-
sults contrast with our findings in vivo showing that
hyperinsulinemic, obese Zucker rats and A» mice have
significantly lower levels of AGT mRNA in adipose
tissue than do lean controls (Figs. 1B and 2B). Taken
together, these results suggest that insulin is not a
dominant factor in regulation of adipose tissue AGT
expression in vivo, at least not in hyperinsulinemic,
insulin-resistant animals. However, in animals with
normal sensitivity to insulin, fluctuations in circulating
insulin levels may directly regulate AGT expression in
adipose tissue. Consistent with this possibility, Cassis
(1) demonstrated that adipose tissue AGT mRNA levels
were significantly reduced in streptozotocin-diabetic
rats and were restored to control values by insulin
replacement therapy.

We were unable to demonstrate regulation of adipo-
cyte AGT mRNA levels by glucose (Fig. 4A) using an
experimental paradigm comparable to fasting/refeed-
ing. In contrast to the null effects of these manipula-
tions on AGT, mRNA levels for SCD were markedly
increased in a dose-dependent manner by glucose avail-
ability in the same set of experiments (33). Therefore,
although these two genes are regulated in parallel
during adipocyte differentiation, they appear to be
under different control by carbohydrate and/or energy
availability in mature adipocytes.

We have also reported that treatment of adipocytes
with a B-adrenergic receptor agonist (isoproterenol)
resulted in a marked decrease (~50%) in AGT expres-
sion. Sympathetic stimulation of adipocytes is known to
increase lipolysis; these data thus suggest that AGT is
inversely regulated with lipid mobilization. AGT mRNA
levels have been shown to be increased by catechol-
amines in oppossum kidney cells (34) but decreased by
catecholamines in rat hepatocytes (19). Further studies
will be necessary to adequately characterize the rela-
tionship between B-adrenergic stimulation and the
adipose tissue RAS.
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In conclusion, we have demonstrated that adipose
levels of AGT are not regulated in a consistent manner
across all models of genetic obesity. Our data do sug-
gest, however, that AGT is subject to control by physi-
ological factors in vivo in both rat and human adipose
tissue. We have also shown that insulin increases,
while B-adrenergic receptor stimulation decreases AGT
expression in 3T3-L1 adipocytes. Given the potential
paracrine and endocrine actions of ANG II produced by
adipocytes, it is important to identify the factors that
regulate adipose tissue AGT production in vivo, particu-
larly in human adipose tissue. Identification of these
influences will be important in understanding the
function of adipose tissue RAS and its regulation in
both physiological and pathophysiological conditions.

This work was supported by the Physicians’ Medical Education
Research Foundation of the University of Tennessee Medical Center
and by the Tennessee Agricultural and Experimental Station, Knox-
ville, TN.

Address for reprint requests: N. Moustaid, Univ. of Tenn., Dept. of
Nutrition, 1215 W. Cumberland Ave., Rm. 229, Knoxville, TN 37996—
1900.

Received 18 June 1996; accepted in final form 26 February 1997.

REFERENCES

1. Cassis, L. A. Downregulation of the renin-angiotensin system in
streptozotocin-diabetic rats. Am. J. Physiol. 262 (Endocrinol.
Metab. 25): E105-E109, 1992.

2. Chang, E., and A. J. Perlman. Angiotensinogen mRNA. J.
Biol. Chem. 263: 5480-5484, 1988.

3. Chua, S. C., W. K. Chung, X. S. Wu-Peng, Y. Zhang, S. M. Liu,
L. Tartaglia, and R. L. Leibel. Phenotypes of mouse diabetes
and rat fatty acids due to mutations in the OB (leptin) receptor.
Science 271: 994-996, 1996.

4. Clauser, E., I. Gaillard, L. Wei, and P. Corvol. Regulation of
angiotensinogen gene. Am. J. Hypertens. 2: 403-410, 1989.

5. Crandall, D. L., H. E. Herzlinger, B. D. Saunders, D. G.
Armellino, and J. G. Kral. Distribution of angiotensin II
receptors in rat and human adipocytes. J. Lipid Res. 35: 1378—
1385, 1994.

6. Crandall, D. L., H. E. Herzlinger, B. D. Saunders, and J. G.
Kral. Developmental aspects of the adipose tissue renin-
angiotensin system: therapeutic implications. Drug Dev. Res. 32:
117-125, 1994.

7. Darimont, C., G. Vassaux, G. Ailhaud, and R. Negrel.
Differentiation of preadipose cells: paracrine role of prostacylin
upon stimulation of adipose cells by angiotensin-II. Endocrinol-
ogy 135: 2030-2036, 1994.

8. Enalapril in Hypertension Study Group (UK). Enalapril in
essential hypertension: a comparative study with propranolol.
Br. J. Clin. Pharmacol. 18: 51-56, 1984.

9. Frederich, R. C,, B. B. Kahn, M. J. Peach, and J. S. Flier.
Tissue-specific nutritional regulation of angiotensinogen in adi-
pose tissue. Hypertension 19: 339-344, 1992.

10. Halaas, J. L., K. S. Gajiwala, M. Maffei, S. L. Cohen, B. T.
Chait, D. Robinowitz, R. Lallone, S. K. Burley, and J. M.
Friedman. Weight-reducing effects of the plasma protein en-
coded by the obese gene. Science 269: 543-546, 1995.

11. Harp, J. B,, and M. DiGirolamo. Components of the renin-
angiotensin system in adipose tissue: changes with maturation
and adipose mass enlargement. J. Gerontol. A Biol. Sci. Med. Sci.
50: B270-B276, 1995.

12. Hashimoto, K., K. Imai, S. Yoshimura, and T. Ohtaki.
Angiotensin I converting enzyme inhibitor, captopril-3. Twelve
months studies on the chronic toxicity of captopril in rats. J.
Toxicol. Sci. 6, Suppl. 11: 215-246, 1981.

13. Hegele, R.A,, H. Brunt, and P. W. Connelly. Genetic variation
on chromosome 1 associated with variation in body fat distribu-
tion in men. Circulation 92: 1089-1093, 1995.



R242

14. Hillgartner, F. B.,, L. M. Salati, and A. G. Goodridge.
Physiological and molecular mechanisms involved in nutritional
regulation of fatty acid synthesis. Physiol. Rev. 75: 47-76, 1995.

15. Johnson, P. R., M. R. C. Greenwood, B. A. Horowitz, and
J. S. Stern. Animal models of obesity: genetic aspects. Annu.
Rev. Nutr. 11: 325-353, 1991.

16. Jones, B. H,, J. H. Kim, M. B. Zemel, R. P. Woychik, E. J.
Michaud, W. O. Wilkison, and N. Moustaid. Upregulation of
adipocyte metabolism by agouti protein: possible paracrine ac-
tions in yellow mouse obesity. Am. J. Physiol. 270 (Endocrinol.
Metab. 33): E192-E196, 1996.

17. Jones, B. H.,, M. A. Maher, W. J. Banz, M. B. Zemel,
J. Whelan, P. J. Smith, and N. Moustaid. Adipose tissue
stearoyl-CoA desaturase mRNA is increased by obesity and
decreased by polyunsaturated fatty acids. Am. J. Physiol. 270
(Endocrinol. Metab. 33): E44-E49, 1996.

17a.Jones, B. H., M. K. Standridge, and N. Moustaid. Angioten-
sin II increases lipogenesis in 3T3-L1 and human adipose cells.
Endocrinology 138: 1512-1519, 1997.

18. Jonsson,d. R.,P.A. Game, R. J. Head, and D. B. Frewin. The
expression and localization of the angiotensin-converting enzyme
mRNA in human adipose tissue. Blood Press. 3: 72-75, 1994.

19. Klett, C., R. Nobiling, P. Gierschik, and E. Hackenthal.
Angiotensin II stimulates the synthesis of angiotensinogen in hepato-
cytes by inhibiting adenylylcyclase activity and stabilizing angioten-
sinogen mRNA. J. Biol. Chem. 268: 25095-25107, 1993.

20. Lavau, M., I. Dugail, A. Quignard-Boulange, R. Bazin, and
M. Guerre-Millo. Adipsin in different obesity models. Obes.
Europe 91: 167-171, 1989.

21. McGehee, R. E,, D. Ron, A. R. Brasier, and J. F. Haebner.
Differentiation-specific element: a cis-acting developmental switch
required for the sustained transcriptional expression of the angioten-
sinogen gene during hormonal-induced differentiation of 3T3-L1
fibroblasts to adipocytes. Mol. Endocrinol. 7: 551-560, 1993.

22. McGrath, B. P., P. G. Matthews, W. Louis, L. Howes, J. A.
Whitworth, P. S. Kincaid-Smith, I. Frasier, C. Scheinkes-
tel, G. Macdonald, and M. Railings. Double-blind study of
dilevalol and captopril, both in combination with hydrochlorothia-
zide, in patients with moderate to severe hypertension. oJ.
Cardiovasc. Pharmacol. 16: 831-838, 1990.

23. Morton, dJ. J., E. C. Beattie, and F. MacPherson. Angiotensin
IT receptor losartan has persistent effects on blood pressure in
the young spontaneously hypertensive rat: lack of relation to

vascular structure. J. Vasc. Res. 29: 264-269, 1992.

REGULATION OF ADIPOSE TISSUE ANGIOTENSINOGEN MRNA

24. Moustaid, N., B. H. Jones, and J. W. Taylor. Insulin increases
lipogenic enzyme activity in human adipocytes in primary cul-
ture. J. Nutr. 126: 865-870, 1996.

25. Napolitano, A., B. B. Lowell, D. Damm, R. L. Leibel,
E. Ravussin, D. C. Jimerson, M. D. Lesem, D. C. Van-Dyke,
P. A. Daly, and P. Chatis. Concentrations of adipsin in blood
and rates of adipsin secretion by adipose tissue in humans with
normal, elevated and diminished adipose tissue mass. Int. J.
Obes. Relat. Metab. Disord. 18: 213-218, 1994.

26. Neter, J., W. Wasserman, and M. H. Kutner. In: Applied
Linear Statistical Models. Homewood, IL: Richard D. Irwin
Press, 1990, p. 587-589.

27. Pelleymounter, M. A., M. J. Cullen, M. B. Baker, R. Hecht,
D. Winters, T. Boone, and F. Collins. Effects of the obese gene
product on body weight regulation in 0b/ob mice. Science 269:
540-543, 1995.

28. Pieter, B. M, W. M. Timmermans, P. C. Wong, A. T. Chiu,
W. F. Herblin, P. Benfield, D. J. Carini, R. J. Lee, R. R.
Wexler, J. A. M. Saye, and R. D. Smith. Angiotensin II
receptors and angiotensin II receptor antagonists. Pharmacol.
Rev. 45: 206-251, 1993.

29. Richer, C., M.-P. Doussau, and J.-F. Giudicelli. MK 421 and
prevention of genetic hypertension development in young sponta-
neously hypertensive rats. Eur. J. Pharmacol. 79: 23-29, 1982.

30. Rubin, C. S., A. Hirsch, C. Fung, and O. M. Rosen. Develop-
ment of hormone receptors and hormonal responsiveness in
vitro. J. Biol. Chem. 253: 7570-7578, 1978.

31. Saye,dJ.A., L.A. Cassis, T. W. Sturgill, K. R. Lynch, and M. J.
Peach. Angiotensinogen gene expression in 3T3-L1 cells. Am. J.
Physiol. 256 (Cell Physiol. 25): C448—-C451, 1989.

32. Saye, J. A,, N. V. Ragsdale, R. M. Carey, and M. J. Peach.
Localization of angiotensin peptide-forming enzymes of 3T3-
F442A adipocytes. Am. J. Physiol. 264 (Cell Physiol. 33): C1570—
C1576, 1993.

33. Standridge, M. K., B. H. Jones, L. A. Clark, A. Sharpe-
Vaught, K. Claycombe, and N. Moustaid. Glucose upregu-
lates stearoyl-CoA desaturase gene transcription in 3T3-L1
adipocytes. FASEB J. 11: A139, 1997.

34. Wang, T. T., M. Chen, S. Lachance, A. Delalandre,
S. Carriere, and J. S. Chan. Isoproterenol and 8-bromo-cyclic
adenosine monophosphate stimulate the expression of the angio-
tensinogen gene in oppossum kidney cells. Kidney Int. 46:
703-710, 1994.

35. Zomely, C., and J. Mayer. Fat metabolism in experimental

obesities. Am. J. Physiol. 196: 611-613, 1959.



