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Abstract
Several reviews have highlighted the importance of local tissue production of components of the
renin-angiotensin system (RAS). While the concept of tissue RAS is gaining more widespread
acceptance, the concept of local angiotensin II (AngII) production, acting in coordinate or
independently of the endocrine RAS, continues to be debated. The primary reasons that local AngII
production has been studied by many investigators are that components of the RAS are expressed
by multiple cell types, and that the endocrine RAS cannot fully explain all effects of AngII. Moreover,
through the development and study of genetically altered models for over-expression or knockdown
of individual RAS components within specific cell types, it is becoming increasingly more evident
that local RAS contribute to effects of AngII in normal physiology and disease. The purpose of this
review is to define the presence and physiological significance of a local RAS in adipose tissue in
relation to cardiovascular disease.
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1. Evidence for an adipocyte RAS
In a search for expression of angiotensinogen (AGT) as the only known precursor to AngII in
vascular tissue, our laboratory demonstrated that the majority of AGT mRNA expression was
localized to perivascular adipose tissue surrounding the rat aorta (Cassis et al., 1988a,b).
Simultaneously, Campbell and co-workers (Campbell and Habener, 1987) demonstrated
expression of AGT mRNA in periatrial and periaortic brown adipocytes from rats. To
determine if adipose AGT was regulated by stimuli demonstrated to regulate liver AGT
expression, we demonstrated that bilateral nephrectomy increased adipose AGT mRNA
expression, but that administration of an ACE inhibitor had no effect on adipose expression
levels (Cassis et al., 1988a,b). In studies examining developmental expression of AGT in
various tissues, results suggested that adipose tissue, rather than the liver, may serve as a
primary source of AGT in the fetus (Gomez et al., 1988). To localize AGT expression to
adipocytes, we examined AGT mRNA expression during the course of 3T3-L1 adipocyte
differentiation, and demonstrated an association of AGT expression with the acquisition of an
adipocyte phenotype (Saye et al., 1989). Additional studies using 3T3-F442A adipocytes (Saye
et al., 1993), or rat brown adipose tissue (Shenoy and Cassis, 1997), demonstrated renin-like
activity in adipose tissue. Processing of angiotensin I to AngII by an angiotensin converting
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enzyme (ACE)-dependent mechanism was demonstrated in 3T3-F442A adipocytes (Saye et
al., 1993). Findings from our laboratory demonstrated AngII receptor binding sites in adipose
tissue from lean and obese (Zucker) rats (Cassis et al., 1996). Human adipocytes have also
been demonstrated to express AT1 receptors (Crandall et al., 1994; Engeli et al., 1999; Schling
et al., 1999). A variety of investigators have demonstrated that human adipocytes express a
complete RAS, including ACE, AT1, and AT2 receptors (Cassis, 2000). Recent results support
localization of renin receptors to human adipose tissue (Achard et al., 2007), and angiotensin
converting enzyme 2 (ACE2) to human and rodent adipose tissue (Galvez-Prieto et al., 2008;
Gembardt et al., 2005; Gupte et al., 2008; Li et al., 2007; Zhang et al., 2006). Collectively,
these results demonstrate that adipocytes possess components necessary for the synthesis of
and responsiveness to AngII.

2. Mechanisms for regulation of the adipocyte RAS
Since AGT was the first RAS component demonstrated in adipocytes, and is abundantly
expressed in adipose tissue, several studies have focused on mechanisms of AGT regulation
in adipocytes. Early studies demonstrated that a differentiation-specific element is required for
sustained transcriptional expression of AGT in differentiating adipocytes (McGehee et al.,
1993). Stable transfection of 3T3-L1 cells with an AGT promoter (-501 to +22)-
chloramphenicol chimeric construct suggested that the 5′ flanking region of the AGT gene
contains the necessary information to trigger adipogenic expression (Tamura et al., 1994).
However, the nature of the transcriptional modulator regulating adipogenic expression of AGT
was not identified.

A variety of different hormones that are capable of regulating liver AGT mRNA expression
have been examined for their ability to regulate AGT mRNA expression in adipocytes.
Dexamethasone, a regulator of liver AGT mRNA expression, is frequently employed in the
differentiation cocktail of 3T3-L1 adipocytes, and studies by Aubert et al. (1997) demonstrated
that adipocyte AGT mRNA expression was positively regulated specifically by glucorticoids,
but not by other hormones capable of regulating liver AGT mRNA expression. In isolated rat
adipocytes from castrated males, incubation with androgen resulted in an increase in AGT
mRNA expression (Serazin-Leroy et al., 2000). Similarly, castration of rats with and without
androgen administration was demonstrated to regulate adipose AGT mRNA expression. This
finding was suggested to relate andryoid-like obesity to obesity-associated hypertension.

Since adipocytes are a site where insulin-resistance is manifest in type 2 diabetes, insulin has
been examined as a potential regulator of adipocyte AGT expression. In human isolated
adipocytes, increasing concentrations of insulin (1-1000 nM, 48 h of incubation) were
demonstrated to increase AGT protein expression (Harte et al., 2003). In 3T3-L1 adipocytes,
insulin increased AGT mRNA expression (at 10 and 1000 nM, 48 h) (Jones et al., 1997).
However, in Ob1771 and 3T3-F442A adipocytes, AGT mRNA abundance was decreased by
insulin (0-850 nM, 24 h) (Aubert et al., 1998). Since both of these model adipocyte culture
systems are derived from mice, it is unclear why insulin would exhibit opposing effects to
regulate AGT mRNA expression. However, diverging effects of PGF2α on adipocyte
conversion have also been reported in 3T3-L1 compared to Ob17 cells (Russell and Ho,
1976; Nebrel et al., 1981). Surprisingly, in rat adipocytes, insulin had no effect on AGT
expression and/or release (30 nM, 2, 4 or 6 h of incubation) (Turban et al., 2001) Species
differences (human or rodents), incubation conditions (periods of time, insulin concentrations),
expression levels of insulin receptors and/or signaling mediators, or glucose transporter
expression in different adipocyte preparations may have contributed to differences in findings
for insulin regulation of AGT expression in adipocytes. For example, it is conceivable that
AGT regulation by insulin may result from glucose entry into adipocytes, which could vary
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across adipocyte cell model systems from different species, and/or under different
differentiation or cell culture conditions (e.g., glucose concentrations in media).

In addition to hormones as regulators of adipocyte AGT expression, since adipocytes store
considerable quantities of lipid in the form of fatty acids, these compounds have been examined
as regulators of adipocyte AGT. Exposure of Ob1771 cells to α-bromopalmitate resulted in a
17-fold increase in AGT mRNA expression (Safonova et al., 1997). Interestingly, several
different fatty acids, including fatty acids that are ligand activators of PPARγ, also increased
AGT mRNA expression in Ob1771 adipocytes. However, using isolated human adipocytes,
PPARγ activators failed to stimulate AGT mRNA expression (Rieusset et al., 1999).
Mechanisms of fatty acids to induce AGT expression in adipocytes are unclear, and should be
an area of future investigation. It would also be of interest to define the effect of fatty acid
chain length, and/or saturation, on their ability to regulate adipocyte AGT expression.
Interestingly, β-adrenergic-mediated lipolysis at adipocytes elevates cellular levels of cyclic
AMP, which was demonstrated to increase AGT mRNA expression in human adipose tissue
(Serazin et al., 2004a,b). It is conceivable that β-adrenergic receptor agonists indirectly increase
AGT mRNA expression through stimulated lipolysis and fatty acid-induced regulation of AGT.
Finally, mediators increased in the obese state, such TNF-α (Wang et al., 2005) or AngII (Lu
et al., 2007), have also been reported to regulate AGT expression in adipocytes. (Table 1).

In addition to in vitro regulation of AGT expression adipocytes, several investigators have
examined AGT mRNA expression in a variety of different animal models (Table 2). Studies
from our laboratory demonstrated that AGT mRNA expression levels in adipose tissue were
decreased in rats made diabetic by injection of streptozotocin (Cassis, 1992). Early studies
demonstrated nutritional regulation of adipose AGT mRNA expression, with reductions in
fasted mice and elevations in re-fed mice (Frederich et al., 1992). Moreover, release of AGT
from explants of adipose tissue from genetically obese mice (ob/ob) was increased, suggesting
that obesity promotes adipocyte AGT expression. Further studies in Zucker obese rats with
deficiency of leptin receptors initially reported reductions in adipose AGT expression (Jones
et al., 1997). However, other investigators reported elevations in adipose AGT mRNA
expression and release during the development of obesity in Zucker obese rats (Hainault et al.,
2002). Moreover, results from our laboratory demonstrated enhanced effects of AngII to
increase sympathetic nerve activity to brown adipose tissue in young Zucker obese rats (Cassis,
1994). It appears that the duration of obesity in models of leptin deficiency may influence AGT
mRNA expression in adipose tissue, with early increases during the development of obesity
which may not be maintained with chronic obesity. In transgenic mice expressing the human
AGT gene under the control of its own promoter, a high fat diet resulted in increased AGT
mRNA expression in visceral adipose tissue (Rahmouni et al., 2004). In addition, we
demonstrated an increase in AGT mRNA expression in visceral adipose tissue from rats and
mice with diet-induced obesity and hypertension (Boustany et al., 2004;Gupte et al., 2008).
Collectively, data from rodent models of diet-induced obesity support an elevation of adipose
AGT mRNA expression, which may potentially influence local and systemic production of
AngII.

Since the systemic RAS has been reported to be activated with obesity, our laboratory focused
on AngII-mediated endocrine feedback regulation of adipose AGT expression. Results
demonstrated that AT1aR deficiency in mice decreased AGT mRNA expression in liver, but
not in adipose tissue (Lu et al., 2007). Studies using AT2 receptor deficient mice demonstrated
that this receptor masked effects of AngII to regulate adipose AGT expression. Accordingly,
adipose AGT mRNA expression increased in mice with AT2 receptor deficiency, and this
effect was blocked by an AT1 receptor antagonist. Importantly, when mice were infused with
exogenous AngII, adipose AT1aR and AGT mRNA expression increased markedly, supporting
positive feedback regulation of the adipocyte RAS by AngII. These results suggest that in
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experimental animal models of obesity, elevations in AngII may maintain continued increases
in adipose AGT mRNA expression.

To determine if AGT expression levels differed depending on the location of adipose tissue,
investigators have examined differences in AGT mRNA expression in visceral compared to
subcutaneous adipose depots. In biopsies of visceral and abdominal subcutaneous adipose
tissue from humans, AGT mRNA expression was higher in visceral fat, with differences
between visceral and subcutaneous expression magnified in obese subjects (Dusserre et al.,
2000). Similarly, AGT mRNA expression was higher in omental than subcutaneous human
adipose tissue, but expression correlated positively to waist-to-hip ratios in both adipose depots
(van Harmelen et al., 2000b). In both of these studies, patients with differing body mass indexes
were used to examine effects of obesity on adipose AGT expression; however, the patients
were generally healthy and did not exhibit cardiovascular diseases such as hypertension. When
hypertension was considered in evaluation of adipose AGT expression, levels have been
demonstrated to not be different (Faloia et al., 2002) or to be lower in adipose tissue from obese
compared to lean subjects (Gorzelniak et al., 2002). In contrast, expression of renin, ACE and
AT1 receptors was increased in adipose tissue from hypertensive and non-hypertensive obese
compared to lean. Collectively, results demonstrate regional differences in AGT expression
favoring higher expression in visceral adipose depots. However, given conflicting findings in
obese hypertensives, it is unclear if these differences in regional AGT mRNA expression with
human obesity relate to the development of hypertension. Alternatively, if findings from obese
rodents are representative of those in humans, it is possible that early elevations in AGT mRNA
expression in adipose tissue during the development of obesity initially contribute to
hypertension, but are not maintained at a stage of chronic obesity. Moreover, the expanded
mass of adipose tissue with obesity suggests that elevated AGT expression in individual
adipocytes would not be a necessary requirement to mediate a stimulated systemic RAS in the
development of hypertension.

3. Physiologic/pathophysiologic significance of an adipose RAS
As described above, multiple lines of evidence support the existence of an adipocyte RAS,
which exhibits somewhat distinct mechanisms for regulation of RAS components. However,
while it is intuitive that local production of AngII by cardiovascular-relevant cells and/or tissues
might be anticipated since AngII regulates a variety of functions of these same cell types, the
significance of local production of AngII by adipocytes has been less clear. Based on the
available literature, there are two primary reasons why adipocytes might produce components
of the RAS (Fig. 1): (1) to serve as a source of these components for systemic production of
AngII, and (2) to produce AngII to exhibit autocrine/paracrine effects on adipocytes. Direct
evidence that adipocytes serve as a source of AGT for the systemic RAS comes from studies
in transgenic mice with adipocyte over-expression of AGT on a wild type or AGT-deficient
background (Massiera et al., 2001). Expression of AGT in adipocytes increased circulating
AGT concentrations in AGT-deficient mice, and transgenic over-expression of AGT in
adipocytes of wild type mice increased both circulating AGT concentrations and blood
pressure. These results were the first to demonstrate that adipocyte-derived AGT could
contribute to the circulating RAS. However, no studies have used the alternative approach,
namely adipocyte-specific deficiency of AGT, to define the physiologic significance of
adipocyte-derived AGT to the circulating RAS. Studies aimed at definition of effects of AngII
at adipocytes have focused on AngII regulation of adipocyte growth and differentiation, the
adipocyte RAS, inflammation and oxidative stress, lipolysis and local blood flow. The majority
of data has come from mice with whole body deficiency of RAS components, including AT1a
and AT2 receptors. Below we discuss several potential effects of AngII at adipocytes, and the
relationship between these effects and cardiovascular disease.
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4. AngII as a regulator of adipocyte growth and differentiation
The expression of AngII receptors on adipocytes suggests that locally derived or systemic
AngII could be implicated in the regulation of adipose growth and differentiation. AngII may
be involved in the control of adiposity through regulation of lipid synthesis and storage in
adipocytes. Alternatively, AngII may influence different aspects of the adipocyte
differentiation process.

Several approaches have been used to define whether AngII regulates adipocyte differentiation.
Initial studies examined expression of RAS components during adipocyte differentiation as an
index of effects of the local RAS on adipocyte growth. In differentiating 3T3-L1 cells, mRNA
expression of AGT, renin, ACE and AT1 receptors increased during differentiation (Janke et
al., 2002; Saye et al., 1989). However, AT2 receptor mRNA expression was reported to
decrease during the course of differentiation (Mallow et al., 2000). Similarly, in human
preadipocytes, mRNA expression of AT1 and AT2 receptors were inversely regulated during
differentiation (Schling and Schafer, 2002).

Several investigators have examined direct effects of angiotensins on adipocyte differentiation,
with conflicting results (Ailhaud, 1999; Brucher et al., 2007; Skurk et al., 2004). In primary
cultures from human adipose tissue, the stimulation of preadipocytes with AngII (1 μM)
resulted in a reduction of cells in the G1 phase of the cell cycle and an increased number of
cells in S and G2-M phases (Crandall et al., 1999; Darimont et al., 1994). These effects of
AngII were associated with an increased expression of cyclin D1, a regulatory protein involved
in cell cycle progression. The selective AT1 receptor antagonist, losartan, significantly
attenuated the stimulatory response to AngII, whereas the selective AT2 receptor antagonist,
PD 123319, had no effect (Crandall et al., 1999). The authors interpreted this to suggest that
AngII influences the early stages of development of preadipocytes in a manner that would
promote differentiation to the adipocyte phenotype. Using Ob1771 preadipocytes, AngII
(0.1-10 μM) was demonstrated to increase differentiation to adipocytes through a prostacyclin-
dependent effect at AT2 receptors (Darimont et al., 1994). Similarly, a recent study
demonstrated that low concentrations of AngII (1 pM to 0.01 μM) increased adipocyte
differentiation of human preadipocytes isolated from both visceral and perirenal adipose tissue
(Sarzani et al., 2007).

However, conflicting results have been reported. For example, incubation of human
preadipocytes with AngII (0.01-10 μM) decreased expression of PPARγ and fatty acid
synthase, markers of adipocyte differentiation (Janke et al., 2002). Since the opposite results
were demonstrated in cells treated with an AT1 receptor antagonist, the authors suggested that
mature adipocytes release AngII that then acts in an autocrine/paracrine negative feedback
manner to inhibit further adipocyte differentiation. Recent studies demonstrated that
differentiation of stem cells to adipocytes was associated with an increase in cellular renin and
AT2 receptor expression, but reduced expression of AGT and ACE (Matsushita et al., 2006).
AngII inhibited differentiation of mesenchymal stem cells to adipocytes, and this effect was
primarily mediated through AT2 receptors. The authors suggested that the local RAS might
negatively regulate adipose mass. Since effects of AngII to regulate adipocyte differentiation
have differed even within one species (e.g., humans), it is unclear what contributed to these
opposing findings. Perhaps the source of preadipocytes, differential expression levels of AT2
receptors which could influence differentiation, or cell culture conditions (e.g., modes of
differentiation and/or stage of differentiation of preadipocytes) may have contributed to these
diverging results. We suggest that future studies using cell specific over-expression or
knockdown of individual adipocyte RAS components in whole animal systems may clarify
effects of AngII on adipocyte differentiation.
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In addition to results from in vitro studies, several investigators have utilized mouse models
with RAS manipulation to address the role of AngII to regulate adipose growth. In wild type
mice with adipocyte-driven expression of AGT, adipose mass was increased, supporting a
positive role of adipocyte-derived AGT in the regulation of adipose growth (Massiera et al.,
2001). In male mice with whole body AT1a receptor deficiency, diet-induced obesity was
attenuated, again supporting a positive role for AngII to regulate adipose mass (Kouyama et
al., 2005). Similarly, in mice lacking AT1a receptors on an apolipoprotein E deficient
background, or in obese KK-A(y) mice administered an AT1 receptor antagonist, adipose mass
was reduced (Tomono et al., 2008). Surprisingly, similar findings were reported for an effect
of AT2 receptor deficiency in mice to protect against the development of diet-induced obesity
(Yvan-Charvet et al., 2005). The use of whole animal knockouts of these individual angiotensin
receptors makes it difficult to determine the specific role of these receptors on adipocytes in
the control of adipose growth and differentiation. Similar to approaches used for over-
expression of AGT in adipocytes, studies with adipocyte-specific deficiency of AT1 or AT2
receptors may clarify the direct effects of AngII to control adipose growth.

In addition to angiotensin receptors, deficiency of other components of the RAS has also been
demonstrated to influence adiposity. Mice lacking mas receptors, the receptor for Ang(1-7),
exhibit a 50% increase in abdominal fat mass, despite normal body weight (Santos et al.,
2008). Recent studies demonstrate that mice lacking renin are lean, insulin sensitive, and
resistant to the development of diet-induced obesity (Takahashi et al., 2007). Similarly, ACE
deficient mice exhibit lower body weight, fat mass, and increased energy expenditure compared
to wild type (Jayasooriya et al., 2008). Collectively, mice with deficiencies of the synthetic
components of the RAS exhibit a similar phenotype of leanness and resistance to the
development of obesity, supporting a role for AngII in regulation of adipose mass. However,
these findings in experimental rodents should be taken with caution given that inhibitors of the
RAS are widely used, but have not been suggested to have marked effects on body weight.
Further studies are warranted to directly address effects of RAS inhibitors on body weight in
obese patients, or to define effects of adipocyte-specific over- or under-expression of RAS
components on adipose mass and differentiation.

5. Adipocyte RAS and cardiovascular disease
5.1. Hypertension

Pivotal studies examined adipocyte-driven over-expression of AGT in adipose tissue using an
aP2-promoter in transgenic mice (Massiera et al., 2001). This model was developed on a wild
type background, as well as in AGT-deficient mice. When AGT expression was restricted to
adipose tissue (on an AGT-deficient background), circulating AGT was detected and mice
were normotensive, suggesting that adipose-derived AGT contributed to the circulating RAS.
Moreover, mice over-expressing AGT in adipose tissue (on a wild type background) exhibited
elevated circulating AGT, and were hypertensive. Results from this study were the first to
demonstrate that adipocyte-derived AGT could contribute to the systemic pool, and to the
regulation of blood pressure. Studies in our laboratory demonstrated that AGT mRNA
expression was increased in visceral adipose tissue from rats and mice with diet-induced
obesity and hypertension (Boustany et al., 2004; Gupte et al., 2008). Moreover, administration
of losartan to obese hypertensive rats resulted in a greater reduction in blood pressure than lean
controls (Boustany et al., 2005). Vascular contractility was enhanced in obese, hypertensive
rats, and coronary artery relaxation was impaired, potentially contributing to elevated blood
pressure (Boustany-Kari et al., 2006).

In humans, early studies demonstrated that plasma AGT concentrations and blood pressure
correlated positively to body mass index (r = 0.33, P < 0.05), supporting a relationship between
the adipose RAS and obesity in blood pressure control (Schorr et al., 1998). In addition, in a
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study designed to determine the impact of weight loss on the adipose RAS, plasma levels of
AGT (-27%), renin (-43%), aldosterone (-31%), and ACE (-12%) decreased with weight loss
(-5%) and were associated with a 7 mmHg reduction in systolic blood pressure (Engeli et al.,
2005). In contrast to data from rodent models of diet-induced obesity, AGT mRNA expression
in adipose tissue from obese hypertensive female patients was not elevated compared to lean
subjects. However, weight loss did reduce adipose AGT mRNA expression. In addition, weight
loss mediated reductions in adipose AGT mRNA expression correlated to systolic blood
pressure and plasma AGT concentrations, suggesting that the effects of weight loss to decrease
blood pressure may involve regulation of the adipocyte RAS. Since systemic AGT
concentrations correlate to blood pressure and body mass index, the expanded adipose mass
with obesity, rather than elevated expression in individual adipocytes, may be sufficient to
activate the systemic RAS in human obesity-hypertension. Alternatively, since the majority of
data demonstrating an elevation in AGT mRNA expression in adipose tissue comes from
rodents with high fat diet-induced obesity, it would be interesting to determine if low fat diets
as a mode of inducing weight loss in obese humans results in a more pronounced reduction in
adipose AGT mRNA expression.

5.2. Atherosclerosis
In 1991, our laboratory demonstrated that perivascular adipose tissue influenced the
responsiveness of rat aorta to several contractile agonists (Soltis and Cassis, 1991). Since then,
several groups have examined effects of perivascular adipose tissue on blood vessel function
(Brandes, 2007; Eringa et al., 2007; Galvez et al., 2006; Gao et al., 2007; Guzik et al., 2007;
Iacobellis et al., 2008; Malinowski et al., 2008). Unfortunately, relatively few groups have
examined the role of perivascular adipose tissue on atherosclerosis, or focused on a potential
role for the adipocyte RAS as a link between obesity and coronary artery disease. However,
almost all blood vessels are surrounded by adipose tissue, as is the heart; thus, it is conceivable
that atherosclerosis could be influenced by factors derived from perivascular adipose tissue.
Moreover, as perivascular adipose tissue increases with obesity (Henrichot et al., 2005),
inflammation in adipose tissue may influence developing atherosclerotic lesions. Interestingly,
supernatants from human perivascular white adipose tissue induced chemotaxis of peripheral
blood leukocytes (Henrichot et al., 2005). This effect was suggested to contribute to obesity-
associated atherosclerosis. Recent studies demonstrated that transplantation of adipose tissue
from one apolipoprotein E deficient mouse to another promoted local inflammation in
transplanted fat, and mice exhibited increased atherosclerosis (Ohman et al., 2008). However,
a potential role for AngII or other RAS components from adipocytes in the inflammation of
adipose tissue has not been addressed. Administration of an AT1 receptor antagonist to mice
with diet-induced obesity ameliorated dysregulation of adipocytokines and reduced oxidative
stress in adipose tissue, suggesting a role for the local adipose RAS in atherosclerotic disease
associated with the metabolic syndrome (Kurata et al., 2006). In addition, administration of an
AT1 receptor antagonist to apolipoprotein E deficient mice reduced expression of
proinflammatory chemokines in adipose tissue and decreased atherosclerotic lesion formation,
prompting the authors to suggest that atherosclerosis-reducing effects of AT1 receptor
antagonists may be partially mediated by effects on the adipocyte RAS (Tomono et al.,
2008). Future studies using over- or under-expression of RAS components in adipose tissue
would facilitate definition of the role of the adipocyte RAS in adipose tissue inflammation and
obesity-associated atherosclerosis.

5.3. Abdominal aortic aneurysms (AAAs)
Similar to blood vessels with atherosclerotic lesions (e.g., aorta and coronary arteries), the
abdominal aorta where aneurysms form is surrounded by adipose tissue. Moreover, in contrast
to atherosclerosis which is commonly an intimal disease, aneurysms typically involve all layers
of the aorta, including the adventitia and extra-adventitial areas. Recent studies demonstrated
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that measures of obesity (waist circumference and waist-to-hip ratios) are independently
associated with AAA formation (Golledge et al., 2007). Mechanisms for enhanced AAAs in
obese patients are unknown, but may involve elevated systemic levels of proinflammatory
adipokines. Since adipose tissue surrounds the abdominal aorta, it would be of interest to define
whether the adipocyte RAS is a source for stimulated inflammation in the development of AAA
formation.

6. Conclusions
Components of the RAS are expressed in adipose tissue, exhibit nutritional control by fatty
acids, glucose, and other metabolic hormones, with their expression favoring increased AngII
in the setting of obesity. Future studies should be aimed at identifying the physiological and
pathophysiologic role of adipocyte-derived RAS components as contributors to the systemic
system, and to examination of a role for locally derived AngII as a regulator of adipocyte
inflammation. Development of models with adipocyte-specific over- or under-expression of
individual RAS components would provide definitive evidence for an adipocyte RAS.
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Fig. 1.
Physiologic/pathophysiologic significance of an adipocyte RAS. Adipocytes could synthesize
and secrete components for the systemic RAS, or locally produced angiotensins could exert a
variety of effects at adipocytes.
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Table 1
In vitro regulation of AGT expression in adipocytes

Cell/tissue Regulator Reference

Increase AGT expression

3T3-L1 adipocytes Differentiation-specific element binding protein (McGehee et al., 1993)

3T3-L1 adipocytes Dexamethasone (Aubert et al., 1997)

Ob1771 adipocytes Fatty acids (palmitate, oleate, linoleate, γ-linolenate, ETYA,
PPARγ ligand)

(Safonova et al., 1997)

Isolated rat adipocytes Androgen (testosterone, dihydrotestosterone) (Serazin-Leroy et al., 2000)

Isolated human adipocytes Insulin (Harte et al., 2003)

3T3-L1 adipocytes Insulin (Jones et al., 1997)

Human adipose tissue Cyclic AMP (Serazin et al., 2004a,b)

No effect or decrease AGT expression

Isolated rat adipocytes Insulin (no effect) (Turban et al., 2001)

Isolated mouse adipocytes Insulin (decrease) (Aubert et al., 1998)

Isolated human adipocytes TNF-α (decrease) (Wang et al., 2005)
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Table 2
In vivo regulation of AGT expression in adipose tissue

Model Effect Reference

Streptozotocin diabetes in rats Decrease (Cassis, 1992)

Fasting/re-feeding in mice Decrease/increase (Frederich et al., 1992)

Ob/ob mice Increase (Frederich et al., 1992)

Zucker fa/fa rat (adult) Decrease (Jones et al., 1997)

Zucker fa/fa rat (young) Increase (Turban et al., 2002)

Human AGT transgene in mice, high fat feeding Increase (Rahmouni et al., 2004)

Rat, high fat feeding Increase (Boustany et al., 2004)

Human obesity Increase (Van Harmelen et al., 2000a)

Human obesity Decrease (Gorzelniak et al., 2002)

Human obesity No change (Faloia et al., 2002)

AT2 receptor deficiency Increase (Lu et al., 2007)

AngII infusion in mice Increase (Lu et al., 2007)
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