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Abstract

A local renin-angiotensin system (RAS) has been proposed in adipocytes. Adipocytes are a suggested
source of components of the RAS, with regulation of their production related to obesity-hypertension.
Both angiotensin type 1 and 2 receptors have been localized to adipocytes. Angiotensin Il has been
demonstrated to regulate adipocyte growth and differentiation, lipid metabolism, and expression and
release of adipokines and RAS components, and to promote oxidative stress. Differences in regional
expression of RAS components in visceral versus subcutaneous adipose tissue have been suggested
as a link between abdominal obesity and cardiovascular disease. Finally, several studies support

antihypertensive efficacy of RAS blockade in patients with type 2 diabetes and obesity. Future studies
should address the role of adipocyte-specific deficiency of RAS components to definitively determine
the relevance of the adipose RAS to normal physiology and to the development of hypertension.

Introduction

Properly functioning adipose tissue is essential to human health, serving as a source of energy
during fasting and providing insulation for temperature regulation, among other roles. In the
past, adipocytes were recognized as an inert energy source; however, adipocytes are now
known to synthesize and secrete proinflammatory factors such as cytokines, acute-phase
response proteins, chemotactic/chemoattractants, eicosanoids, prostaglandins, and potentially
anti-inflammatory effectors (eg, adiponectin, interleukin [IL]-6, and IL-10) [1]. Collectively,
these adipocyte-derived factors have been termed adipokines They have increased steadily
over the years; more than 50 different adipokines are now known to be secreted from
adipocytes. Prominent among adipokines, angiotensinogen and/or angiotensin peptides were
identified as secretory products of adipocytes early in the evolution of the dynamic adipocyte,
and prior to the current epidemic of obesity in the United States [2,3]. The functional
significance of adipocyte production of components of the renin-angiotensin system (RAS) is
an area of intense investigation, and may be a link between obesity and cardiovascular disease,
including hypertension.

From studying the RAS, several cells and/or tissues have been suggested to possess tissue or
local RAS and to generate angiotensin peptides for control of local functions, or to serve as a
source for systemic RAS components. The local production of angiotensin Il (Ang Il) is linked
to a variety of diseases, including hypertension, atherosclerosis, and kidney disease. Early

studies in rats demonstrated expression of angiotensinogen messenger RNA (mRNA) in brown
and white adipose tissue [3,4]. Additional studies demonstrated the presence of each RAS

component needed for synthesis and responsiveness to Ang Il in rodent and human adipocytes
[5]. A variety of studies examined expression of RAS components in adipose tissue in relation
to obesity-hypertension. Another area of focus has been differential expression and regulation
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of RAS components in visceral versus subcutaneous adipose tissue as a link between abdominal
obesity and cardiovascular disease. Recent studies have focused on local effects of Ang Il on
adipocytes, given the presence of both angiotensin type 1 (AT1) and 2 (AT2) receptors on
rodent and human adipocytes [5]. Finally, several recent studies support greater efficacy of
RAS blockers to treat hypertension and target-organ damage in patients with type 2 diabetes.

Adipocytes as a Source of RAS Components: Relationship to Hypertension

Angiotensinogen, renin or renin-like activity, angiotensin-converting enzyme (ACE), and AT1
and AT2 receptors have been localized to rodent and human adipocytes [5]. Most studies have
focused on the regulation of angiotensinogen release from adipocytes as a source for local and/
or systemic production of angiotensin peptides. Results from our laboratory demonstrated that
angiotensinogen mRNA abundance in adipose tissue was 68% of that in liver, supporting a
primary role for adipose angiotensinogen in Ang Il production [6e¢]. Using mice with Ang Il
receptor deficiencies, study results demonstrated that expression of angiotensinogen in liver,
but not in adipose tissue, was reduced in mice with AT1a receptor deficiency [6e¢]. Studies
using AT2 receptor-deficient mice demonstrated that this receptor masked the effects of Ang
Il to regulate adipose angiotensinogen expression. Accordingly, adipose angiotensinogen
expression increased in mice with AT2 receptor deficiency, and this effect was blocked by an
AT1 receptor antagonist. Plasma concentrations of angiotensin peptides paralleled liver
angiotensinogen expression under normal conditions; however, with AT2 receptor deficiency
or in Ang ll-infused mice, angiotensinogen expression in adipose tissue more closely
paralleled systemic angiotensin peptide concentrations [6¢]. In a study that used a different
approach to examine the contribution of the adipocyte RAS to the systemic system,
hypertensive mice with adipocyte-specific angiotensinogen overexpression exhibited a kidney-
specific increase in angiotensinogen expression [7]. These results suggested that the adipocyte
RAS extends its physiologic action beyond the local environment of the adipocyte.

An important aspect of adipose-derived production of angiotensinogen and/or angiotensin
peptides is their relative contribution to obesity-related hypertension. Studies in obese humans
demonstrated that reductions in blood flow through subcutaneous abdominal adipose tissue
were associated with increased isoproterenol-mediated release of Ang Il [8+,9]. The study
authors suggested that enhanced sympathetic nervous system activity with obesity may
contribute to obesity-hypertension by increasing adipose production and release of Ang I1.
Collectively, these findings suggest that with obesity, the adipocyte RAS becomes activated
and is a primary contributor to systemic concentrations of angiotensin peptides.

Two recent studies have examined haplotypes of angiotensinogen and their role in driving cell-
specific regulation of angiotensinogen, including expression levels in adipocytes. In the 2.1-
kilobase pair sequence of the angiotensinogen promoter, the haplotype A (-217) T (-532) A
(-793) T (-1074, ATAT) was found to increase promoter activity on transient transfection in
preadipocytes and differentiated adipocytes compared with the GCGG haplotype [10]. The
variant -217A has been suggested to associate with hypertension in African Americans [11].
Additional studies demonstrated that -20 and -217 polymorphisms of the angiotensinogen
promoter have the largest influence on transcription, and that this transcriptional influence of
the promoter can influence cell-specific expression, including expression in 3T3-L1 adipocytes
[12]. In addition to polymorphisms in the angiotensinogen gene, recent studies suggested that
an adenine/cytosine substitution at the nucleotide position (+3126) of the AT2 receptor was
associated with small but significant elevation in body mass index in healthy Japanese women
[13].

Recent studies demonstrated localization of renin receptors to human adipose tissue [14].
Interestingly, renin receptor expression was shown predominantly in the stromal vascular
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fraction of adipose tissue, in a membrane localization. Renin receptor mRNA decreased during
stromal vascular cell differentiation, but protein expression was unchanged, suggesting
posttranscriptional regulation. Importantly, renin receptor expression was increased in visceral
compared with subcutaneous adipose tissue of both lean and obese patients.

In addition to adipose secretion of angiotensinogen, several recent studies have focused on
release of angiotensin peptides from adipose tissue. Tissue fragments from periaortic fat of rats
were examined for release of angiotensin peptides, and results demonstrated that ACE
inhibition did not inhibit Ang Il or Ang 1l production, but did increase tissue generation of
several other angiotensin peptides, including angiotensin 1-7 (Ang 1-7) [15]. Moreover,
formation of Ang 1-7 prevailed in explants of periaortic fat in comparison with aorta. Our
laboratory recently demonstrated expression of ACE2, the monocarboxypeptidase that
catabolizes Ang Il to form Ang 1-7, in adipocytes [16]. Collectively, these results suggest that
adipocytes produce both Ang Il and Ang 1-7, and the balance of these peptides may influence
local adipocyte function and the systemic RAS.

Effects of Ang Il on Adipocytes

Adipocytes express AT1 and AT2 receptors [5]. Thus, locally released angiotensin peptides,
or even blood-borne angiotensins, could exert autocrine/paracrine effects to regulate adipocyte
functions. With obesity, adipose mass is increased both by adipocyte hypertrophy and through
adipocyte differentiation. Several investigators have examined angiotensin effects on
adipocyte differentiation, with conflicting results [17-19]. Recent studies examined effects of
angiotensins on differentiation of bone marrow-derived stem cells to adipocytes [20¢¢]. Results
demonstrated that such differentiation was associated with increased cellular renin and AT2
receptor expression, but reduced angiotensinogen and ACE expression. Ang Il inhibited
differentiation of mesenchymal stem cells to adipocytes, an effect primarily mediated through
AT2 receptors. The authors suggested that the local RAS may negatively regulate adipose
mass. However, as mentioned previously, several studies demonstrated the opposite effect of
Ang I, including a recent study in which Ang Il increased adipocyte differentiation of human
preadipocytes isolated from both visceral and perirenal adipose tissue [21]. Further studies,
perhaps using mice with adipocyte-specific deficiency of angiotensinogen, are needed to
determine whether Ang Il increases or decreases adipocyte differentiation.

Inflammation in adipose tissue has been implicated as a link between obesity and the
inflammatory-based diseases of diabetes and atherosclerosis [22,23]. Ang Il has been
demonstrated to promote inflammation through elaboration of chemokines, or through
increased oxidative stress [24,25]. In preadipocytes prepared from rat adipose tissue, Ang 1l
increased mRNA and protein for monocyte chemoattractant protein-1 (MCP-1), and Ang 1l
infusion to rats increased mMRNA expression of MCP-1 in adipose tissue [26¢]. In addition to
elaboration of chemokines, blockade of AT1 receptors in mice with diet-induced or genetic
obesity reduced the reactive oxygen species originating from adipose tissue [27¢]. Collectively,
these results suggest that either systemic or locally derived Ang Il can influence oxidative stress
and inflammation in adipose tissue, thereby contributing to the development of cardiovascular
diseases.

A recent study demonstrated that injecting Ang 1l into wild-type mice reduced circulating high-
density lipoprotein (HDL), which was associated with the translocation of scavenger receptor
type B1 (SR-BL1) proteins to the plasma membrane in adipose tissue [28]. Similar results were
obtained in transgenic mice overexpressing angiotensinogen in adipose tissue, raising the
possibility that elevations in adipocyte-derived Ang Il may contribute to dyslipidemias of
obesity through regulation of adipocyte SR-BI and HDL clearance.
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Several studies have focused on the effects of RAS blockade in experimental models of obesity.
Administration of an AT1 receptor antagonist to type 2 diabetic KK-AY mice resulted in
reduced plasma glucose levels and improved insulin sensitivity [29]. These effects of AT1
receptor blockade were associated with increased glucose uptake in adipose tissue, reduction
in adipocyte size, and increased expression of peroxisome proliferator—activated receptor
(PPARY) in adipose tissue. Interestingly, similar findings were demonstrated in rats
administered an AT1 receptor antagonist and fed a normal diet [30]. Further studies are required
to define whether these effects of AT1 receptor blockade are present in obese humans, and
whether they influence obesity-related hypertension.

Regional Differences in RAS Component Expression in Adipose Tissue:
Impact on Hypertension

Fat pattern distributions were first described by Vague in 1956, who coined the terms “android”
and “gynoid” obesity to describe upper and lower body adiposity, respectively [31]. It has long
been held that central, or android, obesity is closely associated with metabolic disturbances,
including diabetes and coronary artery disease [31]. Adipose tissue located in the upper, or
central, part of the body generally makes up about 20% of total fat. Although subcutaneous
adipose is by far the largest adipose depot within the human body, visceral adipose boasts
higher metabolic activity, with direct access to the liver via the portal vein [1]. Similarly, human
visceral adipose tissue exhibits significantly elevated angiotensinogen mMRNA compared with
subcutaneous adipose tissue [32]. In patients with the metabolic syndrome, blockade of the
AT1 receptor by telmisartan decreased visceral fat area after 24 weeks of treatment, compared
with amlodipine [33]. This reduction was associated with enhanced insulin sensitivity. These
data suggest local Ang Il production by visceral adipocytes may act in a paracrine manner to
further facilitate adipose growth and proliferation, and that inhibition of the local adipocyte
RAS is worth exploring for therapeutic potential.

The concept that the visceral RAS contributes to blood pressure regulation is evident from
studies examining the effect of weight loss—specifically, a decrease in waist circumference
—on the adipose RAS and blood pressure. For example, Engeli et al. [34¢] examined the effect
of weight loss on adipose expression of RAS components and plasma levels of the renin
angiotensin-aldosterone system. In this study, obese postmenopausal women who participated
in a 13-week weight loss regimen experienced a 5% weight reduction. The weight loss was
associated with significantly decreased plasma concentrations of angiotensinogen, renin, and
aldosterone, and was accompanied by a 7-mm Hg reduction in systolic blood pressure. Further,
the waist circumference reduction was strongly correlated with angiotensinogen expression in
subcutaneous abdominal adipose tissue and plasma angiotensinogen levels.

Subcutaneous adipose tissue, the expansive layer of fat located directly beneath the skin's
surface, constitutes approximately 80% of total body fat. Although adipose tissue located
within the subcutaneous space occupies the majority of adipose content within the body, its
metabolic activity is depressed compared with upper body, or visceral adipose tissue. Goossens
etal. [9] sought to determine the effect of circulating and locally derived Ang I1, and to examine
whether Ang Il interacts with nitric oxide to regulate adipose tissue blood flow (ATBF). To
determine the effect of circulating Ang Il on subcutaneous adipose tissue, the ACE inhibitor
enalaprilate was infused into the subcutaneous adipose while ATBF was simultaneously
monitored. No discernible difference was seen in subcutaneous ATBF between the
enalaprilate- and saline-infused patients. However, when subjects were locally infused with
the AT1 receptor blocker losartan, ATBF increased markedly compared with saline, suggesting
that circulating Ang Il reaching the subcutaneous adipose tissue is a negative regulator of
ATBF. Further, localized administration of Ang Il to human abdominal subcutaneous adipose
tissue decreased adipose tissue blood flow in a dose-dependent fashion.
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In addition to the generally familiar visceral and subcutaneous adipose, other depots include
intraorgan and periorgan adipose, located within or surrounding various organs, respectively.
Study results suggest that periorgan adipose maintains a level of metabolic activity between
that of subcutaneous and visceral adipose tissue [35,36]. Specifically, periaortic adipose tissue,
which is composed of both brown and white adipocytes and encases the length of the aorta,
has emerged as a regulator of smooth muscle tone and vascular function. Following the
demonstration of angiotensinogen mRNA expression in periaortic adipose tissue by our
laboratory [4], we examined the effect of periaortic fat on the contractility of aortic rings
[37]. Results demonstrated that contractile responses to electrical stimulation were blunted by
an Ang Il receptor antagonist, supporting a role for locally derived Ang Il as a regulator of
smooth muscle responsiveness. Recent studies further demonstrated that the RAS in periaortic
adipose tissue can influence Ang I function within the vascular wall. In transgenic lipoatrophic
mice that lacked periaortic adipose tissue, blood pressure elevations were attributed to
increased AT1 receptor mMRNA abundance and enhanced AT1 receptor expression in the aorta,
because blood pressure was normalized by an AT1 receptor antagonist [38]. The inability to
specifically target RAS components in adipose tissue localized to different anatomic locations
has hindered research defining the importance of regional RAS in adipose tissue to
cardiovascular control. Moreover, mechanisms for differential expression of RAS components
in different adipose depots are unknown. Further research is needed to clarify the significance
of regional RAS component expression in adipose tissue, and in the control of blood pressure.

Ang Il and Obesity-Hypertension

Given the increasing evidence that an activated adipose RAS exists in obesity, and could
potentially contribute to obesity-related hypertension, several studies have examined the effect
of RAS blockade in experimental or human obesity-hypertension, and also compared efficacy
of RAS inhibition with other antihypertensive agents [39]. Administration of the AT1 receptor
antagonist olmesartan to obese KK-AY mice decreased expression of several proinflammatory
cytokines (ie, tumor necrosis factor-a, plasminogen activator inhibitor-1, serum amyloid A,
MCP-I) in adipose tissue and reduced adipose reactive oxygen species [27¢]. These effects of
olmesartan were associated with blood pressure reduction.

In a subanalysis of the Treat to Target Postauthorization Study examining irbesartan to treat
hypertension in patients with the metabolic syndrome, patients who were administered
irbesartan exhibited a decrease in both systolic and diastolic blood pressure and a reduction in
cardiovascular risk factors (decreases in serum triglycerides, fasting blood glucose, and waist
circumference, and elevations in HDL cholesterol) [40]. These beneficial effects of irbesartan
were more prominent in hypertensive patients with the metabolic syndrome, as compared with
hypertensive patients without the metabolic syndrome. The Hypertension-Obesity-
Sibutramine study was a prospective study of 171 obese hypertensive patients assigned to a
randomized, double-blind, placebo-controlled trial comparing efficacy of one of three different
antihypertensive therapies [41e°]. After a 2-week run-in period for the antihypertensive
therapies, patients received sibutramine as an antiobesity treatment. Results demonstrated that
antihypertensive combination therapy with an ACE inhibitor and calcium channel blocker was
more advantageous than (B-blocker/diuretic therapy; this combination also supported the
weight-reducing actions of sibutramine. In a post-hoc analysis of data from an observational
study involving approximately 72,000 hypertensive patients across Germany, all of whom were
overweight or obese, the risk factor profile was lower in patients treated with an AT1 receptor
antagonist compared with diuretics [42]. These effects of RAS inhibitors, including effects
unrelated to their ability to lower blood pressure, have resulted in the recommendation to
initiate antihypertensive treatment with an ACE inhibitor in patients with the metabolic
syndrome [43].
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Conclusions

Adipocytes produce and secrete all components of the RAS (Fig. 1). Thus, the adipocyte can
serve as a source of RAS components to the systemic circulation, to adjacent tissues including
blood vessels, or locally to control adipocyte growth and differentiation and proinflammatory
adipokine expression. Mechanisms for adipocyte RAS activation are not well described, but
include nutritional regulation and feedback modulation by Ang Il. An understudied area of
research relates to the impact of the adipocyte RAS on localized inflammation within adipose
tissue and its potential link to obesity-related diseases. Importantly, a dysregulated adipocyte
RAS with obesity may contribute to blood pressure elevations by modulating both local and
circulating concentrations of RAS components, or by exerting local effects on adipocytes and/
or infiltrating macrophages.
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Figure 1.

The adipocyte renin-angiotensin system (RAS) synthesizes and secretes all components of the
system for local autocrine/paracrine effects, or as a source for the systemic RAS. The adipocyte
RAS can influence local macrophage activation and recruitment to promote inflammation,
influence adipocyte growth and differentiation, regulate adipokines, and contribute to the
control of vascular tone if localized around blood vessels. ACE—angiotensin-converting
enzyme; Ang—angiotensin; AT1—angiotensin type 1; ATIR—ATL receptor.
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