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Perivascular Adipose Tissue in Vascular Function: Does
Locally Synthesized Angiotensinogen Play a Role?

Edwyn O. Cruz-López, MSc, Estrellita Uijl, MD, and A. H. Jan Danser, PhD

Abstract: In recent years, perivascular adipose tissue (PVAT)
research has gained special attention in an effort to understand its
involvement in vascular function. PVAT is recognized as an important
endocrine organ that secretes procontractile and anticontractile factors,
including components of the renin–angiotensin–aldosterone system,
particularly angiotensinogen (AGT). This review critically addresses the
occurrence of AGT in PVAT, its release into the blood stream, and its
contribution to the generation and effects of angiotensins (notably
angiotensin-(1–7) and angiotensin II) in the vascular wall. It describes
that the introduction of transgenic animals, expressing AGT at 0, 1, or
more specific location(s), combined with the careful measurement of
angiotensins, has revealed that the assumption that PVAT independently
generates angiotensins from locally synthesized AGT is incorrect.
Indeed, selective deletion of AGT from adipocytes did not lower cir-
culating AGT, neither under a control diet nor under a high-fat diet, and
only liver-specific AGT deletion resulted in the disappearance of AGT
from blood plasma and adipose tissue. An entirely novel scenario there-
fore develops, supporting local angiotensin generation in PVAT that
depends on the uptake of both AGT and renin from blood, in addition
to the possibility that circulating angiotensins exert vascular effects. The
review ends with a summary of where we stand now and recommen-
dations for future research.
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INTRODUCTION
The role of perivascular adipose tissue (PVAT) in

vascular function is a hot topic that has been intensively
explored over the past 5–10 years. For decades, PVAT was
neglected and at most viewed as a simple mechanical support
system for the vasculature. In fact, in most vascular studies, it
was carefully removed before the start of the experiment. Yet,
PVAT is now recognized as an important modulator of vas-
cular function. A complicated issue remains that its function
may vary not only depending on its location but also

according to pathological condition. Hence, it is impossible
to describe PVAT in a uniform manner. One factor that has
been consistently described to be synthesized by adipocytes
in PVAT is angiotensinogen (AGT). Theoretically, this may
give rise to the synthesis of angiotensins in PVAT, provided
that the full machinery required for such synthesis is present
as well. It might even be a contributor to the levels of AGT in
blood. This review briefly describes PVAT function and loca-
tion and then critically addresses the occurrence of AGT in
PVAT, its release into the blood stream, and its contribution
to the generation and effects of angiotensins in the vascular
wall. It ends with a summary of where we stand now and
recommendations for future research.

PVAT Location and Function
PVAT anatomically surrounds the outermost layer of the

wall of a blood vessel, ie, the adventitia, which is also the site
where the sympathetic nerve endings are located (Fig. 1).1,2

Almost every vessel in the vasculature is surrounded by
PVAT, except for cerebral vessels. Yet, PVAT in total com-
prises no more than approximately 3% of total body adipose
tissue mass.3 Adipose tissue is classified as brown, white, or
beige. Brown adipose tissue (BAT) is responsible for energy
dissipation during cold exposure (ie, nonshivering thermogene-
sis) and is composed of metabolically active adipocytes equip-
ped with uncoupling protein-1-expressing mitochondria,
responsible for its brown color. White adipose tissue (WAT),
traditionally seen as a lipid storage site (ie, an energy store), is
less innervated and metabolically active than BAT. Beige or
brite (brown-in-white) adipose tissue can be found interspersed
in WAT. Besides adipocytes and cells associated with penetrat-
ing the vasa vasorum, PVAT may also contain infiltrating mac-
rophages and T lymphocytes, the activity of which becomes
relevant in pathophysiological situations. PVAT serves as a pro-
tective mechanical structure for the blood vessel it surrounds but
is now also recognized as a paracrine/endocrine modulator of
vascular function. Indeed, as an endocrine organ, PVAT is
responsible for the secretion of multiple factors affecting vaso-
reactivity, inflammation, and proliferation. Apart from free fatty
acids (generated by lipolysis), these factors include adipokines
(eg, leptin and adiponectin), cytokines (eg, interleukin-6, tumor
necrosis factor-a, and monocyte chemoattractant protein-1), gas-
eous molecules (NO and H2S), and reactive oxygen species
(ROS: superoxide and H2O2).1,4 The absence of an anatomic
barrier suggests that mediators secreted by PVAT can readily
gain access to the blood vessel wall. Generally, the presence of
PVAT in an isolated vessel setup results in an anticontractile
effect related to the release of one or more PVAT-derived

Received for publication February 5, 2021; accepted March 17, 2021.
From the Division of Vascular Medicine and Pharmacology, Department of

Internal Medicine, Erasmus MC, University Medical Center, Rotterdam,
The Netherlands.

Supported by the following research grant: Consejo Nacional de Ciencia y
Tecnología (CONACyT; Grant 739513, Mexico). Figures were created
with BioRender.com

The authors report no conflicts of interest.
Correspondence: A. H. Jan Danser, PhD, Division of Pharmacology, Room

EE1418b, Erasmus MC, Wytemaweg 80, 3015 CN Rotterdam, The
Netherlands (e-mail: a.danser@erasmusmc.nl).

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

J Cardiovasc Pharmacol� � Volume 78, Number 6 Supplement, December 2021 www.jcvp.org | S53

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

http://BioRender.com
mailto:a.danser@erasmusmc.nl


relaxing factors (PDRFs, originally known as adipocyte-derived
relaxing factors), although contractile effects have been
described as well (PVAT-derived contractile factors). The bal-
ance between contractile/anticontractile effects most likely alters
under pathological conditions, eg, obesity, which not only
greatly increases the amount of adipose tissue but also alters
the release of PVAT-derived factors. Among others, this is
related to a shift in PVAT content from BAT to WAT.5

Ultimately, these alterations may provide a link between obesity,
insulin resistance, and diabetes. PVAT often decreases in models
of hypertension, such as the spontaneously hypertensive rat
(SHR) and deoxycorticosterone acetate (DOCA)-salt rats,6,7

and this may either result in an absolute reduction in the release
of PDRFs (reflecting less PVAT) or a shift in the PDRF/PVAT-
derived contractile factor balance (reflecting a change in PVAT
composition).

Renin–Angiotensin–Aldosterone System
The renin–angiotensin–aldosterone system (RAAS) is

an important regulator of blood pressure and body fluid
homeostasis. It consists of 2 enzymes [renin and angiotensin-
converting enzyme (ACE)] and a substrate (AGT) which
together generate angiotensin (Ang) II, the major biological
active component of the system (Fig. 2). Renin has an inac-
tive precursor, prorenin, the function of which is not clear. In
humans, the in vivo prorenin levels are z10 times higher
than those of renin, whereas in rats and mice prorenin is
z2–3-fold higher than renin.8–10 Classically, renin and pro-
renin are released into the blood stream by the kidney,
whereas the liver secretes AGT. In addition, prorenin is
released from several extrarenal sources, such as the ovary,
placenta, testis, eye, and adrenal.11–17 This explains why after
a bilateral nephrectomy, prorenin, but not renin, can still be
detected in blood.18 Here it is important to stress that prorenin
release occurs constitutively (without storage), whereas renin
is stored in granules and only released on exposure to stimuli,
such as a drop in blood pressure or low salt intake. ACE is
ubiquitously expressed but occurs predominantly in vascular
endothelial cells. Hence, Ang II generation takes place in the
circulation. Nonetheless, decades of research have shown that
angiotensin generation is also possible at tissue sites, likely
even to a higher degree than in the circulation.19–25 Whether
this local production occurs entirely independently of the liver
and kidney is still being investigated.26,27 Given that the

kidney is the only source of renin, whereas prorenin synthesis
occurs at multiple extrarenal sites,11–17 one possibility is that
such extrarenal prorenin contributes to local angiotensin gen-
eration. Extrahepatic AGT synthesis has been reported in the
brain, kidney, and adipose tissue.28,29 However, liver-targeted
deletion of AGT fully annihilated renal and brain angiotensin
production,30,31 suggesting that local AGT production at
these sites is irrelevant. Since the discovery of AGT in peri-
vascular tissue many decades ago, a wide range of studies has
reported on its potential contribution to local (perivascular)
Ang II production and on the putative local effects of such
Ang II, mediated through its type 1 and type 2 receptors (AT1

and AT2). Moreover, after the discovery of a new metabolite
of Ang II, Ang-(1–7), generated by the enzymes ACE2 and
neutral endopeptidase, attention shifted to this metabolite and
its putative receptor, Mas, in the perivascular setting.32

Finally, Ang II stimulates aldosterone synthesis in the adrenal
gland. Although aldosterone initially was believed to act
exclusively in the kidney (stimulating water and sodium
retention and potassium loss), it is now widely accepted that
it has effects in the vascular wall as well. The exciting pos-
sibility was raised that it is even synthesized locally by adi-
pocytes.33 If true, this would imply that a complete RAAS is
functionally active in PVAT, independent of the circulating
RAAS.

FIGURE 1. Overview of the various
blood vessel layers.

FIGURE 2. Overview of the RAAS. Ang, angiotensin; AT1,
angiotensin II type 1; AT2, angiotensin II type 2; NEP, neutral
endopeptidase.
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(Peri)vascular Effects of Ang II, Ang-(1–7),
and Aldosterone

Ang II causes vasoconstriction through AT1 receptor
stimulation. In addition, by facilitating the release of norepi-
nephrine from sympathetic nerve endings through presynaptic
AT1 receptors, it may contribute to adrenoceptor-mediated
constriction and thermogenesis.34 AT2 receptor stimulation
by Ang II causes NO-mediated vasodilation,35 although this
is not a universal finding. Particularly under pathological
conditions, the function of the AT2 receptor may shift from
dilator to constrictor.36 Ang-(1–7), through its receptor Mas,
also induces vasodilation.32 In addition, Ang II is a growth
factor responsible for vascular growth and remodeling. This
involves not only endothelial cells (angiogenesis) and vascu-
lar smooth muscle cells (VSMCs; hypertrophy) but also adi-
pocytes (growth and differentiation37). Among others, this
relates to the fact that Ang II stimulates the formation of
ROS and cytokines and causes inflammation. Ang II induces
endothelial dysfunction and insulin resistance. Generally,
these deleterious effects of Ang II are mediated through
AT1 receptors and counteracted by either AT2 or Mas recep-
tors, although this is an oversimplification. Aldosterone, sim-
ilar to Ang II, induces proinflammatory and profibrotic
responses in the vascular wall and this may involve minera-
lo-corticoid receptors (MRs) in both adipocytes and

VSMCs.33,38 Clearly, the adipose tissue RAAS can be con-
sidered a potential link between obesity, insulin resistance,
and hypertension (Fig. 3).

RAAS Component Expression in Adipocytes
Campbell and Habener observed the AGT mRNA

content of BAT (of periaortic and periatrial origin) to be the
highest of all extrahepatic tissues in Sprague-Dawley rats.39

These data were obtained after upregulating in vivo AGT
expression as much as possible by administrating a combina-
tion of the AGT stimulants ethinylestradiol, dexamethasone,
and T3. Cassis et al40 confirmed the presence of AGT mRNA
in periaortic adipose tissue and other fat depots of both brown
(perirenal and interscapular) and white (epididymal) types in
this rat strain without previous drug exposure. Fasting
reduced AGT expression and refeeding increased it again in
epididymal adipocytes, in parallel with changes in systolic
blood pressure, yet without altering hepatic AGT expres-
sion.41 This led the authors to suggest that adipocyte AGT
regulates local blood supply. Engeli et al were able to dem-
onstrate AGT mRNA in human adipose tissue (subcutaneous
and omental)42 and additionally found ACE and AT1 receptor
expression, but not renin expression, in this tissue. Yasue
et al43 observed upregulated AGT mRNA upregulation in
adipose tissue (of subcutaneous abdominal origin) obtained

FIGURE 3. PVAT as a potential link between obesity, insulin resistance, and hypertension. Obesity increases while hypertension
decreases PVAT. Ang, angiotensin; PDCF, PVAT-derived contractile factor.
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from obese humans and suggested that adipose AGT might
contribute to the circulating levels of AGT in obese subjects.
These authors also could not detect renin mRNA in adipose
tissue but did demonstrate ACE and AT1 receptor expression
at this location. Gálvez-Prieto et al compared the expression
of multiple RAAS components in periaortic and mesenteric
adipose tissue of Wistar–Kyoto (WKY) rats, representative
for BAT and WAT, respectively. AGT, ACE, and ACE2
expressions were identical at both sites, whereas AT1 and
AT2 receptors were higher in WAT. Renin mRNA was not
detectable.44 Kowalówka et al claimed lower AGT levels in
internal mammary artery PVAT obtained from diabetic
patients.45 Finally, Zennaro et al46 observed MR expression
in BAT and suggested that aldosterone might contribute to
adipocyte differentiation. Taken together, these data raise the
possibility that adipose tissue contains a complete and inde-
pendently functioning local RAAS, although a major com-
ponent, renin, is missing. This raises the possibility that either
nonrenin enzymes (eg, cathepsin) are involved or that
angiotensin generation depends on the uptake of circulating
renin/prorenin. An exciting possibility would be that cortisol,
by stimulating the glucocorticoid receptor, is an endogenous
stimulant of AGT expression in adipose tissue, thereby
potentially linking glucocorticoids, RAAS, and obesity.

Angiotensin Release from PVAT

Ang-(1–7)
Lee et al47 studied Ang-(1–7) synthesis in adult Wistar

rat aorta PVAT. Not only did they detect Ang-(1–7) by
immunohistochemistry in both brown and white adipocytes
but also when incubating PVAT with buffer, they observed
substantial Ang-(1–7) release over a 30-minute period, result-
ing in levels of around 2 mmol/L. This is easily 1 million-fold
above the levels of Ang-(1–7) in blood plasma, heart, and
kidney. ACE inhibition with enalaprilat blocked the Ang-
(1–7) release, suggesting that it was derived from Ang II.
Furthermore, the presence of PVAT reduced the contractile
response of the aorta to phenylephrine, whereas the ACE
inhibitor enalaprilat, endothelium removal, or the ACE2
inhibitor DX600 prevented this effect, implying that it de-
pended on Ang-(1–7) generated from Ang II by ACE2 in
PVAT and acting on endothelial cells. Exogenously added
Ang-(1–7) was subsequently observed to stimulate endothe-
lial NOS (eNOS) through the Mas receptor. Similar observa-
tions were made in the Wistar rat vena cava inferior48 and
mouse aorta,49 although in the latter vessel the relaxant effects
additionally involved AT2 receptor stimulation. Moreover, in
the mouse aorta, PVAT effects occurred independently from
the endothelium and were due to NO formation through Mas/
AT2 receptor-stimulated neuronal NOS (nNOS) and eNOS
activation in PVAT itself. Interestingly, when studying
SHRs versus normotensive WKY rats, the relaxant effect of
PVAT in the aorta was found to be diminished in the
former.50 The authors attributed this to the fact that SHR
PVAT contains a relatively higher percentage of brown adi-
pocytes, which are believed to express less AGT than white
adipocytes.40 Hence, SHR PVAT would not be capable of

generating the same amount of Ang-(1–7). Unfortunately,
no evidence was provided for this theory.

In summary, PVAT has been shown to independently
generate Ang-(1–7) from Ang II (by ACE2) in phenomenal
amounts (Fig. 4). This Ang-(1–7) either acts on the Mas
receptor in endothelial cells or in PVAT itself, thus stimulat-
ing NO release through eNOS or nNOS. In SHRs, because of
lower PVAT AGT expression, Ang-(1–7) release is reduced.

Ang II
The authors observing relaxation by PVAT-derived

Ang-(1–7) in the rat aorta also reported that the presence of
PVAT facilitated the contraction observed after electrical
stimulation of Wistar rat mesenteric arterial rings.51 Here,
the mechanism was suggested to be PVAT-derived Ang II
facilitating norepinephrine release. Indeed, PVAT contained
AGT mRNA, ACE mRNA, and Ang II (quantified by immu-
nohistochemistry), and chronic treatment with the ACE inhib-
itor quinapril prevented this facilitation.51 Moreover, Lee
et al52 incubated aortic PVAT from WKY rats and SHRs
and found the latter to release roughly twice as much Ang
II (z20 vs. z10 fmol/g PVAT) over 30 minutes as the
former. Such fmol Ang II quantities, collected in a few mL,
differ by almost 1 million-fold from the Ang-(1–7) levels
reported earlier in the Wistar rat aorta.47 In SHRs, PVAT
induced a stronger constrictor effect in aortic muscle rings
than in WKY rats,52 and because the constriction was blocked
by losartan, the authors concluded that it was due to Ang II
and that the larger response in SHRs reflected the higher
PVAT Ang II quantities in this strain. This observation
opposes the concept that SHR PVAT predominantly contains
low-AGT expressing brown adipocytes. Here, we have to
realize that, normally, Ang II-induced constriction is observed
at organ bath levels in the order of 10–100 nmol/L.53 Thus, if
1 gram of PVAT releases 10–20 fmol Ang II, the amount of
PVAT in one rat aortic ring (containing at most a few mg
PVAT) will release far less than 1 fmol Ang II. To truly
achieve constriction (ie, to reach local levels in the 10–100
nmol/L range), this release should occur in the immediate
vicinity of the VSMC AT1 receptors in an interstitial volume
that has a size of,1 mL.54 This would simultaneously require
the presence of renin, AGT, and ACE at this interstitial loca-
tion, keeping in mind that angiotensin generation does not
occur intracellularly.55

Chang et al56 homogenized mouse aorta PVAT (1 mL
buffer per mg PVAT) and detected z2 pg (=2 fmol) Ang II/
mg PVAT. However, their commercial Ang II ELISA (Enzo
Life) reports a detection limit of 4.6 pg/mL, implying that a
level of 2 pg/mL is actually below the detection limit of this
assay. Nevertheless, an extract derived from 10 mg PVAT
was capable of inducing aortic constriction in an
endothelium-independent and losartan-inhibitable manner.
In other words, it involved direct stimulation of AT1 receptors
on VSMCs. Given that their organ bath volume was 10 mL,
adding 10 mg PVAT extract, containing 2 pg Ang II/mg
PVAT, would have resulted in an organ bath Ang II level
of 2 pmol/L. This is 5000–50.000 times below the Ang II
range that normally induces constriction. Yet, the authors
argued that PVAT-derived Ang II underlies circadian blood
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pressure regulation, based on their observation that PVAT
AGT shows circadian expression, regulated by the brown
adipocyte-specific aryl hydrocarbon receptor nuclear
translocator-like protein 1 (Bmal1, a clock gene). Given the
long half-life of AGT (5–10 hours),57 it is difficult to under-
stand how substantial AGT variation might occur in PVAT
over a 12-hour period. No such circadian variation has been
described for circulating AGT, although circulating Ang II
levels do vary considerably during the day. The latter is
due to the inverse relationship between blood pressure and
renin release. In addition during treatment with inhibitors of
renin or ACE, Ang II levels return to normal due to rises in
renin release, rather than alterations in AGT levels.58 In other
words, rapid alterations in Ang II formation, at least in the
circulation, invariably result from changes in renin release
and are unrelated to changes in AGT. In fact, circulating
AGT levels usually are very stable.

Finally, Tavares Fontes et al59 were no longer capable
of detecting PVAT-induced relaxation in Wistar rats after
myocardial infarction, unless they blocked AT1 or AT2

receptors in vitro. Based on this they concluded that PVAT-
derived Ang II is upregulated after infarction and that Ang II
exerts constriction through both AT1 and AT2 receptors.
Because this was accompanied by PVAT whitening, it
involved a relative reduction in brown adipocytes, in agree-
ment with the earlier observation that such adipocytes display
low AGT expression. However, these authors did not study
AGT. Instead, they linked the enhanced Ang II formation and
effects after myocardial infarction to upregulated PVAT ACE
and AT1 and AT2 receptor expression. AT receptor stimula-
tion in PVAT resulted in oxidative stress, thereby inactivating
NO.

In summary, PVAT has been reported to generate small
amounts of Ang II (Fig. 4). This may either act on VSMC
AT1 receptors, inducing constriction directly, or on PVAT
AT1/AT2 receptors, which upregulate ROS, thereby indirectly
inducing constriction by inactivating NO. Ang II might facil-
itate norepinephrine release from sympathetic nerve endings,
thus enhancing adrenergic constriction. PVAT Ang II gener-
ation is suggested to vary during the day, due to the local

FIGURE 4. Diverse scenarios explaining how a PVAT-localized RAAS might act and result in either vasodilation or vasoconstriction.
AGT released from adipocytes might result in local angiotensin (Ang) I generation in the PVAT interstitium, making use of either
blood-derived renin and/or prorenin, possibly bound to (pro)renin receptors ((P)RR), or nonrenin enzymes such as cathepsin.
Alternatively, angiotensin generation might occur intracellularly in adipocytes, requiring the internalization of renin, prorenin,
and/or AGT, for instance through megalin. Ang I is converted by ACE and ACE2 to its metabolites Ang II and Ang-(1–7), which
then act on Ang II type 1 and 2 (AT1 and AT2) or Mas receptors in either PVAT, VSMCs, or endothelial cells (ECs). This results in the
generation of ROS and/or activation of endothelial or neuronal NO synthase (eNOS and nNOS), after which ROS or NO act locally
in PVAT or diffuse to VSMCs and ECs. Among others, NO dilates VSMCs, whereas ROS inactivate NO. Ang II is also believed to
facilitate norepinephrine (NE) release from nerve endings. Finally, adipocytes might synthesize and release aldosterone that could
act in PVAT or elsewhere in the vascular wall through its MR.
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circadian rhythm of AGT synthesis, and to be upregulated
after myocardial infarction.

Release of Adipocyte-Derived
Angiotensinogen into Blood

Since the discovery of AGT in adipocytes, adipose
tissue has been suggested to be an important source of
circulating AGT. This is not surprising because 1) the total
mass of adipose tissue represents up to 30% of the total body
weight in healthy subjects and 2) AGT is secreted after its
synthesis, ie, unlike renin, it is not stored. Thus, once released
into the interstitial space, it should find its way into the blood
stream. Indeed, AGT expression in adipose tissue in AGT
knockout mice did result in the reappearance of AGT in
plasma, albeit at levels in the order of 20%–30% of those in
wild-type mice.60 Not surprisingly, the reappearance of AGT
also normalized the low blood pressure in the AGT knockout
animals. In agreement with these observations, Yiannikouris
et al61 showed that adipocyte-specific AGT deletion in mice
reduced plasma AGT by 24%–28% and lowered blood pres-
sure. However, why such a modest drop in AGT would lower
blood pressure is not entirely clear because normally a drop in
AGT, if occurring at all, is rapidly matched by renin rises,
thereby normalizing the level of angiotensin synthesis and
blood pressure.62,63 Yet, in a subsequent study by the same
group adipose-specific AGT deficiency no longer affected
plasma AGT levels in mice, neither during a low-fat nor
during a high-fat diet.64 Hence, the rise in circulating AGT
after a high-fat diet was identical with and without AGT
expression in adipocytes. However, only in the presence of
AGT in adipocytes did a high-fat diet increase systolic blood
pressure. Surprisingly, this was accompanied by a nearly 10-
fold rise in circulating Ang II, which was prevented by
adipocyte-specific AGT deletion. Because the latter neither
affected circulating AGT nor renin, this implies that .90%
of circulating Ang II in high-fat fed mice is adipose-tissue
derived. These data would argue that the adipose tissue
RAAS no longer reflects a local RAAS but instead is the
main determinant of circulating Ang II, at least under high-
fat conditions. For reasons that are unclear, the 10-fold rise in
Ang II after a high-fat diet did not suppress renin. In a sub-
sequent study, Yiannikouris et al65 induced hepatocyte AGT
deficiency in mice. Unexpectedly, such deficiency reduced
circulating and adipose AGT levels to the same degree and
lowered circulating Ang II and blood pressure, both in lean
and obese animals. Under these conditions, renin did increase,
in agreement with studies in whole-body AGT knockout
mice.66 Based on these data, the authors concluded that hepa-
tocytes after all are the predominant source of AGT in both
lean and obese mice. They also proposed that adipocytes
require sequestration of circulating (liver-derived) AGT to
allow Ang II generation, although this contrasts with their
earlier concept that adipocyte-derived AGT is responsible
for .90% of circulating Ang II in obese mice. The mediator
of this sequestration might be megalin. In fact, Ang II upre-
gulated megalin in adipocytes, thus potentially stimulating its
own synthesis in adipose tissue. How exactly such synthesis
would occur, given that adipocytes do not synthesize renin,

while angiotensin generation does not occur in cells,55 is still
unsolved. It would require the local release of megalin-
internalized AGT and the simultaneous occurrence of a non-
renin enzyme, together generating huge amounts of angioten-
sin that are then released into the circulation. Subsequent
studies by other groups, making use of either liver AGT
knockout mice67 or liver-targeted AGT siRNA/antisense oli-
gonucleotides in rats,30,68 confirmed that circulating AGT is
entirely liver derived and that adipocytes do not contribute to
plasma AGT.

In summary, despite early reports suggesting that
adipocytes contribute to the levels of AGT in circulating
blood, recent data argue against this concept and suggest that
adipocytes rather sequester liver-derived AGT through mega-
lin. A similar uptake mechanism has been proposed in the
kidney, where megalin not only mediates the uptake of AGT
but also that of renin and prorenin.69,70 Indeed, megalin dele-
tion affected renal angiotensin levels, supporting the idea that
megalin-mediated uptake processes might underlie local
angiotensin production.71,72 If so, the release of Ang II and
Ang-(1–7) from PVAT under ex vivo conditions becomes
very hard to understand (particularly if occurring at levels
that are 1 million-fold above those in blood!) because it
occurred in the absence of AGT in the perfusion fluid. This
seems impossible, and a more likely explanation is that it
reflects an assay artefact.

Aldosterone Synthesis in Adipocytes
Nguyen Dinh Cath et al, making use of cultured

adipocytes and VSMCs, observed that adipocytes release a
factor that activates MRs on VSMCs.73 The most likely can-
didate seemed to be aldosterone itself, given that it could be
detected in adipocyte-conditioned medium. Indeed, adipo-
cytes turned out to possess the full machinery to generate
aldosterone, including aldosterone synthase, thus allowing
PVAT-derived aldosterone to exert vascular effects in an au-
tocrine and paracrine manner, eg, in diabetes and obesity.33

MR activation in adipocytes in mice was found to be linked to
increased weight and fat mass, insulin resistance, and meta-
bolic syndrome features, in a blood pressure-independent
manner.74 The underlying mechanism involved adipocyte-
derived H2O2, generated after MR activation, and diffusing
to VSMCs where it impaired contractility.38 A problem with
the concept of adipocytes as a new source of aldosterone is
that after a bilateral adrenalectomy aldosterone is undetect-
able.75,76 This should not have been the case if adipocytes are
a source of aldosterone. Huby solved this discrepancy, by
showing that it is actually adipocyte-derived leptin that regu-
lates aldosterone synthesis in the adrenal, by increasing aldo-
sterone synthase.77 Thus, the well-known link between
obesity and aldosterone is due to the fact that this condition
upregulates leptin and has nothing to do with aldosterone
release from adipocytes. Indeed, Assersen et al78 were unable
to demonstrate aldosterone release from PVAT derived from
either human internal mammary arteries or renal segmental
arteries obtained during surgery. They firmly concluded that
any aldosterone occurring in PVAT is derived from the adre-
nal gland.
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In summary therefore, despite early in vitro reports
suggesting that adipocytes are capable of generating aldoste-
rone, recent studies were unable to confirm this concept and
instead suggested that adipocytes release a factor (leptin) that
upregulates adrenal aldosterone synthesis. Thus, aldosterone
is an unlikely mediator of PVAT effects ex vivo.

(Pro)renin Receptor and Adipocytes
Given the absence of renin in adipose tissue, angioten-

sin generation, if occurring, requires an alternative AGT-
hydrolyzing enzyme or an uptake process for renin and/or its
precursor prorenin. Here a role for the so-called (pro)renin
receptor ((P)RR) has been proposed, arguing that it binds both
renin and prorenin, allowing the latter to display enzymatic
activity.79 The (P)RR occurs in large quantities in adipo-
cytes.80 Interestingly, adipocyte-specific (P)RR deletion in
mice increased systolic blood pressure and insulin sensitivity
and prevented diet-induced obesity.81,82 Moreover, such mice
had almost no detectable WAT and developed hepatosteato-
sis. No changes in plasma AGT or renin occurred.
Unfortunately, because of the reduction in adipose tissue,
the authors were unable to study RAAS alterations at the level
of adipose tissue. These data suggest that the adipose (P)RR is
involved in lipid homeostasis. In support of such a role, Lu
et al83 observed that the (P)RR interacts with sortilin-1
[SORT1, a major regulator of low-density lipoprotein
(LDL) metabolism] and that knockdown of (P)RR reduced
both SORT1 and the LDL receptor (LDLR). Most likely, the
(P)RR facilitates SORT1 and LDLR trafficking to the cell
surface, thereby protecting LDLR and SORT1 from lyso-
somal degradation. Consequently, hepatic (P)RR deletion

in vivo increased LDL levels and prevented steatosis.84 The
rise in blood pressure after adipocyte (P)RR deletion is more
difficult to explain. Gatineau et al85 showed that it could be
blocked by losartan and suggested that it involves a kidney-
dependent mechanism. Hence, at this stage, there is no evi-
dence for (P)RR-dependent angiotensin generation in adipo-
cytes in vivo. Perhaps this is not surprising because (P)RR–
(pro)renin interaction requires excessive (pro)renin levels,
many orders of magnitude above its in vivo levels, which
might occur only at (pro)renin synthesis sites.86 As has been
discussed, no such synthesis occurs in adipocytes. Instead, the
adipocyte (P)RR seems to be an important player in lipid
metabolism.

CONCLUSIONS AND DIRECTION FOR
FUTURE RESEARCH

Since the demonstration of AGT in adipose tissue .4
decades ago, the concept of an independent PVAT RAAS has
been growing steadily. According to this concept, PVAT not
only generates angiotensins (notably Ang-(1–7) and Ang II)
locally, inducing effects in the vascular wall, but also releases
AGT into the circulation, particularly under obese conditions,
when the amount of adipose tissue in the body has greatly
increased. Around 10 years ago, even the local synthesis of
aldosterone in PVAT was proposed. Nevertheless, the intro-
duction of transgenic animals, expressing AGT at 0, 1, or
more specific location(s), combined with the careful measure-
ment of angiotensins and aldosterone, revealed that many of
these assumptions were incorrect. The upregulation of aldo-
sterone in obese subjects turned out to be due to the release of

FIGURE 5. Angiotensin II and AGT levels in epi-
didymal, brown or inguinal AT of control (non-
DOCA; DOCA, deoxycorticosterone acetate) rats
and DOCA-salt hypertensive rats before and after
exposure to liver-targeted AGT siRNA. Data are
from Uijl et al.92 AGT levels have been expressed
vs. the levels in non-DOCA control rats. LLOQ,
lower limit of quantification; ND, not detectable.
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leptin from adipocytes, stimulating aldosterone synthesis in
the adrenal. Selective deletion of AGT from adipocytes did
not lower circulating AGT, neither under a control diet nor
under a high-fat diet, and only liver-specific AGT deletion
resulted in the disappearance of AGT from blood plasma.
Thus, there is no strong evidence for the occurrence of
PVAT-derived AGT in blood after all.

This leaves the concept of a local RAAS in PVAT
generating angiotensins that act on adipocytes, VSMCs, and/
or endothelial cells. Here, a major caveat is the lack of renin
expression in PVAT. Although other enzymes have been
proposed to take over renin’s role (tonin and cathepsin), evi-
dence that these enzymes are truly contributing has never
been provided. Given the absence of high renin/prorenin lev-
els, a role for the low-affinity (P)RR in the process of angio-
tensin generation can also be ruled out. Nevertheless, multiple
studies report on the release of either Ang II or Ang-(1–7)
when incubating PVAT, sometimes at concentrations that are
1 million-fold above those in blood. Clearly, this is highly
unlikely, particularly when considering the minute amounts
of PVAT that are present when studying isolated blood ves-
sels. Angiotensin generation normally occurs in the interstitial
fluid or on the cell surface, close to its receptors. This allows
high levels in the immediate surrounding of its generation and
rapid binding to AT receptors in a very efficient manner.23

Massive release from such sites into a surrounding buffer
would be indicative for extreme inefficiency, combined with
the fact that if this would truly occur, the actual concentra-
tions at the site of generation (before dilution in buffer, often
representing a volume that is up to 1000 times larger than the
tissue volume) should have been even higher. Evidence for
such extreme degrees of angiotensin generation in the vascu-
lar wall is lacking. In fact, angiotensin release from isolated
vessels or hearts is generally modest and rapidly diminishes to
zero over time due to the washout of both renin and AGT.87–
89 Hence, a more likely explanation for these high PVAT
“concentrations” is inappropriate angiotensin measurement
due to the use of nonvalidated commercial ELISAs.90

Future studies should therefore re-evaluate this release, apply-
ing well-established HPLC-based or liquid chromatography
with tandem mass spectrometry-based techniques91 and pref-
erably test human vessels. Second, to realistically estimate the
contribution of adipocyte-derived AGT to angiotensin gener-
ation in adipose tissue, we need studies in animals where
hepatic AGT synthesis is shut down so that any contribution
from the liver can be ruled out. Here, the use of liver-specific
AGT siRNA/antisense oligonucleotides might be the best
approach. Of interest, in the Sprague-Dawley rat, Ang II
became undetectable in adipose tissue after DOCA-salt treat-
ment, although AGT remained present. Thus, adipose tissue
Ang II followed the well-known drop in circulating Ang II in
this model. Subsequent treatment with liver-targeted AGT
siRNA removed AGT from adipose tissue, whereas Ang II
still remained undetectable (Fig. 5).92 This suggest that, at
least in this animal model, AGT in adipose tissue is liver
derived and that locally synthesized AGT, if occurring at
all, does not contribute to local Ang II generation. Similar
data should now be obtained in other animal models. In vivo
data by Yiannikouris et al65 already indicated that, contrary to

the original belief, PVAT angiotensin synthesis in mice dur-
ing a high-fat diet depended on the uptake of circulating AGT
through megalin. An entirely novel scenario might therefore
develop, similar to what has recently been described in the
kidney and brain30,31,92 (2 other locations where AGT was
believed to be generated locally), supporting local angiotensin
generation in PVAT that depends on the uptake of both AGT
and renin from blood, in addition to the possibility that cir-
culating Ang II and aldosterone exert vascular effects.
Adipose tissue-targeted deletion of megalin might help to
verify this concept. Finally, a wide range of angiotensin
receptor (ant)agonists has been used to address the contribu-
tion of the various angiotensin receptors in adipose tissue.
However, given that not all of these antagonists are selec-
tive,93,94 a better approach might be to induce adipocyte-
specific deficiency of the various receptors, similar to what
has been accomplished about the MR in endothelial cells95 or
the AT1 receptor in VSMCs.96
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