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Abstract Type 2 diabetes and its major risk factor, obesity,
are an increasing worldwide health problem. The exact mech-
anisms that link obesity with insulin resistance, type 2 diabe-
tes, hypertension, cardiovascular complications and renal dis-
eases, are still not clarified sufficiently. Adipose tissue in gen-
eral is an active endocrine and paracrine organ that may influ-
ence the development of these disorders. Excessive body fat in
general obesity may also cause quantitative and functional
alterations of specific adipose tissue compartments. Beside
visceral and subcutaneous fat depots which exert systemic
effects by the release of adipokines, cytokines and hormones,
there are also locally acting fat depots such as peri- and epi-
cardial fat, perivascular fat, and renal sinus fat. Perivascular
adipose tissue is in close contact with the adventitia of large,
medium and small diameter arteries, possesses unique features
differing from other fat depots and may act also independently
of general obesity. An increasing number of studies are deal-
ing with the “good” or “bad” characteristics and functions of
normally sized and dramatically increased perivascular fat
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mass in lean or heavily obese individuals. This review describes
the origin of perivascular adipose tissue, its different locations,
the dual role of a physiological and unphysiological fat mass
and its impact on diabetes, cardiovascular and renal diseases.
Clinical studies, new imaging methods, as well as basic re-
search in cell culture experiments in the last decade helped to
elucidate the various aspects of the unique fat compartment.
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1 Introduction

Obesity, one of the major problems in humans of industrial
countries is accompanied by an increased prevalence of met-
abolic diseases. The resistance of the skeletal muscle to
insulin-mediated glucose uptake, as well as the resistance of
other tissues to the metabolic and vascular actions of insulin
are the consequence of an increased body fat mass. A still
growing number of studies show that adipose tissue is an
important source of adipokines. In addition, it is well accepted
that adipose tissue secretes proinflammatory factors and that
obesity is a state of low-grade inflammation [1]. As a conse-
quence, circulating inflammatory factors contribute to the de-
position of ectopic fat. The focus of interest in the last years is
to study the exclusive role of perivascular adipose tissue
which signals locally in a paracrine and vasocrine fashion to
the vascular wall through outside-to-inside signalling. The
classical description about the structure of the arterial blood
vessel wall embraces the commonly known three layer mor-
phology composed of the endothelium with endothelial cells,
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the media with smooth muscle cells and the adventitia con-
taining fibroblasts and vasa vasorum. However, nearly all
larger arterial blood vessels (except those in the brain) are
enclosed by fat, the so-called perivascular adipose tissue,
which borders directly at the adventitia without any barrier
e.g. lamina. Most of the knowledge about perivascular adi-
pose tissue in the last decade came from cardiological research
because this specific fat depot is located adjacent to the arterial
adventitia and plays an important role in normal vascular
function as well as in the pathogenesis of vascular diseases.
Not only the intima and media, but also the adventitia with the
vasa vasorum, enabling the transport of factors via blood into
the external regions of the vessel wall, was recognized as a
highly active compartment of the arterial vessel wall contrib-
uting to both atherogenesis and restenosis [2]. The
perivascular adipose tissue was originally stated to have only
mechanical properties, serving as a kind of scaffold for blood
vessels. However, the last years it became evident that it is a
metabolically very active endocrine tissue which communi-
cates not only with the adjacent vessel wall itself, but maybe
also with other organs in the body. This review article tries to
summarize all currently known aspects about the functional
properties of perivascular adipose tissue dealing with its influ-
ence on other organs with the focus on the development and
progression of type 2 diabetes and its complications.

1.1 Origin of perivascular fat tissue

In embryogenesis, blood vessel appearance and the first devel-
oped adipocytes are always found in parallel. On the basis of
many earlier reports it seems to be undoubtable at present that
there is proof for a close relationship between fat cell and blood
vessel development [3]. Even if it’s not totally clarified whether
capillarisation precedes adipocyte formation or vice versa or in
parallel, to a very early time point in embryogenesis primitive
organs develop containing mesenchymal cells and small lipid
droplets. Arterioles are closely related to these primitive organs
and are embedded in mesenchymal adventitial cells which pro-
liferate also when vascular growth occurs. It was hypothesized
that such mesenchymal cells in vascular areas may be progen-
itors for the development of fat cells [3, 4]. In the meanwhile, a
variety of studies provided proof that mesenchymal stem cells
from many different tissues are “perivascular cells” or
“pericytes” [5].The first adipocytes were found to be located
in the perivascular region. There are many reports dealing with
theories or facts about the origin of adipocytes: they may de-
velop out of endothelial cells, mature or immature macro-
phages, fibroblast-like or mesenchymal perivascular cells
[6-8]. Another report about adipose stem cells even provided
proof that adipose pluripotent stem cells originating from
perivascular cells express a-SMA during differentiation. The
authors concluded that perivascular cells are mainly composed
of pericytes and the population of smooth muscle cells derived
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from pericytes [9]. A very interesting study of Planat-Benard et
al. (2004) about the plasticity of adipose lineage cells [10]
suggests that adipocytes and their closely located endothelial
cells might share a common progenitor that could differentiate
in both fat cells and vessel cells depending on the environment,
as also reported by Cao et al. [6]. The first preadipocytes found
show a fibroblast-like cell morphology which changes into a
spherical shape when lipids accumulate in the cytoplasm.
These mature adipocytes are not able to proliferate any more
[3]. Even in the adult there is always a close relationship be-
tween angiogenesis and adipogenesis which was proposed to
be a target for the regulation of fat cell development [11]. The
review of Bays et al. (2011) illustrates that blood vessel cells
and adipocytes share a common genetic lineage through
the formation of mesenchymal stem cells [12]. The major-
ity of fat tissue — including perivascular adipose tissue -
cellular components are preadipocytes and fat-containing
mature adipocytes which are surrounded by fibrous connec-
tive tissue, collagen, nerves, and blood vessels [13]. Other
adipose tissue cell types, the so-called “stromal vascular
fraction” cells, include mesenchymal cells, fibroblasts, en-
dothelial precursor cells, smooth muscle cells, blood cells,
and immune cells [12]. Adipose tissue-derived stem cells
can differentiate into various cell types of both mesodermal
and nonmesodermal origin. However, adipogenesis in the
adult is not only responsible for the expansion of fat tissue
e.g. in obesity but also for the maintenance of adipocyte
numbers under normal conditions in healthy humans [5].

1.2 Characteristics of perivascular adipose tissue
in the adult

In the grown-up organism nearly all systemic arteries (except
arteries of the brain) and also small vessels in organs were
surrounded by perivascular adipose tissue. There is no me-
chanical barrier, maybe composed of elastic or fibrous layers,
which might separate the fat cells and the adventitial cells, as
the external elastic lamina. Similarly to the adventitia,
perivascular adipose tissue was considered only as a passive
mechanical support for the vasculature, and it was routinely
removed e.g. during heart or kidney transplantation.
Compared to other fat depots in the body, such as subcutane-
ous or visceral fat, perivascular fat is different because of its
direct contact to blood vessels. However, perivascular fat rep-
resents only up to 3 % of the total body fat mass whereas
subcutaneous adipose tissue (82-97 % of total fat) and VAT
(10-15 % of total fat) represent the main fat portion [14, 15].
Due to this special anatomical proximity, perivascular adipose
tissue was found to have a stronger influence on the cardio-
vascular system and highly vascularized organs (e.g. the kid-
ney). In small vessels and microvessels adipocytes are an in-
tegral part of the vascular wall, constituting the adventitial
layer [16]. Thus, as the adventitia, perivascular fat is a kind
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ofhighly vascularized connective tissue. Besides cells (mainly
adipocytes, but also endothelial cells, fibroblasts and mono-
nuclear cells), it contains collagen and elastic fibres, nerves
and vasa vasorum [17]. Adventitial vasa vasorum neovascu-
larization occurs during vascular injury and inflammation,
providing a direct way to transmit substances released by
perivascular fat to the inner vasculature [18, 19]. However a
variety of studies in the last decade demonstrated that not only
the structure and composition but also functional properties of
perivascular adipose tissue vary in different vascular beds
[20-23]. The presence of perivascular fat is normal and nec-
essary in the human organism. In obesity, the mass of visceral
fat increases and this is accompanied with increases in some
ectopic fat depots. However, there are also studies providing
evidences that the mass of some perivascular fat locations
changes independently of general obesity or visceral fat aug-
mentation [24-26]. As a consequence also the functional
properties are altered which is also described in detail in this
review. These functional changes of perivascular fat are not
characterized sufficiently in either hypertension, kidney dis-
eases or diabetes, but there are a growing number of experi-
mental studies published the last years. The following sections
describe different perivascular fat locations and their impact
for the (patho)physiology of adjacent tissues or organs.

1.3 Perivascular fat and vascular (patho)physiology

The role of perivascular adipose tissue in the regulation of vas-
cular function resulting in cardiovascular diseases is obvious
because of its exclusive location surrounding arterial vessels,
such as coronary arteries, large arteries (aorta), medium-sized
arteries (mesenteric), and small arteries (coronary arteries).
However, its function is dependent on the anatomic site.
Nevertheless, the term “perivascular fat” is used independently
of the different vascular location in the body until now.

Obesity which is accompanied by the augmentation of
perivascular fat mass around blood vessels is one of the major
causes for the development of vascular diseases. Thus, altered
fat mass or dysfunctional properties of this fat compartment in
obese individuals may be an important risk factor for both
atherosclerosis and hypertension.

Several studies provided proof that perivascular fat exerts
anti-contractile or vasodilatative effects in different vascular
locations. On the basis of functional studies in animals the
presence of perivascular fat-derived relaxant factors was pos-
tulated. Soltis and Cassis showed already in 1991 that
perivascular adipose tissue significantly influences vascular
responsiveness in an in vitro setting [27]. Many years later,
these observations initiated several other studies about the
presence of the so-called adipocyte-derived relaxing factor
(ADRF) [28-31]. In 2005, Barandier et al. described that
ADREF influences the vasocontrictive effects of some humoral
factors [32] but until now it is still unclear if it represents an

already known factor or a still unidentified new one [33]. The
following known factors were discussed to be candidates be-
cause of their anti-contractile effects: adiponectin ([34], H,S
[35], NO [36], prostacyclin or angiotensin (Ang) 1-7 [37] and
palmitic acid methyl esters [38]. The balance of relaxing or
contractile factors (e.g. ADRF) was found to be altered in
obesity [39] and hypertension [21, 39, 40]. This may be due
to perivascular dysfunction. When the fat mass was reduced in
very obese subjects, not only reduced weight, blood pressure,
inflammation, and metabolic alterations could be achieved but
also an improvement of the anticontractile function of their
perivascular adipose tissue [41]. The authors stated that this
reversal is due to an improved adiponectin and nitric oxide
bioavailability. In a further study it was proposed that prosta-
cyclin is not only secreted by the endothelium but also by
perivascular adipose tissue and may act as the perivascular
relaxing factor which protects against endothelial dysfunction
[42]. Furthermore, a potential role of NO as a perivascular-
derived relaxing factor was studied in experiments where rat
aorta or lipoatrophic mice aorta with or without perivascular
adipose tissue reacted differently concerning their contractile
responses to phenylephrine and 5- HT, as well as their anti-
contractile effects to Angl—7 [37, 40, 43].

The theory that perivascular adipose tissue may play a dual
role was discussed in a very interesting review of Gao et al.
[36]. Perivascular fat promotes not only vasodilatation by
ADREF etc. and protects against hypertension and vascular
diseases but enhances also vasconstriction by ADRF. The bal-
ance of such counterplayers is disturbed when the amount of
perivascular adipose tissue increases e.g. in obesity which
results in functional changes. The production of constrictive
factors is enhanced and the release of relaxing factors is
decreased.

Furthermore, cytokines and adipokines released from
perivascular adipose tissue around small coronary arteries,
aorta and systemic arteries can regulate vascular smooth mus-
cle and endothelial cell function [44]. The adjacent adventitia
is nerved by vasa vasorum which enables the transport of
vasoregulatory factors, cytokines and adipokines produced
by perivascular adipose tissue into the vascular vessel wall.
Since atherosclerotic changes and plaque formation are
accompanied by an enhanced neovascularization, the trans-
port of many substances - including (pro)inflammatory
factors - into the vessel wall and towards the vessel lumen
is improved [45].

1.4 Perivascular adipose tissue surrounding coronary
arteries

Coronary arteries are in close contact with pericoronary fat,
but also in direct proximity of the pericardial fat - which
is located between the external surface of the parietal peri-
cardium and the internal border of the mediastinum - and
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the epicardial fat which is located within the pericardial
sac [46]. Pericardial fat has direct effects on the develop-
ment of coronary atherosclerosis by the release of para-
crine factors. In the Framingham Heart Study, pericardial
fat was associated with vascular calcification of more than
one thousand participants, which suggests that these fat
depots may exert local toxic effects on the vasculature
[47]. Pericardial fat volumes were well correlated with
cardiovascular risk factors and the associations with peri-
cardial fat were independent of BMI, waist circumference,
age, smoking, and alcohol consumption. Thoracic
periaortic fat was also found to be associated with measures
of adiposity, metabolic risk factors, and coronary calcification
in a Framingham Offspring Study cohort [48].

There is also evidence that pericardial fat, perivascular fat,
pericoronary fat, and myocardial fat exert their effects on the
heart and blood vessels not only by direct lipotoxicity but by
indirect cytokine secretion [49, 50]. In addition, Kralova et al.
described a close relationship between the ratio of macro-
phages in the arterial wall and adjacent perivascular adipose
tissue in patients with coronary heart disease [51]. It has been
recently reported that human coronary artery perivascular ad-
ipocytes are responsible for regulating vascular morphology,
inflammation, and haemostasis [52]. Insulin resistance and the
progression of atherosclerosis seem to be triggered by factors
released from fat depots around the heart and coronary arteries
via outside-to-inside signalling [53]. A role of the adventitia
for the development and progression of atherosclerosis
beside the classical way on the luminal side of the ves-
sel after endothelial injury was already described in the
80th by Prescott et al. [54]. Predominantly the cytokines
IL-8, II-1 and the chemoattractant MCP-1 were found to
be secreted from perivascular adipose tissue. These fac-
tors are mainly responsible for the inflammation and
invasion of immune cells into the vessel wall and contribute
to atherosclerosis and plaque vulnerability [55].

Another fat compartment relevant for cardiovascular and
heart diseases is the epicardial fat tissue which is also located
along the coronary arteries [56]. However, it is a kind of
visceral thoracic fat depot and no perivascular adipose
tissue which directly surrounds the coronary arteries [57].
Epicardial fat tissue has an important mechanical buffering
function but plays also a role in the fatty acids homeosta-
sis [58]. Epicardial fat releases paracrine factors such as
leptin, resistin, tumor necrosis factor-«, interleukin-6,
visfatin, and chemerin [49]. However, a study comparing
adipokines expressed by epicardial adipose tissue in postmor-
tem samples indicate that coronary perivascular adipose tissue
seems to be more metabolically active than epicardial adipose
tissue [59]. Adipokines in periaortic and epicardial adipose
tissue: differential expression and relation to atherosclerosis.
However, the description of the detailed function of this very
specific fat compartment is beyond the scope of this review.
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1.5 Perivascular adipose tissue surrounding peripheral
arteries

The question arises if perivascular adipose tissue of other ar-
terial sites, e.g. conduit arteries is identical or differs from fat
depots of the heart. Our group examined the mRNA expres-
sion and protein secretion of perivascular fat cells in vitro
which were isolated from fat depots located around human
arm arteries [20]. This in vitro study demonstrated that
perivascular (pre-)adipocytes differ substantially from subcu-
taneous and visceral (pre-)adipocytes regarding the mRNA
and protein expression of inflammatory, metabolic and angio-
genic factors. We found that perivascular fat cells in vitro have
a much higher capacity to secrete angiogenic factors than
other fat cell types. Perivascular preadipocytes expressed
significantly higher levels of the angiogenic proteins
HGF-1, FGF-acidic, VEGF, serpin-E1, TSP-1 and IGFBP-
3 when compared to visceral and subcutaneous preadipocytes.
Thus, the vessel-near location of perivascular fat cells and its
higher angiogenic potential underscore the hypothesis that this
specific fat depot influences the arterial vessel wall physiology
and pathophysiology significantly and contributes to im-
portant features of atherosclerosis, as plaque growth, vul-
nerability and differentiation.

Furthermore, in a coculture model the secretory behaviour
of perivascular preadipocytes and mature adipocytes was
found to be influenced by human arterial endothelial cells
and vice versa. As already alluded to above for coronary ar-
teries, arterial endothelial cell activation and angiogenesis via
perivascular fat might be important processes because
intraplaque neovascularization contributes to the progression
of atherosclerosis, induces also changes in smooth muscle cell
function and supports instable plaque formation [60].
Vulnerable atherosclerotic plaques prone to rupture contain
an increased number of vasa vasorum and intraplaque haem-
orrhage. Furthermore, the diversity of several in vitro studies
about the morphology, size and lipid content of perivascular
fat cells indicates also that perivascular fat cells from different
blood vessels might be inhomogeneous and differ in function.
Whereas Chatterjee et al. (2009) described that perivascular
adipocytes isolated from fat around human coronary arteries
are irregularly shaped, smaller in size and less lipid-filled
when compared to subcutaneous and visceral adipocytes
in vitro [61], our group found that perivascular cells
around radial arteries are larger and fulfilled with lipid
droplets. In a swine model Owen et al. has shown that
perivascular fat may act differently according to the ana-
tomic location [62] and Kirkland et al. (1996) showed in
isolated rat cells a variability in physiological characteris-
tics among different adipose depots [63]. These data sug-
gest that perivascular fat depots differ depending on their
location and that the paracrine factors released may affect
vascular functions differentially.
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1.6 Perivascular adipose tissue surrounding arteries
of the renal sinus

Since it is a very rare event allowing to harvest arteries together
with perivascular fat from humans beside bypass surgery proce-
dures, a limited number of studies are published until now to
characterize the so-called renal sinus fat compartment. Our
group had the opportunity to gain samples of renal sinus fat from
kidney transplantations which enable us to isolate and cultivate
renal sinus fat cells and to analyse resections of the human renal
sinus (Fig. 1). Furthermore, we did cocultures experiments with
endothelial cells and podocytes because the interactions between
renal sinus fat and glomerular cells from human origin via para-
crine factors has not been reported yet. In accordance to some
other reports about the release of the “positive” relaxing factor
ADREF and the “negative” proinflammatory factors and
adipokines by perivascular fat, we found also a dual role of renal
sinus fat. This renal sinus fat compartment per se was found to
reduce the release of pro(inflammatory) factors by endothelial
cells and podocytes indicating a benign effect on the kidney.
However, functional or mechanical influences alter the benign
effect of the renal sinus fat. One very important trigger for the
alteration of renal sinus fat from an antiinflammatory to a pro-
inflammatory status is the interplay with the fatty liver derived
hepatokine fetuin-A. As we already described previously for
perivascular fat around arm arteries, fetuin-A in combination
with palmitate causes a huge increase in the expression of
(pro)inflammatory factors in both perivascular and renal sinus

Fig. 1 Resection of a human ¥ N

artery: hdmatoxylin/eosin stained
paraffin section showing the
artery lumen (thin arrow), the
adventitia, vasa vasorum and
adjacent the perivascular adipose
tissue (bright arrows)

fat cells which potentiates the (pro)inflammatory influences
on the kidney (unpublished data).

1.7 Perivascular adipose tissue and clinical outcomes
in patients

On the basis of these in vitro findings the question remains if
there are clinical correlates to these in vitro findings. In a
clinical study at prediabetic patients, our group determined
previously whether perivascular fat around the brachial artery
influences NO signalling - reflected in flow-mediated dilation
- or insulin sensitivity in humans. We found a close relation-
ship between perivascular adipose tissue and insulin sensitiv-
ity. Using high-resolution magnetic resonance imaging the
mass of perivascular adipose tissue was found to be negatively
correlated with insulin sensitivity and the post-ischemic in-
crease in blood flow [64]. On the basis of in vitro studies
(which will described in detail in 1.8) we determined also
the HGF serum levels in patients with low and high amounts
of perivascular, visceral and subcutaneous fat. 95 individuals
underwent whole body MRT imaging to measure fat distribu-
tion. In our univariate analysis, PVAT was the only fat com-
partment which was correlated with serum HGF levels. In a
stepwise regression analysis including perivascular, visceral
and subcutaneous fat, age and gender, only age and
perivascular fat turned out to be determining factors for
HGF serum levels [20]. According to our in vitro data, this
in vivo correlation suggests an enhanced secretion of

artery lumen )

'., $ 5 ﬂ_;,'" ﬁ“<‘

5 o S ¥ : \ vasa
7 Sz " \vasorum
4 Gl . cd
J 4 A i
adipose it 4
tissue it - & b
R adipose - g .
SR ' tissue
‘adventitia —— SRR T A =
. ) vv._ f
2 b3 Wi L
" 7100 pm

@ Springer



56

Rev Endocr Metab Disord (2016) 17:51-60

angiogenic factors, like HGF, in patients with a higher
perivascular fat mass which might be of pathophysiological
importance. Regarding a potential relevance of renal sinus fat
on kidney function, also some clinical data were published
previously. In a subcohort of the Framingham study
(n = 2923), the renal sinus fat area was associated with both
hypertension and chronic kidney disease independent of gen-
eralized or abdominal adiposity [65]. Furthermore, our group
demonstrated that the renal sinus fat mass is associated with
elevated microalbuminuria under exercise conditions [25].

1.8 The role of perivascular adipose tissue as an endocrine
organ

In the meanwhile it is widely proven that perivascular adipose
tissue of each vascular location does not only serve as a me-
chanical support in the vascular bed. It has characteristic se-
cretory properties which differ from other fat depots. The ab-
sence of a separating lamina, as the lamina elastic interna or
externa, enables and promotes the paracrine exchange of
many factors through outside-to-inside signalling between
perivascular fat cells and vascular cells, as adventitial fibro-
blasts, medial smooth muscle cells and intimal endothelial
cells [1]. Furthermore, perivascular fat cells which infiltrate
the adventitia are in close contact to vasa vasorum where
secreted factors are able to diffuse into the blood stream. In
general, all fat tissues release a great variety of hormones and
factors which exert autocrine, paracrine and endocrine effects.
Beside energy storage, fat tissue represents a kind of endo-
crine and immune organ. However, the highly differentiated
adipose tissue in adults changes in mass and distribution
throughout life [66]. Depending on age, several diseases or
drug treatments, its functions alter or a lipodystrophy occurs
followed by a redistribution of subcutaneous and visceral as
well as ectopic fat depots [67]. Furthermore, the composition
of the adipose tissue is not uniform and stable but undergoes
renewal during life. Fat tissue consists of many cell types,
including, preadipocytes, fibroblasts, endothelial cells, and
immune cells such as macrophages and T cells and mainly
differentiated adipocytes [68]. However, because of common
lineages (e.g. mesenchymal stem cells) it is rather difficult to
count the number of each cell type in adipose tissue e.g. by
staining with specific antibodies. It was estimated that
preadipocytes account for 15-50 % of cells in fat tissue which
serve as the direct precursors developing into new adipocytes
[66]. Thus, it is difficult to estimate or measure the contribu-
tion of each cell type on the expression and secretion of factors
released by the different adipose tissues. Furthermore, Wei
etal. (2013) showed that mature adipocytes possess the ability
to dedifferentiate into a population of proliferation-competent
progeny cells known as adipofibroblasts or dedifferentiated fat
cells [4]. Adipocytes are fully differentiated cells that cannot
divide anymore. In contrast, studies in aging rats demonstrated
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that preadipocytes possess a lifelong potential for making new
fat cells. Furthermore, the number of fat cells changes upon
stem cell recruitment and increases also with age [69].
Preadipocytes are present throughout the life span [70].
Functional analyses provided proof that the potency of
preadipocytes and adipocytes to express and secrete many
factors differs. To study these differences and their specific
contribution to the secretory profile of different fat tissues, cell
isolation and cultivation of preadipocytes and their differenti-
ation to mature adipocytes in vitro have been shown to be
valuable methods. Some preadipocyte cell lines were used
[71], but the sources of human fat tissue, especially
perivascular adipose tissue, for the isolation of primary cells
are very limited. Whereas human subcutaneous or visceral fat
cells are easier to get, there is still insufficient number of
studies dealing with primary human perivascular fat cells from
arm arteries, the aorta or coronary arteries or newly studied
perivascular fat cells, as renal sinus fat cells.

We and others could previously show that the amount of
proinflammatory factors and adipokines varies depending on
the fat depot as well as between preadiopcytes and adipocytes
[20, 63]. Our group provided proof that both perivascular pre-
adipocytes and mature adipocytes exhibit a different expres-
sion profile and amount of angiogenic, growth stimulatory,
inflammatory and metabolic factors compared with cells from
other fat stores, e.g. subcutaneous or visceral fat. All fat cell
types secreted a great variety of proinflammatory factors, e.g.
IL-8, 11-6 and MCP-1, as well as the angiogenic factors HGF,
IGFBP-2, IGFBP-3, aFGF, pentraxin-3, serpin-E1, VEGEF,
IGFBP-1, IGFBP-2, IGFBP-3, TSP-1, serpin-F1 and TIMP-
4. However, we found that perivascular fat cells in vitro and in
vivo have a much higher capacity to secrete angiogenic fac-
tors, predominantly HGF, than the other fat cell types.
Furthermore cocultures with arterial endothelial cells demon-
strated that vessel cells influence the secretory behaviour of
pre-adipocytes and mature adipocytes. Therefore, HGF levels
in 95 individuals were measured and the tissue mass of differ-
ent fat compartments was determined by MRI. The data of this
in vivo study suggests enhanced secretion of angiogenic fac-
tors, such as HGF, in patients with a greater perivascular fat
mass, which may be of pathophysiological relevance [20].

Furthermore, we proved the hypothesis that differentiation
of preadipocytes to mature adipocytes may alter the release of
angiogenic factors and adipokines. Among all tested angio-
genic proteins, the secretion of HGF, IGFBP-1, IL-8, MMP-9
and TSP-1 was significantly lower after differentiation. In
contrast, levels of serpin-E1, serpin-F1 and pentraxin-3 in-
creased after differentiation. In regard to the classical
adipogenic factors, predominantly serpin-E1 and visfatin,
but also lower levels of leptin, resistin, fetuin-A and apelin
could also be detected. After differentiation to adipocytes,
the mRNA expression of all adipogenic proteins decreased
markedly despite adiponectin, which is only expressed
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significantly by differentiated adipocytes. Thus, preadipocytes
and adipocytes differ in regard to the mRNA expression pro-
file and amount of secreted proteins [20]. This was also de-
scribed by others: Mack et al. (2009) could show in primary
human preadipocytes from the SGB cell strain that
preadipocytes have a greater potency compared with adipo-
cytes as endothelial cell activators under normoxia, hypoxia,
and TNF-o exposure [72]. An interesting study of Skruk et al.
(2007) also described that adipocytes per se are an important
production site for many adipokines and cytokines, such as
leptin, IL-6, IL-8, TNF- and MCP-1. However, when adipo-
cytes were fractioned according to their cell size, the hyper-
trophic, very large adipocytes showed a markedly impaired
adipokine and cytokine secretion, which promotes inflamma-
tion in human adipose tissue. The authors concluded that the
adipocyte size and a dysregulation of hypertrophic cells are
important determinants of a proinflammatory adipokine re-
lease [73].

Yudkin et al. (2005) described a vascocrine signalling
where perivascular fat cells secrete adipocytokines which reg-
ulate the insulin-mediated balance between NO and
endothelin-1. In obesity, an increased adipocytokine release
induces the inhibition of the PI3-K pathway of insulin signal-
ling. The vasoregulatory properties of periarteriolar fat are
altered and result in a reduced insulin-induced vasodilatation
or vasoconstriction by vascular medial smooth muscle cells.
Furthermore, high concentrations of TNFa access the vascu-
lar lumen and inhibit this endothelial PI3-K dependent insulin
signalling in downstream vessels. The authors conclude that
the reduced insulin-mediated enhancement of muscle nutritive
blood flow will contribute to insulin resistance [53].

As already alluded to, perivascular fat has an impact on vas-
cular smooth muscle vasodilation and contraction. However,
perivascular adipose tissue contributes also to smooth muscle
cell proliferation and migration [74]. Several adipokines were
proposed to be an adipocyte-derived growth factor, such as
visfatin, leptin or resistin, but also NEFA [32]. In contrast,
adiponectin was found to decrease smooth muscle cell prolifer-
ation [75]. As already well know, the classical adipocytokines
released by adipose tissue exert pro-inflammatory (leptin,
resistin and visfatin) or anti-inflammatory (adiponectin) effects.
These observations have impact on vascular remodelling
because the endocrine and paracrine actions of adipocytes are
especially important for the cardiovascular system and link
obesity and cardiovascular diseases [50].

One of the major findings of fat research is that inflamma-
tory cells — macrophages and T cells — are found in adipose
tissue which may be present at any time beside adipocytes and
endothelial cells or were invaded from outside. Predominantly
adipocytokines (leptin and resistin) and chemoattractants
(MCP-1) are able to attract inflammatory cells. In respect of
the exclusive location of perivascular adipose tissue, the at-
traction of macrophages into this fat compartment and the

adjacent vessel wall is of major importance for cardiovascular
and renal diseases [76].

1.9 Perivascular adipose tissue crosstalk with the liver

Fetuin-A or alpha-2-HS-glycoprotein, a major non-
phosphorylated sialoprotein in plasma, is exclusively expressed
in the liver (except for the tongue and the placenta) [77]. Itis a
natural inhibitor of the insulin-stimulated insulin receptor tyro-
sine kinase. Fetuin-A may serve as a mediator of signals be-
tween the fatty liver and insulin resistance. We and others found
that high plasma levels of the hepatokine fetuin-A are associat-
ed with insulin resistance in humans. The EPIC-Potsdam study
supports that high circulating fetuin-A is associated with diabe-
tes risk in middle-aged individuals [78]. However, the last years
it became evident that fetuin-A may have also a crucial role in
the pathology of atherosclerosis [24, 79]. Clinical studies
showed that there is a link between high plasma fetuin-A levels
and an increased risk for atherosclerotic complications, such as
myocardial infarction and ischemic stroke [78, 80]. The fatty
liver which produces high fetuin-A levels contributes also to
subclinical inflammation including the cardiovascular system
[81]. In a case-cohort study based on the EPIC-study signifi-
cantly increased risks of myocardial infarction and ischemic
stroke were also found in subjects with higher fetuin-A levels
in plasma [78]. Since perivascular adipose tissue mass and
function are correlated with insulin resistence and cardiovascu-
lar diseases, a potential crosstalk with the fatty liver was postu-
lated. Previously, we provided proof in an in vitro study that
fetuin-A specifically affects the function of human perivascular
fat cells. Fetuin-A inhibited cell growth and increased the
mRNA expression and secretion of the proinflammatory pro-
teins IL-8, IL-6, MCP-1 and PAI-1. Furthermore, fetuin-A
changed the expression of angiogenic factors [82]. As already
mentioned above we found also that perivascular fat cells pos-
sess a higher angiogenic potential than visceral and subcutane-
ous fat cells. Fetuin-A upregulated VEGF, PDGF, bFGF and
PIGF whereas HGF, the major angiogenic protein of
perivascular adipose tissue, was significantly downregulated
[82]. Thus, fetuin-A seems to have an important impact on
perivascular fat cell function. Our data indicate that fetuin-A
influences both the secretion of proinflammatory and angiogen-
ic factors from vascular cells and perivascular fat cells via dif-
ferent signalling pathways. Thus, this crosstalk with fetuin-A,
delivered from the (fatty) liver, may be at least involved in the
generation of cardiovascular and renal diseases by influencing
perivascular fat function.

2 Summary

Until the first publication in 1991 [27] there was nearly no
interest in studying the role of perivascular adipose tissue,
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despite the existence of several reports about the secretory
function and role of visceral and subcutaneous fat depots.
However, since cardiologists accepted that the arterial vessel
wall do not consist of a 3-layer but a 4-layer structure,
perivascular adipose tissue which is directly connected to the
adventitia, was recognized as a functionally very active com-
partment which differs from other fat locations. The following
studies were first focused on the influence of perivascular
adipose tissue on cardiovascular diseases. On the basis of
studies about the inflammatory behaviour of visceral fat, it
was assumed that the release of adipokines and inflammatory
factors are the cause of arterial vessel wall alterations leading
to atherosclerosis. In the meanwhile, perivascular adipose tis-
sue is recognized as a dual-faced compartment that is capable
to release both contractile and anticontractile, as well as in-
flammatory and antiinflammatory factors. The positive or
negative impact on the cardiometabolic syndrome is depen-
dent on changes in mass and function of this fat tissue.

Adipose tissue in general, but also perivascular fat, may also
influence insulin sensitivity by the secretion of adipokines
from (pre)adipocytes themselves, or proinflammatory factors
from both adipocytes and infiltrating immune cells, a phenom-
enon that is increased in obesity. Furthermore, renal sinus fat
comes into the focus of research because renal function heavily
depends on blood flow. Preliminary in vitro-data demonstrated
that pro-inflammatory factors released from functionally al-
tered renal sinus fat (e.g. by fatty liver-derived fetuin-A) may
influence glomerular cell function which is relevant for the
development of chronic kidney disease associated with insulin
resistance. Great improvements of imaging methods for the
assessment of adipose tissue compartments with magnetic res-
onance (MR) imaging and MR spectroscopy allows now to
quantify and characterize also smaller fat depots, such as renal
sinus fat or pancreatic fat, more precisely. However, there is
much need for further in vivo and in vitro-studies in animals but
more importantly with human primary cells which resemble
the human situation much better.
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