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Abstract In most humans, obesity is associated with a
chronic low-grade inflammatory reaction occurring in sev-
eral organ tissues, including the adipose tissue. Infiltration
of bone marrow derived leukocytes (granulocytes, mono-
cytes, lymphocytes) into expanding adipose depots appears
to be an integral component of inflammation in obesity.
Circulating leukocytes invade organ tissues mainly through
post-capillary venules in the microcirculation. The endothe-
lium of the post-capillary venules acts as a gatekeeper to
leukocyte adhesion and extravasation by displacing on its
luminal surface adhesion molecules that bind the adhesive
receptors expressed on circulating leukocytes. Several stud-
ies investigating the impact of obesity on the microcircula-
tion have demonstrated the occurrence of microvascular
dysfunction in experimental animal model of obesity, as
well as in obese humans. To date though, working hypoth-
eses and study designs have favored the view that micro-
vascular alterations are secondary to adipose tissue
dysfunction. Indeed, a significant amount of data exists in
the scientific literature to support the concept that microvas-
cular dysfunction may precede and cause adipose tissue
inflammation in obesity. Through review of key published
data, this article prospectively presents the concept that in
response to nutrients overload the vascular endothelium of
the microcirculation acutely activates inflammatory path-
ways that initiate infiltration of leukocytes in visceral adi-
pose tissue, well before weight gain and overt obesity. The
anatomical and physiological heterogeneity of different
microcirculations is also discussed toward the understand-
ing of how obesity induces different inflammatory pheno-
types in visceral and subcutaneous fat depots.

Keywords Selectins . Endothelial cell adhesion molecules .

Myeloperoxidase . Neutrophils . Free fatty acids .

Post-Capillary venules . Lipoprotein lipase . PSGL-1

1 Introduction

Obesity is a serious health challenge facing the US population
with an overall medical cost for managing its complications
reaching as high as $147 billion in 2008 [1]. Research has now
shown that as body weight increases to reach the levels
referred to as “overweight” and “obesity”, incidence of insulin
resistance, type 2 diabetes, cardiovascular disease, fatty liver
disease, atherosclerosis, neurological disorders including de-
mentia, lung dysfunction, and some cancer also increases.
World Health Organization’s estimates indicate that approxi-
mately one billion adults are overweight, and 300 million are
obese [2]. More importantly, these numbers are expected to
rise since the prevalence of childhood obesity is increasing at
an alarming rate [3].

Consequently, the past decade has witnessed a highly
intensified research effort into the mechanisms that govern
adipose tissue dysfunction and obesity-associated complica-
tions. A unifying concept emerging from several indepen-
dent lines or research is the existence of a mechanistic link
between nutrients overload and derangements in the cellular
and molecular mediators of immunity and inflammation
(recently reviewed in [4, 5]). Inflammation is an acute
vascular response aimed at restoring tissue integrity follow-
ing exposure to harmful stimuli. Physiologically, the inflam-
matory response quickly terminates once the offending
agents have been neutralized or removed altogether. If the
injurious stimulus persists, a chronic state of low-grade
inflammation usually occurs, with local and systemic detri-
mental consequences.

Even after accounting for lack of physical activity and
genetic susceptibility, excessive food energy intake proba-
bly remains the most common cause of obesity in western
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countries [6]. Most individuals who develop overweight and
obesity must, therefore, consume high-calorie meals for
prolonged periods of time. With prolonged nutrients over-
load, the inflammatory response found in the obese state
becomes of a chronic, low-grade type or, as recently de-
fined, metainflammation [5]. Metainflammation occurs in
expanding adipose depots, especially visceral ones. Metain-
flammation encompasses most components of the classical
inflammatory response, including cytokine production [7],
recruitment and activation of circulating leukocytes [8], and
adipose tissue remodeling [9]. This brief review focuses on
the role that leukocyte-endothelium interactions play in
adipose tissue inflammation. We prospectively propose the
concept that microvascular dysfunction induced by western
type high-fat diets may precede and trigger adipose tissue
inflammation. The pathophysiological reasoning underlying
this working concept is discussed along with supporting
experimental and clinical evidence.

2 The adipose tissue microcirculation

The 1945 work of Gersh and Still was the first to demon-
strate the presence of a rich vasculature in adipose tissue
[10]. This work changed the original histology based view
of adipose tissue as a tissue having only a sparse and
irregular vascularity. Later studies demonstrated that the
vascularity of adipose tissue is of the same magnitude of
that found in organs with intense metabolic activity, such as
the skeletal muscle [11]. The use of intravital microscopy to
observe directly the intact microcirculation has provided
additional evidence that the adipose tissue receives a rich
capillary blood supply [12]. Anatomically, the microcircu-
lation can be divided into three segments, each with distinct
physiological functions: arterioles, capillaries plus post-
capillary venules, and venules. Each segment controls se-
lected microvascular functions, which correspond to specif-
ic structures and roles. Arterioles regulate blood flow
allocation and they branch into smaller diameter microves-
sels in which the number of muscular layers progressively
decreases until single endothelial cells lying on a basement
membrane form the true capillaries. A single terminal arte-
riole controls blood-perfusion in groups of capillaries, with-
in the same microvascular bed [13]. Capillaries are the sites
of true exchange between the blood and tissue compart-
ments. In adipose tissue, capillaries abundantly express on
the endothelial luminal surface the lipoprotein lipase (LPL);
an enzyme synthesized and secreted in catalytically active
form by neighboring adipocytes. LPL is mobilized from
adipocytes to the luminal surface of endothelial cells via
the action of glycosylphosphatidylinositol-anchored high-
density lipoprotein-binding protein 1 GPIHBP1 [14]. LPL’s
major physiological role is to hydrolyze the triglycerides of

chylomicrons and VLDL particles on the luminal side of the
capillary endothelium, which results in the release of free
fatty acids (FFA). In organ such as the liver, where large
fenestrae in the capillaries allow the passage of molecules as
large as lipoproteins, circulating FFA have direct access to
the parenchymal cells for storage. In adipose tissue, instead,
the capillary endothelial cells are bound by tight-junctions, a
condition that prevents direct uptake of FFA [15]. Since in
adipose tissue, FFA must cross the capillary endothelial cells
in order to be available to adipocytes, it is likely that fol-
lowing consumption of high-fat meals excessive FFA for-
mation triggers acute inflammatory events in the adipose
tissue microcirculation, even in the absence of primary
adipocyte dysfunction. Indeed, elevated plasma FFA corre-
late with markers of endothelial activation in humans [16].
From a physiologic standpoint, it might appear counterintu-
itive that the visceral microcirculation initiates inflammatory
reactions in response to nutrient absorption. Indeed, such
predisposition could be part of an adaptive immunosurveil-
lance function that defends the organism from the many
bacteria and toxins that potentially can enter the blood
stream during nutrient absorption. In support of this view,
recent data have indicated that high-fat food intake is asso-
ciated with transient endotoxemia in humans [20]

The microcirculation also regulates vascular permeabili-
ty, an important function in the blood/tissue exchange of
fluids, solutes and macromolecules. The main location of
both physiological and pathophysiological vascular perme-
ability is the venous, capillary endothelium, although arte-
rioles also exhibit some permeability function [17]. For
more detailed information, the reader is referred to a large
review on permeability [18]. Abnormally elevated capillary
permeability is typically seen in inflamed microvascular
networks where it causes leakage of macromolecules into
the surrounding organ tissue (e.g., albumin) [19]. In theory
then, disruption of the endothelial cell barrier caused by
excessive FFA levels following consumption of high-fat
meals could result in absorption of bacterial byproducts. In
line with this view, emerging research emphasize a role for
the gut microbiota in obesity and insulin resistance (recently
reviewed in [4]).

3 Microvascular heterogeneity and adipose tissue
inflammation

Adipose depots occur in multiple visceral and subcutaneous
locations of the body. Clinical evidence indicates that adi-
pose distribution is important since central adiposity, espe-
cially visceral obesity, is typically associated with metabolic
and vascular complications [21]. Conversely, peripheral and
lower body fat accumulation appears to be protective. The
physiologic mechanisms underlying these differences
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remain though unexplained. Perhaps, anatomical and func-
tional differences between the visceral fat and subcutaneous
fat microcirculations could help us understand these discrep-
ancies. As a general principle, it should be noted that het-
erogeneity is a hallmark of the vasculature. Differences are
found not only between large and small vessels but also
within microcirculations of different organs, within micro-
vascular sections of the same organ and even along the same
vessel. To name a few relevant examples, expression of
matrix metalloproteinases in microvessels differs from that
of macrovascular endothelial cells [22], as do endothelial
microdomain signaling complexes [23]. More interestingly,
in the mesenteric fat pads, most of the fat cells seem to be
uniquely clustered around the venular segment [24]. In the
visceral fat, therefore, adipocytes are peculiarly arranged in
proximity of the site of the microcirculation where leuko-
cytes adhere and extravasate. In the overweight individual,
LPL activity is elevated, particularly at an intermediate
waist circumference [25]. In vivo studies of meal FFA up-
take provide definitive evidence for heterogeneity in the
metabolism of visceral adipose tissue (VAT) and subcutane-
ous adipose tissue (SAT). Expressed relative to the same
mass of adipose tissue, meal FFA uptake is greater in intra-
abdominal than abdominal subcutaneous fat in both sexes
[26, 27]. The direct uptake of plasma FFA is also greater in
omental compared to abdominal subcutaneous fat of women
[28]. While high-LPL activity and higher FFA uptake may
favor the preferential fat deposition in visceral depots, they
may also expose the endothelium of the visceral fat micro-
circulation to excess FFA levels that are able to initiate the
microvascular inflammatory responses discussed above.
Overall, this information suggests that a unique anatomical
structure, along with a higher LPL activity and FFA uptake
are likely to make the visceral fat microcirculation prone to
experience inflammation with nutrients overload.

4 Leukocyte-endothelium interaction

Infiltration of bone marrow derived inflammatory cells is a
key feature of the adipose metainflammation seen in over-
weight/obese humans as well as in animal models of obesity.
It is widely accepted that this inflammatory cell invasion is
almost invariably associated with adipose tissue dysfunction
and metabolic complications, such as insulin resistance
(reviewed in [29, 30]). Of note, recent clinical studies sup-
port the concept that adipose tissue inflammation is causa-
tive of insulin resistance in complicated obesity. In fact, a
subset of obese individuals with less inflammation in their
visceral fat remains insulin-sensitive [31, 32]. These studies
indicate that the visceral fat of some obese humans is better
equipped to deal with calorie overload through mechanisms
that remain presently unidentified. Conversely, other

experimental and clinical research emphasizes a primary
role for non-inflammatory based mechanisms in the adipose
tissue dysfunction and insulin resistance of obesity. Thus,
primary dysfunction of the fuel-sensing enzyme AMPK in
adipocytes has been linked to insulin resistance in obesity
[33]. Studies have extensively demonstrated macrophage
infiltration of adipose tissue in obese mice and humans [8,
34], and based on experimental results, it has been sug-
gested that expanding adipocytes or neighboring pre-
adipocytes might begin to produce chemotactic signals lead-
ing to macrophage recruitment [35]. Overall, careful analy-
sis of the literature reveals that mainstream working
hypotheses have and continue to consider adipocytes as
primary instigators of inflammatory cell recruitment in obe-
sity. Accordingly, only marginal attention has been dedicat-
ed to the microcirculation in these processes, despite the
unquestionable mandatory role that the microcirculation
plays in the regulation of leukocyte trafficking. As result,
microvascular alterations are currently considered second-
ary to adipocyte dysfunction, and, therefore, studied almost
exclusively in the context of the cardiovascular complica-
tions of obesity [36]. Only recently, adipose tissue angio-
genesis studies have emphasized a primary role for the
microcirculation in obesity with insulin resistance [37].
Specifically, activation of the transcription factor HIF (hyp-
oxia-inducible factor)-1α due to imbalance between adipose
tissue expansion and microvasculature supply has been cor-
related to adipose tissue inflammation [38]. Indeed, funda-
mental physiology knowledge supports a primary causative
role for the microcirculation in the inflammation of obesity.
First, all nutrients absorbed post-prandial must traverse the
microcirculation to be stored in adipocytes (see also para-
graph above). Accordingly, studies have extensively shown
that overload of nutrients such as glucose and FFA acutely
induces microvascular dysfunction in non-obese laboratory
rodents [39, 40]. Similarly, release of FFA from adipose
storage during fasting is acutely associated with accumula-
tion of macrophages in visceral fat depots [41]. Clinical data
demonstrate upregulation of endothelial cell adhesion mol-
ecules in healthy volunteers following intake of high-fat
meals [42]. Second, the microcirculation is the site of the
vascular tree where leukocytes infiltrate inflamed organ
tissues, including the adipose tissue. Physiologically, leuko-
cytes perform most of their functions in the extravascular
compartment. To reach this compartment, they must traverse
the vascular endothelium (Fig. 1). Therefore, interaction of
circulating leukocytes with the vascular endothelium is a
mandatory step in the inflammatory response and, this event
occurs on the venular side of the microcirculation [43].
Leukocyte-endothelium interactions occur in three steps,
each mediated by a specific set of cell adhesion molecules
(eCAMs) expressed on the endothelial cell surface: 1) leu-
kocyte rolling is regulated by the selectin family of adhesion
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molecules (P-selectin, E-selectin); 2) leukocyte adherence
by the immunoglobulin family of adhesion molecules
(ICAM-1 and VCAM-1); and 3) leukocyte extravasation is
regulated by ICAM-1 and PECAM-1. Although endothelial
cells of all vascular segments (arteries, capillaries, and
veins) can express eCAMs, post-capillary venules are the
preferential site of leukocyte trafficking, probably because
of their greatest density in eCAMs expression [44–48] and
because of favorable hemodynamic factors [43, 49]. Inter-
estingly, recent studies demonstrate that infiltration of spe-
cific leukocyte populations occurs very early with
consumption of a high-fat diet; obviously well before ex-
cessive calorie storage can affect adipocyte function. Spe-
cifically, Dr. Olesfksy’ laboratory has recently shown, that
in the mouse, neutrophil accumulation occurs within 48 h
from administration of high-fat feeding, with near to peak
values at 3 days post-feeding [50]. In the same study,
neutrophils-derived elastase was also found to contribute
to insulin resistance with prolonged feeding.

The results of this study raise new important questions on
the mechanism(s) and consequences of this early infiltration
of inflammatory cells associated with consumption of high-
food. A possible explanation to this phenomenon can be
found in the endothelial regulation of the inflammatory
response. In response to inflammatory stimuli, the vascular
endothelium quickly displaces the adhesion molecule P-
selectin on its luminal surface. P-selectin is constitutively
expressed and, therefore, readily upregulated at the cell
surface with a time lag of approximately 15–20 min from
recognition of inflammatory stimuli [51]. In contrast, a time
lag of at least 2 h or more is required for upregulation of
other eCAMs (E-selectin, ICAM-1 and VCAM-1) since
they require de novo synthesis through transcriptional activ-
ity [52]. Thus, it is widely accepted that P-selectin initiates
leukocyte recruitment in inflamed microvascular networks.
Accordingly, it is reasonable to argue that perturbations of
the microcirculation caused by high-fat meals, could rapidly
and transiently induce trafficking of leukocytes in the adi-
pose tissue microcirculation via upregulation of P-selectin.
In line with this concept, two laboratories have recently
demonstrated that deletion of the counter-receptor for P-
selectin, P-selectin glycoprotein ligand-1 (PSGL-1), is pro-
tective against adipose tissue inflammation in obese mice
[53, 54]. PSGL-1 is expressed on all myeloid and lymphoid
lineages including dendritic cells. PSGL-1 binds endothelial
expressed P- and/or E-selectin with much higher affinity for
P-selectin (recently reviewed in [55]). Although PSGL-1 is
constitutively expressed on the cell surface of all circulating
leukocytes, it cannot initiate or sustain leukocyte trafficking
in the absence of endothelial selectin expression. Thus, the
function of PSGL-1 is indirectly regulated by the vascular
endothelium of the microcirculation where upregulation of
selectins restricts its engagement to inflamed vascular

networks only. Interestingly, studies in the literature have
reported upregulation of P-selectin in humans after con-
sumption of a single high-fat meal [56, 57]. Others have
also implicated P-selectin in obesity with insulin resistance
[58–61].

5 FFA regulation of P-selectin cell surface expression

As discussed above, data in the literature demonstrate that
uptake of FFA is elevated in visceral fat depots, which is
likely to expose the microvascular endothelium of the vis-
ceral fat to higher rates of FFA fluxes than that of other
adipose depot. This process can in theory cause fast dis-
placement of P-selectin to the endothelial cell surface via
activation of specific signaling pathways. Under resting
conditions, P-selectin is stored inactive in Webel-Palade
bodies [62]. Inflammatory stimuli quickly (≈15 min) upre-
gulate P-selectin at the endothelial cell surface to initiates
tethering of circulating leukocytes [63, 64]. In endothelial
cells, endothelial nitric oxide (eNO) is a major inhibitor of
Weibel-Palade body exocytosis, a step of the endothelial,
inflammatory cascade necessary for surface expression of P-
selectin [65]. Accordingly, loss of physiologic levels of eNO
quickly causes upregulation of P-selectin [66, 67]. Studies
have shown that the 5′ AMP-activated protein kinase
(AMPK) regulates eNOS activity at the posttranslational
level (recently reviewed in [68]). Interestingly, administra-
tion of high-fat diets to laboratory rodents reduces AMPK
activity in multiple tissues [69]. Moreover, FFA acutely
reduce AMPK activity in endothelial cells [70]. Conversely,
stimulation of AMPK activity attenuates activation of pro-
inflammatory pathway and increases NO release in human
endothelial cells exposed to FFA [71]. Thus, excess FFA
formation following ingestion of high-fat meals may cause
loss of basal eNO levels and upregulation of P-selectin via
downregulation of AMPK activity.

6 Functional implication of P-selectin upregulation

Leukocytes that adhere to endothelia expressing P-selectin are
activated and primed for degranulation and enhanced secre-
tion [51]. Among other factors, activated leukocytes release
the powerful oxidant, myeloperoxidase (MPO). MPO is a
heme protein abundantly expressed in neutrophils, and, to a
lesser extent, in monocyte and macrophages [72]. MPO has
long been viewed to function primarily as a bactericidal en-
zyme centrally linked to innate host defense. Indeed, recent
work demonstrates that MPO levels are increased in the
plasma and visceral organs of obese humans [73]. Others have
demonstrated that MPO accumulates in the visceral epididy-
mal fat of C57BL/6 J mice fed a high-fat diet [74].
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One of the main toxic byproduct of MPO is hypochlorous
acid, a powerful oxidant that is able to initiate modification of
signaling proteins, including transcription factor [75], and to
cause tissue dysfunction [76, 77] (Fig. 2). Interestingly, stud-
ies in the literature implicate the neutrophil/MPO axis in
adipocyte function, measured as adiponectin abundance. In
particular, acute reduction in plasma and adipose tissue levels
of adiponectin mRNA have been described during pulmonary
allergic reactions [78], a condition in which neutrophils be-
come highly activated. Adiponectin function is also rapidly
impaired by oxidants (recently reviewed in [79]).

Interestingly, we have reported that loss of adiponectin
causes chronic leukocyte-endothelium interactions in the mi-
crocirculation via upregulation of cell adhesion molecules,
including selectins [80]. We have also demonstrated that
physiologic levels of adiponectin prevent eCAMs upregula-
tion in the microcirculation via an eNO-mediated mechanism.
Others have reported that adiponectin stimulates nitric oxide
production in vascular endothelial cells [81]. Furthermore,
mice with reduced levels of adiponectin experience microvas-
cular and adipose tissue inflammation [80, 82, 83], while mice
overexpressing adiponectin are protected from infiltration of

leukocyte-derived inflammatory cells in the visceral fat [84].
Thus, upregulation of P-selectin in the visceral fat microcir-
culation could impair acutely adiponectin signaling via pro-
moting MPO release. With repeated insults by high-fat meals,
progressive loss of adiponectin function can result in sustained
upregulation of endothelial cell adhesion molecules in the

Fig. 2 Potential signaling targets of MPO chlorination in adipocytes,
which can impair adiponectin function in adipose depots experiencing
leukocyte infiltration through inflamed microvascular networks

Fig. 1 The obese organism experiences an abnormal infiltration of
leukocytes in the adipose tissue, a process that results in adipose tissue
inflammation and dysfunction. An integrated, maladaptive response
involving the endothelium of the adipose tissue microcirculation may
be the initiating factor in this phenomenon. Following consumption of
high-fat meals, excessive levels of FFA acutely upregulate P-selectin
(P-sel) in post-capillary venules of the visceral fat microcirculation by
reducing AMPK/eNO signaling. P-sel initiates rolling of circulating

leukocytes, especially neutrophils. Rolling leukocytes are primed for
enhanced secretion and degranulation, thus releasing, among other
inflammatory factors, the powerful oxidant myeloperoxidase (MPO).
MPO quickly initiates adipocyte damage leading to impaired adipo-
nectin function (early adipocyte dysfunction). With repeated high-fat
meals, loss of adiponectin function further exacerbates infiltration of
leukocytes via reduced AMPK/eNOS signaling in the vascular endo-
thelium (metainflammation)
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microcirculation (Fig. 1), a process that ultimately sustains
chronic leukocyte trafficking into expanding visceral fat
depots. Accordingly, further studies should be undertaken to
understand fully the role that the neutrophil/MPO axes plays
in the adipocyte tissue dysfunction of obesity.

7 Conclusion

Obesity is associated with low-grade inflammation mostly
in visceral fat depots. In the present article, we have
reviewed studies suggesting that unique anatomical and
functional features make the visceral fat microcirculation
vulnerable to acute inflammatory responses following
nutrients overload. We have also discussed evidence indi-
cating that microvascular dysfunction induced by nutrients
overload initiates leukocyte trafficking in the visceral adi-
pose tissue acutely and before weight gain and/or insulin
resistance. The present discussion may foster new studies on
the pathophysiology underlying adipose tissue inflammation
and related complications. It may also lead to new therapeu-
tic approaches that specifically target microvascular driven
causes of obesity-related disorders.
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