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In the last decades we have seen a rapid expansion of the
proportion of obese individuals worldwide. Actually obesity
has gradually but also rather considerably revealed as a
whole medical problem with menacing implications for the
health of our society. Indeed, obesity is already of epidemic
proportions in the U.S. and in many other parts of the world
and it is a worrying problem also in developing countries.
According to the last data of World Health Organization,
more than 1 billion people are overweight worldwide, where
more than 300 million fulfil obesity criteria [1]. Obesity
is accompanied by a plethora of other relevant diseases
including cardiovascular, cerebrovascular, and liver diseases,
type 2 diabetes, and dyslipidemias that are affecting also
youngest age groups of population. Obesity has been recently
recognized also as a relevant contributing risk factor for
certain types of cancer [2].

Emerging literature suggests that inflammation, as evalu-
ated by high inflammatory cytokines levels and other inflam-
matory markers, may represent basically a cause and conse-
quence of obesity and its comorbidities [3]. We have to bear
in mind that obesity is a consequence of millions of years of
evolution during which the ability to store efficiently fat in
long periods of fluctuation of food availability, alternated by
famines, granted capacity to survive, reproduce, and main-
tain survival of offspring. In the last 50 years, characterized
by an excess of food availability, this adaptive skill shifted
to maladaptive increasing the propensity to obesity and
its comorbidities above mentioned. Several disorders that
represent the major sources of morbidity and mortality in
the present world such as type 2 diabetes, cardiovascular
disease, and cancer are known to be associated with obe-
sity and have recently been reconsidered as inflammatory
diseases. For instance, the inflammation associated with

the accumulation of intra-abdominal fat is associated with
progressive resistance to the effects of insulin, ultimately
leading to type 2 diabetes [4]. Anyway, the causes for the
activation of the inflammatory response in obesity and its
comorbidities are undoubtedly complex and we are in the
beginning of the road to cover. Indeed, increasing evidence
(most of them reported in this special issue) suggests a
possible causal link between adiposity, particularly visceral
obesity and inflammation. Obesity leads to increases in
inflammatory cytokines and adipocytokines and changes in
related molecules such as leptin and adiponectin, which
may contribute to the development of multiple disturbs in
predisposed individuals. However, in most cases the relation-
ship appears to be bi-directional, in that prior comorbidities
seem to increase and perpetuate the proinflammatory status
associated to adiposity. Clearly, more research is needed to
examine the complex interplay between inflammation and
adiposity, an effect that is also in part to consequences of
low physical activity. However, the interactions between these
systems offer unique opportunities for targeted treatment
and prevention strategies.

For instance, there is a pressing need to investigate
strategies to disrupt inflammatory signalling in persons
with obesity (morbid or not) who show indication of
a proinflammatory state (e.g., those with elevated CRP).
Research on approaches that alter diet, increasing the intake
of particular micronutrients, or, of course, reducing weight,
is also needed [5].

This special issue has focused on adiposity and inflam-
mation as one of the main contributing factors for obesity-
associated morbidities.

However, several salient facts must be noted. Obesity
and comorbidities are complex and multifaceted diseases



with too many contributing factors. So, here we intended to
suggest that inflammation and adiposity contribute strongly
in all or even most affected people. The prevention of obesity
would significantly reduce the burden of comorbid diseases.
Indeed, by decreasing prevalence of obesity, other obesity-
related conditions can be reduced to a greater extent and
this will help in cutting down the health care budget to a
great extent (in times of economic crisis as such we are living
everywhere, this should be mandatory considered).

One year ago approximately, I answered to a call of
our Editor in Chief, Professor Freek Zijlstra, suggesting a
special issue on mediators of inflammation in obesity and its
comorbidities, and he has indeed selected a worthy topic.

In this issue of Mediators of Inflammation, we are pleased
to present to the reader a series of special features written by
great authorities in the field. In this special issue, the reader
will find several articles (more than 25) written by experts
on epidemiology, mechanisms and molecules, regulation
of body weight, concomitants of obesity, and therapeutic
approaches to obesity.

I would like to thank all contributors and reviewers and
I am personally grateful for your support to this special issue
as there can be no growth or improvement without your
participation.

Finally, a special thank is also due to the Associate Editors
of this special issue Giamila Fantuzzi, Gema Fruhbeck,
Giuseppe Matarese, and Paul Trayhurn for their hard work,
commitment, and support.

Oreste Gualillo
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Adipose tissue is a major site of chronic inflammation associated with peritoneal dialysis (PD) frequently complicating peritonitis.
Adiposity-associated inflammation plays a significant contributory role in the development of chronic inflammation in patients
undergoing maintenance PD. However, the molecular and cellular mechanisms of this link remain uncertain. Adipose tissue
synthesizes different adipokines and cytokines that orchestrate and regulate inflammation, insulin action, and glucose metabolism
locally and systemically. In return, inflammation retards adipocyte differentiation and further exacerbates adipose dysfunction
and inflammation. An understanding of the inflammatory roles played by adipose tissue during PD and the healing mechanism of
injured mesothelium will help to devise new therapeutic approach to slow the progression of peritoneal damage during peritoneal
dialysis. This article reviews the roles of peritoneal adipose tissue in chronic peritoneal inflammation under PD and in serosal

repair during PD.

1. Introduction

Continuous ambulatory peritoneal dialysis (CAPD) has
emerged as a major treatment modality in renal replace-
ment program worldwide. It has distinct advantages over
hemodialysis with a lower cost and simplicity of the tech-
nique. The ability to maintain the functional integrity of the
peritoneal membrane allowing effective removal of fluid and
metabolic waste is essential for the success of the treatment.
Unfortunately, the peritoneal membrane frequently exhibits
structurally changes following long-term dialysis due to the
exposure of unphysiologic peritoneal dialysis fluid (PDF)
with low pH and high glucose [1]. PDF also contains toxic
substances including glucose degradation products (GDP)
generated during the sterilization process and advanced
glycation end products (AGE) produced from Amadori
reaction between sugar and protein during long-term peri-
toneal dialysis (PD) [2]. These compounds cause irreversible
damage to the peritoneal tissue leading to ultrafiltration
failure and decline in dialysis efficacy [3, 4]. Previous studies
have reported the detrimental effects of PDF on peritoneal
cells including human peritoneal mesothelial cells (HPMC)

[5-7] and endothelial cells [8, 9]. While adipose tissue is
ubiquitously present in peritoneal tissue, information for the
characteristics and pathophysiology of adipocytes following
long-term exposure to PDF in maintenance CAPD remains
scarce. Only until recently, adipocytes are considered as
passive tissue for the storage of energy in the form of fat.
However, there are now compelling evidences suggesting that
adipocytes exert important metabolic and proinflammatory
effects on peripheral tissue [10-12]. Furthermore, peritoneal
adipocytes affect HPMC through the release of adipokines
and, hence, alter the peritoneal physiology during PD
(13, 14].

2. Peritoneal Adipocytes

The parietal and visceral peritoneal surfaces are covered by
a monolayer of mesothelium composed of mesothelial cells.
Beneath the mesothelial cells are the basement membrane
and submesothelial layer that contains collagen, fibroblasts,
adipose tissue, blood vessels, and lymphatics [15]. Adipose
tissue is abundant in omental or mesenteric peritoneum but
less so in parietal, intestinal, and diaphragmatic peritoneum.



Contrary to the prevailing view that adipose tissue functions
only as an energy storage depot, compelling evidence
reveals that adipocytes can mediate various physiological
processes through secretion of an array of mediators and
adipokines that include leptin, adiponectin, resistin, tumor
necrosis factor-a (TNF-«), interleukin (IL)-6, transforming
growth factor-f3 (TGF-f3), vascular endothelial growth factor
(VEGEF), hepatocyte growth factor (HGF), and other growth
factors [16]. Moreover, adipocytes express receptors for
leptin, insulin growth factor-1 (IGF-1), TNF-a, IL-6, TGF-
p and may form a network of local autocrine, paracrine,
and endocrine signals [17]. All of these adipokines exert
important endocrine functions in chronic kidney diseases
and may also contribute to systemic inflammation in these
patients. This is of special significance in patients undergoing
CAPD as the initiation of treatment is often associated
with an increase in fat mass that could be associated with
a polymorphism in uncoupling protein 2 which affects
the energy metabolism in addition to glucose absorption
from the PDF [18]. In contrast to findings in the general
population, a number of studies have suggested that a
higher body mass index (BMI) is associated with a better
outcome in patients with kidney diseases [19]. Critical
analysis reveals that the protective effect from a high BMI
only applies to patients with a normal or high muscle
mass [20]. A recent study indicates that an increased fat
mass in PD, like in other patient groups, may indeed have
adverse metabolic consequences with increased systemic
inflammation and worst survival [21]. Interestingly, there
is a difference in the release of growth factors between
visceral and subcutaneous adipose tissue [22]. The omental
adipose tissue, most affected by PD, releases IL-6 two to
three folds higher than the subcutaneous fat tissue [23].
The visceral (truncal) fat mass correlates significantly with
circulating IL-6 levels but not for nontruncal fat mass
[24].

Ultrastructural study reveals that a portion of omental
adipocytes protrude from the mesothelial surface, thus may
come into direct contact with dialysate [15]. In addition,
dialysate may also reach the parietal adipose tissue when
the mesothelial monolayer is damaged. It is therefore logical
to postulate that with repeated exposure to PDF and the
continuous change in peritoneal physiology during CAPD,
peritoneal adipocytes will inevitably be “activated”. Although
much work has focused on peritoneal mesothelial cells, scant
attention has been paid to the role of peritoneal adipocytes
during CAPD.

3. Stem Cells from Adipose Tissue

The stromal vascular fraction (SVF) is a heterogeneous
cell population derived from the adipose tissue including
omentum [25-27]. SVF is reported to be composed of
endothelial cells identified as CD34+/CD31+ cells, infiltrat-
ing/resident macrophages defined as CD14+/CD31+ cells,
and a population characterized as CD34+4/CD31— cells.
The CD34+/CD31— subset is a unique cell fraction capable
of differentiating into adipocytes and is restricted to cells
that do not express the mesenchymal stem cell marker
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CD105 [28]. It has been suggested that the adipocyte
progenitor cells, that is, the preadipocytes, are included in
the CD34+/CD31— cell fraction. This unique population
is distinct from the multipotent adipose tissue-derived
mesenchymal stem cells, which can be differentiated in vitro
into other cell types including adipocytes [27], chondrocytes
[29], osteoblasts [30, 31], and cardiomyocytes [32, 33].
The cellular number of SVF varies among individuals and
so far there is no data studying whether PD alters the
number of SVF in different adipose depots. Apart from the
SVE, milky spots of the omentum also harbor stem cells
[34], which proliferate to form the resident macrophage
during peritoneal inflammation [35]. It remains unknown
whether stem cells from milky spots have the same identity
as stem cells in SVF with adipogenic potential. Milky spots
are very small omental tissues in contact with peritoneal
membrane, consisting of macrophages, lymphocytes, and
plasma cells supported by blood and lymphatic vessels. Milky
spots play a role in peritoneal infection and abdominal
tumors [36, 37]. PD also activates the milky spots resulting
in an increase in number and size during inflammatory
process and PD [37, 38]. Milky spots transform into a
lymph node-like structure where lymphocytes constitute the
main cellular component after an episode of peritonitis
[34].

4. Crosstalk between Peritoneal Cells and
Adipocytes with a Focus on Leptin

Adipose tissues express and secrete a variety of cytokines
and adipokines, which act locally as autocrine/paracrine
mediators or systemically as endocrine factors (Table 1).
Patients on PD have increased fat mass due to glucose
absorption from the PDE. Increase in adiposity has been
associated with sub-clinical inflammation with elevated
adipokines synthesis. Among these adipokines, leptin is of
particular interest as this peptide hormone is most abundant
adipokine produced by adipocytes and is cleared principally
by the kidney. The serum leptin concentration is increased
in patients with chronic renal failure or undergoing dialysis
[39, 40] and the serum leptin increases by 189% within a
month after the initiation of PD treatment [41]. Leptin is also
elevated during acute infection, in response to proinflamma-
tory cytokines including IL-1 and TNF-« [39]. In the kidney,
leptin stimulates cell proliferation and synthesis of collagen
IV and TGF-f in glomerular endothelial cells. In glomerular
mesangial cells, leptin increases the glucose transport, up-
regulates the expression of the TGF-f type II receptor and
the synthesis of collagen I through phosphatidylinositol-3-
kinase related pathway [39]. Available data suggests that
leptin triggers a paracrine interaction between glomerular
endothelial and mesangial cells through the increased syn-
thesis of TGF-f in glomerular endothelial cells and up-
regulated TGF-f receptor expression in mesangial cells. It
remains unclear whether such paracrine interaction operates
between peritoneal adipocytes and HPMC. To the best of our
knowledge, there is only one previous study on the effect
of PDF on adipocytes that demonstrates increased leptin
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TABLE 1: Major adipokines and cytokines released from adipose tissue.
Adipokine/cytokine .Cellu‘l ar source Inflammatory effect Relevance to PD References
in adipose tissue
Leptin Adipocytes Pro-inflammatory  Serum and dialysate leptin increased after PD [14, 59-61]
Leptin augmented myofibroblastic conversion of HPMC
Adiponectin Adipocytes Antiinflammatory  Glucose-based PDF increased plasma leptin/adiponectin [62—64]
Level in PD patients may indicate of cardiovascular disease
risk
Resistin Macrophages Pro-inflammatory  Level correlates with fat mass and triglycerides in PD patients [64-66]
Adipocytes
Visfatin Macrophages Pro-inflammatory  Serum visfatin levels were higher in the PD patients (67]
Adipocytes
RBP-4 Adipocytes Pro-inflammatory ~ RBP-4 is significantly increased in end-stage renal disease (68, 69]
NGAL Mesothelial cells Pro-inflammatory  Prolonged release of NGAL in dialysate following peritonitis ~ [52, 53]
Adipocytes NQAL was proposed as a novel early marker for acute renal
failure
. F TNF-a production by macrophage was reduced by low pH
TNF-a Adipocytes Pro-inflammatory and lactate in PDE (60, 70, 71]
Macrophages Adipose-derived TNF-« inhibited leptin production
Mesothelial cells
Endothelial cells
L6 Macrophages Pro-inflammatory Pla§ma and dialysate IL-6 were associated with high [72-74]
peritoneal solute transport rate
. Mesothelial cells released IL-6 upon exposure to the spent
Adipocytes dialysate or IL-13
Mesothelial cells
Endothelial cells
Apelin Adipocytes Pro-inflammatory ~ TNF up-regulated apelin expression in adipose tissue [71,75]
MCP-1 Macrophages Pro-inflammatory MCP—I was up—regu!ated by TNF-« and regulated the (76-78]
differentiation of adipocytes
Adipocytes
Preadipocytes

synthesis in a murine adipocyte cell line (3T3-L1) by glucose-
containing PDF [42]. It is likely that pro-inflammatory
mediators released by HPMC upon exposure to PDF could
induce functional alteration of adjacent adipocytes. The
likely candidates are IL-1 and TNF-a, TGF-S, VEGF, and
IL-6. Indeed, a recent in vitro study has shown that IL-6
modulates leptin production and lipid metabolism in human
adipose tissue [43]. Using cultured HPMC and SVE we have
shown that high glucose content in dialysate fluid is one
of the major culprits that causes structural and functional
abnormalities in peritoneal cells during CAPD [13, 44, 45].
Glucose significantly increases the protein synthesis of leptin
by adipocytes in a dose-dependent manner and up-regulates
the expression of leptin receptor, Ob-Rb, in HPMC [13].
The increased leptin production by adipocytes and enhanced
Ob-Rb expression in HPMC following exposure to glucose
suggest the existence of a cross-talk mechanism between
adipocytes and mesothelial cells that may be relevant in peri-
toneal membrane dysfunction developed during peritoneal
dialysis. HPMC cultured with conventional PDF induce

higher expression of VEGF than that experiments with low-
GDP-content PDF. In parallel, GDPs increase the gene and/or
protein expression of VEGF in HPMC [46]. GDPs also
decrease the expression of proteins associated with the tight
junction, zonula occludens protein 1 (ZO-1), in HPMC [44].
Exogenous VEGF down-regulates the expression of ZO-1
while neutralizing anti-VEGF antibody reverses the effect of
GDPs on ZO-1 expression in HPMC. These findings suggest
that the action of GDPs on ZO-1 expression is mediated
through VEGE.

A longitudinal study conducted in patients treated for
PD-related peritonitis revealed elevation of serum leptin
levels during acute peritonitis. The rise was contributed
to anorexia in the earlier stage. In contrast, the serum
adiponectin levels fell showing an inverse correlation
between these two adipokines during acute peritonitis.
Furthermore, the protracted course of inflammation even
after bacterial cure of peritonitis was likely to cause
the loss of lean body mass and to increase mortality
[47].



5. Persistent Release of Pro-Inflammatory
Mediators in Patients under Maintenance PD
or after an Episode of Peritonitis

Patients on maintenance PD have increased intraperitoneal
levels of hyaluronan and cytokines including IL-1j, IL-6,
and TGF-p [48, 49]. Chronic inflammation remains an
important cause of morbidity in patients with end-stage
renal failure. The main causes for inflammation in CAPD are
PD-related peritonitis and exit site infection [50]. Patients on
PD with peritonitis may experience prolonged inflammation
even when clinical evaluation suggests resolution of PD-
related peritonitis [51]. The highly sensitive C-reactive pro-
tein (hs-CRP) remains significantly higher than baseline even
by day 42 after an episode of peritonitis [47]. There was per-
sistent release of Neutrophil Gelatinase-Associated Lipocalin
(NGAL) in the peritoneal dialysate effluent (PDE) collected
following an acute episode of CAPD-related peritonitis.
NGAL synthesis is specifically induced in HPMC by IL-1
during peritonitis [52]. Interestingly, NGAL is also produced
by adipocytes [53]. NGAL markedly affects the secretion of
leptin and adiponectin by adipocytes, and acts as a nega-
tive regulator of inflammatory activity and inflammation-
mediated adipocyte dysfunction. Incubation of HPMC
with recombinant NGAL reverses the up-regulation of
Snail and vimentin induced by TGF-f. Our data suggest
that NGAL exerts a protective effect by modulating the
epithelial-to-mesenchymal transition activated by peritonitis
[52].

6. Role of Stem Cells from Adipose Tissue in
Serosal Repair during CAPD

It has been shown that daily instillation of PDF for 5
weeks in rats leads to an increased number of omental mast
cells and milky spots as well as damage to the mesothelial
cell layer covering the peritoneum membrane [54]. Most
interestingly, electron microscopy reveals that the severely
damaged mesothelial cells are able to regenerate a good
monolayer upon three months’ rest of the peritoneum. The
exact mechanism regulating this reversibility is not com-
pletely understood. Adipose tissues-derived SVF contains
pluripotent mesenchymal stem cells that can regenerate
damaged tissue [55]. An abundance of progenitor cells is
also found in omentum [56]. Introduction of a foreign
body into the peritoneal cavity further enhances the healing
capability of the omentum by causing it to expand, surround
the foreign body, and transform itself from mostly fatty
tissue [56]. This transformed tissue (the activated omentum)
contains abundant progenitor cells positive for CXCR-4 or
Wilm’s tumor-1 (WT-1), and is also rich in growth and
angiogenic factors [56]. Activated omentum also facilitates
liver regeneration following traumatic injury [57]. SVF
cultured from omentum expresses pluripotent markers,
produces high amounts of VEGE, and engrafts to injured sites
[58]. These observations support a regenerative potential of
mesothelium although the underlying mechanism remains
undefined. The relative contribution of mesothelial cells,
SVF or adipocytes in the adipose tissue and the relevant
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mechanism involved in the healing process of mesothelium
after CAPD have not been well characterized.

During peritoneal dialysis, the undesirable microenvi-
ronment, chronic inflammation, and previous peritonitis
all impose stress, causing damage to the peritoneal mem-
brane. Remesothelialization or healing is possible if the
peritoneum is allowed to rest [54]. Regeneration or healing
of the mesothelium does not occur solely by centripetal
migration of cells from the wound edge. It has been
proposed that pluripotent cells beneath the mesothelium
migrate towards the surface and differentiate into mature
mesothelial cells [79-81]. Others suggest that the new
mesothelium originates from a free-floating mesothelial cell
or progenitors in the serosal fluid [82]. Different origins of
cells in the regenerating mesothelium have been proposed
and these include subserosal mesenchymal precursors, bone
marrow-derived precursors, free-floating macrophages, and
free-floating mesothelial cells. The exact identity of this
cell population responsible for mesothelial repair remains
uncertain.

Normal stem cells, mobilized from the bone marrow
or resident in damaged tissue, play a pivotal role in tissue
regeneration or healing after injury [83]. The a-chemokine
stromal-derived factor-1 (SDF-1) and its unique G-protein-
coupled chemokine receptor (CXCR4) constitute the SDF-
1/CXCR4 axis that regulates the trafficking of stem cells
during the repair of damaged tissues. SDF-1 is involved in
the regulation of CXCR4+ progenitor cell trafficking [84—
86]. Proper functioning of the SDF-1/CXCR4 axis plays
a pivotal role in the healing and regenerative processes
of damaged tissue [87], and this may be relevant to the
repair of peritoneal membrane after CAPD. Accumulation
of these progenitor cells in peritoneal tissues is affected by
a cascade of inflammatory mediators produced by peritoneal
cells (including macrophages, mesothelial cells, endothelial
cells, and adipocytes) following long-term exposure to
PDF during peritoneal dialysis. Unpublished data from our
laboratory and from the literature [88, 89] demonstrate that
SDE-1, CXCR4, as well as the endogenous aminopeptidase
dipeptidyl peptidase IV (DPPIV or CD26 that controls
the degradative pathway of the SDF-1) are expressed by
HPMC (Figures 1(a) to 1(d), unpublished data). Notably,
peritoneal permeability in CAPD patients with frequent
peritonitis deteriorates with parallel increased expression
of TGF-$ in dialysate [90]. The SDF-1 expression is up-
regulated in damaged tissue following TGF-f treatment
leading to an increased migratory potential of CXCR4
bearing cells (including HPMC and progenitor cells from the
bone marrow or adipose tissue) to the SDF-1-positive niche
[89]. Other cytokines including HGF and VEGF may also
participate in the up-regulation of SDF-1 synthesis in injured
tissue. Up-regulation of the SDF-1 expression implicates the
reepithelialization of denuded basement membrane at the
site of peritoneal injury. This hypothesis is supported by
the observation of a time- and dose-dependent reduction of
DPPIV and E-cadherin expression in HPMC following TGF-
B-induced morphological change. Following the inhibition
of DPPIV, degradation of CXCR4 is retarded and hence
significantly enhances the migratory potential of CXCR4
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Figure 1: Constitutive expression of mRNA (expressed as amplicon ratio after normalized to GAPDH, measured by quantitative PCR),
protein for G-protein-coupled chemokine receptor (CXCR4; expressed as ratio of densitometry data after normalized to GAPDH, measured
by immunoblotting), and stromal derived factor-1 (SDF-1; measured by ELISA) in cultured human peritoneal mesothelial cells (HPMC),
stromal vascular fraction (SVF), and adipocytes from human omental tissue (a to d). The CXCR4 expression in HPMC was up-regulated in
a dose-dependent manner with hepatocyte growth factor (HGF) after 4 hours culture (e and f). Overnight PD effluent fluid (n = 15) was
collected from CAPD patients on day 28 after the onset of peritonitis. Control PD effluent fluid (n = 15) was obtained in CAPD patients
without previous history of peritonitis. The concentration of the HGF in PD effluent fluid was measured by ELISA. Persistent release of HGF
in PD effluent was observed at day 28 after peritonitis in CAPD patients (g). These data are from our unpublished studies.
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positive HPMC towards the SDF-1 gradient in the injured
tissue. Apart from TGF-, HGF also affects the SDEF-
1/CXCR4 axis. HGF increases the CXCR4 expression and
SDEF-1 production in glioma and facilitates their invasion
[91, 92]. HGF released during peritonitis also alters mesothe-
lial cell phenotype and function [93]. We observe a dose-
dependent up-regulation of CXCR4 expression in HPMC
by HGF (Figures 1(e) and 1(f), unpublished data). The
dialysate level of HGF remains persistently elevated even
28 days after an episode of peritonitis (Figure 1(g)). The
pleiotropic HGF may initially affect the mesothelial healing
by promoting mesothelial cell growth, but can also con-
tribute to peritoneal fibrosis by stimulating cell detachment
with mesothelial denudation and collagen synthesis [93, 94].
The pathophysiological impact of prolonged release of these
pro-inflammatory mediators on the SDF-1/CXCR4 axis and
the mesothelial healing remains to be examined. Figure 2
is a schematic outlining the potential role of peritoneal
adipokines and their interplay with the SDF-1/CXCR4 axis
in regulating the regeneration process of the mesothelium in
CAPD.

7. Conclusion

Long-term peritoneal dialysis is often associated with struc-
tural alterations of the peritoneal membrane that are closely

related to chronic local as well as systemic inflammatory
responses. It is evident that peritoneal mesothelial cells,
fibroblasts, and macrophages exert their effects on peri-
toneal membrane during PD. Increasing evidences reveal
that peritoneal adipose tissue also plays an important role
in the structural and functional alterations during PD.
In particular, adipocytes release secretory adipokines and
cytokines that play modulating roles in the inflammatory
cascade and healing response of the mesothelium in PD.
In the present review, we summarized the relevance of
adipose tissue associated adipokines and cytokines in PD,
with focuses on recent data related to the leptin synthesis
by peritoneal adipocytes and the associated cellular crosstalk
with mesothelial cells. The possible involvement of the SDF-
1/CXCR4 axis and adipose tissue-derived mediators in the
regeneration process of the injured mesothelium after PD
was also discussed. In order to better preserve the integrity of
the peritoneal membrane, which facilitates long-term CAPD,
novel studies designed to elucidate the detailed interaction
between different peritoneal cellular components with the
adipocytes in the context of PD should be undertaken.
Further studies on the identity of peritoneal progenitor cells
and the precise role of the SDF-1/CXCR4 axis in maintaining
the peritoneal membrane function for peritoneal dialysis are
warranted.



Mediators of Inflammation

Abbreviations

AGE: Advanced glycation end products
DPPIV or CD26: Aminopeptidase dipeptidyl peptidase
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CXCR4: G-protein-coupled chemokine receptor
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TNF-a: Tumor necrosis factor-a
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This paper considers the role of putative adipokines that might be involved in the enhanced inflammatory response of human
adipose tissue seen in obesity. Inflammatory adipokines [IL-6, IL-10, ACE, TGFf1, TNFa, IL-1f, PAI-1, and IL-8] plus one anti-
inflammatory [IL-10] adipokine were identified whose circulating levels as well as in vitro release by fat are enhanced in obesity
and are primarily released by the nonfat cells of human adipose tissue. In contrast, the circulating levels of leptin and FABP-
4 are also enhanced in obesity and they are primarily released by fat cells of human adipose tissue. The relative expression of
adipokines and other proteins in human omental as compared to subcutaneous adipose tissue as well as their expression in the
nonfat as compared to the fat cells of human omental adipose tissue is also reviewed. The conclusion is that the release of many
inflammatory adipokines by adipose tissue is enhanced in obese humans.

1. Introduction

There is increasing evidence that obesity in humans is
associated with low-level inflammation [1-6] that is often
accompanied by hypertension and type 2 diabetes. Currently
it is thought that the increase in visceral omental rather than
abdominal subcutaneous adipose tissue best correlates with
measures of insulin resistance [7] and cardiovascular disease
[8—10]. However, the amount of visceral fat has an allometric
relationship with total body fat content [11] which means
that the increases in visceral fat mass seen in obesity reflect
the initial ratio of visceral fat to total fat mass as well as the
changes in total fat mass change. Thus during weight loss
or gain there are concurrent changes in the amount of both
subcutaneous and visceral fat.

The distribution of fat between premenopausal men and
women is different with women having generalized lipid
deposition as contrasted to men who tend to accumulate
fat in the abdominal region resulting in a socalled “beer
belly”. There are also sex differences in the ratio of visceral to
abdominal subcutaneous fat mass between men and women
[4]. The visceral fat mass of the women was approximately

50% of the abdominal subcutaneous fat mass while for the
men it was 98% [4].

The measurement of abdominal subcutaneous and
visceral fat mass can be done using either a computed
tomography (CT) or MRI scan. Measurement of total body
fat requires either a DXA scan or a bioelectrical impedance
scale. In contrast, waist circumference is simply measured
and provides as good if not better measure of the health
risks of obesity than the more complex procedures [12, 13].
However, the use of BMI has the advantage of comparing
men and women on the same scale since it is an index of
weight corrected for height.

This review will primarily discuss studies on the effects
of obesity on circulating adipokines, the relative release
of adipokines by the fat cells versus the nonfat cells of
human adipose tissue, the effects of obesity on adipokine
release by explants of human visceral omental adipose tissue,
and the differences in gene expression between visceral and
subcutaneous fat. The term adipokine, as used in this review,
means any protein released by adipose tissue without regard
to whether it is released by the fat or the other cells (nonfat
cells) found in human adipose tissue.



2. Effects of Obesity on Circulating
Levels of Adipokines

At least 24 adipokines have been reported whose circulating
levels are elevated in obese humans (Table 1). Some of these
putative adipokines such as CRP, haptoglobin, and amyloid
A are actually acute phase proteins primarily released by the
liver in response to the mild inflammatory response seen in
human obesity. Most of the remaining 21 are inflammatory
proteins such as IL-8, PAI-1, MCP-1, IL-6, IL-1Ra, TNFa,
sTNF RIL, and IL-18 but the source of the elevated circulating
levels in obesity is unclear. Their elevations could result from
release by tissues other than fat. In contrast, leptin levels are
elevated in obesity and the current paradigm is that it is
released by fat cells in adipose tissue. However, in mice it has
been shown that activated T cells and other lymphocytes can
also release leptin under inflammatory conditions [14, 15].

The circulating levels of zinc-a2-glycoprotein (ZAG)
have been reported to be unaltered in obesity [17], but the
level of ZAG gene expression in human adipose tissue is
reduced in obesity [69, 70]. This illustrates the problem that
changes in circulating levels of adipokines do not necessarily
reflect changes in their release by or correlate with their
mRNA levels in adipose tissue. Most of the adipokines are
also cytokines and are released primarily by cells other than
fat cells in human adipose tissue (Figure 1). Furthermore,
circulating levels of all adipokines are also regulated by their
release from other tissues as well as their degradation. For
others such as interleukin 1f (IL-18), no reports have been
published indicating that IL-1 is elevated in the circulation
of obese humans. However, IL-1f is an important regulator
of the inflammatory response in human adipose tissue. It
may well be a paracrine regulator that acts locally and never
reaches the blood in mild inflammatory conditions such as
obesity. The same may apply to PGE,, which is the primary
product of the cyclooxygenase-2 (COX-2) enzyme.

Some of the adipokines may actually have anti-inflam-
matory effects and circulate at higher levels in obesity as
part of a homeostatic mechanism to counteract the effects
of the inflammatory mediators. Probably interleukin 10 (IL-
10) is such a molecule [71] and there is some evidence that
interleukin 6 (IL-6) has dual effects since it has been claimed
that it enhances insulin action in muscle [72]. Interestingly
there is also evidence that administration of a meal enhanced
release of IL-6 by human adipose tissue perfused in situ [73].
It is as yet unclear whether IL-6 is enhancing or inhibiting
insulin action but the traditional view is that IL-6 inhibits
insulin action [74].

While 24 putative adipokines are listed in Table 1 whose
circulating levels are elevated in obesity there are only
two out of 37, adiponectin and glutathione peroxidase 3
(GPX-3), whose circulating levels have been reported to
be lower in human obesity. The current paradigm is that
circulating levels of adiponectin are reduced in obesity [25,
33, 34]. However, the finding that circulating GPX-3 is also
lower [35], if confirmed, suggests that GPX-3 may also be
important. GPX-3 is unique among the five known isoforms
of this enzyme since it is the only one that is secreted
by cells [75]. It is a selenocysteine-containing protein with
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FiGure 1: The correlation between releases of 30 adipokines over
48 hours incubation by fat cells isolated from human adipose tissue
as compared to gene expression of these adipokines at the start of
the incubation. The release data are from Table 1 and expressed as
release by fat cells as % of that by fat cells plus nonfat cells over 48
hours. The data for mRNA are derived from those shown in Table 2
except that they are plotted as the ACp for the difference between
mRNA in fat cells and nonfat cells instead of the ratios, which are
derived from the ACp values. Data are not included for resistin,
CRP and IL-18 since release by fat cells was below the sensitivity
of the assays and mRNA was not measured for MIF, HGF, VEGF,
and VCAM-1.

antioxidant properties. The circulating levels of GPX-3 and
selenium have also been reported to be lower in patients with
coronary artery disease than in age-matched controls [76].

3. The Relative Release of Adipokines by
the Nonfat versus the Fat Cells of Human
Adipose Tissue

It has often been assumed that release of an adipokine by
adipose tissue is due to the fat cells. This originated with
the finding by Rodbell [77] that lipoprotein lipase [LPL]
is localized in the fat cells of rat adipose tissue. It was
in order to solve the problem of the localization of LPL
that Rodbell [78] developed the collagenase procedure for
separation of insulin-responsive fat cells from the nonfat cells
in rat adipose tissue. However, Cleland et al. [79] found that
most of the aromatase activity in human adipose tissue, that
is responsible for estrogen formation from androstenedione,
was localized in the nonfat cells and most of the IL-6 release
by human adipose tissue was by the nonfat cells [80]. Fain
et al. [62] subsequently reported on the relative release of
11 adipokines by the nonfat as compared to the fat cells
of human omental and abdominal subcutaneous adipose
tissue during an in vitro incubation. Leptin was found to be
released exclusively by the fat cells, while TNFa, hepatocyte
growth factor (HGF), IL-10, IL-183, PGE,, IL-6, vascular
endothelial growth factor (VEGF) and interleukin 8 (IL-8)
were primarily released by the nonfat cells.
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TasLE 1: Comparison of release of 37 adipokines by fat cells as compared to the other cells in human adipose tissue ranked by fat cell release

along with the effect of obesity on their circulating levels in humans.

Adipokine Release by nonfatcells in pmoles/g  Release by fatcells in pmoles/g  Effect of obesity on circulating levels
FABP-4 590 360 Elevated [16-18]

PGE, 1810* 118* No data

IL-8 1120* 87+ Elevated [21, 22]

PAI-1 78* 18* Elevated [19, 23, 24]
MCP-1 74* 9.2% Elevated [4, 20, 22, 25]
IL-6 66* 5.1% Elevated [4, 25-31]
Adipsin 26 4.1 Elevated [28, 32]
Adiponectin 6 4.1 Lower[25, 33, 34]

GPX-3 14 3.6 Lower [35]

Leptin 0.1 1.8 Elevated [19, 25, 36]
Amyloid A 1.3 1.6 Elevated [19, 32, 37]
Migration inhibitor factor 2.8 1.0 Elevated [38]
Visfatin/PBEF/Nampt 1.0 0.60 No change [39-41]

CD14 1.6 0.56 No change [42]

ZAG 0.7 0.44 No change [17]
Lipocalin-2 5.4 0.27 No change [42, 43]
Cathepsin S 4.4 0.26 Elevated [44]

RANTES 2.1 0.21 No change [42] but see [25]
IL-1Ra 4.1 0.14 Elevated [36]
Osteoprotegerin 0.1 0.12 No change (42, 45]

HGF 2.8 0.11 Elevated [46]

LPL 0.02 0.080 No change [47]
Haptoglobin 0.08 0.060 Elevated [48]

ICAM-1 0.27 0.056 Elevated [4, 29, 49]

ACE 0.23 0.017 Elevated [50]

IL-10 0.53 0.020 Elevated [28]

VEGF 0.30 0.020 Elevated [51]

VCAM-1 0.46 0.016 Elevated [29]

IL-1p 0.23 0.013 No data

TNF« 0.22 0.012 Elevated [5, 27, 29-31, 52]
TGF-f1 0.17 0.009 Elevated [53]

sTNF RII 0.44 0.007 Elevated [5, 18, 19, 30, 54]
NGF 0.006 0.005 Elevated [55]
VEGEFR/sFLT1 0.018 0.002 No change [34]

Resistin 1.8 <0.04 No change [56, 57]

CRP 0.01 <0.002 Elevated [17, 19, 20, 28, 30, 31, 49, 58]
IL-18 0.01 <0.002 Elevated [18, 59, 60]

Those in “bold” are adipokines whose circulating levels have been reported to be elevated in obesity, “italic” those where the circulating levels are lower in
obesity, and “normal text” where there is either no effect of obesity or published data. The references are to the reports on circulating levels. The asterisks
indicate that the release of these adipokines was almost certainly upregulated over 48 hours. The rate of release for IL-8 over 48 hours extrapolated from
release over the first 40 minutes of incubation were 2.2% of those based on the 48 hours release values [61]. The release values for nonfat and fat cells over
48 hours are the averages of subcutaneous and omental adipose tissue from 8 to 12 humans with a BMI of 32 and an equal number with a BMI of 45. These
data are from Fain et al., [62] except for haptoglobin [63], resistin [64], MCP-1 [65], TGFS1 [66], MIF, Cathepsin S, NGF, IL-1Ra, IL-18 [67], VCAM-1, ACE,
adipsin, sSTNFR2 [68], CD14, LPL, OPG, Amyloid A, ZAG, GPX-3, FABP-4, ICAM-1, RANTES, visfatin, lipocalin-1 [42] while CRP and VEGFR/sFLT1 are

from unpublished experiments.

In vitro, the relative release of adipokines by fat cells
as compared to nonfat cells derived from human adipose
tissue over a 48 hours incubation indicates that the highest
release by fat cells was of fatty acid binding protein 4
(FABP-4) followed by IL-8 (Table 1). The high value for IL-
8 release over 48 hours is primarily due to upregulation,

since the rate of release over 48 hours derived from
release during the first 40 minutes was only 2% of the 48
hours release value for both fat cell and nonfat cells [61].
Adipokine release was up-regulated to the same extent in
both types of cells of either omental or subcutaneous fat
[61].



The question arises as to how well in vitro release of
adipokines over the first 48 hours of primary culture by
human fat cells and nonfat cells reflects the in vivo situation.
That cannot be determined because it takes a two-hour
digestion to separate fat cell from nonfat cells and during that
time there is upregulation of the mRNAs for inflammatory
cytokines such as IL-8 and IL-6 [81]. However, what can
be measured is the level of gene expression in the nonfat
cells versus the fat cells at the start of the incubation
which can be compared to release over 48 hours. These
data are shown in Figure 1 for 30 of the 37 adipokines
shown in Table 1. There was an excellent correlation (Pearson
correlation coefficient of 0.8) between release of adipokines
over 48 hours by fat cells as % of that by nonfat cells and
the initial ratio of the mRNA for the adipokine in fat cells
versus nonfat cells. The data also demonstrate that leptin
release is exclusively by the fat cells of omental adipose tissue,
which also contained 28-fold more leptin mRNA than the
nonfat cells (Figure 1). Release of LPL was also primarily by
the human fat cells and in agreement with the 79-fold greater
amount of its mRNA found in fat cells as compared to nonfat
cells.

Adiponectin has generally been considered to be an
adipokine released exclusively by fat cells but while the ratio
for mRNA expression in fat cells as compared to nonfat cells
was 42-X the release of adiponectin accounted for only 40%
of total release. Fain et al. [82] suggested that immature fat
cells or other cells in the nonfat cell fractions of human
adipose tissue also release adiponectin. Alternatively, the
release could be due to adiponectin taken up by nonfat cells
in vivo and then released during the 48 hours incubation.
The release of amyloid A by human fat cells as % of that
by nonfat cells was actually higher than that of adiponectin
and its mRNA content in fat cell was 34-fold greater than
that in nonfat cells. However, amyloid, like adiponectin,
release appears to be about the same by nonfat as by fat
cells. While leptin, LPL, amyloid A, and adiponectin are
adipokines predominantly expressed in fat cells at ratios 30
to 80-fold greater than in nonfat cells (Figure 1), the question
of whether there is appreciable amyloid and adiponectin
synthesis by the nonfat cells of adipose tissue remains to be
established.

There are four other possible candidates for the designa-
tion of adipokines preferentially released by fat cells, since the
ratios of their mRNAs in fat cells to nonfat cells ranged from
5 for FABP-4, 8 for ZAG, and 9 for adipsin/complement D as
well as GPX3. However, release by fat cells accounted for less
than half of their total release.

4. Relative Expression of 100 Genes in
Fat Cells versus the Nonfat Cells of
Human Omental Adipose Tissue

Table 2 shows the relative gene expression in fat cells versus
nonfat cells of 100 proteins, as determined by qRTPCR
[83]. These proteins were chosen because they are important
in inflammation or obesity, regulatory proteins or proteins
enriched in fat cells.
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Of the proteins whose gene expression is shown in
Table 2 almost one-third (30) were significantly enriched in
fat cells (shown in Bold), 29 were distributed equally (shown
in italic) and 41 were significantly enriched in nonfat cells
of human omental adipose tissue (shown in normal text).
Thirty of these proteins are the adipokines whose release by
adipose tissue was examined in the studies shown in Table 1
and Figure 1.

Of special interest was the finding that 113 HSD1, UCP-
2, cyclic AMP phosphodiesterase 3B, AQP7, angiotensino-
gen, GPX-3, the insulin receptor, and NQO1 are preferen-
tially localized in fat cells [83]. Interestingly ZAG, TLR4,
cytochrome C oxidase, Akt2, adrenomedullin, and UCP-1
were also expressed at levels 4 to 8-fold greater in fat cells
than in nonfat cells [Table 2]. The higher expression of ZAG
in human fat cells than in nonfat cells confirms the report by
Bao et al. [84].

An elevated expression in fat cells was seen for both
cytochrome C oxidase, which is a marker for mitochondria,
and Akt2, which is the isoform of Akt involved in insulin-
stimulated glucose uptake into fat cells [85]. The enhanced
expression of the mitochondrial protein UCP-1 in visceral
omental fat cells was unexpected since it is thought of as a
marker for brown fat cells. However, Sacks et al. [86] found
far higher expression of UCP-1 in visceral epicardial fat as
compared to subcutaneous fat. The increased expression of
cytochrome C oxidase in fat cells as compared to nonfat
cells of omental fat suggests that fat cells are relatively
enriched in mitochondria. Deveaud et al. [87] have shown
that cytochrome C oxidase is enriched in visceral epididymal
fat of rats as compared to subcutaneous inguinal fat.

The circulating levels of adrenomedullin are elevated in
human obesity [88, 89]. Furthermore, adrenomedullin is
secreted by fat cells [90, 91] but it is unclear whether more
adrenomedullin is secreted by fat cells than by the nonfat cells
of human adipose tissue [88-91].

The proteins whose gene expression was predominantly
in the nonfat cells included all the classical inflammatory
proteins such as MCP-1, TGFp1, IL-6, IL-8, COX-2, PAI-1,
IL-1p, IL-8, and TNFa« (Table 2). Other putative adipokines,
such as vaspin, endothelin-1, omentin/intelectin, lipocalin-
2, RANTES, and visfatin were also enriched in the nonfat
cells. Vaspin is an adipose tissue-derived serpin whose gene
expression in human visceral fat positively correlated with
obesity [92]. Circulating levels of omentin/intelectin are
lower in obesity [93] but the meaning of this is unclear.

The ratio of gene expression in fat cells to nonfat cells
ranged from 0.06 to 128 (Table 2). However, if in vitro
differentiated human omental adipocytes were compared to
omental preadipocytes the ratios ranged from 0.001 to over
a million for adiponectin [82, 83]. Clearly there is more
expression of fat cell specific proteins in freshly isolated
nonfat cells than in preadipocytes obtained by culturing
the nonfat cells of human omental fat. This difference may
be accounted for, in part, by the presence of small fat
cells without enough fat to float, since isolated fat cells
are operationally defined as cells containing enough lipid
to float in isotonic incubation buffer. Another possibility is
incomplete digestion of adipose tissue leaving some fat cells
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TasLE 2: Comparison of 100 mRNAs in fat cells as compared to the nonfat cells derived from human omental adipose tissue.

Ratio of mRNA in fat cells to nonfat cells Cp value in nonfat cells

mRNAs significantly enriched in fat cells

Perilipin 128 29.3
Hormone sensitive lipase [HSL] 104 32.4
Lipoprotein lipase [LPL] 79 26.5
Adiponectin 42 28.1
Retinol binding protein 4 [RBP-4] 42 29.4
Adipose tissue triglyceride lipase [ATGL] 37 35.4
Amyloid protein Al 34 27.3
Leptin 28 29.2
FAT/CD36 26 25.8
11B-hydroxysteroid dehydrogenase 1 tvl [113 HSD-1] 18 30.8
PPARy 15 30.4
Uncoupling protein 2 [UCP-2] 14 28.9
Fat specific protein 27/CIDEC 13 26.0
CIDEA 12 27.0
Glutathione peroxidase 3 [GPX-3] 9 27.0
Adipsin/complement D 9 27.9
Zinc a,-glycoprotein [ZAG] 8 28.8
Cyclic AMP phosphodiesterase 3B 7 27.6
Angiotensinogen 5 34.1
Toll-like receptor 4 [TLR-4] 5 34.8
Fatty acid binding protein 4 [FABP-4] 5 20.2
Cytochrome c oxidase 4 28.1
Glycerol channel aquaporin 7 [AQP-7] 4 27.4
Adrenomedullin 4 26.4
Akt2/protein kinase B2 4 27.2
Uncoupling protein 1 [UCP-1] 4 32.6
NADPH:quinone oxidoreductase 1 [NQO-1] 3 27.2
Insulin receptor tvl [INSR] 3 27.5
GAPDH 3 26.7
CGI-58/ABHD5 3 26.2
mRNAs present in both nonfat cells and fat cells

Gia2 guanine nucleotide binding protein 2.1 32.0
Osteoprotegerin [OPG] 1.9 31.0
Thrombospondin 1 1.8 24.5
Sodium hydrogen exchanger 1 L6 28.9
AMPK a2 catalytic subunit L5 32.9
Akt/1protein kinase Bl 1.5 27.4
Lipin-1 1.5 26.5
Lipin-2 1.5 27.4
Cyclophilin A 1.4 29.0
Caveolin-1 1.4 26.6
MAP3K8/COT1 1.3 26.5
Receptor interacting protein 140 [RIP 140] 1.3 24.6
Haptoglobin 1.0 31.2
SIRT1/sirtuinl 1.0 27.1
CDI14 tvi 1.0 26.0
IL-1Ra 1.0 33.3

Leucine-rich protein PPR [LRP130] 0.87 27.0
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TasLE 2: Continued.

Ratio of mRNA in fat cells to nonfat cells ~ Cp value in nonfat cells

NFKB, [p50] 0.81 33.0
B2 adrenergic receptor 0.76 25.8
Hypoxia inducible factor 1o [HIF-1a] 0.71 27.4
CD 68 0.71 24.0
RAB6 0.66 25.0
Peroxisome proliferator activator receptor-y coactivator 1o [PGC-1] 0.57 30.0
Apelin 0.57 33.1
MAP4K4 tv 2 0.57 29.2
Heme oxygenase-1 [HMOX-1] 0.57 24.4
Renin receptor 0.54 25.8
B1 adrenergic receptor 0.50 27.8
Resistin 0.33 33.6
mRNAs significantly enriched in nonfat cells

Endothelial nitric oxide synthase [eNOS] 0.44 30.2
PI-3 kinase catalytic subunit 0.38 27.2
Cathepsin S 0.38 31.4
NFKB p65 0.35 29.2
Mitochondrial superoxide dismutase-2 tvl [SOD2] 0.35 21.0
Tumor necrosis factor-a receptor 2 [TNFR-2] 0.29 31.2
Nerve growth factor beta polypeptide [NGF] 0.29 31.5
Interleukin 10 [IL-10] 0.25 30.0
Visfatin/PBEF/Nampt 0.25 21.9
PR domain containing 16 [PRDM16] tvl 0.25 31.5
Tumor necrosis factor a [TNF«] 0.25 30.5
Glycogen synthase kinase 3 0.23 32.0
Interleukin 8 [IL-8] 0.20 23.6
Osteocalcin 0.20 30.2
al glycoprotein 0.20 33.8
Complement C-3 0.19 25.9
Interleukin 1 [IL-1p] 0.19 25.7
Prostaglandin D, synthase [PGDS] 0.18 23.9
Tribbles 3 [TRB3] 0.18 30.6
Plasminogen activator inhibitor 1 [PAI-1] 0.18 27.3
Bone morphogenetic protein 7 [BMP-7] 0.16 31.8
Intercellular adhesion molecule 1 [[CAM-1] 0.16 25.2
Cyclooxygenase 2 [COX-2] 0.15 27.4
RANTES 0.15 30.0
Angiotensin 1 converting enzyme [ACE] 0.15 31.0
Interleukin 6 [IL-6] 0.14 25.0
Endocannabinoid receptor 1 0.14 25.8
Collagen type VI/PBEF1a3 tvl [COL6-A3] 0.14 29.9
NADPH oxidase p67°h 0.13 30.5
TGEp-1 0.12 27.3
NADPH oxidase p47°h* 0.12 324
Lipocalin 2 0.12 33.5
Butyrylcholinesterase 0.11 33.2
Angiotensin II receptor-1 tvl [ATR] 0.10 25.7
Omentin/intelectin 0.09 25.0
Monocyte chemoattractant protein 1 [MCP-1] 0.07 23.2

VEGEF receptor [VEGFR/FLT1] 0.07 27.8
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TaBLE 2: Continued.

Ratio of mRNA in fat cells to nonfat cells

Cp value in nonfat cells

25-Hydoxyvitamin D3 1« hydroxylase [25D3-1«]
Endothelin-1

Angiotensin II receptor-2 [AT,R]

Vaspin

0.06 26.8
0.06 27.8
0.06 33.1
0.06 28.1

Those in “bold” are the mRNAs significantly enriched in fat cells, “italic” those mRNAs present in both nonfat cells and fat cells to the same extent, and
“normal text” those mRNAs significantly enriched in nonfat cells. The data are based on quantitative PCR analysis of mRNA expression [14, 82, 83]. The
ratios were derived from the log, AACp of the ACp (crossing point) for each mRNA, except cyclophilin, of the nonfat cells (pooled undigested tissue + SV
fractions) obtained by collagenase digestion of human omental adipose tissue subtracted from the ACp values of fat cells isolated from the same tissue. The
ratio for cyclophilin is based on log, of the ACp values for cyclophilin. A ratio above 1 means that the amount of mRNA is greater in the fat cells than in the
nonfat cells. The values are shown as the means = SEM of 4 to 21 paired experiments comparing nonfat cells to fat cells derived from the same individual.
Tvl or 2 stands for transcript variant 1 or 2. The data are from Fain et al. [82, 83] or from unpublished data.

entrapped in the undigested tissue matrix. However, if this
is the case these cells secrete very little leptin since its release
by the nonfat cell fraction is less than 5% of that by isolated
fat cells (Figure 1) and we could find no detectable fat in the
nonfat cells [67].

One problem in comparing gene distribution between
fat and nonfat cells is the possibility of preferential lysis of
extremely large fat cells during the collagenase digestion of
fat from extremely obese humans. The isolation of human
fat cells is an art requiring particular batches of collagenase
for optimal yield of responsive cells, gentle incubation
conditions and an optimal ratio of collagenase to tissue
[62, 67]. Fain et al. [67] calculated that there was a 23%
greater loss of fat cells during digestion than of nonfat cells
during the digestion of fat from extremely obese humans.
The fat cells lost during digestion may well be the largest fat
cells that release more inflammatory adipokines and leptin
than the smaller cells. A further problem is the up-regulation
of inflammatory response genes during the 2 hours required
for collagenase digestion but this affects both fat cells and
nonfat cells to the same extent [61] and thus has minimal
effects on the ratios of mRNA expression in fat to nonfat cells.

5. Comparison of mRNA Expression in
Isolated Omental Fat Cells versus In Vitro
Differentiated Adipocytes

Many studies on the relative gene expression of proteins in
fat cells have utilized adipocytes differentiated in vitro such as
murine 3T3L1 cells, but far fewer studies have appeared using
human cell lines. The term fat cells is operationally defined as
those cells that float and are isolated by collagenase digestion
of human omental adipose tissue from women undergoing
bariatric surgery. Adipocytes are those fat cells derived
from the adipose tissue of the same group of women that
underwent differentiation in vitro in the presence of insulin,
dexamethasone, a methyl xanthine, and a thiazolidinedione.

In the data shown in Figure 2 the mRNA content of
freshly isolated omental fat cells versus in vitro differentiated
adipocytes was compared using total RNA as the recovery
standard as suggested by Bustin [94] since the expression of
cyclophilin A used as the recovery standard differed signifi-
cantly between fat cells and in vitro differentiated adipocytes.

The data indicate that many proteins are expressed at
far higher levels in adipocytes than in freshly isolated fat
cells. Some proteins that are expressed at higher levels in
adipocytes than in fat cells are not enriched in freshly isolated
fat cells as compared to nonfat cells (Figure 2). These are
shown in red and are: butyryl cholinesterase, haptoglobin,
apelin, PGCla (peroxisome proliferator activator receptor-
y coactivator la), ATR; (angiotensin II receptor 1), al
glycoprotein, endocannabinoid receptor 1, endothelin-1, and
omentin/intelectin.

Five mRNAs were found at comparable levels in
adipocytes as compared to fat cells. These were the f1
adrenergic receptor, 25-hydroxyvitamin D3 la hydroxylase,
VEGEF-a, ZAG, and lipin-1. Three genes were expressed at
lower levels in adipocytes than in fat cells: adipsin, insulin
receptor, and CIDEA. The data suggest that the one or
more of the added factors required for differentiation of
preadipocyes to adipocytes induce the expression of many
proteins that are not induced in vivo and decrease the
expression of others such as CIDEA and the insulin receptor.
Clearly the use of human adipocytes differentiated in vivo
from preadipocytes does not result in a pattern of gene
expression comparable to that seen in intact fat from obese
women.

6. Effect of Obesity on
In Vitro Adipokine Release by
Explants of Human Adipose Tissue

Studies using freshly isolated explants preserve the cross talk
between the various types of cells in fat. However, since
the primary effect of obesity is to increase adipose tissue
mass, it is difficult to know how to express data obtained by
primary culture of human fat explants. How do you compare
total release by adipose tissue from humans with 20 kg of
fat as compared to those with 40kg? In the studies shown
in Figure 3 release in vitro over a 48 hours incubation of
omental and subcutaneous fat from each woman per kg of
fat was multiplied by the total fat content. The women were
then divided by tertiles based on body fat content.

There was enhanced release of endothelin-1, lipocalin-2,
visfatin, GPX-3, and FABP-4 by the most obese women as
compared to that by women in the bottom tertile (Figure 3).
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F1Gure 2: Comparison of mRNA expression in isolated omental fat cells versus in vitro differentiated adipocytes. The data are shown as the
ratio of mRNA in human omental adipocytes, differentiated in vitro from the nonfat cells isolated from omental adipose tissue, to that in
freshly isolated fat cells obtained by collagenase digestion of omental adipose tissue from female bariatric surgery patients. The ratios were
derived from the Cp values and plotted on a log, scale. Comparable amounts of total RNA were used for the mRNA analyses. The Cp values
from which the ratios were determined for fat cells were calculated from the data shown in Table 2 and for in vitro differentiated adipocytes
from Fain et al. [82, 83] or unpublished data. The red bars are for mRNAs whose expression in isolated fat cells was either the same or lower
than in isolated nonfat cells.
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FiGure 3: The effect of obesity on total release of 6 adipokines by explants of adipose tissue from obese women. The data are from the report
by Fain et al. [42] for release of 6 adipokines by adipose tissue from 22 women divided into tertiles. The lowest tertile was composed of 7
women with total fat masses of 18 to 40 kg with a mean of 29 kg. The middle tertile was composed of fat from 8 women with total fat masses
ranging from 41 to 52 kg with a mean of 49 kg. The highest tertile was fat from 7 women with fat masses ranging from 56 to 75 kg (mean of
65kg). The ratio of total release by the highest tertile as compared to the lowest tertile is shown and all ratios were significant with a P < .001
except for zinc a2 glycoprotein [ZAG] release that was not statistically significant (P >.05).

For ZAG we found no effect of obesity since total release
was not significantly higher in women in the highest tertile
but they had 124% more fat than women in the lowest
tertile. Therefore there was actually decreased release per
g of adipose tissue. This is in agreement with reports that
gene expression of ZAG in fat is reduced in human obesity
[69, 70]. There was enhanced total release of intercellular cell
adhesion molecule 1 (ICAM-1), CD14, and LPL but not of
osteoprotegerin, RANTES or amyloid A [42].

Another way to examine the effect of obesity is to
correlate total release with the total fat mass of each woman.
That resulted in a correlation coefficient for lactate release
of 0.81 and for IL-8 release of 0.85 based on total release
plotted against the fat mass of each woman (Figure 4). A
positive correlation indicates that the more fat you have the
greater the total amount of lactate or IL-8, if release per g of
fat remains the same. In contrast, total amyloid and VEGF
release did not correlate with total fat mass indicating that
their release per g of tissue was less but the total release by fat
remained constant.

Data for 24 other adipokines are summarized in Table 3,
along with those for lactate, amyloid A, and VEGF and
IL-8 release shown in Figure 3. Adipokines that showed
no correlation, that is, those whose total release actually
decreased in obesity, were MCP-1, interleukin 1 receptor
antagonist 1 (IL1-Ra), adipsin, osteoprotegerin, RANTES,
ZAG, cathepsin S, vascular cell adhesion cell molecule 1
(VCAM-1) and NGEFJ in addition to VEGF and amyloid A.

A number of inflammatory adipokines had a significant cor-
relation between total release and total fat mass besides IL-
8 and these included, IL-10, transforming growth factor f1
(TGFf1), visfatin, IL-18, IL-6, CD14, endothelin-1, ICAM-
1, TNFa, lipocalin-2, PAI-1, and angiotensin 1 converting
enzyme (ACE) that are primarily released by the nonfat cells.
There was also a significant correlation between total release
and fat mass for FABP-4, GPX-3, and LPL.

A problem complicating release studies by human fat is
that incubation in vitro induced an inflammatory response
as judged by enhanced mRNA accumulation over the 48
hours incubation for IL-8, IL-10, TGFf1, visfatin, IL-1f, IL-
6, ICAM-1, TNFa, lipocalin-2, PAI-1 and ACE (Table 3).
Interestingly, an increase in mRNA expression over 48 hours
was seen for MCP-1, osteoprotegerin, and NGFf whose
total release was not enhanced by obesity. Furthermore there
was no significant change in the mRNA expression over
48 hours of CD14, endothelin-1 or ACE while there was a
marked decrease in FABP-4, GPX-3, and LPL mRNA but
enhanced release in obesity. These data suggest that the in
vitro inflammatory response does not mimic completely the
effect of obesity.

In conclusion, adipose tissue from extremely obese
women, when incubated in vitro, releases more of a host
of adipokines such as IL-8, IL-10, TGFf1, visfatin, IL-18,
IL-6, ICAM-1, TNFa, lipocalin-2, PAI-1, and ACE than
does tissue from women with a lesser amount of fat. While
TNFa« appears to be important it is one adipokine whose
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FIGURE 4: Correlation between total release of IL-8, VEGE, Amyloid A, and lactate by adipose tissue and total fat mass. The total release was
calculated by averaging release over 48 hours per kg by explants of visceral omental and subcutaneous adipose tissue from 14 [IL-8] or 22
different women (lactate, amyloid A and VEGF) and multiplying by the total fat mass. Tissue samples were from the same women described
by Fain et al. [42]. The Pearson correlation coefficients (r) are shown on the figure and the P value if statistically significant with a P < .05.

mRNA and release goes up transiently during in vitro
incubation of adipose tissue, but unlike other members of the
inflammatory cascade its release and gene expression return
to near basal values by 48 hours [61, 96].

7. Which Cells in the Nonfat
Cell Fraction Derived from Human Adipose
Tissue Are Responsible for Release of
Inflammatory Adipokines?

Hellman et al. [97] reported in 1963 that obesity in the obese-
hyperglycemic mouse resulted in greater accumulation of
mast cells in white adipose tissue. They also pointed out
that the relative nitrogen content per gram of the epididymal
fat pad of the obese-hyperglycemic mouse was unchanged
despite the marked reduction in the number of fat cells per
g of tissue. Almost 40 years later Xu et al. [98] extended
this to show that the expression of genes enriched in murine
macrophages such as MCP-1, TNFa, CD68, and F4/80 was

elevated in obese mice. They also demonstrated that all of
these genes were preferentially expressed in the nonfat cells
of murine white fat [98]. Weisberg et al. [99] independently
published similar findings and emphasized that the size
of fat cells positively correlated with the percentage of
macrophages in murine adipose tissue.

Subsequently it was demonstrated that HAM56+ macro-
phage accumulation in visceral omental and subcutaneous
fat depots of humans also positively correlated with the
diameters of the fat cells in each depot. However, at any
fat cell size there were more macrophages in omental than
subcutaneous fat despite the fact that the average diameter of
subcutaneous fat cells was 40% greater than that of omental
fat cells [100]. The use of HAM56 as the macrophage marker
is important since in humans CD68 [101, 102], CD14 [102],
or F4-80 [102] are much less specific macrophage markers
than in mice. Similar results are shown in Table 2 in that
the gene expression of both CD14 and CD68 was not
significantly different between the fat cells and nonfat cells
isolated from human omental adipose tissue.
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TaBLE 3: Correlation between total release by explants of human fat and total fat mass as well as the change in mRNA over 48 hours

incubation.

Adipokine r value for correlation of release with fat mass Change in mRNA over 48 hour (ratio)
Those with significant positive correlations of total release with fat mass

IL-8 0.85 510
Lactate 0.81

FABP-4 0.73 0.06
IL-10 0.70 13
TGFB1 0.69 8
Visfatin 0.67 30
IL-1p 0.65 120
IL-6 0.65 675
CD14 0.64 1.7
Endothelin-1 0.63 1.4
sICAM-1 0.61 6.1
TNFa 0.59

GPX-3 0.56 0.33
Lipocalin-2 0.54 34
PAI-1 0.53 295
ACE 0.52 0.55
LPL 0.51 0.14
Those with no significant correlations of total release with fat mass

Amyloid A 0.18 0.50
MCP-1 0.12 37
IL-1Ra 0.10 9
Adipsin 0.01 0.23
Osteoprotegerin 0.01 4.9
VEGF —0.04

RANTES -0.05 1.2
Cathepsin S —-0.07

ZAG -0.09 0.25
VCAM-1 —-0.30

NGFp -0.30 13

The values shown in bold are for adipokines whose gene expression was upregulated over the 48 hours incubation. The changes in mRNA as measured by
qRTPCR over 48 hours were based on comparison of unincubated adipose tissue explants with those after 48 hours and shown as the ratios derived from
the ACp values [95]. The Pearson correlation coefficient () was derived by plotting the total release over 48 hours by the average of values for omental and
subcutaneous adipose tissue versus the calculated total fat mass in 20-22 obese women as described in Fain et al. [66—68]. The correlation coefficients have
been published for TGFS1 [66], cathepsin S, nerve growth factor  (NGFp), interleukin-1 receptor antagonist (IL-1Ra) and interleukin 18 (IL-18) [67] as
well as those for adipsin, vascular cell adhesion molecule 1 (VCAM-1), and angiotensinl converting enzyme (ACE) [68]. The correlation coefficients for the
following are derived from Fain et al. [42]: endothelin-1, zinc-a2-glycoprotein (ZAG), lipocalin-2, CD14, RANTES, lipoprotein lipase (LPL), osteoprotegerin,
fatty acid binding protein 4 (FABP-4), visfatin, glutathione peroxidase-3 [GPX-3], intracellular cell adhesion molecule 1 [I[CAM-1], and amyloid A while
those for IL-8, IL-6, PAI-1, TNFa, IL-10, VEGE, and IL-1f were derived from Fain et al. [62]. The changes in mRNA over 48 hours are from Fain et al. [95].

The current paradigm is that obesity results in accumula-
tion of macrophages in adipose tissue and these are primarily
responsible for the release of inflammatory mediators [98—
100]. A relevant question is whether macrophages are the
only mononuclear phagocytes found in adipose tissue and
whether they account for all of the adipokine release by
nonfat cells. The potential contribution of the other nonfat
cells in human adipose tissue such as the endothelial cells of
the blood vessels, the smooth muscle cells and fibroblasts as
well as other mononuclear phagocytes has not been carefully
examined.

Why do macrophages localize in the white adipose
tissue of obese animals? Whether enhanced lysis/death of

large fat cells is the primary trigger that accounts for
inflammation is unknown as well as what signal results in
greater macrophage accumulation in adipose tissue. One of
the functions of macrophages is to aid in the clearing of
dead cells. Cinti et al. [103] suggested that macrophages are
localized selectively to sites of necrotic-like cell death where
they appear as crown-like structures when viewed in tissue
sections. They also suggested that fat cell hypertrophy per se
promotes cell death resulting in macrophage accumulation
and aggregation around dead cells. The current paradigm is
that the larger the fat cell the more likely it is to undergo cell
death. However, a consistent finding is that human visceral
omental fat cells are smaller than subcutaneous fat cells
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from the same individual but the macrophage accumulation
is greatest in omental fat so something besides fat cell
size is important [104]. Furthermore, thiazolidinediones
appear to selectively enhance the breakdown of large fat cells
in visceral omental fat resulting in smaller more insulin-
sensitive fat cells [105]. The net effect of thiazolidinediones
is to preferentially enhance deposition of fat in subcuta-
neous adipose tissue while decreasing that in visceral fat
[105].

8. The Relative Expression of mRNAs in Human
Epicardial, Substernal, Omental, Mesenteric,
and Subcutaneous Adipose Tissues

Currently it is thought that it is the increases in visceral
(intraperitoneal) rather than subcutaneous (extraperitoneal)
adipose tissue is linked to the enhanced risk of diabetes,
hypertension and cardiovascular disease in obesity [7—10].
Exactly how visceral adipose tissue is linked to this is unclear.
It could be due to greater release of inflammatory factors by
visceral fat or fatty acids and adipokines released by visceral
adipose tissue that are preferentially delivered to the liver
through the hepatic portal system.

The visceral fat is composed of omental and to a lesser
extent mesenteric adipose tissue. The search for a major
biochemical difference between these two types of visceral fat
and abdominal subcutaneous fat of extremely obese women
has turned up some interesting differences in gene expression
(Table 4).

The gene expression of UCP-1, omentin, and hap-
toglobin in subcutaneous fat was less than 10% of that
in omental fat. The data on UCP-1 confirm the initial
report by Esterbauer et al. [107] that UCP-1 expression in
subcutaneous fat was 12% of that in omental fat. However,
the amount of UCP-1 gene expression, which is related to
thermogenesis, in epicardial fat of humans is at least 9-fold
greater than that in omental fat [106]. Sacks et al. [86] have
postulated that the epicardial fat, which is located on the
outside of the heart, serves to defend the myocardium against
hypothermia.

Another protein whose gene expression was quite low
(about 1%) in subcutaneous as compared to omental fat
was omentin/intelectin (Table 4). It is also expressed at 3-
fold higher levels in epicardial fat than in omental fat [108].
Its preferential expression in intraperitoneal adipose tissue
probably reflects the fact that the blood vessels in these tissues
arise from endothelial cells of the gut during development
[108]. Unlike UCP-1, which is preferentially expressed in fat
cells of omental fat (Table 2), omentin/intelectin is primarily
found in the endothelial cells of the blood vessels [108].

It is unclear why haptoglobin is expressed at such low
levels in subcutaneous fat but its expression is also low in
mesenteric fat (Table 4). In contrast UCP-1 is found at the
same level of expression in mesenteric fat as in omental
fat while omentin/intelectin is found at far lower levels in
mesenteric than in subcutaneous fat. As for the low level of
expression of ATR; in subcutaneous fat that is probably due
to overexpression of ATR; in subcutaneous fat.
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Comparison of mesenteric with omental fat indi-
cates that they have more in common with each other
than with subcutaneous fat. This is especially true with
regard to expression of UCP-1, prostaglandin D, synthase,
angiotensinogen, ZAG, NF«B,, ATR,, RBP-4, IL-6, and
osteopontin.

However, MCP-1, IL-13, adrenomedullin, PPARy, and
PAI-1 were expressed at significantly lower levels in mesen-
teric than in omental fat while their expression in subcuta-
neous fat was the same as or higher than that in omental
fat. At this time these are simply lists of similarities and dif-
ferences between omental and mesenteric fat indicating that
they are different tissues. It is also not yet established whether
the differences in mRNA expressionbetween omental and
mesenteric fat are in the fat or the nonfat cells. Furthermore
we know almost nothing about the physiological differences
in the metabolism and adipokine release of these two kinds
of intraperitoneal fat.

There have been many studies comparing the differences
in response of isolated fat cells derived from omental
as compared to subcutaneous fat and pieces of adipose
tissue from these depots [109, 110]. However, the data are
confusing since the results have been almost as varied as
the number of reports. This is especially true for PAI-1
gene expression and protein release. Some reported greater
in vitro release of PAI-1 by omental than by subcutaneous
fat [10], others no difference in gene expression or protein
content between omental and subcutaneous [111] while yet
another group reported greater release by subcutaneous than
omental adipose tissue from extremely obese humans [112].
This is a common occurrence in studies comparing omental
versus subcutaneous fat of humans and it is unclear why such
variable results are obtained.

The picture with regard to leptin gene expression and
release is equally controversial. While some groups have
reported greater expression and secretion by subcutaneous as
compared to omental fat [113, 114] another group reported
no difference [110] and a similar finding is in Table 4.

TNFa is one adipokine that is expressed (Table 4) and
released to the same extent by human omental and sub-
cutaneous adipose tissue [96, 115]. Another inflammatory
adipokine is 1L-6 that is released at higher levels by omental
adipose tissue than by subcutaneous adipose tissue [62, 80]
but the gene expression of IL-6 was higher in freshly isolated
subcutaneous adipose tissue (Table 4).

Lipolysis is reported to be greater in adipoctyes derived
from subcutaneous than from visceral adipose tissue and
attributed to the greater size of the subcutaneous adipocyes
[116]. However, similar levels of expression for hormone
sensitive lipase (HSL) and perilipin have been reported
in subcutaneous as compared to omental adipose tissue
(Table 4, [117, 118]).

Giorgino et al. [109] have reviewed the evidence that fat
cells isolated from omental fat are more insulin-responsive
than those from subcutaneous human fat. Higher levels of
insulin receptor expression have also been seen in omental as
compared to subcutaneous adipose tissue [117, Table 4].

The visceral fat is composed of the intraperitoneal
omental and mesenteric in the peritoneal cavity as well as
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TaBLE 4: Comparison of mRNAs in human mesenteric and subcutaneous as compared to omental adipose tissue from extremely obese

women.

mRNA

subcutaneous as ratio of omental mesenteric as ratio of omental

mRNAs lower in both subcutaneous and mesenteric as compared to omental

Omentin/intelectin 0.01 = 0.01*** 0.14 = 0.03***
Angiotensin II receptor 2 [ATR;] 0.04 + 0.01%** 0.35 +0.10**
Haptoglobin 0.08 + 0.01%** 0.38 + 0.10***
Nerve growth factor § [NGEf] 0.22 * 0.02%** 0.44 = 0.14**
Complement factor C3 0.31 + 0.05%** 0.47 + 0.08***
VEGFR/FLT-1 0.41 + 0.09*** 0.66 + 0.15*
PGC-1a 0.41 + 0.14*** 0.73 + 0.06**
Insulin receptor 0.47 + 0.08*** 0.44 + 0.14*
SIRT1/sirtuin 1 0.47 = 0.15** 0.44 = 0.09%***
Collagen VI a3 0.48 + 0.16** 0.60 +0.11*
mRNAs lower or higher in subcutaneous but not in mesenteric as compared to omental

Uncoupling protein 1 [UCP-1] 0.07 £ 0.01*** 1.23 + 0.60
Prostaglandin D, synthase 0.27 + 0.05%** 1.06 £ 0.12
Angiotensinogen 0.33 +£ 0.04%** 0.87 +0.20
Bone morphogenetic protein 7 [BMP-7] 0.35 +0.19** 1.02 = 0.16
Zinc a2 glycoprotein [ZAG] 0.44 + 0.11%** 0.83 = 0.06
NF«B1 [p50] 0.54 =0.15* 0.81 £0.19
Cytochrome C oxidase 1.45 + 0.13%** 1.10 £ 0.13
Angiotensin II receptor 1 [ATR ] 1.62 +0.18*** 0.93 +0.21
NAPDH oxidase [p67°" | 1.90 + 0.22%** 1.10 £ 0.17
CD 14 2.30 = 0.37*** 0.85 +0.25
25-hydroxyvitamin D3 1« hydroxylase 3.00 = 0.64** 0.90 = 0.48
Retinol binding protein 4 [RBP-4] 3.10 £ 0.26%** 0.87 +0.20
Interleukin 6 [IL-6] 3.50 = 0.55*** 0.66 + 0.34
Osteopontin 4.90 £ 0.51*** 1.07 £0.21
mRNAs lower or higher in mesenteric but not in subcutaneous as compared to omental

Monocyte chemoattractant protein 1 1.15 = 0.45 0.15 = 0.04**
Interleukin 18 [IL-1p] 0.62 = 0.30 0.20 = 0.04***
Adrenomedullin 0.97 = 0.09 0.38 + 0.13*
PPARy 1.23 = 0.15 0.44 + 0.11**
B1 adrenergic receptor 1.00 = 0.07 1.74 £ 0.27*
mRNAs higher in subcutaneous and lower in mesenteric as compared to omental

Plasminogen activator inhibitor 1 1.62 = 0.27* 0.20 £ 0.04***

mRNAs higher in subcutaneous and mesenteric as compared to omental

a1 glycoprotein

7.00 = 0.86*** 1.74 = 0. 27**

mRNAs the same in subcutaneous and mesenteric as compared to omental (ratios were 0.50 to 1.50 of that in omental and not statistically significant).
ACE, adiponectin, adipsin, amyloid A, cathepsin S, caveolin-1, CIDEA, CD68, cyclophilin, endothelin-1, FABP-4, FAT/CD36, Gia2, GPX-3, heme
oxygenase-1, HIF1a, 118 HSD-1, HSL, IL-8, leptin, lipocalin-2, LPL, NADPH oxidase [gp91Ph‘”‘ ], NGES [p65 RelA], eNOS, osteoprotegerin, perilipin,

PRDM-16, TNFa, Toll like receptor 4, UCP-2, visfatin.

The values were obtained by qPCR as described in [106] and are expressed as the ratio = sem of 5 to 15 paired comparisons from as many different individuals
of the amount of mRNA in mesenteric and subcutaneous fat as compared to omental fat from the same woman. The mRNAs enriched in fat cells by at least
3-fold are shown in bold. Statistically significant differences are denoted as follows: *P > .05, **P > .01, and ***P > .005.

the intrathoracic fat depots of the substernal and epicardial
fat. The latter two fat depots differ in that the epicardial
surrounds the heart while the substernal fat body is a separate
tissue within the thoracic cavity. Gene expression in subster-
nal can be compared to that of epicardial fat to distinguish
possible differences between these two intrathoracic depots.
Fain et al. [106] found that of 45 mRNAs all except five were

expressed in substernal fat at levels within 0.4 to 1.6-fold
of that in epicardial fat. These were haptoglobin (21-fold
greater), prostaglandin D, synthase (6-fold greater), nerve
growth factor (5-fold greater), VEGFR/FLT'1 (5-fold greater)
and a1 glycoprotein (2-fold greater) with greater expression
in epicardial as compared to substernal fat. UCP-1 is also
expressed at in epicardial fat at 5-fold higher amounts than
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in substernal fat [86]. Of these only UCP-1 is expressed at
greater levels in fat cells than in the nonfat cells of human
omental adipose tissue (Table 2). These data are compatible
with the hypothesis that the fat cells in epicardial fat have
a unique function as a brown fat-like tissue and could be
involved in thermogenesis.

Epicardial fat has been postulated to be an inflammatory
organ releasing adipokines that contributes to coronary
artery disease because of the unique anatomical relation-
ship between this fat and the coronary arteries [119].
However, when the gene expression of IL-6, IL-1f3, PAI-
1 or cyclooxygenase-2 was compared in epicardial fat of
patients undergoing coronary artery bypass surgery to that
in obese individuals undergoing gastric bypass surgery their
expression in epicardial fat was less than 25% of that in
omental fat [106]. It could be argued that this was because
the bypass patients differed in other aspects, which they
did, but the expression of 20 other protein ranged from
0.4 to 1.3 in omental fat to that seen in epicardial fat. In
contrast, significantly higher amounts (1.6 to 2-fold greater)
of the insulin receptor, ZAG, leptin, angiotensinogen and
LPL were expressed in epicardial fat as compared to that
in omental fat [106]. The significance of these differences
between epicardial and omental fat remains unclear but do
not suggest that epicardial fat is more inflamed than omental
fat.

In conclusion, the reported differences in gene expres-
sion, hormonal sensitivity, and release of adipokines by
visceral as compared to subcutaneous adipose tissue have
been almost as varied as the number of reports [109, 110].
Furthermore, they provide few clues that can explain the
putative harmful effect of enhanced accumulation of visceral
fat. The fat cells found in visceral fat are smaller than those
of subcutaneous fat from obese individuals but is that due to
greater breakdown of large fat cells in visceral fat?

There are clear differences between mesenteric and
omental fat but again it is unclear what they represent.
Comparisons of visceral omental versus subcutaneous fat
are probably influenced by the degree of obesity and this
was demonstrated for PPARy where the ratio in visceral
to subcutaneous was around 0.2 at a body mass index
of 20 but increased to about 1.2 in individuals with a
body mass index of 50 [117]. Future studies will require
the development of procedures to accurately assess the
gene expression and release of adipokines by the different
human adipose tissue depots under more physiological and
reproducible conditions.

Recently the microRNA (miRNA) profiles of human
omental and subcutaneous have been compared in humans
without or with diabetes [120]. The expression of 155
miRNAs was examined and some differences were found that
were said to correlate with fat cell phenotype, obesity, and
glucose metabolism [120]. However, no miRNA was found
exclusively in one fat depot versus the other suggesting a
common developmental profile [120].

I conclude that the gene expression profile of omental
fat clearly differs from that of subcutaneous fat for some
proteins. However, none of these differences appear to
explain the putative harmful effects of visceral obesity.
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Furthermore, there is scant agreement in the literature with
respect to most proteins. This is possibly due to small sample
sizes, sex differences, age differences, the extent of obesity,
and the disease status of the humans from whom fat samples
were obtained. For ethical reasons samples of omental and
subcutaneous fat cannot be obtained from healthy donors.
Most samples of human omental fat have been obtained from
individuals undergoing gallstone, gynecological, or bariatric
surgery. While individuals healthy enough to undergo
bariatric surgery are extremely obese, the normal weight
individuals always have some underlying disease process that
could affect gene expression and adipokine release.

9. What Is the Link between TLR-4, Enlarged
Fat Cells, and the Inflammatory Response
Seen in Obese Humans

Recently the toll-like receptor 4 (TLR-4), that plays an impor-
tant role in innate immunity through its ability to recognize
bacterial lipopolysaccharides, has been postulated to play a
role in the obesity-induced inflammatory response [95, 121,
122]. A loss-of-function mutation in TLR-4 prevents diet-
induced obesity in mice and the development of insulin
resistance [95, 121]. In macrophages and cultured adipocytes
potent inducers of TLR-4 gene expression are bacterial
lipopolysaccharides resulting in the release of inflammatory
adipokines [123, 124]. In a monocyte/macrophage cell line
(RAW 264.7) saturated, but not unsaturated fatty acids,
induced the expression of COX-2 expression via TLR-4
[123]. Schaeffler et al. [122] reported that saturated fatty
acids could induce the secretion of MCP-1 and other inflam-
matory adipokines in murine 3T3L1 adipokines through a
pathway involving TLR-4.

Lin et al. [124] originally suggested that a fully
intact pathway of innate immunity was present in rodent
adipocytes that could be activated by bacterial lipopolysac-
charides. Subsequently, functional TLR-4 has been found in
human fat cells [125, 126] and the data in Table 2 indicates
that in human omental fat the gene expression of TLR-4 is
5-fold greater in fat cells than in the nonfat cells. Zha et
al. [127] reported that in vitro differentiated adipocytes had
more TLR-4 mRNA than did preadipocytes and that TNFa
secretion was induced by free fatty acids. My laboratory
has similar findings in that the TLR-4 mRNA expression
in human omental adipocytes differentiated in vitro was
also 5-fold higher than that in preadipocytes (John N.
Fain, unpublished experiments). In omental adipose tissue
explants incubated for 48 hours TLR-4 gene expression
was down regulated by about 70% but this was blocked
in the presence of dexamethasone [128]. This may reflect
a down-regulation of TLR-4 secondary to the 90 to 700-
fold activation of the expression of inflammatory cytokines
such as I-8, IL-6 and IL-1p that was markedly inhibited by
dexamethasone [128].

It has been suggested that the hypertrophied fat cells
seen in extreme obesity release large amounts of satu-
rated fatty acids secondary to macrophage-induced lipolysis
occurring in fat cells [129]. There is evidence in rodent
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adipocytes that bacterial lipopolysaccharides can stimulate
lipolysis via TLR-4 [130]. However, addition of bacterial
lipopolysaccharides to explants of human adipose tissue
incubated for 48 hours enhanced release of IL-1p, IL-6, and
IL-8 by 50% to 70% under conditions where there was no
significant increase in lipolysis (John N. Fain, unpublished
experiments). Possibly breakdown of hypertrophied fat cells
could be the primary trigger for the inflammatory response
via activation of TLR-4 by fatty acids in neighboring intact
fat cells resulting in the release of inflammatory adipokines
that cause monocyte recruitment into the adipose tissue
and insulin-resistance. However, this hypothesis is probably
an over-simplification since thiazolidinediones appear to
enhance the breakdown of large fat cells and the accumu-
lation of small fat cells but this is associated with enhanced
insulin sensitivity [105].

It was surprising to find TLR-4, whose function has
traditionally been thought of as being involved in pathogen-
associated molecular recognition by immune cells, expressed
at higher levels in fat cells than in nonfat cells in human
fat cells. The physiological function, if any, of this enhanced
expression remains to be elucidated. Another unanswered
question is what is the primary trigger that results in the
accumulation of activated macrophages in the adipose tissue
of extremely obese humans?

10. Hypoxia as the Primary Trigger of
the Inflammatory Response

This hypothesis was originally proposed in 2004 by Trayhurn
and Wood [1] and discussed in recent articles [131-134]. The
best evidence for the “hypoxia hypothesis” is the evidence
that adipose tissue is poorly oxygenated in the obese [134,
135]. The mechanisms involved are not understood beyond
the accepted paradigm that HIF 1« activation occurs resulting
in activation of NF«B leading to increased gene transcription
of inflammatory adipokines. Yin et al. [133] recently sug-
gested that hypoxia in adipose tissue activates lipolysis and
inhibits fatty acid uptake by adipocytes leading to activation
of an inflammatory response via TLR-4. There is no evidence
that activation of lipolysis per se induces an inflammatory
response in human fat. Fain et al. [136] reported that growth
hormone in the presence of dexamethasone, but not in its
absence, stimulated lipolysis by explants of human omental
adipose tissue over a 48 hours incubation but this was
not accompanied by an increase in IL-8 gene expression or
release.

Another problem is that while there is evidence that
the adipose tissue from the ob/ob mouse is hypoxic in
comparison to fat from obese mice, there was no increase
in expression of VEGF while there was of hypoxia response
genes such as HIF-1a, IL-6, 1l-13, and TNFa [134]. A
similar finding has been reported by Halberg et al. [137] and
remains to be explained since the current paradigm is that
hypoxic tissues release VEGF that leads to increased tissue
vascularization. However, the hypothesis may be incorrect or
angiogenesis may also require other, as yet unknown, factors.

An attractive hypothesis is that as fat cells expand there
is insufficient neovascularization to keep the cells from
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becoming hypoxic. This results in activation of HIFla and
a variety of responses including increased formation of
inflammatory adipokines as well as activation of collagen
synthesis and crosslinking of collagen involving lysyl oxidase
[137]. There is global upregulation of extracellular matrix
formation that hampers oxygen access to the cells and the
increased stress resulting from expansion of the fat cells
resulted in rupture of very large cells [137]. The fatty acids
resulting from breakdown of triacylglycerols released by
ruptured fat cells could activate macrophages as well as intact
fat cells.

Alternatively, hypoxia leads to the death of large fat
cells and macrophages are drawn to areas of recent cell
death by mediators still to be described that are released
after cell death, as suggested by Rausch et al. [135]. It may
well be that visceral omental fat cells are more liable to
lysis which explains why these fat cells are smaller than
those found in subcutaneous adipose tissue. Furthermore it
is commonly accepted, but may be an over-simplification,
that visceral adipose tissue has more macrophages than
subcutaneous adipose tissue and releases more inflamma-
tory adipokines. Explants, but not isolated fat cells, of
omental adipose tissue have been shown to release more
PGE,, PAI-1, IL-6, and VEGF than abdominal subcutaneous
adipose tissue on a per g basis [62]. Similar results have
been reported for IL-8 content of and release by visceral
omental as compared to subcutaneous human adipose tissue
[138].

11. Summary

The data in Figure 5 summarizes the relative release of
selected adipokines by fat cells and nonfat cells of human
adipose tissue. Of the adipokines shown in the figure only
leptin, FABP-4, GPX-3, and adiponectin are expressed at 5 to
80-fold higher levels in fat cells than the other cells present
in human fat and primarily released by fat cells. Adiponectin
and GPX-3 are listed in blue because their circulating levels
are lower in obesity.

The adipokines with black lettering are those whose
circulating levels are enhanced in obesity and whose total
release by adipose tissue explants is enhanced in obesity: IL-
6, IL-10, ACE, TGFf1, ICAM-1, TNFa, IL-1f3, PAI-1, and
IL-8 that are released by nonfat cells. However IL-10 may
be an anti-inflammatory adipokine primarily released by the
nonfat cells, whose circulating levels as well as in vitro release
are elevated in obesity. The release of leptin and FABP-4
by fat cells is also enhanced in human obesity. It should be
understood that most of these adipokines act locally and
whether the changes in circulating levels of adipokines seen
in obesity reflect release by adipose or other tissues remains
to be established.

Omentin/intelectin is a novel adipokine preferentially
found in visceral fat depots, especially human epicardial fat
whose site of origin is the endothelial cells of blood vessels.
For this reason it is listed in Figure 5 as being derived from
the endothelial cells in the vessel wall. In conclusion, most
of adipokines whose circulating levels are elevated in obesity
and whose release by human adipose tissue is enhanced in
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F1Gure 5: The relationship between adipokine release and paracrine
signaling in human adipose tissue. The adipokines are divided
into those released by fat cells [leptin, FABP-4, adiponectin, and
GPX-3] and those by nonfat cells in adipose tissue [IL-6, IL-8, IL-
10, ACE, PAI-1, ICAM-1, TNFa, TGFf1, and omentin/intelectin].
Adipokines shown in black are those whose circulating levels are
elevated in obesity as well as their release by incubated human
adipose tissue explants. Circulating levels of adiponectin and GPX-
3 are shown in blue since they are not elevated in obesity.
Omentin/intelectin is shown as being secreted by the endothelial
cells of the blood vessels of omental but not subcutaneous fat
[108]. The arrows depict possible targets of the adipokines as the
other cells in adipose tissue, as well as vascular smooth muscle cells
(VSMC) and endothelial cells in the blood vessel walls plus release
into the circulation (lumen of blood vessel).

obesity are inflammatory adipokines primarily derived from
the nonfat cells of human adipose and other tissues.
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Diabetes and obesity are chronic conditions associated with elevated oxidative/inflammatory activities with a continuum of
tissue insults leading to more severe cardiometabolic and renal complications including myocardial infarction and end-stage-
renal damage. A common denominator of these chronic conditions is the enhanced the levels of cytokines like tumour necrosis
factor-alpha (TNF-a), interleukin (IL-6), IL-1f and resistin, which in turn activates the c-Jun-N-terminal kinase (JNK) and NF-«B
pathways, creating a vicious cycle that exacerbates insulin resistance, type-2 diabetes and related complications. Emerging evidence
indicates that heme oxygenase (HO) inducers are endowed with potent anti-diabetic and insulin sensitizing effects besides their
ability to suppress immune/inflammatory response. Importantly, the HO system abates inflammation through several mechanisms
including the suppression of macrophage-infiltration and abrogation of oxidative/inflammatory transcription factors like NF-«B,
JNK and activating protein-1. This review highlights the mechanisms by which the HO system potentiates insulin signalling, with
particular emphasis on HO-mediated suppression of oxidative and inflammatory insults. The HO system could be explored in the

search for novel remedies against cardiometabolic diseases and their complications.

1. Background

There has been a dramatic rise in the number of patients
with the metabolic syndrome, a comorbid condition of
hypertension, obesity, and diabetes. Diabetes mellitus is a
chronic syndrome of impaired carbohydrate, protein, and
fat metabolism caused by insufficient secretion of insulin
and/or defects in insulin action in tissues due to insulin
resistance. The incidence of diabetes is increasing globally
[1] and type-2 diabetes (TD2) accounts for almost 90% of
the cases diagnosed [2—4]. It is projected that the prevalence
of T2D may reach 366 million in 2030 [1]. Similarly, the
condition of obesity has escalated as more than 300 million
adults, the majority of whom live in the developed world,
are affected [5]. Obesity is amongst the main risk factor for
insulin resistant T2D, hypertension, and other cardiovascular
and renal complications [6]. Although inadequate insulin
production is traditionally linked to type-1 diabetes (T1D),
emerging evidence suggests that pancreatic beta-cell mass
is reduced during the early stages of T2D and declines

further with the progression of disease, eventually leading
to loss of beta cells and reduced insulin production [7,
8]. This is consistent with previous observation indicating
that T2D is not solely due to insulin resistance but also
due to a failure of the insulin producing beta-cells to
secrete an adequate amount of insulin [9]. On the other
hand, in T1D it is a well-established concept that genetic
defects trigger autoimmunity leading to the destruction of
pancreatic beta cells and insulin insufficiency [10], and
these events are further accentuated by apoptosis [11-13].
Similarly, in T2D, intense inflammatory activities character-
ized by the presence of cytokines, apoptotic cells, immune
cell infiltration, amyloid deposits, and fibrosis may cause
reduction of pancreatic beta-cell mass [14]. In both T1D
and T2D, elevated inflammatory events play a major patho-
physiological role in the disruption of islet architecture [10,
14-20]. Several factors are responsible for inflammation in
T1D and T2D. These include dyslipidemia, hyperglycaemia,
elevated nuclear-factor kappaB (NF-«B) activity, increased
levels of adipokines such as tumour necrosis factor-alpha



(TNFa), interleukins (ILs), resistin, leptin and free fatty acids
[14, 21]. Seen in this light, the suppression of apoptosis,
necrosis, and intraislet inflammatory/immune events may
be important for the preservation of islet architecture and
beta-cell morphology. Therefore, the regulation of beta-cell
number through the processes of proliferation, neogenesis,
and apoptosis is important to safeguard islet function [22,
23] and the maintenance of adequate insulin production
in T1D and T2D. Taken together, these studies suggest
that impaired insulin secretion is not only an important
etiological factor in the pathogenesis of T1D and T2D,
but also an important pathophysiological driving force
that is capable of dictating the dynamics and progression
of the disease. Thus novel therapeutic modalities capable
of suppressing inflammatory/immune responses, apoptosis,
and necrosis would be beneficial in the conditions of T1D
and T2D.

Generally, insulin resistance and T2D frequently occur
in obesity [24-35]. Amongst the contributing factors, are
overnutrition and inactivity. As an adaptive response to
insulin resistance, pancreatic islets enhance their secretory
activity. In most individuals, such an adaptation does occur
during early stages of overnutrition and metabolism would
appear normal at this stage. However, at later stages, this
adaptation eventually fails in some individuals, depending
on the genetic ability of the beta-cell to adapt and the
severity of the resistance to insulin [36]. The reasons for
this failure to maintain sufficient insulin secretion are
a combined decrease in beta-cell mass and insufficient
secretion of insulin. This reduction of insulin levels may
be due to elevate inflammation, oxidative stress, amyloid
deposition, lipotoxicity, and glucotoxicity [36]. Obesity
and insulin resistance are associated with a state of low-
grade inflammation due to chronic activation of innate
immune system [37]. Although epidemiological studies
have linked inflammation with obesity for decades, the
underlying mechanisms remained obscured until the last
decade. It is now widely accepted that the activation of
inflammatory mediators such as NF-xB, TNFq, and c-Jun-
N-terminal kinase (JNK) is amongst the common causes
of insulin resistant T2D in obsessed conditions [24-35].
Thus, novel strategies that can preserve beta-cell integrity
improve insulin sensitivity, and counteract inflammatory
mediators like NF-xB, TNF-a, and JNK would be useful in
the prevention and management of insulin resistant T2D and
related cardiometabolic complications. Recent evidence has
highlighted the important role of the heme oxygenase (HO)
in insulin release and glucose metabolism [38-52]. Beside its
emerging antidiabetic effects, the HO system is also known
to abate oxidative stress and immune/inflammatory response
[53-57]. This review will highlight the mechanisms by which
the HO system potentiates insulin signalling, with particular
emphasis on HO-mediated suppression of inflammation.

2. The HO System and Insulin Signaling

HO is a microsomal enzyme that cleaves the a-methene
bridge of heme moiety to produce equimolar amounts of
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carbon monoxide (CO), bilirubin, and iron [58, 59]
(Figure 1). CO and bilirubin are known to suppress apop-
tosis, necrosis, inflammation, and oxidative stress [56, 60—
69], while the iron formed enhances the synthesis of the
antioxidant, ferritin [70, 71].

The main isoforms of HO include HO-1 (inducible)
and HO-2 (constitutive) isoforms [58, 59, 72, 73]. HO-1
and HO-2 are largely responsible for HO enzymatic activity
[58, 72, 73], while the third isoform, HO-3, has no functional
genes in rat and is considered a pseudotranscripts of HO-2
[74, 75]. The basal HO activity is maintained by HO-2 [58,
59, 72,73, 76], while HO-1 is stimulated by a wide variety of
different physical, chemical, and pathophysiological stimuli
including oxidative and inflammatory insults [58, 59, 77—
80], as well as metabolic and hemodynamic factors such
as high glucose [80], elevated blood pressure [64], and
lipids [81]. Therefore, HO-1 may be considered a sensitive
index that is triggered in the onset of pathophysiological
changes. However, in most cases the pathophysiological
activation of HO-1 results only to a transient or marginal
increase of HO-1 that falls below the threshold necessary
to activate the downstream signalling components of the
HO system [59, 63, 82]. For example, the pathophysio-
logical activation of HO-1 by the hemodynamic stress of
elevated blood pressure is not accompanied by changes of
important component of HO-signalling like cyclic guanosine
monophosphate (cGMP) [59, 63, 82-85]. Therefore the
transient upregulation of HO-1 that normally accompanies
many pathophysiological conditions may represent the first
line of defense mounted against tissue injury to counteract
adverse changes that would destabilize the homeostatic con-
ditions in physiological milieu. Since the pathophysiological
activation of HO-1 may fall below the threshold necessary to
activate important signalling components through which the
HO system elicits its effects of restoring tissue homeostasis
[63, 82], a more robust enhancement of HO-1 would be
needed to surmount the threshold [63, 82—85]. This can
be achieved by pharmacological agents capable of inducing
HO like some metalloprotoporphyrin such as hemin (ferric
protoporphyrin IX chloride), stannous mesoporphyrin, cop-
per protoporphyrin, and cobalt protoporphyrin. Given that
many of the adverse factors which stimulate HO-1 such as
elevated blood pressure [64] and high glucose and lipid [80,
81] concentrations are implicated in the pathophysiology of
metabolic syndrome, the HO system may constitute a novel
approach that could be explored against metabolic syndrome
and related cardiometabolic complications (Figure 2).

The emerging role of the HO system in insulin release
and glucose metabolism is becoming increasingly clear [38—
52]. HO-mediated stimulation of insulin release has been
reported in different rats strains [38, 46, 49—-52] and mice
(86, 87]. These studies suggest a central role of CO in glucose
metabolism. In the human body, CO is formed at a rate of
16.4 ymol/h and daily production of may reach 500 ymole
[88]. Interestingly, under normal physiological conditions,
islets of Langerhans produce CO and nitric oxide (NO)
to regulate insulin release [45, 46]. While NO negatively
modulates glucose-stimulated insulin release, CO stimulates
insulin secretion [45, 46]. Moreover, glucose stimulates
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pancreatic beta-cells to produce CO, which in turn triggers
insulin release [45, 46]. The critical role of the HO system
in insulin release and glucose metabolism was reported in
Goto-Kakizaki (GK) rats, a model with defective pancreatic
beta-cell HO-2 [38]. Since HO-2 is largely responsible for
basal HO activity [58, 59, 72, 73, 76] and thus the production
CO, the impairment of the HO system in GK rats resulted
in reduced CO and insulin insufficiency [38]. Interestingly,
treatment with the HO-inducer, hemin, or CO corrected
the defective HO system and enhanced insulin release with
improvement of glucose metabolism [38]. Collectively, these
studies suggest that reduced beta-cell CO and/or impaired
HO system may lead to dysfunctional glucose metabolism.

3. The Role of HO System in Inflammation and
Insulin Resistance

The inflammatory and metabolic systems are among the
most fundamental for survival, and these systems have
been evolutionarily well-conserved in species [37]. However,
the conditions of nutrient-overload or obesity may offset
these systems leading to inflammation in metabolic sites
like the adipose tissue, liver, and skeletal muscles. One
consequence of such imbalance is the increased produc-
tion of proinflammatory cytokines, adipokines, and other
inflammatory/oxidative transcription factors including NF-
xB activating protein (AP-1) and JNK. Although both JNK
and NF-xB play important roles in inflammation-induced
insulin resistance, accumulated evidence suggests that they
do so through different mechanisms. The principal mech-
anism by which JNK causes insulin resistance is through
the phosphorylation of serine residues in insulin receptor
substrate-1 (IRS-1) [89-91]. However, since JNK is a stress
kinase that also phosphorylates the c-Jun component of the
AP-1 [92], the activation of AP-1 by JNK may contribute to
aggravate inflammatory insults and hence insulin resistance.
NE-«B causes insulin resistance by stimulating proinflamma-
tory cytokines like TNF-a, IL-6, IL-1f, and resistin, which in
turn activates JNK and NF-«B pathways to create a vicious
cycle that will exacerbate tissue damage [89, 91, 93-97].

An important trigger of NF-xB, AP-1, and JNK is the
renin-angiotensin-aldosterone system (RAS). Like angiot-
ensin-II, aldosterone stimulates inflammation and fibrosis
by activating transcription factors such as NF-«B, AP-1, and
JNK [98, 99]. Moreover, oxidative stress will further enhance
the activation of JNK [100]. On the other hand, JNK blocks
insulin biosynthesis [100] and regulates AP-1 [101]. These
transcription factors modify insulin signaling and thus are
involved in the development of insulin resistance. There-
fore, the reduction of oxidative/inflammatory transcription
factors in T2D would not only limit tissue insults but
also decrease the oxidative destruction of a wide variety of
important metabolic regulators including adiponectin and
insulin [100, 102]. Therefore, novel therapeutic strategies
that concomitantly ablate inflammation and insulin resis-
tanc, but enhance adiponectin are needed. Interestingly, the
HO system has been shown to modulate both the metabolic
and inflammatory systems suppressing insulin resistance and
inflammation while enhancing adiponectin levels [40-44, 47,

48, 51, 55, 56, 82, 103-113]. Therefore the inflammatory
and metabolic effects of HO may be highly integrated and
the proper function of each may depend on the other
[37]. Given that insulin resistance may trigger inflammatory
events [114], it remains to be clarified whether insulin
resistance precedes the development of inflammation or vice
versa. Further investigation in this regard will advance our
knowledge in the development of more specific therapeutic
modalities.

Adiponectin is a cytoprotective protein produced by the
adipose tissue. It is composed of several multimeric species
or isoforms with low-, middle-, or high-molecular weights
[115]. The high-molecular-weight isoform is thought to be
the most clinically relevant. Generally adiponectin elicits
its effects through its receptors (adiponectin receptor-1
and -2) which, besides activating adenosine monophos-
phate protein kinase (AMPK), also activates peroxisome
proliferator-activated receptor alpha (PPAR«) in the liver to
increase insulin sensitivity and decrease inflammation [116—
118]. Generally, the high-molecular weight adiponectin
plays a crucial role in obesity-linked insulin resistance
and metabolic syndrome. Interestingly, PPARy upregulates
high-molecular weight adiponectin to enhance insulin sen-
sitivity and glucose metabolism [117, 119, 120]. Besides
its insulin-sensitizing effect, adionectin has also protective
effects against atherosclerosis [121] and inflammation [122].
Moreover, clinical evidence indicates that adiponectin levels
are low in patients with obesity, atherosclerosis, and insulin
resistance [119]. Furthermore, knocking-out adiponectin
leads to insulin-resistant T2D [120]. Collectively, these
studies underscore the important role of adiponectin in
cytoprotection, insulin sensitivity, and glucose metabolism.
Insulin insensitivity is a hallmark of T2D [123, 124] the
causes include excessive NF-«B activity [125-129], elevated
JNK activation [100] and increased production of adipokines
including free fatty acids, TNFa, ILs, resistin, leptin by the
adipose tissue [130-133]. In T2D diabetic patients, insulin
resistance may lead to metabolic syndrome, a pathologi-
cal condition with hyperinsulinemia, hypertension, glucose
intolerance, and dyslipidemia [122, 134, 135].

We recently showed that the HO inducer hemin is
endowed with potent antihypertensive and antidiabetic
effects. Interestingly hemin therapy is effective against
T1D and T2D. Our findings showed that upregulating the
HO system with hemin reduced fasting and postprandial
hyperglycaemia in different insulin-resistant T2D models,
including nonobese Goto-Kakizaki rats (GK) [42, 44] and
Zucker diabetic fatty rats (ZDF) [43], a genetically obese
leptin receptor-deficient (fa/fa) model [136, 137]. Interest-
ingly, after termination of therapy, the antidiabetic effects
prevailed for 3 and 4 months, respectively, in GK and
ZDF [42-44]. Further revelations from our findings indicate
that hemin therapy is also effective against streptozotocin-
(STZ-) induced diabetes [41] and improves insulin sen-
sitivity/glucose metabolism in spontaneously hypertensive
rats (SHRs) [47], a model of essential hypertension and
with features of metabolic syndrome like insulin resistance
and impaired glucose metabolism [138, 139]. Furthermore
we showed that hemin improved insulin-signaling/glucose



metabolism in deoxycorticosterone-acetate (DOCA) hyper-
tension, a model of primary aldosteronism [48], suggesting
a role of the HO system against dysfunctional glucose
metabolism in aldosteronism. Interestingly, the antidiabetic
effect of hemin was accompanied by a paradoxical increase
of plasma insulin and enhanced insulin-sensitivity [41-
44], alongside the potentiation of agents that promote
insulin-signalling, including adiponectin [40—44, 47, 48,
108-113] cGMP [45, 140], cyclic adenosine monophosphate
(cAMP) [45], adenosine monophosphate-activated protein-
kinase (AMPK) [141, 142], aldolase-B [143], and glucose-
transporter-4 (GLUT4) expression [142, 144]. Correspond-
ingly, hemin improved intraperitoneal glucose-tolerance
(IPGTT), reduced insulin-tolerance (IPITT), and lowered
insulin resistance (HOMA index), and the inability of insulin
to enhance GLUT4 was overturned [41-44]. Furthermore,
hemin therapy potentiated the antioxidant status in ZDF,
GK, and STZ-diabetic rats with the suppression of oxida-
tive/inflammatory mediators including 8-isoprostane, NEF-
«B, AP-1, AP-2, and JNK [41-44].

Given that diabetes is characterized by elevated oxidative
and inflammatory insults, the HO system would suppress
these insults by generating CO, bilirubin/biliverdin and
ferritin against apoptosis, inflammation and oxidative stress
[66—68, 71, 145-147]. Thus, the insulin-sensitizing effects
of hemin, when combined to its antihypertensive effects
(58, 59, 63—65, 83—85, 148—154], underscores the important
role of the HO system that could be explored against
impaired glucose metabolism and hypertension given the
rising incidence of comorbidities of essential hypertension,
glucose intolerance, and insulin resistance [155, 156] as well
as pathophysiological conditions like primary aldosteronism,
glucose intolerance, and insulin resistance [157—159].

3.1. The HO System, NF-xB, and Inflammation. The HO-
1 promoter harbours consensus binding sites for many
substances including inflammatory/oxidative transcription
factors like NF-xB, AP-1, and AP-2 as well as motifs for
glucocorticoid-responsive elements [160, 161]. As such, the
HO system may regulate inflammation and insulin release
[41-44, 47, 48, 162]. Given that HO-1 is induced by different
stimuli including high glucose levels [77, 80], the diversity
of HO inducers may be indicative of multiple regulatory
elements for the HO-1 gene with binding sites for different
transcription factors or genes. These arrays of genes may
account for the diverse and pleitropic effects of the HO
system in many cellular events including defence and glucose
metabolism [40—44, 47, 48, 65, 163-166]. By modulating
a wide variety of transcription factors, cellular metabolism
may be regulated. Thus, the HO system may be crucial for the
coordination and proper functioning of basic physiological
units in animals. More importantly, the regulation of NF-
«kB by HO-1 may be important for cellular homeostasis
given the pleitropic effects of NF-«B-signalling in many
pathophysiological conditions including inflammation and
insulin resistance [125-129] (Figure 2).

Transcription factors are proteins that act as a sensor to
monitor cellular change and convert the signals into gene
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expression. Generally, a specific cellular signal pathway can
activate multiple transcription factors and the expression of
a specific gene may be controlled by multiple transcription
factors. Importantly, transcription factors mediate signal
transduction by binding to specific DNA sequence in gene
promoters to regulate transcription activity. Although the
exact characterization of the series of events and the
mechanisms that integrate the inflammatory response with
metabolic homeostasis at the cellular and systemic level
are not fully understood, emerging data indicates that NF-
kB plays a key role [125, 127, 128, 167-169]. NF-«B is a
family of transcription factors that generally function as
heterodimers to regulate specific gene expression. In the
quiescent state, NF-«B is trapped in the cytoplasm by its
interaction with the inhibitory protein, “inhibitor of NF-«xB
kinase subunit beta” (IKKfS). The IKKB/NF-«B complex is
an essential mediator of inflammatory cascades. Importantly,
the IKKB/NF-«xB complex plays a critical and fundamental
role for immunity and survival [125, 167]. The proteosomal
degradation of the IKKB/NF-xB complex is triggered by
different stimuli or pathophysiological conditions. Upon
activation by stimuli like oxidative stress, lipopolysaccharide
endotoxin (LPS), mitogens, or cytokines, the phosphoryla-
tion of Ser177 and Ser181 activates the complex, triggering
a cascade of reactions that leads to proteolysis of IKKf-
specific protein kinase and the release of the NF-«xB. Upon
release, NF-xB translocates into the cell nucleus where it
mediates the transcriptional activity of a wide variety of
target genes [170-172]. The transcriptional products of NF-
kB in immune cells include different cytokines and their
receptors, adhesion molecules, immune modulators, and
apoptotic factors, all of which are implicated at various stages
during the inflammatory cascade.

Besides its traditional role in the immune/inflammation
system, emerging evidence suggests that NF-«B also mediates
chronic low-grade metabolic inflammation in a variety of
different tissues including adipose [128], liver [168], and
skeletal muscle [127, 169]. Therefore NF-xB can interfere
with several molecular programs to cause the different
aspects of metabolic dysfunction, especially under chronic
conditions like hypertension, diabetes, and obesity or nutri-
tional excess. For example, the NF-xB has been linked to
insulin resistance and numerous physiological deregulations
that underlie overnutrition [125-129]. Generally, insulin
resistant T2D is associated with the chronic activation of NF-
xB pathway and elevated inflammation [126, 173, 174].

A commonly used strategy to alleviate tissue insults
and restore cellular metabolism in conditions of elevated
inflammation and insulin resistance is PPARy agonists [175].
PPARy agonists are a class of drugs used against insulin
resistance and T2D [175]. PPARy is a genetic sensor of fatty
acids and a member of the nuclear receptor superfamily of
ligand-dependent transcription factors. PPARy is required
for fat cell development and is the molecular target of
thiazolidines, a class of insulin-sensitizing drugs that exert
their effects in adipose tissue and skeletal muscle [175].
Although a variety of PPARy agonists are available [175],
novel pharmacological agents would be needed in the
therapeutic armament giving the recent escalation of insulin
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resistant T2D, metabolic syndrome, and cardiometabolic
complications.

We recently showed that upregulating the HO system
with hemin suppressed NF-«B in different models of T2D
including ZDF and GK rats [42-44], as well as different
hypertensive models including SHR [47, 84] and DOCA-
hypertensive rats [48, 65, 84, 150, 151]. Similarly, other
HO inducers has been shown to be effective against insulin
resistant T2D [39, 40, 46, 49, 111, 113, 176]. Therefore,
HO inducers may be explored in the design of novel
strategies against insulin resistant diabetes. Incidentally,
PPARy have been shown to upregulate high-molecular
weight adiponectin [117, 119, 120], an insulin-sensitizing
agent. Similarly, adiponectin is upregulated by the HO
system [40-44, 47, 48, 108-113]. Therefore the synergistic
effects of PPARy and the HO system in improving insulin
sensitivity and glucose metabolism may be a novel approach
to combat insulin resistance and related cardiometabolic
complications.

3.2. The HO System, ¢JNK, and Inflammation. JNK proteins
belong to the mitogen activated protein kinase family and
control transcriptional activity of AP-1 via phosphorylation
of c-Jun [92]. Three closely related JNK isoforms including
JNK1, JNK2, and JNK3 have been described. Generally,
JNK-signalling is activated by inflammatory cytokines and
environmental stressors [177]. Reports indicate that the
different JNK isoforms are implicated in a wide variety
of pathophysiological conditions caused by inflammatory
insults. These include insulin resistance, T2D, infectious
diseases, stroke, Parkinson’s disease, and cardiovascular
disorders [92]. The tissue distribution and activities of
JNK1, JNK2 and JNK3 isoforms are different. JNK1 and
JNK2, are widely expressed in tissues and are involved
in different activities including T-cell activation and brain
development [92]. On the contrary, JNK3 is less-diffused and
is predominantly expressed in neurons in the hippocampus
and mediates neuronal apoptosis.

In obesity, JNK activity is increased in the liver, muscle,
and fat tissues probably due to the increase of free fatty acids
and TNF-a [92, 177]. Interestingly, JNKs are key signalling
molecules that link inflammation and insulin resistance
(Figure 2). The role of JNK in insulin resistance is highlighted
in studies showing that the abrogation of JNK prevents
insulin resistance in obese and diabetic mice [178-180].
In contrast, overexpression of a dominant-negative proteins
for JNKs or knocking down JNKI1 by RNA interference
assay resulted in the inhibition of JNK with improved
insulin sensitivity [178—180]. Similarly, genetic disruption of
JNK1 gene reportedly prevented the development of insulin
resistance in obese and diabetic mice [181]. Moreover, under
diabetic conditions, oxidative stress activates JNK, which in
turn suppresses insulin biosynthesis [100] causing impaired
insulin-signalling and glucose metabolism. Conversely, the
suppression of JNK resulted in reduced insulin resistance and
improved glucose tolerance in diabetic mice [100].

The role of JNK in insulin resistance has been further
highlighted by its interaction with IRS-1. An important

step during the insulin-signal transduction cascade is the
activation of insulin receptor tyrosine kinase and the
resulting phosphorylation of IRS-1. Subsequently, through
the activation of phosphatidylinositol 3-phosphate kinase
(PI3K), insulin regulates different metabolic pathways. These
include the activation of glucose uptake in muscle and fat,
downregulation of gluconeogenesis in liver, upregulation
of glycogen synthesis, and induction of protein synthesis.
However, these important insulin-mediated signalling events
could be halted if serine of the IRS-1 is phosphorylated
instead of tyrosine. Several stress-related kinases, including
JNK, induce the serine phosphorylation of IRS-1 and thus
inhibit the insulin-signal transduction cascade. Interestingly,
JNK-mediated phosphorylation of serine is a common
pathophysiological event in obesity [90, 91]. In a related
study, obesity-induced stress was shown to cause insulin
resistance via JNK-mediated phosphorylation of inhibitory
serine residues IRS-1 [90, 91]. Collectively, these studies
underscore the important role of JNK in insulin resistance
and suggest that inhibitors of JNK-signalling may be used as
insulin sensitizing agents. Thus, the genetic ablation of one
or more JNK isoforms may be a novel strategy against insulin
resistant T2D and related obesity-induced cardiometabolic
complications.

A number of different pharmacological agents capa-
ble of inhibiting JNK are presently under investiga-
tions. These include different classes of inhibitors: small-
molecule JNK inhibitors which may be derivatives of an-
thrapyrazolone, imidazoles, anilinoindazole, pyrazoloquino-
linones, aminopyridines, or pyridine carboxamide [182,
183]. Other classes of compounds under studies are
ATP-competitive JNK inhibitors and peptide substrate-
competitive ATP-noncompetitive JNK inhibitors [182, 183].
These include diaryl-imidazoles, anilinoindazoles, pya-
zoloquinolinones, aminopyridines, pyridine carboxamides,
anilino-bipyridines, and anilino-pyrimidines and compound
SP600125 [182, 183]. Although these compounds are
promising as they are endowed with good potency and
greater selectivity, their practical application in clinics is a
long way ahead; so other alternative modalities to block
JNK-signalling would be useful. Interestingly, we recently
showed that upregulation of the HO system with hemin
suppressed JNK and improved insulin sensitivity and glucose
metabolism in STZ-induced diabetes, insulin resistant T2D
models like ZDF and GK; as well as in hypertensive
models like SHR and uinnephrectomised DOCA-salt rats
[41-44, 47, 48]. The attenuation of JNK by hemin was
consistent with previous reports in which an upregulated HO
system reportedly abrogated JNK [184]. Although significant
contributions have been made in delineating the role of
JNK and its isoforms in cardiometabolic complications,
further studies are needed to identify more specific inhibitors
and/or novel compounds with improved pharmacokinetics
and pharmacodynamics.

3.3. The HO System and Obesity and Inflammation. Obesity
and insulin resistance are pathophysiological cardinal fea-
tures of metabolic syndrome. Generally, obesity and insulin
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resistance are closely associated with a state of low-grade
inflammation of white adipose tissue as a result of chronic
activation of the innate immune system leading to impaired
glucose tolerance, diabetes and other cadiometabolic com-
plications [37]. Although epidemiological studies had linked
inflammation with obesity for decades, the underlying mech-
anisms remained obscured until the last decade when strong
evidence indicated that obesity is a condition associated with
chronic inflammatory activity due to incessant activation of
a wide variety of inflammatory mediators including NF-«B,
TNF-a and JNK [25-35]. Similarly, free fatty acids binding
innate immune receptors like Toll-like receptor (TLR4) have
been shown to trigger significant inflammatory activities
in the condition of obesity. Consistent with this notion
are reports indicating that in TLR4-knockout mice, diet-
induced obesity and inflammation is abrogated [185]. On the
other hand, the binding of free fatty acids to TLR4 activates
the IKKB/NF-«B complex and the JNK pathway to initiate
a cascade of other inflammatory and proinflammatory
factors [186]. Therefore, the secretion of proinflammatory
factors by the adipose tissue and the regulation of these
secretions by increasing adiposity sustain the notion of an
ongoing low-grade inflammatory process in obesity. Emerg-
ing evidence indicates that adipocytes from different body
compartments have distinct inflammatory phenotype based
on their anatomical location and genetic differences between
intraabdominal visceral-fat and peripheral subcutaneous-fat

[187]. Importantly, visceral adiposity is more malignant than
subcutaneous adiposity. These differences are reflected in
the contrasting roles of visceral and subcutaneous adipos-
ity in the pathogenesis of obesity-related cardiometabolic
complications like insulin resistant T2D and coronary artery
disease in lean and obese individuals [187]. Generally,
resident macrophages in visceral adipose tissue generate
higher levels of proinflamatory cytokines like TNF-«a and
IL6, but reduced levels of the anti-inflammatory adipokine,
adiponectin [187]. Changes in the levels of these cytokines
are amongst the fundamental causes of inducing insulin
resistance and play a major role in the pathogenesis of
endothelial dysfunction, T2D, and related cardiometabolic
complications like atherosclerosis, especially in the condition
of obesity.

In the adipose tissue chronic overnutrition leads to
macrophage infiltration, resulting in local inflammation
that potentiates insulin resistance. Both TNF-a and JNK
are implicated in inflammation-induced impairment of
insulin signalling in obesity [25-31]. Moreover, NF-«B is
a stimulator of TNF« [91, 93-97]. The role of NF-«xB in
inflammation in obesity was demonstrated experimentally in
metabolic tissue, by nutrient overload [32, 33]. Accordingly,
glucose overload was shown to activate NF-«B in the
adipose [128], endothelial, and pancreatic tissues [188—
190]. Similarly, lipid overload increased NF-«B activity in
humans and animals [128, 191]. Moreover, in cultured
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FIGURE 2: Schematic representation illustrating the protective role of the HO system in glucose metabolism. Inflammatory and
oxidative mediators like NF-«B, JNK, TGF-«, IL1 and IL-6 are amongst the pathophysiological factors that impair insulin signalling.
Generally these substances stimulate oxidative/inflammatory events destroying tissue. Conversely, other factors including cytokines and
inflammatory/oxidative transcription factors like NF-«B, JNK stimulate a variety of different pathophysiological pathways to further
aggravate oxidative/inflammatory insult, creating a vicious cycle of intense inflammation that would severely damage tissue and compromise
many physiological functions including glucose metabolism. However, the HO system suppresses these inflammatory/oxidative mediators
and pro-inflammatory cytokines to enhance insulin signalling and improve glucose metabolism.

cells, tissues and whole animals, NF-«kB has been shown
to activate TNFa, IL6, IL-1f3, and plasminogen activator
inhibitor 1 (PAI-1) inducing insulin resistance [91, 93—
97]. Collectively, these studies strongly suggest a role of
the NF-xB pathway in nutrition-overload induced insulin
resistance and its involvement in aggravating inflammation
and exacerbating insulin resistance. Moreover, the presence
of NF-«B in different tissues may trigger distinct signals
to mediate the complex manifestations of overnutrition-
induced diseases. Therefore the activation of the NF-«xB may
be considered not only a key mechanism for the development
of insulin resistance but also an important contributor for
metabolic dysfunction and the development of nutrition-
overload induced complications. Seen in this light, block-
ade of NF-«B activity would be imperative to maintain
cellular homeostasis and adequate physiological function in
obesity (Figure 2). Moreover, dysfunctional metabolism due
to excessive inflammation may lead to premature aging in
obesity.

Although obesity is escalating in all population groups,
a causal relationship between obesity and premature aging
has been postulated for years. The molecular mechanisms
involved in obesity-induced aging are only beginning to
be unraveled now. Recent evidence suggests that obesity
accelerates the aging of adipose tissue due to increased

formation of reactive oxygen species in fat cells and short-
ened telomeres which ultimately results in activation of the
p53 tumor suppressor, inflammation, and the promotion
of insulin resistance and hypertension [192, 193]. Therefore
obesity may be considered a chronic stress factor that creates
a pathphysiological milieu that may ultimately compromise
the metabolic system. Overnutrition-induced chronic stress
offsets the balance between metabolic and immune functions
and contributes to the development of visceral obesity, T2D;
and the metabolic syndrome. Moreover, obesity-induced
proinflammatory cytokines from the adipose tissue may
act as an additional chronic stimulus for stimulation of
other stress-related pathways including the hypothalamic-
pituitary-adrenal axis [194], creating a vicious cycle between
metabolic and immune responses during nutrient overload.
Accordingly, obesity-induced stress has been reported to
impair the systemic metabolic homeostasis [37]. Conversely,
stress has been linked to the development of visceral obesity
[177]. Generally, stress is characterized by elevated levels of
glucocorticoid, a hormone implicated in the development
and differentiation of preadipocytes [195]. Reports indicate
that glucocorticoids regulate the expression of the stress-
related enzyme 11b-hydroxysteroid dehydrogenase (11b-
HSD). This enzyme has dual function as it converts inactive
cortisone to active 11b-HSD1 or, alternatively, the conversion



of cortisol to inactive 11b-HSD2 [196]. 11b-HSDI1 induces
stress and has been linked to the development of obesity and
insulin resistance [197-199]. Supportive of this notion are
experiments demonstrating that knocking-out 11b-HSD1
suppressed the development of obesity and insulin resistance,
whereas overexpression of 11b-HSD1 led to the development
of obesity [197-199]. Consistently, the activity of 11b-
HSD is elevated in obsessed humans [200, 201]. Of more-
importance and even more intriguing is the finding that the
ability to regulate 11b-HSD is lost in T2D patients, whereas
it is compromised in nondiabetic obsessed individuals [201].
These findings highlight the central role of glucocorticoids
in regulating metabolism via 11b-HSD, and suggest that the
regulation of 11b-HSD is a dynamic process that becomes
gradually impaired or even completely compromised as
the severity of the obesity worsens when it progresses to
metabolic syndrome and/or T2D. Interestingly motifs for
glucocorticoid-responsive element are present in the HO-
1 promoter [160, 161]. Whether this is indicative of a role
of the HO system in the modulation of glucocorticoid-
induced stress and/or involvement in glucocorticoid-induced
regulation of 11b-HSD remains the subject of future inves-
tigations. However, this hypothesis is particularly attractive
because stress is linked to the development of visceral obesity
[177], a condition in which glucocorticoids play a key role
in the development and differentiation of preadipocytes
[195]. Interestingly, the HO system has been shown to
suppress visceral and subcutaneous obesity [40, 111-113,
202]. Therefore, the HO-mediated suppression of visceral
and subcutaneous obesity when combined to other cyto-
protective effects of the HO system such as the attenuation
of NF-«B activity [41-44, 47, 83, 84, 203] may constitute a
protective shield against insulin resistance, obesity, and other
nutrition-overload related complication (Figure 2). Accord-
ingly, the presence of motifs for glucocorticoid-responsive
elements and binding sites for many substances including
sites for inflammatory/oxidative transcription factors like
NF-xB, AP-1 and AP-2 in the HO-1 promoter [160, 161]
suggest that the HO system may be playing a more important
role in metabolism that previously thought.

Although obesity was first described as low-grade
inflammation more than a decade ago, it is only recently
that obesity-induced increase of macrophage infiltration
of adipose tissue and elevated number of classically acti-
vated macrophages or M1-type has been associated with
obsessed individuals [204-206]. It is becoming increasingly
clear that the adipose tissue is infiltrated by macrophages
that trigger inflammatory events in obesity [207, 208].
Moreover, the dramatic shift of the pool of macrophages
from the alternatively-activated M2-type to the classically-
activated M1-type results in changes in secreted cytokines
from predominantly anti-inflammatory (M2-type) to proin-
flammatory (M1-type) in obese conditions, although the
exact mechanism for this shift remains largely unclear
[204-206]. Since alternatively activated macrophages have
a beneficial role in regulating nutrient homeostasis, an
increase of alternatively-activated M2-type might be a useful
strategy for treating insulin resistant T2D [205]. Given
that PPARy is necessary for the maturation of alternatively
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activated macrophages [205], and PPARy is a transcription
factor that regulates adipogenesis, insulin sensitization and
inflammation, the potentiation of PPARy-signalling would
be beneficial in obesity [209-213].

Interestingly emerging evidence indicates that the HO
system suppresses different inflammatory events includ-
ing macrophage infiltration [54, 63, 111, 202, 214] and
potentiate insulin sensitivity and glucose metabolism in
obesity [40, 111, 113] in a similar way as PPARy [209-213].
Accordingly, cross-talk between PPARy and the HO system
has been reported [215]. Moreover, analysis of human HO-
1 promoter using a combination of transient transfection
experiments, mutational analysis, and gel shift assays has
demonstrated the direct transcriptional regulation of HO-1
by PPARy and PPAR« [215]. Consistently, the notion that
HO-1 is a PPAR target gene [216, 217] has been further
strengthened by the observation that HO-1 enhances the
levels of PPARy protein expression and activity [218]. On
the other hand, PPARy has also been shown to induce
HO-1 [217]. Therefore, a mutual reciprocal stimulatory
relationship between PPARy and the HO system can be
envisioned [217, 218] and coordination of this synergistic
interaction between these two systems may constitute a novel
and potent strategy to combat obesity-induced complica-
tions and other related problems like T2D, insulin resistance,
hypertension, and metabolic syndrome. Given the recent
findings that HO inducers enhance insulin sensitivity and
improve glucose metabolism in different insulin resistant
rats strains including ZDF and GK [219, 220] and obese
mouse [40, 111, 113], it is tempting to speculate that the HO-
mediated suppression of macrophage infiltration constitutes
not only an important anti-inflammatory mechanism to
limit tissue insult in hypertension but also a mechanism that
could be explored to improve insulin sensitivity and glucose
metabolism in obsessed individuals with insulin resistance
and overt T2D.

3.4. The HO System, Oxidative Stress, and Insulin Signalling.
Many studies have underscored the role of oxidative stress in
insulin resistance [174, 221-223]. Reactive oxygen species are
produced by the electron transport system in mitochondrial
respiration and are increased in conditions associated with
enhanced oxidation of energy substrate such as glucose
and free-fatty acids. Reports indicate that factors that
increase oxidative stress like hyperglycemia, free-fatty acids
and adipokines contribute to insulin resistance [174, 222].
Although the exact mechanism of insulin resistance is not
fully understood, recent data suggest the implication of
oxidative stress in the pathogenesis of multiple forms of
insulin resistance [174, 221-223]. Thus, there is a general
consensus that elevated oxidative stress unleash the cascade
of events that impairs insulin-signalling [174, 222, 223].
As such, insulin resistance may be regarded as a state of
increased exposure to reactive oxygen species [174, 222],
and thus strategies that concomitantly reduce oxidative
stress, glucose/insulin intolerance and lower blood pressure
may improve glucose metabolism. Generally, the skeletal
muscles accounts for 65%-90% of the clearance of glucose
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clearance [140]. Under healthy conditions, the vascular
actions of insulin stimulate the production of NO from the
endothelium leading to vasodilation and increased blood
flow to skeletal muscles that enhance glucose-uptake [224].
However, in hypertensive conditions, elevated levels of
superoxide quenche NO by forming peroxynitrite [225],
that subsequently oxidizes arachidonic acid to generate 8-
isoprostane, a potent vasoconstrictor which may decrease
skeletal muscle blood flow, and thus reduce glucose-uptake.

Although many studies support the link between hyper-
tension and insulin resistance, the underlying mechanisms
are not completely understood. However, CO from the
HO system and NO may be implicated because these
vasoactive gases are important not only as a vasodilators,
but also in the regulation of insulin signaling [45, 46, 226—
230]. Recent evidence indicates that insulin stimulates the
production of NO [45, 46, 226], and thus insulin may
regulate blood pressure via the NO pathway. The binding
and subsequent activation of IRS-1 and IRS-2 by insulin
triggers a cascade of events that ultimately lead to activation
of PI3K and protein kinase (PKB) or Akt. In healthy subjects,
both P13K and Akt activate endothelial NO synthase to
generate NO [231, 232] and thus promote vasodilation.
However, in insulin-resistant conditions, oxidative stress
impairs the activation of P13K/Akt-signaling resulting in
impaired vasorelaxation [232-234]. Similarly, TNFa impairs
vasorelaxation by inhibiting the P13K/Akt-signaling [233,
235]. The P13K/Akt-signaling is important for glucose
transport and is involved in the translocation of GLUT4 to
the cell membrane [232]. However, in hypertensive subjects,
these cascades of events may be impaired, and so insulin-
stimulated NO may be insufficient [232] leading to reduced
vasorelaxation, decreased blood to skeletal muscles, and
impaired translocation of GLUT4. Thus, hypertension and
insulin resistance may compromise endothelial function and
cause overt T2D.

Since GLUT4 and effective dilation of skeletal muscle
and are largely responsible for glucose disposal, reduced
GLUT4 translocation and impaired skeletal muscle dilation
would result in reduced removal of glucose, leading to hyper-
glycemia, hyperinsulinemia, and eventually insulin resistance
[232, 236]. Alternatively, diminished action of insulin and
the resultant hyperglycemia may result in the accumulation
of advanced glycation end-products (AGE) and this would
increase oxidative/inflammatory events [237-239], which in
turn would further increase the production of AGE, and
thus creating a vicious cycle that potentiates the oxidative
destruction of beta-cells in both T1D and T2D [237, 240-
242]. Moreover, increased oxidative stress and AGE may lead
to DNA damage, the activation of NF-«B, and deranged
transcription [235], all of which will accentuate cell damage.
Therefore the progressive loss of beta-cell function and
the corresponding decline of insulin production reported
in TD1 and TD2 could be attributed, at least in part to
oxidative stress [243, 244]. Accordingly, the maintenance of
specialized islet architecture and the regulation of beta-cell
number by antioxidants and antiapoptotic agents may be
important for the preservation of intact pancreatic structure
to safeguard the insulin-producing capability of beta-cells.

Interestingly, our recent studies indicate that upregulating
the HO system enhances GLUT4 expression and improves
glucose metabolism [41-44, 47, 48]. On the other hand, the
P13K/Akt-signaling may also regulate vascular contractility
and blood pressure homeostasis by modulating calcium
ion transport [232, 234, 245]. Moreover, insulin triggers
vasodilatation by inhibiting voltage-gated calcium influx
[232, 234]. Similarly, glucose transport and glucose-6-
phosphate synthesis have been reported to reduce smooth
muscle vascular resistance by enhancing calcium efflux
[232, 234]. The P13K/Akt-signaling and glucose transport
may be blunted in the pathophysiological conditions like
insulin resistance and hypertension [232, 234]. The dys-
functional P13K/Akt-signaling coupled to reduced calcium
efflux may result in elevated vascular resistance in insulin
resistant diabetes and hypertensive conditions [232, 234].
Therefore oxidative stress, impaired glucose transport and
utilization, and reduced NO production are amongst the
contributing factors of hypertension and these factors may
also lead to the development of insulin resistance [232, 233,
246].

From the above mentioned studies, it could be envisaged
that elevated vascular resistance may constitute a common
denominator in hypertension and insulin resistant diabetes,
and strategies like HO inducers that enhance vascular
relaxation [228, 229] and improves glucose metabolism [38—
52] may constitute an alternative approach to simultaneously
combat hypertension and insulin resistance in patients
symptomatic with these comorbid conditions. However,
given that many insulin resistant patients are normoten-
sive, further studies are needed to fully characterize the
P13K/Akt-signaling and calcium efflux in hypertension
and insulin resistance. Given the close association between
the P13K/Akt-signaling and the HO system [247-251],
further exploration of these pathways may lead to better
understanding of the multifaceted interaction between the
HO system and the P13K/Akt-signalling and the develop-
ment of novel strategies against hypertension and insulin
resistance.

4. Concluding Remarks

Obesity, insulin resistant T2D, and many related car-
diometabolic complications share a metabolic milieu char-
acterized by elevated inflammatory/oxidative insults. While
inflammation-induced insulin resistance is increasing in par-
allel with the epidemic of obesity and metabolic syndrome,
there are additional unrelated mechanisms associated with
the polygenic conditions of insulin resistance, T2D, and
cardiometabolic complications that create a great challenge
for future therapeutic modalities. With the polygenic nature
of these conditions, treatment strategies should not be lim-
ited to monogenic targets. Interestingly, emerging data have
underscored the role of the HO system in insulin sensitivity
and cellular metabolism. The HO system has been shown
to suppress visceral and subcutaneous obesity [40, 111-113,
202], potentiating the antioxidant status in cells and abating
oxidative/inflammatory mediators including 8-isoprostane
JNK AP-1 and AP-2 [41-44, 47, 83, 84, 203]. These qualities,
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in combination to the HO-mediated attenuation of NF-xB
activity [41-44, 47, 83, 84, 203] may constitute a protective
shield against insulin resistance, obesity, and other nutrition-
overload-related complications. Moreover, the presence of
motifs for glucocorticoid-responsive elements and binding
sites for many substances including sites for inflamma-
tory/oxidative transcription factors like NF-«B, AP-1 and
AP-2 in the HO-1 promoter [160, 161], suggest that the
HO system may be playing a more important role in the
regulation of cellular metabolism.

Finally, the mutual reciprocal stimulatory relationship
between PPARy and the HO system may be explored in the
design of novel remedies. The coordination of this synergistic
interaction may constitute a novel approach that could be
explored in the search of more-effective and potent strategies
against the polygenic conditions of insulin resistance, T2D,
and cardiometabolic complications.
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(HO): Heme oxygenase
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kinase
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(TNF-a): Tumour-necrosis factor-alpha
(ZDF):  Zucker diabetic fatty rats.
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The effect of candesartan, an angiotensin-II type-1 receptor antagonist, on the metabolic profile and renal inflammation is
unclear. We evaluated this relationship by feeding male lean (LZ) and obese (OZ) Zucker rats chow or chow with candesartan
(23.5mg/kg- diet) for 14 weeks (n = 6-8/treatment/body type). Candesartan reduced serum triglycerides, plasma creatinine, urine
albumin, and renal cortical collagen and glycogen deposition in the OZ. An ELISA-based cytokine array revealed that candesartan
normalized elevated renal interleukin (IL) 1-8 and monocyte chemoattractant protein-1 (MCP-1) levels in OZ. Nonetheless,
candesartan impaired glucose tolerance, and did not lower blood insulin or glucose levels. Moreover, renal IL-1a, -2, -4, -6 and -10
tumor necrosis factor-a«, interferon-y, were significantly reduced in OZ relative to LZ, and increased by candesartan. Furthermore,
candesartan increased growth-regulated oncogene, transforming growth factor-f1 and IL-18 in OZ kidneys to a level higher than
LZ or untreated OZ. Candesartan did not affect renal cytokine levels in LZ. Overall, candesartan attenuated renal disease and
improved renal function in OZ, despite mixed effects on metabolic factors and cytokines. Reduced plasma triglycerides and/or
renal MCP-1 and IL-1f may have had a role in this protection. However, these effects were clearly independent of any improvement
in glucose tolerance.

1. Introduction insulin resistance [14, 15], and increases inflammation by
either directly activating immune cells or by producing
inflammatory mediators [16, 17]. Furthermore, clinical as
well as basic research studies have shown that treatment

with any of several available Ang II receptor blocker

Renal disease or nephropathy is a frequent complication
of the metabolic syndrome and a leading cause of end-
stage renal failure in type II diabetes [1]. Hypertension,

inflammation, insulin resistance, and/or an altered metabolic
profile, including poor glycemic control and dyslipidemia are
among the several mechanisms or “risk factors” associated
with this disorder [2-9]. Elucidation of these mechanism(s)
is crucial in guiding the development of more efficacious
therapies to combat renal disease, improve the quality of life
in this patient population, and assuage the societal burden of
the metabolic syndrome.

Angiotensin II (Ang II), a potent vasoconstrictor, and
mediator of oxidative stress and proliferative pathways in
tissue, is a strong candidate in modulating many of these risk
factors [10-12]. Ang II raises blood pressure [13], induces

(ARBs), compounds that bind antagonistically to the Ang II,
type I receptor (AT1R), results in renoprotection [18-21].
Candesartan (CAN), one such ARB, commonly prescribed
to lower blood pressure (BP), has clearly been shown to
improve renal function and attenuate renal disease [20, 21];
however the mechanism(s) underlying this protection is not
entirely clear.

The obese Zucker rat is a model for human metabolic
syndrome with associated renal disease [22, 23]. One manner
in which CAN would be expected to exert significant reno-
protection is by lowering BP. We have already published
BP in response to chronic CAN therapy in the same



set of rats [24]. CAN treatment for 14 weeks resulted
in a marked and sustained fall in BP of approximately
20-30mm Hg, in both lean and obese rats[24]. ARBs
have also been demonstrated to reduce inflammation in
tissues, such as the pancreas, heart, brain, vasculature, and
adrenal gland [25-27], improve insulin sensitivity [28—
30], and activate PPAR-y, an intracellular nuclear hormone
receptor involved in the regulation of carbohydrate and lipid
metabolism [31]. Therefore, the beneficial actions of ARBs
on the kidney may extend well beyond their BP-lowering
actions.

In this report, we examine the effects of chronic CAN
therapy on renal function and disease in obese and lean
Zucker rats. We determine whether attenuation of renal
inflammation and/or factors associated with the metabolic
syndrome may contribute to any observed renoprotective
effects of CAN. We utilize a cytokine array to measure 14
cytokines/chemokines in the whole kidney homogenates of
treated rats. In addition, we measure certain indices of the
metabolic profile including plasma triglycerides and glucose
tolerance. We hypothesize that chronic CAN therapy will
reduce renal inflammation (perhaps via improvement in
the metabolic status), in the obese Zucker rat, thus poten-
tially contributing to attenuation of renal disease in these
rats.

2. Methods

2.1. Animals Study Design. Thirty-two male Zucker rats
(16 lean and 16 obese) were obtained from Charles River
Laboratories (Wilmington, MA). Rats were singly housed
in microfilter top, plastic cages with a normal 12-hour
light/dark cycle according to protocols approved by the
Georgetown Animal Care and Use Committee, an AAALAC
(Association for Assessment and Accreditation of Laboratory
Animal Care, International) approved facility. At about 9
weeks of age, 8 rats from each body type were randomly
assigned to either ground control diet (Purina 5001 Rodent
Chow, Purina Mills, St. Louis, MO) solidified in agar with
70% water, or the same base diet with 23.5 mg candesartan
cilexetil (Atacand, AstraZeneca Pharmaceuticals, Wilming-
ton, DE) incorporated per kg diet (wet weight). This resulted
in an approximate dose of 3-4 mg/kg - bw/day of CAN in
the treated rats. Rats were weighed weekly and fed diets and
received water ad libitum for 14 weeks. Urine was collected at
12 weeks in metabolic cages.

2.2. Glucose-Tolerance Test. A glucose tolerance test (GTT)
was given to all rats at 13 weeks to assess their ability to
rapidly regulate blood glucose (a function of insulin sensitiv-
ity). The test was performed as described previously [32, 33].
Briefly, rats were given a 50% dextrose solution (3 ml/kg-bw)
intraperitoneally. Glucose was measured in tail blood with
a glucometer (One-Touch, Lifescan, Johnson & Johnson)
after pricking the tail at 15, 30, 60, 90, and 120 minutes
postglucose administration. Blood glucose concentration
over time was plotted and the areas under the curves were
calculated and statistically compared.
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2.3. Kidneys and Blood Collection. At the end of the 14 weeks,
rats were deeply anesthetized with sodium pentobarbital and
the right kidney perfusion fixed, as described previously
[34, 35], for histochemical analyses. Prior to perfusion, some
blood was collected into both K3-EDTA- and Na*-heparin-
containing vacutainer tubes (Becton-Dickinson, Franklin
Lakes, NJ). Immediately after euthanization, the left kidney
was removed and processed as a whole kidney homogenate
for the analysis of protein levels.

2.4. Plasma and Urine Analyses. Plasma insulin levels were
analyzed in blood collected at euthanization by a radioim-
munoassay, as previously described [36]. Triglycerides and
urine albumin were analyzed by colorimetric assays (Sigma,
St. Louis, MO and Exocell, Philadelphia, PA, resp.). Plasma
creatinine was determined by the Jaffe rate method (Creati-
nine Analyzer 2, Beckman Diagnostics Systems Group, Brea,
CA).

2.5. Histochemical Staining. After fixation with 4% parafor-
maldehyde, the right kidney was processed to paraffin, sec-
tioned at 4 ym, and stained with periodic acid-Schiff’s (PAS;
for demonstration of glycogen deposition) to determine
glomerulosclerosis, which is defined as thickening of the
basement membrane and mesangial expansion) or Masson’s
trichrome (for demonstration of collagen deposition) to
determine tubulointerstitial fibrosis, which is defined as
tubular atrophy or dilatation, deposition of extracellular
matrix, and interstitial fibroblast proliferation [37].

2.6. Cytokine Profile Using an ELISA-Based Cytokine Array.
Levels of monocyte chemoattractant protein-1 (MCP-
1), interleukins (IL)-1f, -la, -2, -6, -5, -4, -10, -18,
-12p70, tumor necrosis factor-a (TNF-«a), interferon-y
(INF-y), growth-regulated oncogene (GRO-KC), and gran-
ulocyte macrophage colony-stimulating-factor (GM-CSF)
were determined in the whole kidney homogenates using a
rat cytokine/chemokine LINCOplex premixed 96-well plate
assay (Millipore, St. Charles, MO, catalog no. RCYTO-80K-
PMX).

2.7. Western Blotting. Western blotting was performed as
previously described [32] on whole kidney homogenates
to evaluate the effects of body type and therapy on
endothelial nitric oxide synthase (eNOS, NOS3) and TGF-
B1 (transforming growth factor using commercially avail-
able antibodies: polyclonal NB100-91995 (TGF-S1, Novus
Biologicals, Littleton, CO), and monoclonal 610297 (eNOS,
Transduction Laboratories, San Diego, CA).

2.8. Statistics. To determine the overall effects of CAN
treatment and body type on variables of interest, data were
analyzed by two-way (body type X treatment) analysis of
variance (ANOVA). The difference between individual pairs
of means was analyzed by unpaired t-test. If data were
nonparametric, not normally distributed, or variances were
different, we used the Mann-Whitney rank sum test (Sigma
Stat, Chicago, IL). P < .05 was considered significant for
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all analyses. Among the 14 cytokines analyzed in the array,
6, that is, IL-1a, IL-4, IL-10, IL-12p70, IFN-y and TNF-q,
were below detection levels in the untreated obese group, as
well as in some treated obese rats (1 or 2 out of 6). Thus
the statistical analyses for these 6 cytokines were done in a
different way; that is, cytokine levels were categorized (one
category was “undetectable”), and a t-test (Rank Test) on
categorical assignments was done. The other 8 cytokines were
analyzed by standard unpaired ¢-test as continuous variables.

3. Results

3.1. Chronic Candesartan Treatment Improves the Indices of
Renal Function and Reduces Pathology. Obese Zucker rats
had significantly higher levels of plasma creatinine (Fig-
ure 1(a)) and urine albumin excretion (Figure 1(b)), relative
to lean age-mates, indicating impaired renal function and
advancing renal disease. Both plasma creatinine and urine
albumin were markedly reduced in the obese rats treated
with CAN. CAN also resulted in a significant reduction in
these two parameters in the lean rats, although the reduction
was of considerably lower magnitude.

In addition to improving renal function, chronic CAN
therapy attenuated renal pathology in obese rats as revealed
by histochemical staining. Untreated obese rats demon-
strated marked renal pathology as indicated by features
of glomerulosclerosis and tubulointerstitial fibrosis in their
kidney sections relative to lean rats (Figure 2). Chronic CAN
attenuated these pathological features. As shown in Figure 2,
Masson trichrome-stained paraffin sections revealed heavy
deposition of collagen in the interstitial spaces (light-blue
staining, Figure 2(a) and enlarged lumens of the renal tubules
in untreated obese rats only. Similarly, mesangial expansion
(arrows) and hyaline casts in the renal tubules were found
only in untreated obese rats’ kidney by periodic Schiff’s
staining (Figure 2(b)). There was no apparent effect of the
chronic CAN therapy on renal histology in the lean rats.

3.2. Candesartan Has an Opposite Effect in Lean and Obese
Rats with Regard to Water Intake and Urine Volume. As
expected, obese rats gained significantly more weight by
the end of the study (Table 1). CAN treatment did not
significantly affect weight gain, although there was a trend for
weight gain to be less in the obese CAN rats. Absolute water
intake and urine volumes were higher in obese rats; however,
when normalized by kidney weight, urine volume was lower
in obese control rats and corrected (to lean levels) by CAN.
In contrast, CAN significantly decreased urine volume in
lean rats, so that there was a significant interaction between
terms in the 2-way ANOVA. There was also a strong trend for
decreased water intake in these treated lean rats (P = .064,
unpaired ¢-test between Lean Control and Lean CAN).

3.3. Candesartan Reduced Serum Triglyceride Levels. Serum
triglycerides were significantly increased in obese rats related
to lean (Table 1). Candesartan treatment significantly
reduced triglyceride levels in obese rats (to a level only 46%
of the untreated obese level), and to more modest extent in
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FIGURE 1: Plasma creatinine (a) and urinary albumin excretion
(b) in candesartan-treated (CAN) or -untreated (c) lean and
obese rats at the end of 14 weeks of treatment (n = 8 per
body type/treatment). Obese had significantly increased albumin
excretion and higher plasma creatinine relative to lean groups;
CANtreated groups were significantly different from control by 2-
way ANOVA (P < .05). * indicates a significant difference (P < .05)
from lean control mean and # from obese control mean by unpaired
t-test.

the lean (to 75% of the untreated lean level). Levels in treated
obese rats were still on average 85% higher than lean control.

3.4. Candesartan Has an Opposite Effect in Lean and Obese
Rats with Regard to Glucose Tolerance. Obese rats demon-
strated significantly slower plasma glucose clearance (glucose
tolerance, measured at 13 weeks), in response to intraperi-
toneally administered glucose (3 ml/kg-bw), relative to lean
rats (Figure 3(a)). Unexpectedly, CAN treatment further
worsened this impairment, as demonstrated by significantly
higher area under the curve (AUC) for plasma glucose levels
over time in CAN-treated obese rats relative to untreated
obese. In lean rats, however, CAN significantly improved
glucose tolerance. This led to a significant interaction
between body type and treatment by 2-way ANOVA.
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FIGURE 2: Renal cortical pathology: glomerulosclerosis and tubulointerstitial fibrosis were assessed in periodic acid Schiff and Masson’s
trichrome-stained paraffin sections (4 ym sections, 6 sections/kidney were analyzed) from Zucker rats (Lean or obese) treated with (+CAN)
or without candesartan (—~CAN) (n = 3/bodytype/treatment). (a) Masson trichrome-stained paraffin sections showing enlarged lumens of
the renal tubules and heavy deposition of collagen in the interstitial spaces (light-blue staining, arrows) in untreated rats only. (b) Periodic
acid Schiff’s-stained paraffin sections. The mesangial expansion is shown by arrows and hyaline casts by (¢) in the renal tubules in untreated
rats only.
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TaBLE 1: General physiology'.

Treatment Weight gain (g/14 24-hour water intake 24-hour urine volume  24-hour urine volume  Serum triglycerides
weeks) (ml/d) (ml/d) (ml/g kidney weight/d)  (mg/ml)

Lean Control 124 + 5 61+3 48+ 1 116 = 4 1.44 + 0.56

Lean CAN 119 + 1 55+1 42 + 2% 104 + 6 1.08 = 0.07

Obese Control 232 + 14* 73 = 3* 512 75 + 3* 5.74 + 0.95*

Obese CAN 191 + 20* 107 + 17** 69 + 7% 107 + 14* 2.66 + 0.41%

Factors Results of 2-way ANOVA for above parameters (P-values)

Body Type  <.001 <.001 <.001 028 <.001

Treatment .065 .074 174 .024 .013

Interaction .145 .016 .006 <.001 044

"mean + sem, n = 7 or 8/group; *indicates a significant difference from lean control; *indicates a significant difference between obese control and obese
CAN groups, by unpaired ¢-test. In bold- P-values < .05 by 2-way ANOVA (significant).

In addition, final blood glucose levels (measured just
prior to euthanization at 14 weeks) trended toward being
higher in obese rats treated with CAN relative to all
other groups (Figure 3(b)), P-value = .07, as compared
to lean control). Plasma insulin levels (Figure 3(c)) were
significantly higher in the obese rats, and not altered by CAN
in either lean or obese.

3.5. Effects of Long-Term Candesartan Treatment on the
Cytokine Profile in Kidney Tissue. Renal levels of only two
cytokines (out of 14) were elevated in obese versus lean
rats in the control state, that is, MCP-1 and IL-1J (Figures
4(a) and 4(b)).Their levels were, respectively. 200% and
70% higher than untreated lean controls. Long-term CAN
treatment reduced these levels in obese rats such that they
were no longer significantly different than lean. There was no
significant effect of CAN on the level of these two cytokines
in the lean rats.

Surprisingly, the kidney levels of 9 out of the 14 cytokines
were significantly lower in the untreated obese Zucker rats
relative to lean controls. These were IFN-y, IL-4, IL-2, IL-
6, GM-CSF, IL-1a, IL-10, IL-12p70, and TNF-«a (Figures 4
and 5). Some of these data are depicted as individual rat
values (rather than means) because the protein was “below
the level of detection” in some animals (Figure 5). Long-
term CAN treatment increased the level of these proteins,
such that they were no longer significantly different from lean
control levels (except for IFN-y, Figure 5(a),which remained
significantly lower in CAN-treated obese rats). Similar to
what was observed for MCP-1 and IL-1, CAN had no effects
on the levels of these 9 cytokines in the lean rats.

Finally, a different pattern emerged for renal levels of
IL-18 and GRO-KC (Figure 4). These 2 cytokines were
not significantly different between lean and obese rats, but
increased by CAN treatment in obese rats only, so that
the levels were elevated (relative to obese control rats). No
significant differences were observed for IL-5 levels between
any of the groups.

3.6. Effects of Candesartan Therapy on eNOS and TGF-p.
In Figure 6, we show renal expression of endothelial nitric
oxide synthase (eNOS), a protein central in oxidative-stress

related pathways due to its generation of nitric oxide [38] and
transforming growth factor f, a protein central in increased
matrix formation and deposition in diabetic nephropathy
[39]. Both eNOS and TGF-f were expressed at greatest levels
in obese CAN-treated rats. Moreover, there was a significant
interactive term for both proteins in that CAN reduced
expression in lean rats but increased it in the obese.

4. Discussion

We have demonstrated that chronic candesartan treatment
attenuated renal pathology and reduced renal levels of MCP-
1 and IL-1p in obese rats. Consistently, it markedly improved
renal function and lowered serum triglyceride levels in
these rats. Unexpectedly, glucose tolerance was worsened.
Moreover, renal levels of 11 out of 14 cytokine analyzed were
in fact significantly increased by CAN in the obese rats. IL-18
and GRO-KC levels were highest in CAN-treated obese rats
as compared to all other groups. Overall, our results from the
cytokine array suggest that the regulation of renal cytokine
levels by chronic candesartan-treatment of obese Zucker rats
appeared to be primarily driven by normalization of kidney
function and architecture and perhaps preservation of these
necessary and sometimes protective inflammatory pathways.
Decreases in serum triglyceride and/or renal MCP-1 and IL-
B levels may have a role in the reno-protective actions of
candesartan in the metabolic syndrome.

In many models of diabetes and insulin resistance,
elevated RAS activity has been shown to be intimately
intertwined with activation of inflammatory pathways in
renal tissue [40]. In contrast to expectations, examining
whole kidney homogenates, we found an increase in only two
cytokines, IL-1f and MCP-1 in the obese Zucker rat kidneys,
relative to lean controls. Increased mRNA expression of
TNF-a, IL-1 and IL-6 has been reported in the kidney of
streptozotocin-induced type 1 diabetic rats [41], a model
associated with much higher levels of plasma glucose and
no obesity. Less information is available with regard to renal
levels of cytokines in models of the metabolic syndrome
or type II diabetes. Xu et al. [42] found increased mRNA
expression for 2 cytokines, MCP-1 and IL-6, in renal cortical
tissue obtained from similarly aged obese Zucker rats. These
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FIGURE 3: Metabolic function: (a) Glucose-tolerance test (GTT) performed in candesartan-treated (CAN) or untreated (c) lean and obese

rats at 13 weeks of treatment (n = 8 per body type/treatment). Blood

glucose levels measured at different time points in response to 50%

dextrose solution (3 ml/kg - bw) given intraperitoneally. Area under the curve was higher for the obese rats compared to the lean, and a
significant interaction was found between body type and treatment by 2-way ANOVA (P < .05). (b) Blood glucose and (c) plasma insulin
levels at the end of 14 weeks of treatment (n = 8 per body type/treatment) were different between the body types by 2-way ANOVA (P < .05);
14 weeks of CAN treatment did not affect these levels. * indicates a significant difference (P < .05) from lean control mean and # from obese

control mean, by unpaired ¢-test.

levels were reduced by losartan (another ARB). In our study,
we confirmed the increase at the protein level for MCP-
1; however, we showed a decrease in IL-6 protein levels.
In our rats, both of these cytokines were normalized by
CAN. The difference between our study and that of Xu et
al. [42] may have resulted from the difference in mRNA

versus protein, or in the fact that we evaluated whole kidney;,
rather than only cortex. Another possibility is that the
severity of the nephropathy may have affected the expression
pattern. It is unclear whether their rats or ours had greater
severity of renal disease at the time when samples were
collected.
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FIGURE 4: Mean kidney cytokine levels (all rats detectable)
(a) higher level cytokines including: monocyte chemotactic
protein-1 (MCP1), interleukin-2 (IL-2), interleukin-6 (IL-6), and
interleukin-18 (IL-18); (b) lower level cytokines including: inter-
leukin 1pB(IL-13), granulocyte macrophage colony-stimulating-
factor (GM-CSF), growth regulated oncogene (GRO-KC), and
interleukin-5 (IL-5) in whole kidney tissue homogenate from
candesartan treated (CAN) or untreated (C) lean and obese rats at
the end of 14 weeks of treatment (n = 8 per body type/treatment).
* indicates a significant difference (P < .05) from lean control mean
and # from obese control mean, by unpaired ¢-test.

Overall, including IL-6, we found 9 cytokines that
were significantly reduced in obese versus lean rat kidney.
We suggest that renal protein levels of some cytokines or
chemokines may actually decline with loss of epithelial cells
and the progression of renal disease. In agreement, Waldherr
et al. [43] reported that TNF-«, IFN-y and IL-2 levels in the
glomeruli were undetectable in the chronic form of human
glomerulonephritis, while their levels were significantly
increased in the acute form of the disease. Furthermore,
a study examining the relationship between the expression
of IL-6 mRNA and the degree of glomerular mesangial
expansion in human diabetic nephropathy demonstrated
that signal intensity for IL-6 mRNA was strongest in tissues
from moderate mesangial expansion but was weak in those

from mild and severe mesangial expansion [44]. These and
our studies support the possibility that as renal disease
progresses there is decompensation at the cellular level in the
immune response, perhaps due to architectural or fibrotic
changes. Further studies will be needed to address this
possibility.

In further support of this hypothesis was the fact that
a full 11 out of 14 cytokines in the obese rats were
significantly different from lean rats in the untreated state
and basically restored, or at least partially restored, by CAN.
CAN attenuated renal damage, at least as gauged by reduced
collagen and glycogen deposition and plasma creatinine.
Furthermore, CAN had no significant effects on the lean
rat cytokine profile, diminishing the possibility that other
factors, for example, the fall in blood pressure with CAN as
shown by us previously in both lean and obese rats [24], had
any direct role on cytokine/chemokine levels.

Nevertheless, IL-18 and GRO-KC (which were not dif-
ferent between untreated lean and obese) were significantly
increased in the treated obese rats only. We believe that
hyperglycemia and/or slower plasma glucose clearance could
be responsible for increased expression of these cytokines.
High glucose levels have been demonstrated to increase the
secretion of both IL-18 and GRO-KC [45]. Moreover, we
showed that CAN treatment increased renal expression of
transforming growth factor 1 (TGF-f31), but again, only in
the obese rats. A potentially causative relationship between
these two variables was recently demonstrated by Bani-
Hani et al. [46] in IL-18-overexpressing mice; that is, TGF-
B1 expression was reduced when IL-18 was neutralized by
antibodies. IL-18 may have a facilitative role in glucose
utilization by cells. Using IL-18 knockout mice, it has been
demonstrated that lack of endogenous IL-18 results in
obesity, insulin resistance, and hyperglycemia [47]. Further-
more, increased serum levels of IL-18 have been associated
with insulin resistance and obesity in humans [48-50].

It is nevertheless somewhat surprising that TGF-f1 was
increased quite dramatically in the obese CAN-treated rats,
relative to all other groups, while our other evidence points
to reduced epithelial-to-mesenchymal transition (EMT) and
the development of fibrotic renal disease in obese rats with
CAN treatment. It is possible that CAN simply delays renal
disease in the obese Zucker rat and that increased TGE-1p
may be transitory and occurred at an earlier time-point in the
obese control rats. It is also possible that CAN is protective
at a step down-stream of TGF-$1 with regard to matrix
accumulation. Additional studies would need to be done to
clarify this matter.

If we accept the possibility that CAN may have increased
GRO-KC, IL-18, and TGF-f51 as a result of relative hyper-
glycemia in these rats, what was the mechanism for the
impaired GTT? In fact, some evidence to contrary exists with
regard to predicted systemic effects of AT1R blockade. ARBs,
often prescribed to hypertensive subjects with the metabolic
syndrome, have been demonstrated in several clinical studies
to reduce the number of new onset cases of type II diabetes
[51], improve glucose tolerance, and may prevent progressive
beta-cell failure in diabetes [52, 53]. Tikellis et al. [53] found
improved pancreatic islet morphology in Zucker diabetic
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Ficure 5: Individual kidney cytokine level (some rats undetectable) (a) interferon-y (IFN-y) (b) interleukin-4 (IL-4), (c) interleukin-1«
(IL-1a), (d) interleukin 10 (IL-10), (e) interleukin 12p70, and (f) tumor necrosis factor & (TNF-«) in whole kidney tissue homogenate from

candesartan-treated (CAN) or -untreated (c) lean and obese rats at the end of 14 weeks of treatment (n =

8 per body type/treatment).

* indicates a significant difference, P < .05, from lean control mean and # from obese control mean, by rank test on categorical assignments.
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FIGURE 6: Western blotting of whole kidney eNOS and TGF-f3. Representative immunoblot of whole kidney homogenates from -candesartan
treated (CAN) or -untreated (C) lean and obese rats at the end of 14 weeks of treatment probed with (a) eNOS and (b) TGF-p antibodies,
respectively. Equal amounts of total protein were loaded in each lane and each lane is loaded with a sample from a different rat. Below each
blots is its densitometry summary (# = 6 rats/group). Results were analyzed by 2-way ANOVA and also by t-test. * indicates a significant
difference (P < .05) from lean control mean and # from obese control mean, by unpaired ¢-test.

fatty rats (ZDF), a substrain of the Zucker rat, that develops
type II diabetes extremely early, after treatment with irbe-
sartan (an ARB) or perindopril (an angiotensin converting
enzyme inhibitor). Furthermore, candesartan was shown to
improve GTT in high-fat fed Wistar rats [54]. These rats
had increased expression of the peroxisomal proliferator
activated receptor, subtype y (PPAR-y) in liver and adipose
tissue, which they proposed may have been the mechanism
for candesartan’s effects [54].

Nonetheless, there are some clinical trials of 5 months
and longer, in diabetic patients, which in agreement with our
findings showed no improvement in metabolic parameters,
including glucose tolerance with chronic ARB therapy [55—
58]. In our study, the differences between treated- and
untreated-obese rats were not large; in fact final blood glu-
cose and insulin levels trended higher with CAN treatment,
but were not statistically different and highly variable. What
is clear is that they were not improved. However, surprisingly,
GTT was significantly improved in the lean rats. Therefore,
only obese rats responded in this somewhat negative fashion
to chronic CAN therapy with regard to GTT. Glucose dose
was administered intraperitoneally (ip) according to weight
of the rats, but there were no significant differences in body
weight between CAN-treated and control obese rats at the
time of the GTT. It is possible that the lower BP in the
CAN-treated rats somehow resulted in delayed uptake from
the ip cavity, with subsequent delay in clearance. The blood
glucose levels in the CAN-treated obese rats did not peak
until 1.5 hours, while they were at their peak in the control
obese rat at 30 minutes (Figure 3). However, the fall in
BP in the lean rats did not affect time-of-peak for glucose,
which occurred at the same time (15 minutes) for lean
control and lean CAN-treated rats. It is possible that chronic

CAN treatment negatively impacted the pancreatic release of
insulin in the obese rats, for example, as a result of the low BP.
Insulin levels were not measured during the GTT challenge;
however, in the basal state they were higher (not lower)
than control obese rats, suggesting relatively greater insulin
resistance in these rats with the ability to compensate with
hyperinsulinemia still intact. Thus, it appeared that they may
have been more insulin resistant at the level of peripheral
tissues.

Candesartan-treated obese rats also exhibited relative
polyuria and polydipsia, despite improvement in many his-
tological features of the kidney, and in general renal function.
Increased urine volumes could be due to glucose-induced
osmotic diuresis in the CAN-treated obese rats, further
supporting impaired glucose handling and insulin resistance
in these rats. In contrast, lean rats treated with CAN showed
the opposite; that is, they had significantly reduced urine
volumes with CAN. The mechanism(s) underlying reduced
urine volume with CAN treatment in these lean rats is also
unknown. Ang II has been shown to stimulate thirst via
AT1R in the brain. Candesartan administered peripherally
has been shown to block this effect [59]. Thus, it is possible
that this is the mechanism underlying reduced water intake
in the lean rats. We might speculate that this effect was
masked in the obese due to thirst generated as a result of the
osmotic diuresis.

Opverall, CAN therapy was protective of the kidney both
functionally and histologically. CAN was able to restore or
normalize (to lean levels) aberrant renal levels of 11 of 14
cytokines measured. This may be critical in the continuation
of adequate immune function in the kidney of the obese
rat. In contrast to obese rats, CAN had no effects on
renal cytokine levels in lean rats. Moreover, these protective
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changes occurred despite candesartan’s propensity to worsen
glucose tolerance in the obese rats. Impaired GTT and
increased levels of renal IL-18, GRO-KC, and TGF-f1 in the
CAN-treated obese rats were puzzling, but of clear concern.
The mechanisms underlying these effects require additional
study.
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Obesity is associated with a low-grade systemic chronic inflammatory state, characterized by the abnormal production of pro-
and anti-inflammatory adipocytokines. It has been found that immune cells such as macrophages can infiltrate adipose tissue and
are responsible for the majority of inflammatory cytokine production. Obesity-induced inflammation is considered a potential
mechanism linking obesity to its related pathologies, such as insulin resistance, cardiovascular diseases, type-2 diabetes, and
some immune disorders. Therefore, targeting obesity-related inflammatory components may be a useful strategy to prevent or
ameliorate the development of such obesity-related diseases. It has been shown that several food components can modulate
inflammatory responses in adipose tissue via various mechanisms, some of which are dependent on peroxisome proliferator-
activated receptor y (PPARy), whereas others are independent on PPARy, by attenuating signals of nuclear factor-«xB (NF-«B)
and/or c-Jun amino-terminal kinase (JNK). In this review, we introduce the beneficial effects of anti-inflammatory phytochemicals

that can help prevent obesity-induced inflammatory responses and pathologies.

1. Introduction

Recently, more and more lines of evidence have accumulated
that obesity is associated with low-grade chronic inflamma-
tion that is causally involved in the development of insulin
resistance. Systemic inflammation is markedly evident in a
number of human and mouse models of obesity, as deter-
mined by increased plasma levels of inflammatory cytokines
such as tumor necrosis factor-a (TNF-«), interleukin-6
(IL-6), and monocyte chemoattractant protein-1 (MCP-
1). These inflammatory cytokines are derived from obese
adipose tissue [1], and recently, it has been found that not
only adipocytes, but also immune cells, such as macrophages
[2, 3] reside in adipose tissue, and that these cells may
induce insulin resistance by promoting inflammation in
these tissues. The major cause of the development of obesity
and the consequent inflammatory disorders is the excess
dietary fat intake or an imbalance between the intake and
expenditure of energy. Overweight and obese patients may

develop paradoxical nutritional deficiency from eating high
energy foods with poor nutrient content; however, diet
with a higher nutrient density reduces their weight and
improves obesity-related inflammatory disorders [4]. This
indicates that obesity-related pathologies can be prevented or
improved by the intake of food containing components that
can control inflammation in obese adipose tissues infiltrated
with macrophages. In activated macrophages, inflammatory
responses are regulated by master regulators of inflammation
such as nuclear factor-«B (NF-xB) and c-Jun amino-terminal
kinase (JNK) [5, 6]. Moreover, peroxisome proliferator-
activated receptor-y (PPARy) is reported to attenuate inflam-
mation in activated macrophages by interfering with NF-
kB signaling [7]. Therefore, targeting these inflammatory
regulators using food components may be a useful strategy
to prevent or ameliorate the development of obesity-related
diseases. Our group and other research groups have shown
that several food components can modulate inflammatory
responses in adipose tissue via various mechanisms, some of
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which are dependent on PPARy, whereas others are PPARy-
independent, by attenuating NF-xB or JNK signaling. In
this review, we introduce the beneficial effects of anti-
inflammatory food components against obesity-induced
inflammatory responses and pathologies.

2. Inflammatory Components Associated with
Obesity and Related Pathologies

Adipose tissue is composed of adipocytes and stromal vascu-
lar cells containing various cell types such as preadipocytes,
endothelial cells, fibroblasts, and numerous immune cells.
In particular, macrophage infiltration into adipose tissue is
prominent in obesity, and the number of macrophages in
adipose tissue correlates with body mass index, adipose size,
and the total amount of body fat [2, 3]. It has been suggested
that adipose tissue-derived MCP-1, a CC chemokine that
exhibits chemotactic properties on inflammatory cells, is
the key factor for inducing macrophage infiltration into
adipose tissue. The level of MCP-1 released by adipocytes
is significantly greater in obese mice than in nonobese
mice [8-10] and is markedly increased when adipocytes
are cocultured with macrophages [11, 12]. MCP-1 from
hypertrophic adipocytes in obese adipose tissue can also
trigger macrophage infiltration into adipose tissue and
subsequently activates macrophages to release inflammatory
mediators such as TNF-« [10], which interferes with insulin
signaling and induces fatty acid lipolysis in adipocytes. The
concentrations of these fatty acids, particularly saturated free
fatty acids, are reported to be elevated in obesity [13] and
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directly induce inflammatory responses in macrophages via
toll-like receptor 4 (TLR4), the lipopolysaccharide receptor
[14, 15]. The NF-«B and JNK pathways represent important
modulators of inflammatory gene expression downstream of
TLR4 in many cell types, including macrophages [11, 16,
17]. In this way, adipocytes and macrophages interact in a
paracrine manner and create a vicious cycle of inflammation
that augments the inflammatory changes and insulin resis-
tance in obese adipose tissue [11] (Figure 1).

3. Strategy to Prevent Inflammatory Responses
and Insulin Resistance in Obese Adipose
Tissues by Food Components

Inflammatory responses in obese adipose tissues are regu-
lated by many transcriptional factors. NF-xB and JNK repre-
sent important modulators of inflammatory gene expression
downstream of TLR4 in adipose tissues, suggesting that food
components interfering with the TLR4/NF-«xB or TLR4/JNK
axis could be useful to prevent the onset of insulin resistance
in obese patients (Figure 2).

Furthermore, PPARy, a member of the nuclear receptor
superfamily activated by ligands, also plays an important role
in inflammation [18, 19]. Thiazolidinediones (TZDs), syn-
thetic ligands for PPARy, suppress the production of proin-
flammatory cytokines including TNF-a in LPS-stimulated
macrophages [7]. In addition to the anti-inflammatory
effect, TZDs regulate the mRNA expression of genes involved
in lipid metabolism in macrophages and suppress their
transformation into foam cells [7, 20]. On the other hand,
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FIGURE 2: Signaling pathway of inflammatory gene expressions in obese adipose tissue and the strategy to prevent the obese-related

pathologies by food components.

TZDs have been widely used as antidiabetic drugs, which
activate PPARy to resulting in the promotion of adipocyte
differentiation [21]. TZDs not only stimulate glucose uptake
into differentiated adipocytes but also induce the production
of adiponectin, an insulin-sensitivity-promoting factor [22],
and suppression of TNF-a through the PPARy activation
in adipocytes [23]. Thus, food components that act as
ligands for PPARy can show multiple effects, including anti-
diabetes and anti-inflammatory effects. Currently, two dif-
ferent molecular mechanisms have been proposed by which
the anti-inflammatory actions of PPARy are in effect: (1)
via interference with proinflammatory transcription factors
including NF-«xB [7], and (2) by preventing the removal of
corepressor complexes from gene promoter regions resulting
in the suppression of inflammatory gene transcription [24].

4. Food Components That Regulate
Inflammation in Obese Adipose Tissue

On the basis of the strategy suggested above, our research
group focused on the PPARy-dependent or PPARy-
independent mechanisms to suppress the inflammatory
mediators secreted by obese adipose tissues. For the screen-
ing of food components related to the former mechanism,
our research group used the sensitive PPARy ligand assay
system developed by modifying the luciferase reporter assay
system [25] and has found several phytochemicals that act
as PPARy agonists (Table 1). To evaluate the characteristics
of food components that prevent obesity-induced inflamma-
tory responses, we used the coculture system of adipocytes
and macrophages, which is an in vitro model of obese adipose
tissue infiltrated by macrophages (Figure 3).

TaBLE 1: Phytochemicals that regulate obesity-induced inflamma-
tion.

Compound Origin PPARy dependency
Abietic acid Pine rosin dependent
Anthocyanin Red./Purplish independent
Fruit

Auraptene Citrus Fruit dependent
Capsaicin Hot pepper dependent
Dehydroabietic acid Pine rosin dependent
Diosgenin Fenugreek, Yam independent
6-Gingerol Ginger independent
Isohumulone Es;lulus lupulus dependent
Isoprenoid Herb dependent
Luteolin Herb, Spice independent
Naringenin Citrus Fruit independent
Naringenin chalcone ~ Tomato peel independent
PUFA Fish oil independent
Resveratrol Red wine dependent
6-Shogaol Ginger dependent

4.1. PPARy-Dependent Action. Spices are derived from
plants cultivated in temperate and tropical zones, and many
of them have antioxidant, anticancer, antiobesity, and anti-
inflammatory activities [26-28]. Several anti-inflammatory
spice-derived components are reported to modulate inflam-
matory responses in adipose tissue and therefore improve
obesity-related pathologies such as insulin resistance [29,
30].
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Capsaicin, a spicy ingredient of hot peppers, has not
only metabolic properties to induce thermogenesis and fat
oxidation [26, 28] but also anti-inflammatory properties
[31]. In the adipose tissue or adipocyte culture system,
capsaicin inhibits the expression and secretion of IL-6 and
MCP-1 from the adipose tissues and adipocytes of obese
mice, whereas it enhances the expressions of the adiponectin
gene and protein [29]. These actions of capsaicin are asso-
ciated with NF-«B inactivation, which is probably mediated
by PPARy activation [29]. Moreover, capsaicin suppresses
not only macrophage migration induced in an adipose-
tissue-conditioned medium but also its activation to release
proinflammatory mediators. It is also demonstrated that
capsaicin administration in vivo improves obesity-induced
insulin resistance [29].

Ginger, which is the rhizome of the plant Zingiber offici-
nale Roscoe, is widely used as a spice and herbal medicine.
6-Shogaol is the main ginger-derived component, which
has potent anti-inflammatory activities [32, 33]. Because 6-
shogaol is a potent agonist of PPARy, it not only enhances
the expressions of adiponectin and aP2 but also inhibits the
TNEF-a-induced downregulation of adiponectin expression
in adipocytes [34].

Isoprenoids (terpenoids), which are present in many
dietary and herbal plants [35], exhibit many biological
effects: antitumor proliferation, anti-hypercholesteremia,
and anti-diabetes [35-37]. Abietic acid (AA) and one of
its derivatives, dehydroabietic acid (DAA), are diterpenes,
which are both the major components of the rosin fraction
of oleoresin synthesized by conifer species, such as grand fir
(Abies grandis) and lodgepole pine (Pinus contorta) [38]. We
have found that both AA and DAA have anti-inflammatory
effects on macrophages, which are mediated by PPARy

activation [25]. When DAA was administered with a high-fat
diet to obese diabetic KK-Ay mice, DAA suppressed the
production of proinflammatory mediators such as MCP-
1 and TNF-q, increased that of adiponectin, and reduced
the infiltration of macrophages into the adipose tissues of
HFD-fed mice [39]. DAA can also strongly activate PPARq,
which is mainly involved in the control of lipid metabolism
[40], and the fact that PPAR« agonists such as Wy-14643
can suppress inflammation in adipose tissues [41] suggests
that DAA as a PPARa/y dual agonist is a valuable medic-
inal food-derived component for improving the inflam-
mation caused by obesity and for controlling metabolic
syndrome.

Auraptene (a monoterpene derivative), a citrus fruit
compound contained mainly in the peel, is also a PPARa/y
dual agonist [42, 43]. In adipocytes, auraptene regulates the
transcription of PPARy target genes, induces the expression
and secretion of adiponectin, and inhibits those of MCP-
1 [42]. Tt is also observed that auraptene can suppress the
inflammatory changes between adipocytes and macrophages
and the macrophage infiltration into obese adipose tissues
(Lin et al. unpublished data). Several reports have indi-
cated that coapplication of PPAR«a and PPARy agonists or
treatment with dual agonists causes more efficient glucose
uptake into adipocytes to decrease the blood glucose level
without the increase in body weight [41, 44]. Further in vivo
investigations are necessary to elucidate the inhibitory effect
of auraptene on chronic systemic inflammation induced by
obesity.

4.2. PPARy-Independent Action. Flavonoid is a general term
for plant metabolites that have a C6-C3-C6 structure.
Chalcone is the first product in the flavonoid biosynthesis
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pathway, which is catalyzed by chalcone isomerase, resulting
in the flavanone naringenin. Most flavonoids are then
metabolized to flavone, dihydroflavonol, flavonol, leucoan-
thocyanidin, catechin, and anthocyanidin by oxidation-
reduction reaction. Over 4,000 flavonoids have been iden-
tified, many of which occur in vegetables and fruits. These
flavonoids have been reported to have antiviral, antiallergic,
antiplatelet, anti-inflammatory, antitumor, and antioxidant
activities, and recently, they have attracted considerable
interest because of their potential beneficial effects on obesity
and metabolic syndromes.

Luteolin, a flavone that is present in medicinal plants and
in some vegetables and spices, has been reported to exhibit
antioxidant, anti-inflammatory, and antiallergy functions
[45]. Recently, we have found that luteolin also inhibits low-
grade chronic inflammation induced during the coculture of
adipocytes and macrophages [17]. Luteolin does not affect
[-kB-a degradation and thus may not affect the NF-«xB
activation. However, it inhibits the phosphorylation of JNK
in the macrophages activated by the conditioned medium
derived from adipocytes [17]. Because luteolin is not a
PPARy agonist (Ando et al. unpublished data), luteolin may
act on JNK directly or indirectly via a PPARy-independent
mechanism.

Using the coculture system of adipocytes and macro-
phages, we have also found similar effects of naringenin
chalcone, a type of flavonoid accumulated in tomato peels.
Naringenin chalcone has only been reported as having
antiallergic activities [46]; therefore, we examined its effect
on the inflammatory changes associated with the interaction
of adipocytes and macrophages. As in the case of lute-
olin, naringenin chalcone also suppresses the production
of inflammatory mediators induced by the coculture of
adipocytes and macrophages [12]. The flavanone naringenin,
which is abundant in citrus fruits, also inhibits coculture-
induced inflammation; however, the suppressive effect is
more notable in naringenin chalcone [12]. However, unlike
luteolin, naringenin chalcone and naringenin partly inhibit
the degradation of I-xkB-« [12] and suppress the macrophage
infiltration to hypertrophied adipocytes (Hirai et al. unpub-
lished data). These three flavonoids do not serve as agonists
of PPARy in the luciferase reporter assay (Hirai et al. unpub-
lished data); thus, it is considered that they also affect the sig-
naling molecules downstream of TLR4 directly or indirectly
but independently of PPARy activation in macrophages.

Anthocyanins, another type of flavonoid found in
red/purplish fruits and vegetables, including purple grapes,
apples, blueberries, egg apples, and beans, are well-known
antioxidants. These flavonoids have also been shown to
have anti-inflammatory activity in obese adipose tissues,
which is mediated by PPARy-independent mechanisms
[47, 48]. Moreover, cyanidin 3-glucoside (C3G), a typical
anthocyanin, downregulates the retinol binding protein 4,
which is known to ameliorate insulin sensitivity in the white
adipose tissue of diabetic KK-Ay mice [49]. Therefore, the
C3G-induced improvement of insulin sensitivity may be
associated with the inhibition of inflammatory mediators
and stimulation of AMPK activity via PPARy-independent
mechanisms [48].

Aside from flavonoids, a saponin aglycon, diosgenin, is
also found to suppress the inflammatory mediators induced
by the interaction of adipocytes and macrophages. Diosgenin
is found in a variety of plants including fenugreek (Trigonella
foenum-graecum) and roots of wild yam (Dioscorea villosa),
and its extracts have been traditionally used to treat diabetes
[50] and hypercholesterolemia [51]. Many researchers have
shown that diosgenin has various biological functions,
including anti-inflammation [52]. In our coculture system,
diosgenin also inhibited the inflammatory changes via the
downregulation of I-xB-a degradation and JNK activation
[53], which is independent of PPARy activation (Uemura et
al. unpublished data).

6-Gingerol is another main ginger-derived component
besides 6-shogaol. The structures of these two components
are very similar and both are reported to inhibit TNF-a-
mediated suppression of adiponectin in adipocytes; however,
the mechanisms of their inhibitory effects are different;
6-gingerol inhibits JNK signaling pathways in TNF-a-
induced adipocytes without affecting PPARy transactiva-
tion, whereas the anti-inflammatory action of 6-shogaol
is PPARy-dependent [54]. These results suggest that slight
structural differences may affect the affinity for PPARy and
the inhibition of the JNK signaling pathways.

Although saturated fatty acids directly induce inflamma-
tory responses in macrophages, long-chain w-3 polyunsat-
urated fatty acids (PUFAs), such as docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), are known as
antiobesity and anti-inflammatory factors. Fish oil contain-
ing high concentrations of DHA and EPA is considered
a good source of w-3 PUFA. The prevention of high-fat
or high-energy-diet-induced adipose tissue inflammation
and remodeling by long-chain w-3 PUFA is reported to
be involved in PPARy activation [55, 56]. However, the
anti-inflammatory mechanisms of PUFA action are diverse
and involve PPARy-independent effects [57]. Furthermore,
PUFA needs many cofactors such as folic acid, vitamins,
tetrahydrobiopterin, minerals, and L-arginine for their
physiological actions [58]. Hence, these cofactors should
also be provided in adequate amounts to bring about the
anti-inflammatory actions of w-3 PUFA in obese adipose
tissues.

5. Conclusions/Outlook

A growing number of studies strongly support that obesity-
induced inflammation plays an important role in the
development of obesity-related pathologies such as insulin
resistance, cardiovascular diseases, type-2 diabetes, and
some immune disorders. NF-kB and JNK are important
modulators of inflammatory gene expression downstream
of TLR4 in obese adipose tissues, which are regulated
by PPARy. All the food components described above are
beneficial phytochemicals that ameliorate obesity-induced
inflammatory responses and pathologies by suppressing the
inflammatory signaling in a PPARy-dependent or PPARy-
independent manner. In particular, PPARy agonists can
directly reduce adipocyte size and induce the expression
of anti-inflammatory cytokines, such as adiponectin [23].



Moreover, PPARy agonists have recently been reported to
cause the polarization of adipose tissue macrophages to M2
phenotypes, resulting in the secretion of anti-inflammatory
cytokines [59]. Thus, food components with PPARy ago-
nistic activities may also contribute to the improvement of
obesity-induced inflammation via adipose tissue remodeling
associated with the phenotype switch of macrophages.
Recently, it has been reported that a combination of bioactive
compounds is very effective in vivo [60]. In particular, a
combination of compounds exhibiting different mechanisms
by which anti-inflammatory effects are exerted seems to be
most efficient. Therefore, all the described phytochemicals
in this review, which act as PPARy agonists, may be suitable
for the treatment of metabolic syndrome together with other
compounds that can suppress inflammatory responses in
a PPARy-independent manner, by directly inhibiting NF-
kB or JNK signaling. As shown in Table 1, citrus fruits
including oranges, grapefruits, lemons, and some limes,
and fish oil from blue-skin fish such as sardine, herring,
and albacore tuna, are the most available anti-inflammatory
foods in the market. On the other hand, our daily intake
of spices and herbs are still limited. Further studies on the
effective amounts and forms of intake will help promote the
development of all these functional foods in the world.
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Aims. Genes of the 5-lipoxygenase pathway are compelling candidates for atherosclerosis. We hypothesize that polymorphisms
in ALOX12, ALOX15, ALOX5, and ALOX5AP genes are associated with subclinical atherosclerosis in multiple vascular beds.
Methods. Families with two or more siblings with type 2 diabetes and their nondiabetic siblings were studied as part of the
Diabetes Heart Study (DHS). European American diabetic (n = 828) and nondiabetic (n = 170) siblings were genotyped for
SNPs in the ALOX12, ALOX15, ALOX5, and ALOX5AP genes. Subclinical measures of atherosclerosis (IMT, coronary (CorCP),
carotid (CarCP) and aortic (AorCP) calcified plaque) were obtained. Results. Associations were observed between ALOX12 with
CorCP, ALOX5 with CorCP, AorCP, and IMT, and ALOX5AP with CorCP and CarCP, independent of known epidemiologic risk
factors. Further, lipoxygenase pathway SNPs that were associated with measures of atherosclerosis were associated with markers of
inflammation (CRP, ICAM-1) and calcification (MGP). Conclusions. Polymorphisms within ALOX12, ALOX5, and ALOX5AP are
genetically associated with subclinical atherosclerosis and with biomarkers of disease in families with type 2 diabetes. These results
suggest that variants in lipoxygenase pathway genes may have pleiotropic effects on multiple components that determine risk of
cardiovascular disease.

1. Introduction

Atherosclerosis is thought to be the result of chronic
inflammation of the artery wall although the pathways
and factors that initiate and modulate the inflammatory
response in atherosclerosis have yet to be completely
resolved [1]. Metabolites of arachidonic acid are strong

candidates that are recognized for their inflammatory prop-
erties. The mouse 5-LO gene, ALOX5, has been shown
to contribute to the development of atherosclerosis [2].
Variants in the human homologue (ALOX5) are associated
with carotid artery intima-media thickness (IMT) [3].
FLAP (5-lipoxygenase activating protein), encoded by the
ALOX5AP gene, likely acts as an arachidonic acid-binding



and transfer protein to facilitate 5LO activity [4]. Single
SNPs and haplotypes of ALOX5AP have been associated
with myocardial infarction in multiple populations [5-
7].

Human 12-lipoxygenase (encoded by ALOX12) and 15-
lipoxygenase (encoded by ALOX15) have been localized to
atherosclerotic plaques, suggesting that 12/15LO activity
is involved in the development of atherosclerosis [8—10].
Overexpression of human 15-LO in mouse vascular endothe-
lial cells increased markers of atherosclerosis [11]. Human
aortic endothelial cells cultured in chronically high glucose
levels results in elevated levels of 12S-HETE, suggesting
activation of lipoxygenase pathways [12, 13].

The current research was motivated by the role of
lipoxygenase pathway gene products in inflammation, initia-
tion/progression of atherosclerosis, and their modulation of
expression by glucose. The ALOX12, ALOX15, ALOX5, and
ALOX5AP genes represent strong candidates for atheroscle-
rosis risk, especially in the context of type 2 diabetes. We have
assessed genetic variants (SNPs) in lipoxygenase pathway
genes for evidence of association with markers of subclinical
atherosclerosis (intima-media wall thickness [IMT], carotid
artery calcified plaque [CarCP], coronary artery calcified
plaque [CorCP], and aortic calcified plaque [AorCP]) and
biomarkers (e.g., ICAM-1, E-selectin, CRP) in participants
of the Diabetes Heart Study (DHS).

2. Patients and Methods

2.1. Participants. Recruitment and phenotyping of Dia-
betes Heart Study (DHS) participants have been previously
described [14-16]. Siblings concordant for type 2 diabetes
were recruited if they had no evidence of renal insufficiency,
as were all available nondiabetic siblings. Participant exam-
inations were conducted in the General Clinical Research
Center of the Wake Forest University School of Medicine,
and included interviews for medical history, medication use
and health behaviors, anthropometry, resting blood pressure,
a fasting blood sampling, and a spot urine collection. Only
Caucasian participants were included in this report, due to
small sample size and limited statistical power in the African-
American cohort. All study protocols were approved by the
Institutional Review Board of Wake Forest University School
of Medicine. All participants provided written informed
consent.

2.2. Measurements. Intima-media thickness (IMT) of the
common carotid artery was measured by high-resolution
B-mode ultrasonography with a 7.5-MHz transducer and
a Biosound Esaote (AU5) ultrasound machine [14]. The
mean of up to 20 common carotid IMT estimates was used
as the phenotypic. Calcified plaque was measured in the
carotid and coronary arteries and the aorta using single
and multidetector CT systems that employ a standardized
protocol which includes CT scanner phantom testing based
on those currently implemented in the National Heart
Lung and Blood Institute’s (NHLBI) Multiethnic Study of
Atherosclerosis (MESA) studies [15, 17].
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2.3. Molecular Genetics. Total genomic DNA was purified
from whole blood samples obtained from subjects using
PUREGENE DNA isolation kit (Gentra, Inc., Minneapolis,
MN). DNA was quantitated using standardized fluoromet-
ric readings on a Hoefer DyNA Quant 200 fluorometer
(Hoefer Pharmacia Biotech Inc., San Francisco, CA). Each
sample was diluted to a final concentration of 5ng/uL.
Single nucleotide polymorphisms (SNPs) were identified for
ALOX12 (17p13.1), ALOX15 (17p13.3), ALOX5 (10q11.2),
and ALOX5AP (13q12) and were chosen for genotyping in
order to provide coverage of linkage disequilibrium (LD)
blocks using the Program in Genome Applications (PGA,
University of Washington) with 7> < 0.8 and minor allele
frequency (MAF) greater than 5%. As much of the HapMap
data were not available at the time of the study, relatively few
SNPs were available for each locus that passed the selection
criteria and were suitable for the genotyping platform. All
SNP genotypes were determined using a MassARRAY SNP
genotyping system (Sequenom, Inc., San Diego, CA).

2.4. Statistical Analyses. The sample means, standard devi-
ations (SD), and medians were computed on continuous
variables, while proportions were determined for discrete
variables in those DHS participants who contributed to the
genetic analyses. Variables were transformed, when required,
to meet normality assumptions. A series of generalized
estimating equations (GEE) [18] assuming exchangeable
correlation structure and using the empirical estimate of
the variance (to adjust for familial correlation induced
by selection of related individuals in sibships) was used
for assessment of the effects of diabetes status on clinical
variables.

2.5. Statistical Genetic Analyses. Allele and genotype fre-
quencies were determined with unrelated subjects (a single
member from each family) and tested for departure from
Hardy-Weinberg proportions using a chi-square test (devia-
tions with P < .001 were considered significant). Association
between each individual SNP and each phenotype was
determined using the quantitative pedigree disequilibrium
test (QPDT) [19]. The QPDT method reduces the effect
of undetected stratification bias as transmission, rather
than frequency of specific SNP alleles, is used in esti-
mating the association between SNP and phenotype. All
association analyses were conducted with adjustment for
known epidemiologic risk factors of atherosclerosis (age,
gender, diabetes status, smoking, BMI, use of aspirin,
estrogen (women only), and lipid-lowering and hypertension
medications).

For any SNP that exhibited a significant association
with an atherosclerosis phenotype, additional SNPs within
the LD block were examined (when available). QPDT SNP
haplotypes were determined using the EM algorithm. QPDT
analyses were applied to these haplotypes, adjusting for the
same risk factors as in the single SNP analyses. Genotype-
specific means, medians, and number of subjects within
each genotypic class and for each measure of atherosclerosis
were computed under a specific genetic model. Analyses of
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biomarkers (e.g., ICAM-1, E-selectin, CRP) were performed
using the same analytic strategy.

3. Results

3.1. Patient Characteristics. DNA was collected from 998
European-American subjects from 368 families. Demo-
graphic characteristics of participants are shown in Table 1.
The age at ascertainment of diabetic cases (62.0 + 9.3 years)
was slightly older than the nondiabetic siblings (59.5 + 10.0
years). Duration of diabetes was 10.4 + 7.1 years, reflecting
a relatively early age at onset of type 2 diabetes (~52 years).
BMI was higher in diabetic siblings (32.4 + 6.7 kg/m?) than
in nondiabetic siblings (28.9 + 5.2 kg/m?). The nondiabetic
subjects were, on average, overweight (as defined by a BMI
between 25-29.9 kg/m?) and approaching obese. There were
few differences in lipid (total cholesterol, HDL, LDL) profiles
between diabetic and nondiabetic subjects, although lipid
lowering agents were used more commonly in the diabetic
subjects (45.4%) than in the nondiabetic subjects (27.8%).
Current and past smoking was highly prevalent in both
diabetic (59.4%) and nondiabetic (57.4%) participants.

Cardiovascular characteristics of the DHS participants
are shown in Table 2. Prevalence of CVD and extent of
atherosclerosis (CorCP, CarCP, AorCP, IMT) varied by
location (vascular bed) and diabetes. Diabetic participants
had greater prevalence of all events/procedures (heart attack,
angina, stroke, CABG, angioplasty) than nondiabetic sib-
lings. Diabetic participants had significantly more calcified
plaque in the coronary (1425 * 29 versus 551 * 13, mean
+ stderr), carotid (374 + 25 versus 168 + 35), and aorta
(3995 + 166 versus 2342 + 309) than nondiabetic siblings;
however, there was no significant difference in IMT with
respect to diabetes status (0.68 + 0.01 in diabetics, 0.64 +
0.01 in nondiabetics).

3.2. Lipoxygenase Pathway Gene SNPs. Allele and genotype
frequencies of SNPs in ALOXI2, ALOX15, ALOX5, and
ALOX5AP were assessed for deviation from Hardy-Weinberg
expectations in unrelated probands (see Supplementary
Table 1 in Supplementary Material available online at
doi:10.1155/2010/170153). No SNP exhibited significant (P
< .001) deviation from Hardy-Weinberg equilibrium. All
SNPs were maintained in subsequent analyses. The distribu-
tion of SNPs provided coverage within the block structure
of the genes, as well as providing additional coverage (either
3" or 5) of the regions adjacent to the lipoxygenase pathway
genes.

3.3. Lipoxygenase Pathway Genes and Coronary Calcified
Plaque (CorCP). None of the 17 tagging SNPs in the
lipoxygenase pathway genes were significantly (P < .05)
associated with CorCP (Table 3).

In exploratory analyses, four SNPs exhibited sugges-
tive association (P < .10) with CorCP, one in ALOXI2
(rs2271316, P = .061, 3’ of the gene), one in ALOX5
(rs2115819, P =.090, intron 3), and two in ALOX5AP
(rs9506352, P = .097, intron 2; rs4769060, P = .073, intron

TasLE 1: Clinical and laboratory characteristics of Caucasian DHS
participants.

Diabetic Nondiabetic
patients patients
(n = 828) (n = 170)
Age (years) 62.0+9.3 59.5 + 10.0
Female (%) 51.20% 61.80%
Diabetes duration (years) 104 = 7.1
BMI (kg/m?) 32.4 +6.7 289 £5.2
Cholesterol (mmol/L ) 4.8 +1.1 5.0+0.9
HDL (mmol/L) 1.1+0.3 1.2+04
LDL (mmol/L) 2.7+0.8 2.9 +0.8
CRP (mg/L) 5.1+83 41+65
Smoking (current/past) (%) 59.40% 57.40%
Lipid lowering (%) 45.40% 27.80%
Estrogen (%, in women) 26.60% 34.80%
Aspirin (%) 57.60% 53.30%
Hypertension (%) 79.40% 46.50%

4). In ALOX12, another SNP near rs2271316 was identi-
fied (rs1042357, exon 8) and was genotyped. This SNP
(rs1042357) is only 10kb from rs2271316. The association
of rs1042357 with variation in CorCP was not significant (P
= .211) and the two-SNP haplotype was also not significant
(P = .157). Hence, the ALOX12 marginal association was not
confirmed. In ALOX5, two additional SNPs were identified
(rs1369214, intron 3; rsl11239524, intron 4) and were
genotyped. These two SNPs bound the ALOX5 marginally
associated SNP (rs2115819, intron 3). The ALOX5 SNP
rs1369214 is only 360 bp from rs2115819, while the ALOX5
SNP rs11239524 is ~11 kb from ALOX5 SNP rs2115819. The
association between CorCP with rs1369214 was similar in
magnitude (P = .098), while the association between CorCP
with rs11239524 was much stronger (P = .027). Two- and
three-SNP haplotypes were not more strongly associated
than either the original SNP (rs2115819 in intron 3) or the
SNP in intron 4 (rs11239524), suggesting that there may
be an effect of ALOX5 on variation of CorCP in intron
4 worthy of further examination. In ALOX5AP, two SNPs
were identified as having a marginal effect on variation in
CorCP (rs9506352 in intron 2 and rs4769060 in intron 4).
Since the distance between these two SNPs is ~17 kb, three
additional SNPs (rs4769874 in intron 3, rs9315048 in intron
3, and rs12019512 in intron 4) were genotyped in these
samples. The three SNPs were not significantly associated
with CorCP, and analyses of two-SNP haplotypes failed
to increase evidence of association. Thus, the exploratory
genotyping and data analyses for ALOX5AP SNP did not
increase evidence of association with CorCP.

3.4. Lipoxygenase Pathway Genes and Carotid Calcified Plaque
(CarCP). No SNPs in the lipoxygenase pathway genes were
significantly (P < .05) associated with CarCP (Table 3).

In exploratory analyses, one SNP in ALOX5AP
(rs10507391, P = .085, intron 1) exhibited suggestive



TaBLE 2: Prevalence of CVD (%) and mean (+ SD) for atheroscle-
rosis phenotypes (CorCP, CarCP, AorCP, IMT) for Caucasian
participants in the Diabetes Heart Study (DHS).

Diabetic Nondiabetic
patients patients
(n = 828) (n = 170)
Prevalent CVD
Heart attack (%) 22.10% 8.30%
Angina (%) 20.40% 8.70%
Stroke (%) 10.40% 5.40%
CABG (%) 15.60% 7.70%
Angioplasty (%) 17.10% 5.30%
Endarterectomy (%) 2.30% 2.40%
Vascular Imaging
Coronary calcified plaque 1425 + 2637 551 + 1187
Carotid calcified plaque 374 + 726 168 + 457
Aortic calcified plaque 3995 = 4792 2342 + 4033
Carotid IMT (mm) 0.68 = 0.13 0.64 = 0.12

association (P < .10). Two tagging SNPs adjacent to
rs10507391 (rs4769055 and rs9551960) span a 7kb
region in intron 1 of ALOX5AP. Two-SNP haplotype
analyses identified the rs10507391-rs9551960 haplotype as
significantly associated with variation in CarCP (P = .002).
The 1510507391-1s9551960-1s9506352 three-SNP haplotype
was also strongly associated with CarCP (P = .003), while
the rs4769055-rs10507391-rs9551960 haplotype was not
associated (P = 374). These data suggest that the ALOX5AP
effect on CarCP may reside between rs10507391 (intron 1)
and rs9506352 (intron 2). No additional genotyping of other
ALOX5AP SNPs was performed.

3.5. Lipoxygenase Pathway Genes and Aortic Calcified Plaque
(AorCP). No tagging SNP in the four lipoxygenase pathway
genes were significantly associated (P < .05) with AorCP
(Table 3).

In exploratory analyses, one ALOX5 SNP (rs2115819 in
intron 3) exhibited the strongest (P = .108) association. The
rs2115819 SNP was also associated with variation in CorCP.
Two additional SNPs near the ALOX5 rs2115819 SNP were
identified for examination. Genotyping these two adjacent
SNPs in ALOX5 (rs1369214, intron 3; rs11239524, intron 4)
failed to provide evidence of association, either in analyses
of single SNPs or two- and three-SNP haplotypes. Thus, the
marginal association with AorCP was not confirmed.

3.6. Lipoxygenase Pathway Genes and Intima-Media Thickness
(IMT). None of the tagging SNPs in the lipoxygenase
pathway genes were significantly (P < .05) associated with
IMT (Table 3).

In exploratory analyses, one ALOX5 SNP (rs3780906
in intron 6) was marginally associated (P = .090) with
IMT. Two additional ALOX5 SNPs (rs3780901 in intron 4
and rs1059696 in intron 7) were identified that were near
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the ALOX5 rs3780901 SNP. These SNPs were genotyped
and tested for association. Neither bordering SNP was
significantly associated with IMT (rs3780901, P = .871;
1s1059696, P = .746). The distance spanned in ALOX5 by
the three SNPs was 17 kb. The two-SNP haplotype formed by
rs3780901-rs3780906 (12 kb between intron 4 and intron 6)
was significantly associated with IMT (P = .047). Further, the
three-SNP haplotype (rs3780901-rs3780906-rs1059696) was
strongly associated with IMT (P = .019). Thus, this region in
ALOX5 may be worthy of further examination for association
with IMT.

3.7. Phenotypic Effect of Lipoxygenase Pathway Gene Variants
on Measures of Atherosclerosis. Genotype-specific means,
medians, and number of subjects within each genotypic
class and for each measure of subclinical atherosclerosis are
presented in Table 4. Although no statistically significant
effects were observed based upon comparisons of genotypic
means (due to large variances of measured phenotypes and
long-tailed phenotypic distributions), there were interesting
trends in comparison of genotypic medians.

For the ALOX5 152115819 SNP with CorCP and AorCP,
the genotype-specific means suggested an inheritance pat-
tern consistent with a dominant effect of allele “1”, with the
group mean (+SE) for the combined (1/1 and 2/1) genotypes
having significantly less CorCP (1127 =+ 95) and AorCP (3026
+ 183) than the 2/2 genotype (1540 = 135 and 5318 + 540,
resp.). The “dominant” pattern is also seen for the ALOX12
rs2271316 SNP [1/1 and 2/1 genotypes having significantly
less CorCP (1097 = 97) than the 2/2 genotype (1423 =+
216)] and for the ALOX5AP rs9506352 SNP [1/1 and 2/1
genotypes having significantly less CorCP (1145 + 87) than
the 2/2 genotype (1672 + 465)]. However, for the ALOX5AP
rs4769060 SNP, the effect on CorCP appears more consistent
with additivity, with the 1/1 genotype having least CorCP
(996 + 114), the 2/1 genotype having medium CorCP (1244
+ 132), and the 2/2 genotype having the greatest CorCP
(1404 + 247).

For CarCP, the ALOX5AP rs10507391 SNP exhibited an
additive pattern. The 1/1 genotype had greatest CarCP (360
+ 37), the 2/1 genotype had intermediate CarCP (313 +
36), and the 2/2 genotype had the least CarCP (216 = 43).
The effect of the ALOX5 rs3780906 SNP on IMT was also
“additive,” with the 1/1 genotype having the least IMT (0.666
+ 0.006), the 2/1 genotype having intermediate IMT (0.675
+ 0.007), and the 2/2 genotype having the greatest IMT
(0.687 + 0.016).

3.8. Functional Support for SNP Effects. The associations
of lipoxygenase pathway gene variants (ALOX SNPs) with
measures of atherosclerosis are indirect. The potential roles
of these SNPs on mechanisms of atherosclerosis were
explored by estimating the effect of each associated SNP in a
select panel of biomarkers. The biomarkers evaluated in this
population include adiponectin, leptin, ICAM-1, VCAM-1,
E-selectin IL-6, CRP, MGP, and MCP-1 (Table 5).

Four lipoxygenase pathway variants contributed to
variation in CorCP—one in ALOX5 (rs2115819), one in
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TaBLE 3: Significance of association tests of ALOX12, ALOX15, ALOXS5, and ALOX5AP SNPs with measures of atherosclerosis, independent

of epidemiologic risk factors.

P-values*

Gene LD Block SNP CorCP CarCP AorCP IMT
ALOX12 19904779 0.308 0.853 0.533 0.874
(1 block) 1 152292350 0.523 0.552 0.436 0.827
152271316 0.061 0.839 0.555 0.683

ALOX15 rs11568061 0.654 0.334 0.142 0.415
(2 blocks) 2 rs2515889 0.628 0.413 0.371 0.245
1 rs2619112 0.872 0.117 0.425 0.296

ALOX5 1 15745986 0.183 0.743 0.157 0.478
(8 blocks) 2 152115819 0.09 0.553 0.108 0.286
3 1s892691 0.67 0.192 0.74 0.849

4 rs3780906 0.603 0.203 0.541 0.09

7 1s2291427 0.114 0.964 0.423 0.336

ALOX5AP 1517244974 0.251 0.572 0.492 0.173
(5 blocks) 1 154769055 0.201 0.805 0.242 0.376
2 rs10507391 0.288 0.085 0.648 0.473

3 1s9551960 0.591 0.136 0.174 0.591

4 1s9506352 0.097 0.369 0.188 0.511

5 rs4769060 0.073 0.378 0.456 0.299

* Analyses performed using the quantitative pedigree disequilibrium test (QPDT); P-values adjusted for age, gender, diabetes status, smoking status, lipid
lowering medication use, BMI, estrogen use, aspirin use, and hypertension medication use.

ALOX1I2 (rs2271316), and two in ALOX5AP (rs9506352 and
rs4769060). The two ALOX5AP SNPs exhibited significant
associations with levels of adiponectin (rs9506352, P = .044;
1rs4769060, P = .007), CRP (rs9506352, P = .028; rs4769060,
P =.002); and MGP (rs9506352, P = .003; rs4769060, P
=.037). Levels of MGP varied in a manner consistent
with an additive gene effect, based upon the observed
genotypic means [rs9506352 GG (9.06), GA (8.08), AA
(7.64); rs4769060 AA (8.89), AG (8.41), GG (7.88)]. The
ALOX]I12 SNP also was associated with CRP level (P = .036),
but also significantly associated with ICAM-1 level (P = .032)
in a recessive pattern [rs2271316 GG (295.7), GC (268.3),
CC (266.0)]. The ALOX5 SNP (rs2115819) was associated
with both CorCP and AorCP. This SNP was also associated
with ICAM-1 (P = .037) and E-selectin (P = .0001); however,
the genotypic means did not fit a classical single gene
model, as the levels of both ICAM-1 and E-selectin for
the heterozygote (T/C) class were greater than the means
for the homozygote classes. Nonetheless, these data suggest
that lipoxygenase pathway variants that are associated with
CorCP affect markers of inflammation (CRP, ICAM-1) as
well as arterial calcification (MGP).

One SNP in ALOX5AP (rs10507391) was associated with
CarCP in this population. The ALOX5AP SNP identified
a three-SNP haplotype (rs10507391-rs9551960-rs9506352)
that was highly associated with CarCP. Each of these three
individual SNPs was significantly (P < .05) associated with
MGP level [rs10507391 AA (7.87), AT (8.63), TT (9.83);
rs9551960 GG (7.69), GA (8.56), AA (9.64); 19506352 GG
(9.06), GA (8.08), AA (7.64)] as was the haplotype.

A single SNP in ALOX5 (rs3780906) was associated with
variation in IMT, with a three-SNP haplotype (rs3780901-
1s3780906-rs1059696) providing strongest evidence of asso-
ciation. No consistent pattern of association was evident
with any biomarker for the single SNP or the three-SNP
haplotype.

4. Discussion

Type 2 diabetes is a major risk factor for cardiovascular
disease (CVD), whose clinical outcomes include myocardial
infarction and ischemic stroke. The principle etiologic factor
for CVD is atherosclerosis which is thought to be the result
of a chronic inflammatory process within a vessel wall that
precipitates a cascade of events, from establishment of a fatty
streak lesion to plaque formation [20]. The inflammatory
process is triggered, in part, by oxidized lipids, including
those of the lipoxygenase pathway. Recent evidence has
demonstrated that lipoxygenases have two basic functions,
(a) membrane modification by peroxidation and (b) lipid
mediator signaling by G protein-coupled receptors [21, 22].

In the mouse, regulation of 12/15-LO and its pathway
components (12S-HETE and 13S-HODE) in the vessel
wall modulates aortic monocyte/endothelial cell interactions
[23, 24], which are key early events in vascular inflam-
mation [25]. Thus, the 12/15-LO pathway primarily affects
atherosclerosis through LDL oxidation. An alternative path-
way involves biosynthesis of proinflammatory leukotrienes
(e.g., LTB4) by 5-LO (and 5-LO-activating protein, FLAP,
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TABLE 4: Genotypic means (£ SD) of lipoxygenase variants in ALOX5, ALOX5AP, and ALOX12 with atherosclerosis phenotypes.
Gene SNP 1/1 1/2 2/2
CorCP
ALOX5 rs2115819 1007 + 2088 1211 + 2489 1540 + 2893
181 264 454
(247) (352) (145)
ALOX12 rs2271316 1065 + 1639 1109 + 2299 1423 + 3155
308 223 262
(134) (341) (208)
ALOX5AP 1s9506352 1101 + 2142 1188 + 2416 1672 + 3721
265 229 254
(331) (332) (64)
1rs4769060 996 + 1767 1244 + 2565 1404 + 3086
242 264 161
(238) (377) (130)
CarCP
ALOX5AP rs10507391 360 = 702 313 + 694 216 = 405
60 71 5
(358) (368) (89)
AorCP
ALOX5 rs2115819 3208 + 4350 2908 = 3791 5318 £ 5563
1256 1338 3158
(188) (291) (105)
IMT
ALOX5 rs3780906 0.666 = 0.127 0.675 = 0.129 0.687 + 0.139
0.649 0.654 0.645
(436) (348) (75)

*The mean phenotypic value for each genotype (1/1, 2/1, 2/2) is provided with the median and the number of individuals (#) with each genotype included

in the analysis; numbers vary based upon those with genotypic and phenotypic data.

TABLE 5: Association of lipoxygenase variants in ALOX5, ALOX5AP, and ALOX12 with mean levels of biomarker phenotypes.

Gene SNP ICAM-1 CRP IL-6 E-selectin Leptin Adiponectin MCP-1 MGP
ALOX5 rs2115819 TT 269.6 0.62 4.34 47.7 15.2 11.82 460.6 8.44
TC 294.8 0.66 4.58 79.7 17.9 11.01 446.5 8.47
CC 236.4 0.64 4.16 54.2 13.6 11.05 468.9 8.53
rs3780906 GG 269.8 0.66 3.95 67.6 13.6 11.13 444.7 8.48
GA 286.7 0.65 4.77 59.6 21.2 11.53 459.5 8.54
AA 228.9 0.56 4.5 51.9 6.6 11.8 505.3 7.87
ALOXI12 rs2271316 GG 295.7 0.43 3.14 58.4 25.5 12.33 439.4 8.5
(17947) GC 268.3 0.75 4.68 59.3 15.7 11.03 465.3 8.59
CC 266 0.56 4.31 67.3 13.4 11.01 429.8 8.09
ALOX5AP rs10507391 AA 272.6 0.67 4.96 57.6 20.5 11.46 450.8 7.87
(4431) AT 262.2 0.6 3.9 63.8 13 11.77 459.3 8.62
TT 290.1 0.7 4.82 77.1 15.7 9.52 459 9.83
rs9506352 GG 273.2 0.69 4.3 68.7 12.9 10.69 451.7 9.06
(13151) GA 267.4 0.55 4.32 59.8 15.4 11.93 457 8.08
AA 281 0.76 4.22 58.8 26 12.35 472.3 7.64
154769060 AA 290.6 0.71 4.76 70.2 12.6 9.88 466.7 8.89
(30231) AG 260.9 0.57 4.23 61.1 14.6 12.1 450.9 8.41
GG 278.1 0.74 4.4 63.2 22.6 11.75 443.7 7.88
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which transfers arachidonate to 5-LO), providing access
to downstream leukotrienes binding to G protein-coupled
receptors. Recently, it has been shown that 5-LO pathway
components are highly expressed in arterial walls in patients
with atherosclerosis of the carotid and coronary arteries and
the aorta [26].

Leukocyte-specific expression of human 15-LO has also
been shown to reduce inflammation and atherosclerosis in
rabbits [27, 28], most likely due to the generation of lipoxins
from the dual action of 5-LO and 15-LO on arachidonic
acid substrate in the leukocyte [29-31]. Studies in mice
in which 15-LO was selectively expressed in endothelium
indicated that endothelial-specific overexpression of 15-LO
accelerated progression of atherosclerosis [12]. One plausible
explanation for these differences is that endothelial cells do
not possess 5-LO and are unable to directly generate lipoxins
or related anti-inflammatory eicosanoids. The cellular source
of lipoxygenase may be a critical determinant of atheroscle-
rosis; hence, lipoxygenase pathways, their components, and
their genetic determinants may be central to understand-
ing the development of human atherosclerosis and CVD
risk.

Genetic factors have long been known to modulate risk
of atherosclerosis and CVD [32, 33]. In studies enriched
with diabetic individuals or those with CVD, the genetic
contribution to variation in carotid artery IMT ranges from
42%-92% [14, 34, 35]. Significant genetic contribution to
calcified plaque has also been observed, whether in the
coronary arteries [36], the carotid arteries [37, 38], or the
aorta [39].

In the Diabetes Heart Study (DHS), variation in quanti-
tative measures of subclinical atherosclerosis (CorCP, CarCP,
AorCP, and IMT) appears to be differentially influenced
by variants in genes of the lipoxygenase pathway. SNPs in
ALOX5 are associated with variation in CorCP, AorCP, and
IMT. SNPs in ALOX5AP are associated with variation in
CorCP and CarCP, while SNPs in ALOX12 are associated
with variation in CorCP. These results are consistent with
findings that have been emerging from cellular and mouse
models of atherosclerosis. Enhanced LDL oxidation, IL12
production, and endothelial/monocyte interaction have been
observed through manipulation of 12/15-LO [11, 25, 40, 41].
In mouse genetic studies, a region on mouse chromosome 6
(the site of 5-LO) was shown to be linked to atherosclerosis
susceptibility [42, 43]. Later, it was demonstrated that the
disruption of only one 5-LO allele significantly reduced
the extent of atherosclerotic lesions at the aortic root in
LDLR—/— mice [2].

Previously, an ALOX5 variant, defined by the number
of Spl binding motifs in the promoter, was shown to
be associated with variation in IMT and CRP level (a
marker of chronic inflammation) in a healthy population
[3]. The promoter variant was also shown to interact with
dietary intake of 5-LO substrates. The study population
(Los Angeles Atherosclerosis Study), in addition to being
“healthy,” was composed of several ethnic groups (Hispanic
subjects and smokers were oversampled). The DHS, on the
other hand, consists of European-American and African-
American families with at least two diabetic siblings, making

direct comparisons difficult. In addition, characterization
of variation in the ALOX5 gene was different (number of
promoter Spl binding motifs versus SNPs within LD blocks
across the entire ALOX5 gene). Despite these differences in
design and genetic evaluation, both studies observed that
polymorphisms in ALOX5 were associated with variation in
measures of atherosclerosis (IMT in both studies; CorCP
and AorCP in DHS). Unlike the Los Angeles Atherosclerosis
Study, we did not detect an association between SNPs in
LD blocks of ALOX5 on ultrasensitive CRP level (data not
shown).

The mechanism for associations between genes of the
lipoxygenase pathway and subclinical atherosclerosis is not
clear, although it may involve chemotaxis and proliferation
that is induced by the effects of leukotrienes Bs (LTB,)
signaling in vascular smooth muscle cells. LTB,4 has been
detected in human carotid artery, atherosclerotic plaques
and is derived from the 5-LO metabolism (via ALOX5AP
and through G-coupled protein receptors) of arachidonic
acid [21, 44]. Recently, a variant of the gene encoding LTB,
hydrolase (LTA4H), a protein in the same biological pathway
as ALOX5AP has been shown to be associated with risk of
myocardial infarction [45], further strengthening the case for
a role of the lipoxygenase pathway on CVD risk.

These data suggest that there may be differential effects of
genes in a common pathway on several vascular beds through
diverse inflammatory mechanisms (based upon the effects
of lipoxygenase pathway SNPs on subclinical atherosclerosis
and on markers of inflammation (CRP, E-selectin, ICAM-1)
and aspects of calcification. Recently, serum MGP levels were
determined in 2 independent populations free of clinically
apparent cardiovascular disease [46] and an association of
circulating MGP with increasing Framingham CHD risk
score was observed, as were associations of circulating MGP
with HDL and other individual CHD risk factors. Further
characterization of genes in the lipoxygenase pathway may
provide important clues to prediction of CVD. Although
variation in these genes may be associated with risk of
atherosclerosis, they may also modulate the impact of other
atherosclerotic risk factors (e.g., lipid levels) or factors that
are independent of traditional risk factors. The current data
suggest that knowledge of the genetic profile of a pathway
(and, by extension, the interaction of components of the
pathway) may improve the prediction of risk. The extent
of improvement should be greater once the multilocus
examination of the pathway components becomes feasible.
In this manner, the genetic “biological network” [47] of
atherosclerosis may become a reality.
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The adipocyte-derived cytokine leptin was implicated to link inflammation and metabolic alterations. We investigated the potential
role of leptin components in critically ill patients, because systemic inflammation, insulin resistance, and hyperglycemia are
common features of critical illness. Upon admission to Medical Intensive Care Unit (ICU), free leptin and soluble leptin-receptor
serum concentrations were determined in 137 critically ill patients (95 with sepsis, 42 without sepsis) and 26 healthy controls.
Serum leptin or leptin-receptor did not differ between patients or controls and were independent of sepsis. However, serum leptin
was closely associated with obesity and diabetes and clearly correlated with markers of metabolism and liver function. Leptin-
receptor was an unfavourable prognostic indicator, associated with mortality during three years follow-up. Our study indicates a
functional role of leptin in the pathogenesis of severe illness and emphasizes the impact of complex metabolic alterations on the

clinical outcome of critically ill patients.

1. Introduction

Hyperglycemia, glucose intolerance, and insulin resistance
are common features of critically ill patients, especially
in patients with sepsis or septic shock, even in those
without preexisting diabetes mellitus [1-3]. In patients with
obesity, metabolic syndrome, and type 2 diabetes, several
adipocytokines have been identified that mediate agonistic
and antagonistic effects on insulin resistance [4, 5]. A link
between adipocytokines, inflammation, and systemic insulin
resistance has been established in obese and diabetic patients
[5]. In critically ill patients, little is known about the actions
of the different adipokines, especially about their potential
impact on insulin resistance.

Since its identification in 1994 leptin, a 16-kilodalton
hormone, has been investigated for its role in signalling food
intake, glucose homeostasis, and energy expenditure through
hypothalamic pathways [6-8]. Circulating leptin levels
directly reflect adipose tissue mass and recent nutritional

status in noncritically ill individuals [9]. The mechanisms
of leptin expression are unclear, possibly insulin-stimulated
glucose metabolism and peroxysome proliferator-activated
receptor gamma (PPARy) are involved in adipocyte leptin
induction [10, 11]. Leptin exerts its various actions on
glucose metabolism and energy expenditure via binding to
the leptin-receptor in the brain and peripheral tissues as
pancreas, liver, adipose tissue, and in the immune system
[12]. In clinical settings, free-circulating leptin as well as
soluble leptin-receptors that form complexes with circulating
leptin are used to understand the pathogenetic role of
leptin in regulating the inflammatory-metabolic response
[13]. Various animal and human studies have shown that
administration of endotoxin, TNFa, and other cytokines
as inducers of severe systemic inflammation result in a
significant elevation of serum leptin concentrations [14, 15].

Our study investigated serum leptin and leptin-receptor
serum concentrations in a large cohort of critically ill patients
(septic and nonseptic patients) from a medical ICU in order
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TaBLE 1: Characteristics of the study population.
Parameter Al ICU patients Sepsis Nonsepsis
Number 137 95 42
Sex (number male/number female) 85/52 59/36 26/16
Sex (% male/female) 62/38 62/38 62/38
Age median (years) (range) 63 (18-81) 64 (20-81) 60 (18-79)
BMI median (kg/m?) (range) 25.4 (15.3-59.5) 25.65 (15.3-59.5) 24.9 (17.5-37.4)
Days at ICU median (range) 8 (1-137) 10 (1-137) 6 (1-45)
Days in hospital median (range) 25 (2-151) 30 (2-151) 14 (2-85)
Death at ICU 7 (%) 41 (29.9) 30 (31.6) 11 (26.2)
Death during follow-up # (%) 71 (51.8) 49 (51.6) 22 (52.4)
C-reactive protein median (mg/dL) (range) 112 (5-230) 167 (5-230) 14.5 (5-164)
Procalcitonin median (pg/L) (range) 0.9 (0.1-207.5) 2.2 (0.1-207.5) 0.2 (0.1-36.5)
IL-6 median (ng/L) (range) 110 (2-1000) 170 (7.7-1000) 40.5 (2—1000)
IL-10 median (ng/L) (range) 16 (5-1500) 20 (5-1500) 5.9 (5-750)
Protein median (g/L) (range) 52.5 (21-77) 52 (21-77) 55.5 (31-73)
Prothrombin time median (%) (range) 73 (11-100) 75 (11-100) 69 (13-100)
Creatinine median (mg/dL) (range) 1.6 (0.1-13.1) 1.9 (0.1-10.7) 1.2 (0.3-13.1)

Cystatin C median (mg/L) (range)
Glucose median (mg/dL) (range)
Insulin median (mU/L) (range)

1.76 (0.41-7.30)
134 (47-663)
9.8 (0.2-1000)

1.89 (0.41-6.33)
126 (47-299)
7.7 (0.2-438.0)

1.34 (0.41-7.30)
155 (65-663)
25.0 (0.2-1000)

C-peptide median (nmol/L) (range) 1.66 (0-13.0) 1.56 (0-13.0) 2.01 (0-11.6)
APACHE 1II score median (range) 14 (0-31) 14 (0-31) 15 (0-28)
SAPS-2 score median (range) 43 (0-80) 43 (0-79) 41.5 (13-80)

BMI: body mass index; IL: interleukin; ICU: intensive care unit; APACHE: Acute Physiology and Chronic Health Evaluation.

to understand the potential involvement of leptin and leptin-
receptor in the pathogenesis of insulin resistance in critical
illness, its regulation in severe systemic inflammation, and
its potential clinical use as a biomarker in ICU patients.

2. Patients and Methods

2.1. Study Design and Patient Characteristics. The study was
approved by the local ethics committee. Written informed
consent was obtained from the patient, his or her spouse, or
the appointed legal guardian. A total of 137 patients (85 male,
52 female with a median age of 63 years; range 18-81 years)
was studied (Table 1). Patients were included consecutively
upon admission to the ICU, if they were admitted to the
Medical ICU of the University Hospital Aachen due to critical
illness. Patients were not included in this study, if they were
expected to have a short-term (<72 hours) intensive care
treatment due to postinterventional observation or acute
intoxication. Patient data, clinical information, and blood
samples were collected prospectively.

The control group consisted of 26 healthy nondiabetic
blood donors (17 male, 9 female, with a median age of
56 years; range 24—66 years) with normal values for blood
counts, C-reactive protein, and liver enzymes.

2.2. Characteristics of Sepsis and Nonsepsis Patients. Among
the 137 critically ill patients enrolled in this study, 95 patients
conformed to the criteria of bacterial sepsis, according to the
criteria of the American College of Chest Physicians & the

Society of Critical Care Medicine Consensus Conference
Committee for severe sepsis and septic shock [16]. In
the majority of sepsis patients, the identified origin of
infection was pneumonia (n = 54). Non-sepsis patients
did not differ in age or sex from sepsis patients and were
admitted to the ICU due to cardiopulmonary disorders
(myocardial infarction, pulmonary embolism, and cardiac
pulmonary edema; n = 17), decompensated liver cirrhosis
(n = 14), or other critical conditions (n = 11). In sepsis
patients, significantly higher levels of laboratory indicators of
inflammation (i.e., C-reactive protein, procalcitonin, white
blood cell count) were found than in non-sepsis patients
(Table 1, and data not shown). Nevertheless, both groups
did not differ in APACHE II score, vasopressor demand, or
laboratory parameters indicating liver or renal dysfunction
(data not shown). Among all critical care patients, 29.9%
died at the ICU and 51.8% of the total initial cohort died
during the overall follow-up of 900 days (Table 1). In sepsis
and non-sepsis patients, no significant differences in rates of
death and survival were observed (data not shown).

2.3. Comparative Variables. The patients in the sepsis and
non-sepsis groups were compared by age, sex, body mass
index (BMI), preexisting diabetes mellitus, and severity of
disease using the APACHE II score at admittance. Intensive
care treatment like volume therapy, vasopressor infusions,
demand of ventilation and ventilation hours, antibiotic and
antimycotic therapy, renal replacement therapy, and nutri-
tion were recorded, alongside a large number of laboratory
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parameters that were routinely assessed during intensive care
treatment.

2.4. Quantification of Human Leptin and Leptin-Receptor.
Human leptin serum concentrations were determined
with a commercial ELISA (Cat. No. RD191001100, Bio
Vendor). Intraassay (interassay) coefficient of variation
(CV) ranged from 4.2% to 7.6% (n = 8) (4.4%—6.7%
(n = 6)). Human leptin-receptor concentrations in serum
were determined using a commercially available ELISA (Cat.
No. RD194002100, Bio Vendor, Candler, NC). Intraassay
(interassay) coefficient of variation (CV) ranged from 7.1%
t0 7.3% (n = 8) (6.2%-9.8% (n = 6)).

2.5. Statistical Analysis. Due to the skewed distribution of
most of the parameters, data are given as median, minimum,
maximum, 95% confidence interval. Differences between
two groups are assessed by Mann-Whitney-U-test and mul-
tiple comparisons between more than two groups have been
conducted by Kruskal-Wallis-ANOVA and Mann-Whitney-
U-test for post hoc analysis. Box plot graphics illustrate
comparisons between subgroups. They display a statistical
summary of the median, quartiles, range, and extreme
values. The whiskers extend from the minimum to the
maximum value excluding outside and far out values which
are displayed as separate points. An outside value (indicated
by an open circle) is defined as a value that is smaller than
the lower quartile minus 1.5-times interquartile range, or
larger than the upper quartile plus 1.5-times the interquartile
range. A far out value is defined as a value that is smaller
than the lower quartile minus three times interquartile
range, or larger than the upper quartile plus three times
the interquartile range. All values, including “outliers”, have
been included for statistical analyses. Correlations between
variables have been analysed using the Spearman correlation
tests, where values of P < .05 were considered statistically
significant. The prognostic value of the variables was tested
by univariate and multivariate analysis in the Cox regression
model. Kaplan Meier curves were plotted to display the
impact on survival. All statistical analyses were performed
with SPSS version 12.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Leptin and Leptin-Receptor Do Not Differ in Patients with
Critical Illness from Healthy Controls. It had been reported
that circulating leptin levels were low in critically ill patients
upon admission to the ICU, possibly due to an acute stress
response, with lowest levels in patients with sepsis [17]. We
therefore tested free leptin and soluble leptin-receptor serum
concentrations in 137 critically ill patients upon admission to
our Medical ICU. Surprisingly, we did not observe significant
differences in ICU patients as compared to healthy controls
(Figure 1). Moreover, when we compared patients with sepsis
(n = 95) and patients without sepsis (n = 42), no significant
difference for either leptin or leptin-receptor concentrations
could be detected (Figures 1(b) and 1(d)). Additionally,
we performed subgroup analyses comparing patients with

3
TaBLE 2: Correlation analysis.
Leptin Leptin-receptor
r p r p

Inflammation

Procalcitonin -0.179  .043 0.252 .004

Interleukin-10 -0.190  .049 — n.s.
Liver synthesis capacity

Protein concentration 0.342 <.001 — n.s.

Albumin concentration  0.295 .001 — n.s.

Pseudocholinesterase 0.281 .001 -0.217 .012

Prothrombin time (%)  0.266 .002 — n.s.

Antithrombin IIT 0.234 012 -0.22 017
Cholestasis

yGT — n.s. 0.204 .017

AP — n.s. 0.345 <.001

Bilirubin (total) — n.s. 0.298 <.001

Bilirubin (conjugated) — n.s. 0.373 <.001
Glucose metabolism

Insulin 0.430 <.001 —-0.294 .001

C-peptide 0.285 .001 — n.s.
Lipid metabolism

Cholesterol 0.216 .013 — n.s.

HDL cholesterol 0.269 .003 — n.s.

LDL cholesterol 0.270 .003 — n.s.
Adipocytokines

Adiponectin -0.223 015 0.548 <.001

Leptin — — —-0.587 <.001

yGT: gamma-glutamyltranspeptidase; AP: alkaline phosphatase; HDL: high-
density lipoprotein; LDL: low-density lipoprotein.

sepsis of pulmonary origin to those with abdominal or other
septic focuses. However, leptin and leptin-receptor serum
concentrations did not differ between these subgroups (data
not shown).

3.2. Leptin and Leptin-Receptor Are Associated with Obesity
and Diabetes in Critically Ill Patients. Leptin is a cytokine
mainly derived from adipose tissue and its concentrations
directly reflect adipose tissue mass and the current nutri-
tional status in noncritically ill individuals [4]. Consequently,
we observed a close correlation between the patients’ body-
mass indices (BMI) and their leptin serum concentrations
(r = 0.478, P < .001, Spearman rank correlation test;
Figure 2(a)). By grouping the patient cohort to different
BMI classes (<20, 20-25, 25-30, 30-35, >35), a clear
increase in serum leptin with the BMI can be demonstrated
(Figure 2(b)). In line, an inverse association between BMI
and the circulating leptin-receptor could be revealed, with
lowest leptin-receptor concentrations in obese patients with
a BMI >35 kg/m? (Figures 2(c) and 2(d)).

Patients with a preexisting diabetes (n = 46) had signi-
ficantly higher serum leptin levels (median 8.8 ng/mL) than
patients without diabetes (n = 91, median leptin 4.9 ng/mL,
P = .013; Figure 2(e)). However, leptin-receptor serum
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FIGURE 1: Serum leptin and leptin-receptor concentrations in critically ill patients. (a) Serum leptin levels are not different in critically ill
patients (n = 137, median 5.5 ng/mL, range 0.4-49.6) as compared to healthy controls (n = 26, median 6.6 ng/mL, range 0.7-38.6). (b) No
significant differences are detected between ICU patients with sepsis (n = 95, median 5.5 ng/mL, range 0.4-49.6) and nonseptic etiology
(n = 42, range 5.4 ng/mL, range 0.4-45.1) of critical illness. (c) Leptin-receptor serum concentrations do not differ between critically ill
patients (median 31.5ng/mL, range 5.7-126.9) and healthy controls (median 23.9 ng/mL, range 13.1-46.4). (d) No difference in serum
leptin-receptor concentrations can be observed between patients with (median 31.8 ng/mL, range 5.7-126.9) or without sepsis (median
29.0 ng/mL, range 7.4-124.7) at admission to the ICU. Box plot are displayed, where the bold line indicates the median per group, the box
represents 50% of the values, and horizontal lines show minimum and maximum values of the calculated nonoutlier values; asterixes and

open circles indicate outlier values.

concentrations did not differ in critically ill patients with or
without diabetes (Figure 2(f)).

3.3. Leptin Is Correlated to Procalcitonin and Liver Dysfunction
in Critical Illness. Leptin has been functionally linked to
inflammatory proteins as it may directly interact with C-
reactive protein [18]. We observed an inverse correlation

between leptin and procalcitonin, but not to C-reactive
protein or interleukin-6 (Table 2). With respect to organ
dysfunction in the critically ill patients, we could not detect
a significant correlation between leptin and renal function
(e.g., glomerular filtration rate, cystatin C, creatinine; data
not shown). However, the hepatic biosynthetic capacity
was closely associated with serum leptin concentrations,
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in ICU patients are correlated with the body-mass index (BMI). Spearman rank correlation test, correlation coefficient r, and P-values are
given. (b) Among critically ill patients, serum leptin levels are significantly associated with the patient’s BMI. Box-plot graphics are displayed
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as evidenced by significant correlations to serum protein,
albumin, prothrombin time, antithrombin III, and pseudo-
cholinesterase activity (Table 2).

3.4. Leptin Is Associated with Glucose and Lipid Metabolism.
Several observations in mouse models suggested that the
actions of leptin on glucose homeostasis are independent of
its effects on food intake, but associated with proper function
of hypothalamic leptin-receptors [19, 20]. We observed a
close correlation of insulin and C-peptide with leptin and an
inverse correlation with leptin-receptor (Table 2). Further-
more, markers of lipid metabolism, for example, total choles-
terol, HDL cholesterol, and LDL cholesterol were closely
associated with leptin serum concentrations (Table 2).

3.5. Leptin-Receptor Is Not Linked to Metabolic Parameters,
but to Procalcitonin and Parameters Reflecting Cholestasis.
In contrast to leptin, a correlation between serum leptin-
receptor concentrations and metabolic parameters could not
be found (Table 2). An association between leptin-receptor
and procalcitonin as well as insulin could be observed,
but not with other inflammatory or metabolic parameters
(Table 2, and data not shown). Interestingly, leptin-receptor
showed significant correlations to various parameters reflect-
ing cholestasis such as bilirubin, conjugated bilirubin,
gamma-glutamyltranspeptidase, and alkaline phosphatase
activity (Table 2). This might indicate that biliary excretion
could be possibly involved in leptin-receptor clearance.

3.6. High Leptin-Receptor Levels Indicate Unfavourable Prog-
nosis in Critically Ill Patients. Cox regression analyses and
Kaplan-Meier curves were used to assess the impact of leptin
and leptin-receptor on ICU and overall survival during
a nearly three-year follow-up among critically ill patients.
No significant association between leptin and the ICU- or
overall-survival of the patients could be identified using
uni- and multivariate Cox regression analysis (data not
shown). Remarkably, leptin-receptor serum concentrations
upon admission to the Medical ICU were an unfavourable
indicator of ICU survival (P = .047) as well as of overall
survival (P = .034, Cox regression analysis). Using a cut-
off value for leptin-receptor of 32ng/mL, Kaplan-Meier
curves were plotted to display mortality (log rank 6.77;
Figure 3(a)). In line, surviving patients had significantly
lower leptin-receptor concentrations (median 26.8 ng/mL)
than nonsurvivors (median 34.5ng/mL, P = .037, U-test;
Figure 3(b)).

4. Discussion

Hyperglycemia and insulin resistance are common in criti-
cally ill patients and have been identified as adverse prognos-
tic predictors in ICU patients. In obesity and type 2 diabetes,
adipocytokines are critical mediators linking chronic inflam-
matory conditions to systemic insulin resistance [5]. The role
of adipocytokines in sepsis and nonseptic ICU patients is
currently unclear. The best studied adipocytokine in critical
illness at present is resistin, which was suggested to serve as
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an acute-phase component as it is strongly upregulated in
patients with severe sepsis and septic shock [21, 22]. Very
little is known about the potential role of leptin in this clinical
condition.

In a recently published study, it has been reported
that serum leptin concentrations are low in all critically ill
patients on admission to the ICU, with lowest levels in sepsis
patients [17]. As a possible mechanism, reduced synthesis
or increased removal either by extravasation due to capillary
leakage in sepsis or increased metabolic clearance has been
speculated [17]. In this study by Langouche et al., the SOFA
score on admission was statistically significantly higher in
sepsis patients as compared to nonseptic patients. Moreover,
a prior study demonstrated decreased plasma leptin levels
due to trauma which were explained to be partly related
to the initial fasting conditions, because refeeding elevated
serum leptin concentrations to normal levels [23].

In our study, the leptin and leptin-receptor concentra-
tions did not differ in patients with critical illness from
healthy controls. Subgroup analysis revealed no significant
difference in sepsis and non-sepsis patients as well (Figure 1).
This difference might very likely be related to our cohorts of
septic and nonseptic patients, which were very homogenous
in terms of severity of illness as reflected by APACHE II and
SOFA score. Moreover, our study population had a slightly
higher median BMI and therefore possibly a better nutri-
tional status in the subgroups of patients with and without
proven sepsis. However, in contrast to prior observations,
our data indicate that circulating leptin and leptin-receptor
levels are not severely dysregulated in critically ill patients at
the point of admission to the ICU.

Leptin has various peripheral and central targets, includ-
ing cells of the brain, pancreas, liver, adipose tissue, and
immune system [12]. In animal models, deletion of the
cerebral leptin-receptor leads to obesity and elevated plasma
levels of leptin, glucose, and insulin [24]. Leptin deficiency
in humans either due to an absolute shortage of leptin or
due to leptin-receptor mutations causes severe early onset
obesity, hyperphagia, hyperinsulinemia, hypogonadism, and
impaired T cell function [25]. In individuals with leptin-
receptor defects, the features of leptin deficiency appear
ameliorated, which might give a hint for the existence of
alternative, leptin-receptor independent, leptin signalling
pathways [26]. In line with the current view of leptin as
being a cytokine, mainly derived from adipose tissue and
reflects adipose tissue mass, we found a close association
to the patients’ BMI (Figures 2(a) and 2(b)). Accordingly,
an inverse association could be observed for the circulating
leptin-receptor (Figures 2(c) and 2(d)), which is expressed
by various tissues and serves as a binding partner for leptin
in the circulation [24].

The regulation of glucose metabolism by leptin is
likely independent of its effect on food intake and energy
expenditure. Hypothalamic expression of leptin-receptor in
animal model resulted in modest reduction of food intake
and body fat mass, but in normalized blood glucose and
insulin levels [19]. The present data suggest the existence of
two leptin signalling pathways: the leptin-receptor mediated
JAK-STAT (Janus kinase signal transducers and activators
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FIGURE 3: Prognostic relevance of serum leptin-receptor in critically ill patients. (a) Kaplan-Meier survival curves of ICU patients (n = 137)
are displayed, showing that patients with high leptin-receptor levels (>32 ng/m/L, black) have an increased mortality as compared to patients
with low serum leptin-receptor (<32 ng/mL, grey). P-value from Cox regression analysis is .034. (b) Patients that die during follow-up period
treatment (n = 71, 51.8%) have significantly (P = .037) higher serum leptin-receptor levels on admittance to ICU than survivors (n = 66,
48.2%). Box plot are displayed, where the dotted line indicates the median per group, the box represents 50% of the values, and horizontal
lines show minimum and maximum values of the calculated nonoutlier values; asterixes and open circles indicate outlier values.

of transcription) signalling for regulation of food intake
and body weight, and PI3K (phosphoinositide-3 kinase)
pathway for regulation of glucose metabolism [19, 20, 27].
These experimental findings might very well explain why we
did not only observe a strong association between patients’
BMI and leptin, but also between glucose metabolism (e.g.,
insulin secretion) and serum leptin levels in critically ill
patients.

The possible interaction between leptin and systemic
inflammation is a matter of ongoing debate. It has been
reported that human C-reactive protein (CRP) inhibits the
binding of leptin to its specific receptor and blocks signal
transduction in cultured cells and mouse models; thus, it
might attenuate the physiological function of leptin and
contribute to the concept of “leptin resistance” [18]. In
our study, we could demonstrate an inverse correlation
between leptin and procalcitonin and a direct correlation
between leptin-receptor and procalcitonin, but not with
“classical” markers of inflammation as C-reactive protein or
interleukin-6. Possibly, acute bacterial inflammation, as dis-
played by procalcitonin, in critically ill patients contributes
to the state of “leptin resistance,” yet the clinical impact of
“leptin resistance” in critical illness is still unsettled.

Furthermore, we analyzed the association of leptin with
markers of organ function in ICU patients. Leptin did not
correlate with renal function as reflected by glomerular

filtration rate, cystatin C, and creatinine. We observed that
the hepatic biosynthetic capacity was closely related to leptin
levels (Table 2). This finding in critically ill patients is in
contrast to reports from patients with liver cirrhosis, in
which leptin levels are rather upregulated [13, 28].
Remarkably, leptin-receptor serum concentrations upon
admission to the Medical ICU were an unfavourable indica-
tor of ICU survival (P = .047) as well as of overall survival
(P = .034) (Figures 3(a) and 3(b)). Surviving patients had
significantly lower leptin-receptor concentrations than non-
survivors. This observation was highly unexpected, especially
since leptin-receptor was not an obvious surrogate marker
for other alterations, for example, inflammation, organ
failure, in critically ill patients. The association with survival
was independent from other parameters by multivariate
regression analysis (data not shown). The exact functional
contribution of soluble leptin-receptor or free leptin in the
pathogenesis of critical illness or sepsis is currently unclear,
and additional studies in experimental models are war-
ranted. It is also important to note that future studies should
incorporate longitudinal measurements of leptin and leptin
receptor during the course of critical illness, as this might
help to clarify the potential pathogenic contributions at
different phases of initiation and recovery from acute illness.
However, the association of leptin-receptor with survival
raises the possibility that including serum leptin-receptor



concentrations might improve the validity of prognostic
assessments in critically ill patients upon admission to the
ICU.

5. Conclusions

Although leptin and leptin-receptor serum concentrations
do not differ in patients with critical illness or in the
subgroups of patients with and without sepsis from healthy
controls, serum leptin in critically ill patients is closely cor-
related with the patients’ BMI and metabolic alterations. The
possible functional role of leptin in the pathogenesis of severe
illness warrants further studies. However, soluble leptin-
receptor turned out to be an independent prognostic marker
at admission to the Medical ICU, thereby emphasizing the
impact of the complex metabolic alterations on the clinical
outcome of critically ill patients.
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Visceral obesity is coupled to a general low-grade chronic inflammatory state characterized by macrophage activation
and inflammatory cytokine production, leading to insulin resistance (IR). The balance between proinflammatory M1 and
antiinflammatory M2 macrophage phenotypes within visceral adipose tissue appears to be crucially involved in the development
of obesity-associated IR and consequent metabolic abnormalities. The ligand-dependent transcription factors peroxisome
proliferator activated receptors (PPARs) have recently been implicated in the determination of the M1/M2 phenotype. Liver
X receptors (LXRs), which form another subgroup of the nuclear receptor superfamily, are also important regulators of
proinflammatory cytokine production in macrophages. Disregulation of macrophage-mediated inflammation by PPARs and LXRs
therefore underlies the development of IR. This review summarizes the role of PPAR and LXR signaling in macrophages and
current knowledge about the impact of these actions in the manifestation of IR and obesity comorbidities such as liver steatosis

and diabetic osteopenia.

1. Introduction

Progressive development of insulin resistance (IR) is a
prediabetic state which is today a widespread metabolic
abnormality of adults and adolescents in industrialised soci-
eties [1]. Impaired insulin action is considered the first stage
of type 2 diabetes mellitus (T2DM). The consequences of IR
manifest at many levels and in many metabolic processes,
producing a cluster of homeostatic abnormalities including
glucose intolerance, overt hyperglycemia, hyperinsulinemia,
and atherogenic dyslipidemia, collectively referred to as
metabolic syndrome (MetS). Liver steatosis, kidney disease,
and osteoporosis are also frequent comorbidities of T2DM
and MetS [2—4].

IR correlates positively with obesity, and the rapidly
growing incidence of T2DM and MetS is therefore often
attributed to lifestyle factors such as excess caloric intake
and insufficient physical exercise in urbanized human pop-
ulations [5]. The main predisposing factor for IR is intra-
abdominal accumulation of adipose tissue (AT), which leads

to central obesity [5, 6]. The total load of visceral adipose
tissue (VAT) and the rate of free fatty acid (FFA) mobilization
from VAT to the portal venous system are well-established
correlates of IR and high circulating levels of insulin [7-9].
Several mechanisms link visceral adiposity and elevated FFA
levels to IR. The elevated VAT mass liberates excess amount
FFAs to the bloodstream, which contribute to muscle
and liver IR by triggering reduced insulin signaling and
increased hepatic gluconeogenesis. High levels of FFA shift
the substrate preference of mitochondrial oxidation from
glucose to FFA, and this can diminish the insulin secretory
response to glucose of islet S-cells, leading to relative insulin
insufficiency [10, 11]. Moreover, FFAs induce an inflamma-
tory response in macrophages, adipocytes, and muscle cells
via toll-like receptor (TLR) activated pathways (Figure 1).
Modified lipoproteins such as oxidized and glycated low-
density lipoproteins derived from excess VAT can accumulate
in certain tissues, including subendothelial spaces, muscle
cells, liver or kidney mesangium and tubular epithelial cells,
where they can give rise to atherogenesis, lipotoxic injury,



and inflammation [12]. VAT is also an active endocrine organ
able to secrete a wide variety of inflammatory cytokines with
key functions in the development of IR [13].

In recent years, macrophages have been recognized as
major sources of proinflammatory mediators, which are
largely responsible for the manifestation of IR. Macrophages
are plastic cells and their ability to produce cytokines
is determined by their phenotype. The so-called classical
activated or “M1” macrophages secrete high amounts of
inflammatory mediators while the alternatively activated
“M2” macrophages are low cytokine producers. In obesity
the balance between M1 and M2 macrophages is dis-
turbed. Thus, production of inflammatory cytokines by
VAT macrophages increases significantly [14]. This situa-
tion creates a general subclinical inflammatory state [15]
that will ultimately lead to altered insulin responsive-
ness. Recent studies reveal that macrophage activation is
regulated by lipid metabolites through the activation of
nuclear receptor transcription factors, and that imbalances
in macrophage nuclear receptor signaling can lead to IR
[13].

Nuclear receptors (NRs) are a superfamily of ligand-
activated transcription factors that control transcription of
their target genes through direct or indirect mechanisms.
Directly, NRs bind to specific DNA sequences in cis-
regulatory elements within promoter regions, activating or
repressing target gene expression by recruiting or releasing
coactivators and corepressors [16]. Indirectly, NRs can trans-
repress the transcription of certain genes controlled by
other transcription factors, such as nuclear factor kappa-B
(NF-xB) or activator protein-1 (AP-1) [17, 18]. Prominent
members of the NR superfamily are peroxisome proliferator
activated receptors (PPARs), activated by FFAs, eicosanoids,
and prostaglandins, and liver X receptors (LXRs), activated
by cholesterol metabolites. These “lipid sensors” appear
to play a central role in the control of lipid metabolism.
NRs are moreover the targets of environmental obesogens
such as phtalates, organotins, bisphenol A, and xenobiotics
that interfere with NR signaling and which are thought
to underlie the spread of obesity and its comorbidi-
ties [19]. In addition, evidence acquired over the last
decade demonstrates that PPARs and LXRs have impor-
tant antiinflammatory effects and can control macrophage
activation, suggesting potential in the medication of
IR.

The role of NRs in linking metabolism and inflamma-
tion is especially relevant to the pathogenesis of obesity-
induced IR. Synthetic pharmacological ligands for PPARy
(thiazolidinediones; TZDs) and PPAR« (fibrates) are used
clinically due to their hypolipidemic and insulin-sensitizing
properties. Additionally, pharmacological activation of LXRs
results in increased HDL levels and net cholesterol loss,
therefore, synthetic LXR ligands have a potential medical
benefit to treat dyslipidaemias and atherosclerosis. A growing
body of literature suggests that these drugs, due to their
antiinflammatory effects, can have a broader impact in
metabolic diseases, especially in obesity comorbidities. Here
we summarize the latest findings linking IR, inflammatory
mediators, and macrophages and discuss the regulatory
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role of NR signaling in macrophage cytokine production
associated with obesity and obesity comorbidities.

2. Friend or Foe? M1 and M2 Macrophages in
Adipose Tissue

Over the last few years, understanding of macrophages as
an important element of IR development has advanced
considerably with the identification of distinct functional
macrophage subsets. Macrophages have a highly plastic
phenotype that allows them to specialize and display
polarized functional properties, such as inflammatory or
antiinflammatory actions in response to cytokines and
microbial products. Macrophage polarity can be determined
by T-helper cells. Cytokines released by T-helper 1 (Thl)
cells, such as interleukin-2 (IL-2), gamma-interferon (IFNy),
and tumor-necrosis factor alpha (TNF«), induce the clas-
sical macrophage phenotype, activating them to stimulate
cellular immunity and inflammation. Th1 cells also secrete
granulocyte-macrophage colony stimulating factor (GM-
CSF), which promotes medullar monocyte/macrophage dif-
ferentiation. In contrast, T-helper 2 (Th2) cells secrete
interleukin-4 (IL-4) and interleukin-13 (IL-13), which
induce an alternative phenotype by attenuating macrophage-
mediated secretion of inflammatory mediators and instead
inducing macrophage programs for FFA oxidation [20].
Adapting the Th1/Th2 nomenclature, Mantovani and col-
leagues in 2002 started to refer to polarized macrophages as
M1 and M2 cells [21]. M1 macrophages are activated proin-
flammatory cells, while M2 macrophages are characterized
by an antiinflammatory phenotype. Although there is a clear
association of obesity and IR with macrophage infiltration of
AT and M1 macrophage activation, the dominant phenotype
of adipose tissue macrophages (ATMs) is still an open
debate.

The first evidence suggesting diversity of ATM phe-
notype was obtained from chemokine receptor-2 (CCR2)
knockout (KO) mice (CCR2KO) [22]. CCR2 is a cell-
surface receptor for monocyte chemoattractant protein-1
(MCP-1), a chemokine which specifically mediates mono-
cyte chemotaxis. Under normal physiological conditions,
the ATM content of CCR2KO AT does not differ from
wild-type AT, and CCR2KO mice show no overt metabolic
alteration. However, CCR2KO mice fed a high-fat diet
accumulate fewer ATMs in AT than similarly fed wild-
type mice, and present an attenuated inflammatory pro-
file and greater insulin sensitivity. Thus metabolic chal-
lenge with supernormal fat intake triggers macrophage
recruitment to VAT via a MCP-1/CCR2-dependent pro-
cess, but CCR2 is not required for resident macrophage
recruitment. Brake and co-workers subsequently identified
CD11c-positive (CD11c*) and CD1lc-negative (CD11c™)
macrophage populations in mouse AT [23]. The numbers
of CDl1l1c* cells increase in response to a high-fat diet,
and this is accompanied by increased AT expression of
transcripts for CCR2, interleukin-6 (IL-6), and intercellu-
lar adhesion molecule I (ICAM-I), a leukocyte adhesion
receptor needed for macrophage tissue infiltration. CD11c*
cells were thus proposed as an inflammatory macrophage
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population in AT. Interestingly, conditional bone marrow
depletion of CD11c" cells in obese mice results in a rapid
normalization of insulin sensitivity [24]. Moreover, further
studies confirmed that ATMs recruited to AT in diet-induced
obesity express high levels of IL-6, inducible nitric oxide
(NO) synthase (iNOS) and CCR2, all characteristics of
the M1 phenotype [25, 26]. In obese mice chronic iNOS
blockade attenuates high-fat diet induced IR and, similar
to CCR2KO mice, reduces macrophage VAT infiltration, as
shown by lowered mRNA expression of MCP-1 and the
macrophage cell surface receptor CD68 [27]. In addition,
resident ATMs show very low (if any) inflammatory activity
and express many M2-associated genes such as arginase 1,
interleukin-10 (IL-10) and the secretory chitinase protein
Yml [28].

The identification of two monocyte populations in
mouse blood [29, 30] supported the hypothesis that M2
macrophages resident in AT are descendents of circulating
nonactivated monocytes, while M1 macrophages derive from
a population of circulating inflammatory monocytes that are
recruited to AT where they continue their differentiation and
orchestrate the inflammatory response. This model is further
supported by the observation that, blood mononuclear
cells from obese patients are in a proinflammatory state
[31].

An alternative hypothesis is that M1 macrophage
polarization during obesity progression occurs via in situ
reprogramming of ATMs from an M2 to an M1 pheno-
type. In vitro, it is well established that the pattern of
macrophage function depends on the agonist to which
they are exposed [32]. For instance, in vivo, treatment of
tumor-bearing animals with interleukin-12 (IL-12) shifts
tumor-associated macrophages from a dominant M2 profile
(elevated expression of TGFf, IL-10, and MCP1) to a proim-
munogenic/inflammatory M1 profile (elevated expression of
IL-6 and TNF«) [33]. However, it remains uncertain whether
this “in situ” phenotype switching can also occur in AT
(Figure 1).

Interestingly, PPARy and PPARS have been recently
implicated in the transcriptional regulation of monocyte/
macrophage phenotypic shift (Figure 1). Using myeloid-
specific PPARy and PPARS KO mice (Mac-PPARyKO and
Mac-PPARSKO), Odegaard et al. showed that PPARy and
PPARS are both necessary for optimal induction of the M2
macrophage phenotype by IL-4 (a classical Th2 cytokine)
[34, 35]. However, these factors make distinct contributions
to this process: PPARy is specifically required for IL-4-
dependent activation of fatty acid oxidation, whereas PPARS
is required for the full expression of the IL-4-dependent
immune phenotype (Figure 1). Furthermore, the AT of fat-
fed Mac-PPARyKO accumulates fewer macrophages and
shows lower M2-related gene expression than the AT of fat-
fed wild-type mice. However, fat-fed Mac-PPARyKO mice
are more obese, indicating that the reduced number of
M2 macrophages leads to major alterations in adipocyte
metabolism [34]. These studies demonstrate that activation
of PPARy and PPARJ in ATMs ameliorates IR not only
through the regulation of cytokine production but also by
modulating ATM phenotype.

3. Nuclear Receptor Signaling
Reduces Cytokine Production by ATMs and
Ameliorates Insulin Resistance

The paracrine and endocrine functions of VAT actively
contribute to the development of IR. VAT is a major source of
a wide variety of cytokines produced mainly by macrophages
and of certain hormone-like factors produced by adipocytes.
The best known VAT-produced cytokines include C-reactive
protein (CRP), IL-6, interleukin-1 (IL-1), interleukin-18
(IL-18), and tumor necrosis factor (TNFa) [36]. These
inflammatory mediators exert their actions not only on AT
cells, but also on other cell types such as hepatocytes, liver
Kuppfer cells, kidney mesangial cells, osteoclasts, and muscle
fibers. Indeed, in T2DM patients, elevated VAT expression of
TNFa is associated with the onset of IR, and high circulating
levels of interleukin-1 receptor antagonist (IL-1ra) and TNF«
correlate strongly with MetS in human populations [37].
The mechanisms by which inflammatory cytokines produce
defects in insulin signaling are not fully understood; however,
many studies suggest an origin in insulin postreceptor
signaling. Binding of insulin to its receptor is followed by
phosphorylation of the insulin receptor substrates IRS-1
and IRS-2. Tyrosine phosphorylation of IRS-1 and IRS-2
mediates insulin signaling; however, serine phosphorylation
of IRSs can block downstream signaling. There are thus two
pathways by which cytokines appear to interfere in insulin
signaling: by impairing IRS tyrosine phosphorylation or
by inducing IRS serine phosphorylation [38]. For instance,
TNFa impairs tyrosine phosphorylation mediated by PI3-
kinase, leading to insufficient glucose uptake by muscle
cells [39, 40]. In addition, there is evidence implicating
the serine kinases c-Jun Kinase (JNK) and inhibitor of
NF-xB kinase (IKK) in cytokine-dependent IR: obesity is
associated with increased JNK activity in adipose and liver
tissues [41] and mice lacking IKK-f are resistant to obesity-
induced IR [42]. These kinases also affect AP-1 and NEF-
kB transcription factors, promoting further inflammatory
gene expression. In addition, SOCS proteins, another class
of inflammatory mediators, have been found to be involved
in obesity-induced IR. SOCS proteins block insulin signaling
either by interfering with IRS-1 and IRS-2 phosphorylation
or by targeting IRSs for proteosomal degradation [43, 44].
Studies on PPARs and LXRs indicate that these nuclear
receptors are important regulators of proinflammatory
cytokine production by macrophages. In LPS- or IFNy-
stimulated macrophages, activation of PPARy represses the
induction of inflammatory genes including iNOS, IL-6,
cyclooxygenase-2 (COX-2), and matrix metalloproteinase
9 (MMPY) [45, 46]. Activation of LXRs represses almost
the same genes as PPARy [47, 48], while PPAR«a shows
a distinct pharmacological profile, inhibiting expression of
tissue factor [49]. Finally, PPARS deficiency in macrophages
is associated with low levels of MMP9 and MCP1 [50].
Recently, increased cytokine production has been reported in
vivo in the AT, liver, and muscle of myeloid PPARyKO mice,
correlating with the development of IR in these animals [51].
Most evidence indicates that the basic mechanism under-
lying the antiinflammatory actions of NRs is interference in
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FiGure 1: Cytokine release by adipose tissue macrophages contributes to insulin resistance. Free fatty acids (FFAs) released from visceral
adipose tissue (VAT) promote polarization toward the M1 phenotype through activation of Toll-like receptors (TLRs), and also impair
insulin secretion and action. Differentiation to the M1 phenotype is inhibited by PPARy signaling, and activation of PPARy or PPARS, in
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Inflammatory monocytes migrating into VAT can also differentiate into M1 macrophages. Inflammatory mediators produced by M1
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chemoattractant protein-1 (MCP-1).

AP-1/NF«B signalling [17, 18]. However, alternative path-
ways are not excluded. For example, mechanisms involving
blockade of the clearance of corepressor complexes from
promoters have recently been proposed. These processes are
thought to involve SUMOylation of PPARy or LXRs [52].
There thus appears to be no single mechanism of repression,
and pathway selection seems to depend on the signal, the NR
isoform involved, and even the gene promoter.

The ability of PPAR and LXR receptors to control
macrophage-mediated inflammation by these mechanisms
appears to have an important impact on the control of IR.
Indeed, the beneficial effect of weight loss on obesity-related
IR might be associated with an improved inflammatory
profile in the stromal vascular fraction of AT, which contains
the ATMs [53].

Unlike other AT related proteins, the adipocyte protein,
adiponectin, contributes to the maintenance of insulin
sensitivity and seems to be able to antagonize the proinflam-
matory effects of macrophages [54, 55]. Adiponectin is the
most abundant adipocyte-derived factor in the circulation
and low levels of this protein are linked to high body mass
index, IR, dyslipidemia, and increased risk of cardiovascular
disease [56]. Consistently, adiponectin immunostaining is
reduced in the AT of mice fed a fat- and carbohydrate-
rich diet [57]. In humans, a marked gender difference
in AT distribution evolves during puberty, resulting in
elevated VAT mass and lower adiponectin production in

adult males and an associated higher susceptibility to
insulin signaling defects [58, 59]. Moreover, TNFa reduces
adiponectin production [60]. Importantly, adiponectin also
has a potent antiinflammatory action on macrophages,
suppressing lipopolysaccharide (LPS)-stimulated cytokine
production possibly via the antiinflammatory IL-10 signal-
ing pathway [61]. Adiponectin promoter is regulated by
PPARy/RXRa heterodimers, and administration of TZDs has
been reported to significantly increase plasma adiponectin
concentrations in insulin-resistant humans and rodents
without affecting their body weight [62]. Activation of
PPARy induces production of adiponectin not only from
adipocytes but also from skeletal muscle, which augments the
antidiabetic actions of PPARy [63, 64].

4. Liver Resident Macrophages Link
Obesity to Steatosis

The liver is responsible for the coordination of intermediate
metabolism. Hepatocytes are actively involved in glucose
and lipid metabolism (including cholesterol and lipoprotein
synthesis), plasma protein synthesis, and the production
of inflammatory proteins such as CRP [65]. Obesity is
associated with a high incidence of steatosis, a pathological
accumulation of lipids within hepatocytes. Nonalcoholic
fatty liver disease (NAFLD) is the most common form of
chronic liver disease and is characterized by excess liver lipid
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accumulation and hepatic IR. At a later stage of disease
progression, NAFLD can occur with hepatic inflammation,
leading to nonalcoholic steatohepatitis (NASH) and culmi-
nating in hepatic fibrosis or cirrhosis [3].

In obesity, inflammatory cytokines (IL-15, TNFa, and
IL-6) and adiponectin released from AT reach the liver
through the portal vein and can directly interfere with
liver functions. In an inflammatory state, TNFa can trigger
hepatocyte apoptosis and the activation of the fibrogenic
response in stellate cells [66], while IL-6 is implicated
in the induction of the acute phase response by eliciting
transcriptional activation of CRP [67]. Adiponectin, unlike
cytokines, appears to have a protective effect in the liver.
Adiponectin administration ameliorates steatosis, probably
via inhibition of TNFa signaling. In addition, adiponectin
exerts antifibrogenic effects: adiponectin KO mice exposed
to CCL4 develop more severe fibrosis than wild-type animals
[68].

However, the most important sources of inflammatory
cytokines within the liver are Kupffer cells, the resident
macrophages in the liver. Kupffer cells mostly localize in
the liver sinusoids but can also migrate into the space of
Disse. Like all macrophages, they show phenotypic plasticity,
presenting different morphology and functions depending
on their intralobular position. Kupffer cells located in the
periportal zone are large cells with high phagocytosis capac-
ity and high lysosomal protease activity, whereas Kupffer cells
in mid-zonal and perivenous areas are smaller and have lower
protease activity [69, 70]. During steatosis, the recruitment
of new macrophages into the liver can alter cell distribution,
thereby also changing Kupffer cell morphology and function.
Indeed, in the livers of NASH patients, enlarged Kupffer cells
occur in aggregates around the perivenous regions, while in
simple steatosis their distribution is more diffuse [71]. There
is also evidence that Thl immune response dominates in
NAFLD, promoting the classical M1 activation of Kupffer
cells [72, 73]. In addition, recent studies in rodents suggest a
direct role for Kupffer cell M1 activation in hepatic fatty acid
metabolism and steatosis [74, 75]. Interestingly, Kupffer cells
from rats, fed a high-fat diet or challenged with endotoxin,
produce high levels of NO and the TNFa M1 cytokine
[76, 77]. Moreover, the depletion of Kupffer cells prevents
steatosis and the development of insulin resistance [78]. In
mice, Kupffer cell depletion is also associated with a decrease
in hepatic triglyceride levels and increased expression of key
genes involved in fatty acid oxidation, such as PPAR« [79].
The ability of PPARs and LXRs to reduce cytokine produc-
tion in activated inflammatory monocyte-macrophage cells
is well documented [45—-47]. However, the effects of nuclear
receptor agonists on activated Kupffer cells remain unclear.
Some studies show that pioglitazone, a clinically available
ligand of PPARy, prevents endotoxin-induced liver injury
via a mechanism dependent on suppression of TNFa and
NO production by Kupffer cells [76, 77]. In mouse liver,
PPAR« activation is associated with Kupffer-cell mediated
reactive oxygen species production and carcinogenesis [80].
Moreover, case reports indicate that therapeutic use of
PPAR« ligands can lead to hepatic fibrosis [81]. Contrary
to these observations, PPAR« upregulation has been shown

to ameliorate experimentally-induced liver steatosis in rats
[82]. Thus the common thread linking PPAR« activation,
Kupffer cells, and hepatic pathologies remains undefined
[83].

Kupffer cells can also be alternatively activated, and
PPARJ has recently been shown to be required for this
M2 activation of Kupffer cells (Figure 2(a)). Expression of
M2 related genes in Kupffer cells is reduced in PPARGS-
deficient lean mice, and transplantation of PPARS-null bone
marrow into wild-type mice is enough to trigger hepatic
dysfunction and systemic IR [35], probably due to reduced
M2 activation of resident hepatic macrophages. In a similar
way, myeloid-specific PPARS ™/~ mice fed a high-fat diet
gain more weight, acquire a higher body weight/liver weight
ratio, and have a more profound steatosis than control
animals [84]. Moreover, M2 markers are downregulated
in these animals. PPARS is thus an interesting potential
pharmacological target for the induction of M2 activation to
control inflammation and improve steatosis in NAFLD.

5. Osteoclastogenesis in Obesity Leads to
Bone Mass Reduction

Clinical studies indicate that IR conditions such T2DM
and severe obesity are associated with increased fracture
risk although not always with low bone mass [2, 85-87].
Despite this association, T2DM has been classically coupled
to higher bone mineral density (BMD) [88]. It is likely that in
humans diabetic bone is more fragile due to changes in bone
architecture rather than as a consequence of the reduced
BMD. Furthermore, leptin-deficient obese (ob/ob) mice, a
model of obesity and IR, have a complex bone phenotype,
displaying increased trabecular bone volume in the spine but
short femora with reduced cortical thickness and reduced
trabecular volume [89]. Therefore, although IR is clearly
associated with bone fragility, a direct effect of IR on BMD
is highly controversial. There is also a disputed association
of obesity-associated bone fragility with several IR-derived
defects, such as high insulin levels, low insulin-like growth
factor-1 synthesis, low serum adiponectin, and elevated levels
of inflammatory cytokines.

Under IR conditions, a compensatory hyperinsulinemia
develops. Insulin appears to be anabolic for bone, and recent
clinical studies demonstrate that elevated insulin levels can
increase BMD [90]. Adiponectin serum levels decrease with
obesity, but osteoblasts and osteoclasts express receptors
for adiponectin [91, 92], indicating a direct role of this
factor in the regulation of bone homeostasis. Some reports
linking obesity with increased BMD have demonstrated that
adiponectin can promote bone resorption [93, 94]. In con-
trast, a recent study reports that adiponectin inhibits osteo-
clastogenesis in primary human cells in vitro and stimulates
osteoblast growth [95]. These contradictory results suggest
that the direct action of adiponectin on bone increases BMD,
but that the final sum of its direct and indirect actions leads
to bone mass reduction. Moreover, bone architecture and
mechanical properties unrelated to BMD can be impaired
in patients with T2DM, possibly due to the lowered levels
of insulin-like growth factor-1, a characteristic alteration
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FIGURE 2: Tissue-resident macrophages are sources and targets of
inflammatory mediators in obesity. (a) Liver-resident macrophages
(Kupffer cells) are major sources of inflammatory cytokines in
obesity and IR. Free fatty acids (FFAs) and oxidized low density
lipoproteins (oxLDL) released from VAT promote M1 phenotype
polarization through activation of TLRs. The switch to the M2
phenotype is promoted by PPARS signaling. Inflammatory medi-
ators (IL-6, TNFa, and IL-1p) originating from M1 Kupffer cells or
adipose tissue macrophages (ATMs) induce hepatocyte apoptosis,
IR, and lipid accumulation. (b) Osteoclastogenesis is induced by
ATM-derived inflammatory cytokines in obesity and IR. Activation
of PPARs blocks osteoclastogenesis and impedes bone loss, while
LXR promotes osteoclast resorptive activity.

in systemic IR. Finally, inflammatory cytokines, including
CRP, IL-1, IL-6, and TNFa, accelerate bone turnover and
osteoclastogenesis, and may lead to reduced BMD in humans
[96-99]. Indeed, cytokine plasma levels can predict bone
resorption in aged adults [100]. These studies illustrate the
complexity of bone physiology and its paracrine/endocrine
metabolic control, which makes it difficult to clarify the
relationship between low bone mass, obesity, and IR.
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Nevertheless, increased osteoclast activity and decreased
osteoblast differentiation are the basis of BMD loss. Bone
homeostasis is maintained by the equilibrium between the
activities of bone-forming osteoblasts and bone-resorbing
osteoclasts. Osteoclasts are derived from haematopoietic
myeloid bone marrow progenitors whereas osteoblasts and
adipocytes originate from bone marrow mesenchymal stem
cells [101, 102]. Given the importance of crosstalk between
macrophages and adipocytes in obesity progression, the fact
that macrophages and osteoclasts, and likewise adipocytes
and osteoblasts, share common precursors suggests the
existence of important interactions between bone and fat.
Osteoclasts and osteoblasts also produce factors capable of
influencing AT biology, such as osteocalcin or osteopontin.
Osteocalcin is secreted by osteoblasts and modulates the
expression of various genes in adipocytes and insulin secret-
ing f3-cells in pancreatic islets [103]. Osteopontin, which
is produced by various cell types such as macrophages,
hepatocytes and osteoclasts, promotes inflammation and
macrophage accumulation in AT [104]. These findings
suggest that bone has endocrine functions through which
it might be involved in obesity progression [105]. However,
there is little published research into the possible contribu-
tion of crosstalk between fat and bone to the regulation of
energy balance.

Paradoxically, administration of the insulin sensitizing
synthetic ligands of PPARy can induce bone loss and
increase the risk of bone fractures [106, 107]. In mice,
activation of PPARy with TZDs promotes osteoclast differen-
tiation and consequent bone resorption [107]. Consistently,
macrophage-specific deletion of PPARy leads to elevated
BMD due to altered osteoclast activity [108]. It is also doc-
umented that PPARy can control osteoblast differentiation
from common bone marrow mesenchymal precursors of
the osteoblast/adipocyte lineages [109]. Mice with PPARy
haploinsufficiency therefore also have high BMD, coupled
with reduced bone marrow adiposity [110]. LXRs are also
required for a correct osteoclast function (Figure 2(b)). LXR
KO mice show a significantly increased BMD coupled to
paradoxically elevated number of osteoclasts in cortical bone,
suggesting that LXRs promote osteoclast resorption activity
but is not necessary for osteoclast differentiation [111].
Conversely, ligands of PPARy, PPARw, and PPARS were
recently shown to inhibit the formation of multinucleated
osteoclasts from human blood monocytes in vitro [112]
(Figure 2(b)).

The use of insulin sensitizing and hypolipidemic drugs,
such as PPAR and LXR ligands, might, by decreasing BMD,
be related to the increased fracture risk observed in T2DM
patients. However, it is still unknown to what extent BMD
contributes to increased fracture risk and whether IR has a
direct effect on BMD.

6. Concluding Remarks

Insulin resistance is the fundamental cause of a broad range
of metabolic abnormalities including glucose intolerance,
overt hyperglycemia, hyperinsulinemia, atherogenic dyslipi-
demia, cardiovascular diseases, kidney disease, liver steatosis,
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and osteoporosis. Obesity-associated chronic inflamma-
tion is a key contributor to decreased insulin signaling
throughout the disease progression, although the specific
mechanisms that link inflammation to IR remain not fully
understood.

The latest advances in the understanding of macrophage
biology place macrophages as the drivers of this
inflammatory response. Recruitment of M1 inflammatory
macrophages and increased cytokine production in AT and
liver not only perpetuate inflammation in these organs
but also influence other tissue functions. For instance,
obesity-associated inflammatory effects on bone physiology
are well documented in many clinical studies. However,
the results are controversial and difficult to interpret, and
there is therefore a need for further studies to address this
question and clarify whether IR has direct effects on bone
homeostasis.

The functions of PPAR and LXR nuclear receptors in
macrophages include the control of both metabolic and
inflammatory pathways. Activation of these receptors thus
acts as a link between these two processes closely related to
the development of IR. A large body of evidence clearly shows
that the insulin-sensitizing properties of NRs are, at least
in part, a result of inflammatory control in macrophages.
A better understanding of the molecular mechanisms by
which NRs control macrophage activation would therefore
facilitate the development of pharmacological strategies to
specifically target pathways regulating obesity before the
onset of obesity-associated complications.
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Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women of reproductive age group and is associated with a
higher cardiovascular risk. Obesity, mainly visceral adiposity, is prevalent in patients with PCOS. Obesity is associated with low-
grade inflammation and raised inflammatory cytokines, both of which are also described in patients with PCOS. In this paper, the
potential relationships between fat distribution, adipocyte dysfunction and, altered inflammatory markers in patients with PCOS

have been discussed.

1. Obesity in Polycystic Ovary Syndrome
(PCOS)

PCOS is one of the most common endocrine disorders in
women of reproductive age with a prevalence of 5%—7% [1-
3]. PCOS is associated with a broad range of adverse seque-
lae, including hypertension, dyslipidemia, insulin resistance,
hyperandrogenaemia, gestational and type 2 diabetes, which
ultimately increase the risk of cardiovascular morbidity
[4-12]. Obesity is present in varying degrees in women
with PCOS and is associated with hyperandrogenaemia and
insulin resistance [13].

2. Inflammatory Mediators in Obesity

Obesity is associated with a state of chronic systemic
inflammation manifested by increased serum levels of
inflammatory cytokines as well as alterations in peripheral
blood lymphocyte frequencies and function [14-16]. These
changes are present not only at the tissue level but also in
adipose, liver, and other tissue beds [17, 18]. This inflam-
matory process could be the underlying cause of obesity-
related comorbidities, including atherosclerosis, diabetes and
steatohepatosis [19-23].

Obesity-related inflammation is often considered a dis-
order of innate immunity. However, there is a significant
crosstalk between innate and adaptive immune systems, and
indeed disorders of both innate and adaptive immunity have
been implicated in obesity-related inflammation [17, 24, 25].

Inflammation is not only an acute response to trauma
or infection, it is also a response to the ongoing processes
of cell turnover associated with aging [26]. In this regard,
the inflammatory response regulates fundamental processes
intrinsic to cellular homeostasis, including proliferation,
necrosis, and apoptosis. In keeping with the task of regulating
tissue turnover, inflammatory responses are triggered not
only by exogenous stimuli, but also by endogenous stimuli,
such as the by-products of cell necrosis and apoptosis. For
example, free fatty acids, systemic levels of which are elevated
in obesity, are primary ligands for Toll-like receptors, central
regulators of the innate immune response [27, 28]. Free fatty
acids and Toll-like receptors therefore act as a direct link
between the systems that regulate obesity and inflammation.

At the molecular level, the intracellular signalling path-
ways that govern inflammation and glucose homeostasis
demonstrate significant crosstalk and share multiple sig-
nalling mediators. At the cellular level, adipocytes and
macrophages are closely related and likely evolved from a



common primordial precursor cell [29], further evidence
of the parallel evolution of inflammation and metabolic
systems.

3. Inflammation and Insulin Resistance in
Polycystic Ovary Syndrome

Approximately 60%-70% of PCOS patients are obese [30],
with a central body fat distribution pattern described as vis-
ceral obesity that is well known to be highly associated with
insulin resistance. However, PCOS patients have evidence of
insulin resistance independent of obesity [31-33]. Insulin
sensitivity is decreased by 35%-40% in women with PCOS,
independent of obesity, a decrease similar in magnitude to
that seen in T2DM mellitus [34]; however, any degree of
obesity further impairs insulin action. About 50%-70% of
all women with PCOS have some degree of insulin resistance
[35]. It is now evident that PCOS has major metabolic
consequences related to insulin resistance. Insulin resistance
is associated with an increased risk for several disorders,
including type 2 diabetes, hypertension, dyslipidemia (low
high-density lipoprotein cholesterol and high triglycerides),
elevated plasminogen activator inhibitor type 1 (PAI-1),
elevated endothelin-1, endothelial dysfunction, and heart
disease.

Data have demonstrated a correlative as well as causative
relationship between insulin resistance and inflammation
[36]. Subclinical inflammation and insulin resistance are
important predictors of cardiovascular disease [37]. Further-
more, in light of the role of insulin resistance in PCOS and of
the increased cardiovascular risk of affected women, a rela-
tionship between inflammation and hormonal-metabolic
features of women with PCOS has been demonstrated [38].

According to Rotterdam consensus criteria commonly
used in clinical practice, two of the following three must be
fulfilled for the diagnosis of PCOS: polycystic ovaries (12 or
more follicles in each ovary, each follicle measuring 2—-9 mm
in diameter and/or ovarian volume >10mL, one polycystic
ovary is sufficient for the diagnosis), oligo-/anovulation;
clinically diagnosed as oligo-/amenorrhea (menstrual cycles
longer than 35 days or less than 10 menstruations per year)
and hyperandrogenism (clinical or biochemical) [39]. In
this consensus insulin resistance, metabolic syndrome, and
obesity are not included in the diagnostic criteria to identify
PCOS. However it is possible that some phenotypes of PCOS
(i.e., those characterised by polycystic ovaries and oligo-
menorrhea as per Rotterdam consensus criteria) may simply
reflect abnormal androgen and/or LH production without
having metabolic implications.

It has been reported that women with PCOS have
significantly increased hs-C-reactive protein (hs-CRP) con-
centrations [40], suggesting CRP a marker of low-grade
inflammation, as a predictor of coronary heart disease and
cardiovascular events in PCOS that is also independently
related to insulin resistance. The leukocyte count was found
to be significantly higher in women with PCOS compared
with healthy women, although no case of leukocytosis was
found in either group [38]. Regarding the leukocyte differen-
tial, significant increases in lymphocytes and monocytes were
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observed in women with PCOS compared with controls,
which might have been expected considering that they
play a key role in the pathophysiological mechanism of
atherosclerosis [38]. Inflammation has been recognised to
play a central role in both initiation and progression of
the atherosclerotic process; therefore, an elevated leukocyte
count should be directly associated with increased incidence
of coronary heart disease, ischemic stroke, and mortality
from cardiovascular disease [41].

In patients with PCOS circulating levels of tumour
necrosis factor « (TNF «), interleukin (IL)-6, hs-CRP, as
well as white blood count (WBC) and neutrophil count
have been found to be elevated compared with age- and
/body mass index- (BMI-) matched controls [40, 42, 43].
In contrast, it has been shown that obesity, and not PCOS
status per se, was a major determinants of the circulating
inflammatory markers TNF a, soluble type 2 TNF receptor,
IL-6, and hs-CRP [44, 45]. Increase in both low-grade
chronic inflammation and insulin resistance in women with
PCOS is associated with increased central fat excess rather
than PCOS status [46]. Furthermore, TNF « is over expressed
in adipose tissue [47] and induces insulin resistance through
acute and chronic effects on insulin-sensitive tissues. The
source of excess circulating TNF « in PCOS is likely to be
adipose tissue in the obese but remains unknown in lean
women with the disorder. However, increased visceral obesity
could be a source of excess TNF « in lean women with PCOS.

Another proinflammatory cytokine is IL-18, which was
reported to be increased in PCOS [48]. IL-18 induces the
production of TNF « which promotes the synthesis of
IL-6, which is also considered a strong risk marker for
cardiovascular disease [49]. Collectively, the above findings
indicate that low-grade chronic inflammation could be a
novel mechanism contributing to increased risk of coronary
heart disease in PCOS.

Abdominal obesity is largely prevalent in obese women
with PCOS [50]. Because of this, it is not surprising
that the same alterations of abdominal obesity have been
found in obese women with PCOS. In fact, compared
with normal weight controls, obese women with PCOS
present lower levels of adiponectin [51], increased levels
of PAI-1 [52], increased activity of the angiotensin-renin
system [53, 54], and increased cytokines and inflammatory
markers [41]. However, obese patients with PCOS have
more severe insulin resistance and higher androgen levels
in comparison with non-PCOS women with abdominal
obesity. Since both of these factors may affect adipocyte
function, it is important to understand whether there are
differences in production of adipose factors between obese
women with PCOS and non-PCOS women with abdominal
obesity. There were no differences in levels of leptin, resistin,
and adiponectin between obese women with PCOS and
obese controls [55]. There were also no differences in levels
of TNF «, IL-6, and markers of inflammation between
obese women with PCOS and obese controls [41, 44]. A
significant increase in PAI-1 levels between obese women
with PCOS and obese controls has been reported [56].
However, comparing normal-weight patients with PCOS
with controls of similar BMI, normoweight women with
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PCOS have higher serum levels of PAI-1, TNF « and lower
adiponectin than normoweight controls [41, 53, 55]. All
these data suggest that normoweight women with PCOS
have an increased production of adipokines that is similar to
that found in abdominal obesity. Since these patients present
a mild hyperinsulinemia and insulin resistance [57], it is
possible that it is sufficient to alter the adipocyte function.
Consistent with this hypothesis, serum PAI-1 correlates with
serum insulin in normoweight women with PCOS [58, 59].
However, in the same group of patients, no correlation was
found between serum adiponectin [55] or serum TNF « [41]
and serum insulin levels or indices of insulin resistance. Even
in overweight patients with PCOS no correlation between
serum adiponectin and serum insulin or indices of insulin
resistance was found [55].

Abundant leptin receptors have been detected in ovarian
granulosa and theca cells [60]; furthermore, leptin treatment
of these cells in vitro caused significant reduction in their
steroid output [61]. It is possible that leptin has a dual
effect on reproduction and that the major site of action
differs according to the circulating levels [62]. Initial reports
suggested that a substantial proportion of women with
PCOS have leptin levels that are higher than expected for
their BMI [63]. However subsequent studies have provided
evidence that circulating leptin levels are fully accounted for
by the degree of adiposity and BMI compared to matching
control subjects [64—67]. On the other hand, it has also
been reported that, for any given body weight, circulating
leptin concentrations are lower in women with PCOS than
those without, suggesting that neuroendocrine recognition
of obesity may be impaired in such women [68].

Hyperinsulinemia alone is likely not sufficient to explain
adipocyte dysfunction of normoweight women with PCOS.
Theoretically, normoweight and overweight women with
PCOS may have some degree of visceral obesity that is
insufficient to effect an increase in body weight per se, but
that may be sufficient to determine increased production of
some adipokines [55]. On the other hand, visceral obesity
and hyperinsulinemia are generally strictly related, and it is
difficult to separate the two phenomena.

It has been shown that normoweight patients with PCOS
have higher fat accumulation in visceral deposit [69] and
lower subcutaneous fat in gluteofemoral area [70]. Although
greater experiences and studies on the correlation between
fat distribution and adipose products in normo-weight and
overweight women with PCOS are needed, the available
data suggest that in these patients, increased abdominal fat
participates in the increased cardiovascular risk. Of course,
insulin resistance is linked to the increase of visceral fat,
and it may contribute to the adipocyte dysfunction of
normoweight women with PCOS.

In conclusion, patients with PCOS present excessive fat
accumulation in visceral deposits, and it plays an important
role in their increased cardiovascular disease. This altered
fat distribution is present not only in the obese, but also in
normoweight patients with PCOS. Altered fat distribution
and adipocyte dysfunction along with chronic lowgrade
inflammation could be a novel mechanism contributing to
increase in cardiovascular risk in PCOS.
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Endothelial dysfunction is regarded as an important factor in the pathogenesis of vascular disease in obesity-related type 2 diabetes.
The imbalance in repair and injury (hyperglycemia, hypertension, dyslipidemia) results in microvascular changes, including
apoptosis of microvascular cells, ultimately leading to diabetes related complications. This review summarizes the mechanisms by
which the interplay between endothelial dysfunction, inflammation, and apoptosis may cause (micro)vascular damage in patients

with diabetes mellitus.

1. Introduction

The rapidly increasing prevalence of diabetes mellitus world-
wide is one of the most serious and challenging health
problems in the 21st century.

The number of people with diabetes grows faster than
expected. In 2007, 246 million people (roughly 6%) were
affected worldwide and it is estimated that this will increase
to 380 million, or 7.3% by 2025. Furthermore, it is estimated
that there are even more people (308 million or 8.1%)
with impaired glucose tolerance (IGT). These people have
a significant risk of developing type 2 diabetes mellitus
(T2DM).

Diabetes is a metabolic disorder which is characterized
by hyperglycemia and glucose intolerance due to insulin
deficiency, impaired effectiveness of insulin action or, both.

Type 1 diabetes mellitus (T1DM) is caused by cellular-
mediated autoimmune destruction of pancreatic islet beta-
cells leading to loss of insulin production. It usually starts
during childhood, but can occur at all ages. T2DM accounts
for 90%-95% of all diabetes and is more common in people
older than 45 who are overweight. There is strong evidence

that genetics plays an important role as well. However, the
prevalence of T2DM is becoming higher in children and
young adults because of the higher rate of obesity in this
population.

Central obesity and insulin resistance next to diabetes,
high cholesterol and high blood pressure form the most
important risk factors for cardiovascular disease (CVD).
CVD is the major cause of death in people with T2DM.
Diabetes is also the leading cause of blindness, renal failure,
and lower limb amputations [1, 2].

Dysfunction of the endothelium is regarded as an
important factor in the pathogenesis of vascular disease
in diabetes mellitus [3-5]. The endothelium is the active
inner monolayer of the blood vessels, forming an interface
or barrier between circulating blood in the lumen and
the rest of the vessel wall, and plays a critical role in
vascular homeostasis. It actively regulates vascular tone
and permeability, the balance between coagulation and
fibrinolysis, the inflammatory activity and cell proliferation.
The endothelium even affects the functions of other cell
types, such as vascular smooth muscle cells (VSMC’s),
platelets, leukocytes, retinal pericytes, renal mesangial cells,
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FIGURE 1: Properties and production process of NO (nitric oxide) as important factor in endothelial function.

and macrophages, amongst others through the production of
several chemical mediators [3—8]. In health, endothelial cell
injury is mitigated by endogenous reparative processes.

An imbalance in repair and injury resulting in early
microvascular changes, including apoptosis of microvascular
cells, can be seen in both experimental diabetic animal
models and humans with diabetes. Several studies indicate
that microvascular cell apoptosis plays an important role in
the development of early lesions [6, 8, 9].

We will review the role of endothelial dysfunction
and especially inflammation-induced apoptosis of endothe-
lial cells in obesity-related diabetes mellitus and its co-
morbidities.

2. Endothelial Function and Dysfunction

To maintain vascular homeostasis, the endothelium pro-
duces components of the extracellular matrix such as colla-
gen and a variety of regulatory chemical mediators, including
nitric oxide (NO), prostanoids (prostacycline), endothelin-
1 (ET-1), angiotensin II (ANG-II), tissue-type plasminogen
activator (t-PA), plasminogen activator inhibitor-1 (PAI-1),
von Willebrand factor (vWF), adhesion molecules (VCAM,
LAM, ICAM), and cytokines, among them Tumor Necrosis
Factor a (TNF«) [10] (Figure 1).

The endothelium has a prominent role in maintaining
blood fluidity and restoration of vessel wall integrity to
avoid bleeding. It regulates fibrinolysis by producing t-
PA and its inhibitor PAI-1 and limits activation of the
coagulation cascade by thrombomodulin/protein C, hep-
arin sulphate/antithrombin and tissue factor/tissue factor
inhibitor interactions. Through release of promoters and
inhibitors of growth and differentiation of the VSMC,

such as platelet-derived growth factor (PDGF) and ANG-II,
endothelium also has an impact on vascular remodeling [11].

ANG-II exerts regulatory effects on several VSMC
activities including contraction, growth, proliferation, and
differentiation. By the production of adhesion molecules like
leukocyte adhesion molecule (LAM), intracellular adhesion
molecule (ICAM), and vascular cell adhesion molecule
(VCAM), inflammatory cells are attracted and anchored,
thereby playing a regulatory inflammatory role [12, 13].

Endothelial dysfunction is the change of these properties,
either in the basal state or after stimulation, that is inap-
propriate with regard to the preservation of organ function.
The kind of changes that occur, can depend on the type of
injury and may depend on the intrinsic properties of the
endothelium (venous versus arterial endothelium).

Under physiological circumstances, there is a balanced
release of endothelial-derived relaxing factors such as nitric
oxide (NO) and prostacyclin (PGI2), and contracting
factors such as endothelin-1 (ET-1), prostaglandins, and
angiotensin II (ANG-II). In endothelial dysfunction, this
balance is altered, predisposing the onset and progres-
sion of atherosclerosis [14]. Risk factors such as hyperc-
holesterolemia, dyslipidemia, smoking, and diabetes initiate
atherosclerosis through endothelial activation and therefore
through endothelial dysfunction. Endothelial dysfunction is
expressed in increased interactions with leukocytes, smooth
muscle growth, vasoconstriction, impaired coagulation, vas-
cular inflammation, thrombosis, and atherosclerosis [15].

A very important mediator synthesized by endothelial
cells is nitric oxide (NO), because of its vasodilatory,
antiplatelet, antiproliferative, permeability-decreasing, anti-
inflammatory, and antioxidant properties [16]. NO inhibits
rolling and adhesion of leucocytes as well as cytokine-
induced expression of vascular cell adhesion molecule-1
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(VCAM-1) and monocyte chemotactic protein-1 (MCP-1)
[17], probably through the inhibition of the transcription
factor nuclear factor x B (NF-xB) [14, 18, 19].

NO is produced through the conversion of the amino
acid l-arginine to l-citrulline by the enzyme NO-synthase
(NOS). There are several isoforms: NOSI isolated from
the brain, NOS2, or iNOS, produced by macrophages and
NOS3 or eNOS from endothelial cells. eNOS is activated by
the pulsatile flow of blood through vessels. eNOS produces
NO which diffuses to the vascular smooth muscle (VSM)
where it activates the enzyme guanylate cyclase which in turn
increases cyclic GMP and thereby induces relaxation of the
VSM. In this way it maintains the diameter of the blood vessel
ensuring optimal perfusion of tissues. NOS is regulated by
bradykinin, which acts with b2 receptors on the endothelial
cell surface membrane, increasing the production of NO via
NOS activation. The local concentrations of bradykinin are
regulated by the activity of angiotensin converting enzyme
(ACE), by breaking down bradykinin into inactive peptides
(20, 21].

Endothelial dysfunction is associated with decreased
NO availability, either through loss of NO production or
through loss of NO biological activity [22]. NO production
is diminished in cells which are subject to oxidative stress.
Oxidative stress is caused by three factors: (1) an increase in
oxidant generation, (2) a decrease in antioxidant protection,
(3) a failure to repair oxidative damage. Cell damage is
induced by reactive oxygen species (ROS), which are either
free radicals, reactive anions containing oxygen atoms, or
molecules containing oxygen atoms that can either produce
free radicals or are chemically activated by them. Examples
are hydroxyl radical, super oxide, hydrogen peroxide, and
peroxynitrite. Normally these ROS are scavenged by different
intra- and extra cellular mechanisms, but in a situation of
oxidative stress these mechanisms are insufficient to cope
with the exaggerated generation of ROS. NO may react with
some ROS species to form peroxynitrite, in turn increasing
the oxidative stress in the cell. Several cardiovascular risk
factors like hyperglycemia, insulin resistance, dyslipidemia,
inflammation, and also cigarette smoking may induce oxida-
tive stress [5, 19].

Oxidative stress is an important factor which can induce
cell apoptosis. In the next part, we will explain the process of
apoptosis.

3. Apoptosis

Apoptosis is the process in which a cell plays an active role
in its own death. This is why it is also called cell suicide.
Apoptosis differs from necrosis in the level of control of the
process. Apoptosis is a controlled and regulated process and
involves individual cells. Necrosis is an uncontrolled process
of cell lysis leading to inflammation and destruction of tissue
areas or even whole organs, which can cause serious health
problems. Apoptosis, or programmed cell death, is a normal
component of the development and health of multicellular
organisms and continues throughout adult life. Apoptosis
and proliferation are responsible for shaping tissues and
organs in developing embryos. During adult life, apoptosis

is a protection mechanism which eliminates old, useless,
and damaged cells. In healthy organisms apoptosis and
cell proliferation are in balance. In diseases such as cancer
there is an imbalance whereby cells have undergone certain
mutations that prevent them from undergoing apoptosis. In
neurodegenerative diseases such as Parkinson’s disease apop-
tosis is thought to account for the excessive loss of neurons.

There are several mechanisms through which apoptosis
can be induced in cells. There are extrinsic signals such
as the binding of death inducing ligands to cell surface
receptors also called death receptors. Some of these ligands
are expressed on the surface of cytotoxic T lymphocytes, for
example, when a cell is infected by a virus. Apoptosis can also
be induced by intrinsic signals, that are produced following
cellular stress. Cellular stress can be caused by oxidative
stress through free radicals, deprivation of growth factor, or
exposure to radiation or chemicals. The sensitivity of cells
to these stimuli can vary depending on a number of factors,
such as the expression of pro- and antiapoptotic proteins, the
severity of the stimulus and the stage of the cell cycle.

Very important death inducing ligands are the Fas ligand,
TNFa and TRAIL (TNF related apoptosis inducing ligand).
When they bind their specific death receptor, apoptotic
signals are transmitted in the cell and a caspase cascade is
activated within seconds of ligand binding, inducing apop-
tosis in a very rapid way. The general signaling pathway that
is activated through death receptor binding begins with the
generation of ceramide, produced by acid sphingomyelinase.
Ceramide release promotes lipid raft fusion which results
in clustering of death receptors. This is important because
it helps amplify the apoptotic signaling. A conformational
change in the intracellular domains of the death receptors
reveals the presence of a death domain which allows the
recruitment of various apoptotic proteins to the receptor.
This is called the death inducing signaling complex (DISC).
As a final step, the DISC recruits and activates procaspase 8.
Caspase 8 initiates the apoptosis of the cell.

The sensitivity of cells to apoptotic stimuli can depend
on the balance of pro- and antiapoptotic bcl-2 proteins. Bcl-
2 and bcl-XL are antiapoptotic, while Bad, Bax and Bid
are proapoptotic proteins [23, 24]. The proapoptotic bcl-2
proteins are often found in the cytosol acting as sensors of
cellular damage or stress. In case of cell stress they relocate to
the surface of mitochondria where the antiapoptotic proteins
are located. This interaction between pro- and antiapoptotic
proteins leads to the formation of Permeability Transition
pores (PTP) in the mitochondrial membranes [25]. Recent
evidence implies that there may also be a mitochondrial
apoptotic pathway distinct from that activated by proaptotic
bcl-2 family proteins, dependent on cyclophilin D [26]. The
mitochondria contains proapoptotic proteins such as Apop-
tosis Inducing Factor (AIF), Smac/DIABLO, and cytochrome
C, which are released through these pores, which in turn
leads to the formation of the apoptosome and the activation
of the caspase cascade [27, 28].

Once cytochrome C is released into the cytosol, it
interacts with apoptotic peptidase activating factor-1 (APAF-
1) and this leads to the recruitment of procaspase 9 into
a multiprotein complex called the apoptosome. Activation
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FIGURE 2: Mechanisms of insulin resistance and adipose tissue in relation to endothelial dysfunction and apoptosis.

of caspase 9 through formation of the apoptosome causes
apoptosis.

Nitric oxide has been demonstrated to inhibit apoptosis
in a number of cell types including endothelial cells. The
antiapoptotic effects can be mediated through mechanisms
such as nitrosylation and inactivation of caspase 1, 3 and
8. Other mechanisms include activating p53, upregulating
heat shock protein 70, and upregulating antiapoptotic
proteins Bcl-2 and Bcl-XL. Through activation of cGMP
signaling, caspase activity is suppressed, cGMP-dependent
protein kinases are activated and possibly the expression of
antiapoptotic proteins increases. Apoptosis and especially
apoptosis of endothelial cells may be highly significant in the
development of diabetes and atherosclerosis [29].

4. Endothelial Cell Dysfunction and
Apoptosis in Diabetes

Dystfunction of endothelium in diabetes mellitus is character-
ized by changes in proliferation, barrier function, adhesion
of other circulating cells, and sensitivity to apoptosis.
Furthermore, it is suggested that diabetes mellitus modifies
angiogenic and synthetic properties of endothelial cells [30—
36].

There is a lot of evidence that endothelial dysfunction is
closely connected to the development of diabetic retinopathy,
nephropathy, and atherosclerosis in both TIDM and T2DM
[4, 37]. But, what are the specific mechanisms that cause
this close association between diabetes and endothelial
dysfunction? Large clinical trials in both T1IDM and T2DM
have shown that hyperglycemia plays a big part in the
pathogenesis of microvascular complications and is a major
causal factor in the development of endothelial dysfunction
and endothelial cell apoptosis [5, 38, 39]. However, the
exact mechanism of hyperglycemia-related tissue damage
and clinical complications remains unclear. There is also

a significant role for insulin and especially insulin resis-
tance, as increasing evidence implies that the obesity-related
progression of insulin resistance to T2DM parallels the
progression of endothelial dysfunction to atherosclerosis.
Still this relationship has been difficult to prove because
insulin resistance is often accompanied by a cluster of other
risk factors as mentioned above.

5. Endothelial Dysfunction and
Apoptosis in T2DM

The role of endothelial dysfunction in T2DM is very
complicated, due to the many independent factors involved,
including ageing, obesity, hyperlipidemia, hypertension, low
grade inflammation, insulin resistance, and hyperglycemia
[40]. All of these factors are associated with the metabolic
syndrome, which usually precedes T2DM. The relationship
of endothelial dysfunction and all of these factors is not
completely understood despite extensive research. Even the
question whether endothelial dysfunction is a consequence
or the cause of all the changes occurring in the metabolic
syndrome and diabetes cannot be answered easily. In the next
few paragraphs we will discuss the relation between endothe-
lial dysfunction and the individual factors mentioned above,
starting with insulin resistance.

5.1. Insulin Resistance. Insulin resistance is defined as the
decreased ability of insulin to promote glucose uptake in
skeletal muscle and adipose tissue and the decreased hepatic
output of glucose. This may be present years before the
development of abnormal plasma glucose levels becomes
evident [41, 42] (Figure 2).

Insulin resistance is associated with an increased free
fatty acids (FFA) release from adipose tissue, which results
in dyslipidemia, including VLDL-hypertriglyceridemia, high
plasma FFA, and low HDL-cholesterol concentrations. High
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FFA levels and hypertriglyceridemia are associated with
endothelial dysfunction. FFA-mediated endothelial dysfunc-
tion is probably caused by reduced availability of L-arginine
and/or NO and oxidative stress [43]. It has been proven
that increased saturated and polyunsaturated FFA concen-
trations, except for oleic acid, directly induce cell cycle arrest
and apoptosis in vascular endothelial cells [44].

Insulin is a vasoactive hormone and enhances muscle
blood flow and vasodilation via stimulation of NO produc-
tion. The increased blood flow caused by insulin, differs
among different types of vessels. Insulin can also redirect
blood flow in skeletal muscles so that more glucose can
be uptaken by muscle cells. This process is called capillary
recruitment. In T2DM, hypertension and obesity, insulin’s
vasodilator actions are impaired, probably for a large part
because of low NO action. Normally, stimulation of NO pro-
duction by insulin is mediated by signaling pathways involv-
ing activation of Phosphoinositide-3 (PI-3) kinase leading
to phosphorylation of eNOS. It is suggested that endothelial
dysfunction and impaired capillary recruitment can cause
insulin resistance because the microvascular endothelium
can not react properly to insulin and glucose disposal is
decreased. This is called endothelial insulin resistance. How
metabolic and endothelial insulin resistance originate and
their exact relationship are not fully understood. Both TNFa
and nonesterified acids (NEFAs) can cause metabolic and
endothelial insulin resistance. Inflammatory cytokines like
TNFa, can act as mediators of insulin resistance by impairing
the tyrosine kinase activity of both the insulin receptor
(IR) and insulin receptor substrate (IRS-1), thus inhibit-
ing insulin signaling. It is suggested that a bidirectional
relationship exists between hyperinsulinemia and low-grade
chronic inflammation, by which hyperinsulinemia can lead
to vascular inflammation and vascular inflammation causes
insulin resistance and finally compensatory hyperinsuline-
mia. At normal physiological concentrations insulin exerts
prevailing antiinflammatory effects, while hyperinsulinemia
increases levels of oxidative stress and inflammation. A
recent study with Human Umbilical Vein Endothelial Cells
(HUVEC:) shows that insulin, at pathophysiological concen-
trations alone or in combination with low concentrations
of TNFa, has the ability to promote VCAM-1 expression,
through increasing the steady state levels of mRNA via the
activation of transcription factors, such as NF-xB, which
has been linked to VCAM-1 transactivation before. This
way, hyperinsulinemia leads to increased monocytoid cell
adhesion to HUVECs [5, 19, 45].

A very important effect of insulin resistance is the fact
that the normal route for insulin to activate the PI-3 kinase
and Akt-dependent signaling pathways is impaired, whereas
hyperinsulinemia overactivates Mitogen activated protein
kinases (MAPK)-pathways, thereby creating an imbalance
between PI-3 kinase and MAP-kinase-dependent functions
of insulin. This probably leads to decreased NO production
and increased ET-1 secretion, characteristic of endothelial
dysfunction. Through activation of the MAP-kinase signal-
ing pathways, hyperinsulinemia promotes secretion of ET-1,
activates cation pumps, and increases expression of VCAM-
1 and E-selectin [46]. ET-1, a vasoconstrictor, can increase

serine phosphorylation of IRS-1, causing a decreased activity
of PI-3 kinase in vascular smooth muscle cells. Moreover, ET-
1 may also impair insulin-stimulated translocation of GLUT-
4 in adipocytes [47, 48].

5.2. Hypertension. Hypertension induces endothelial activa-
tion and probably also endothelial dysfunction and is a major
determinant of microangiopathy and atherothrombosis in
diabetes. Hypertension is associated with insulin resistance
and this relation can partly be explained by decreased
capillary density and impaired capillary recruitment seen
in insulin resistant states. Another explanation is the fact
that NO availability is diminished and ET-1 availability is
increased in both insulin resistance and hypertension. The
exact link between diabetes and hypertension is not fully
known [49].

5.3. Obesity. The adipose tissue has become known to
be a highly active endocrine organ, releasing hormones,
cytokines, and enzymes with the tendency to impair insulin
sensitivity. It is an important modulator of endothelial
function via secretion of a variety of hormones, including
adiponectin, resistin, leptin, PAI-1, angiotensin, estradiol,
and the cytokines TNFa and interleukin-6 (IL-6). Plasma
adiponectin levels are reduced in people with obesity
and also in people with diseases associated with obesity,
like T2DM and coronary artery disease. Adiponectin has
antiinflammatory features and is inversely related to BMI,
oxidized LDL, insulin resistance, and atherosclerosis [19]. It
plays an important role in fatty acid metabolism and glucose
homeostasis. Low adiponectin levels are associated with an
increased oxidative state in the arterial wall and systemic
oxidative stress. In endothelial cells, adiponectin increases
the production of nitric oxide and suppresses oxidative stress
and the inflammatory signaling cascades via AMP-activated
protein kinases (AMPK) and the cyclic AMP-protein kinase
A-linked pathway [50]. Moreover, it reduces the attachment
of monocytes to endothelial cells and inhibits the expression
of adhesion molecules [5, 51].

The role of resistin in insulin resistance and diabetes
is controversial since a number of studies have shown that
resistin levels increase with increased central adiposity and
other studies have demonstrated a significant decrease in
resistin levels in increased adiposity. PAI-1 is present in
increased levels in obesity and the metabolic syndrome. It
has been linked to the increased occurrence of thrombosis
in patients with these conditions.

Angiotensin II is also present in adipose tissue and has an
important effect on endothelial function. When angiotensin
II binds the angiotensin II type 1 receptor on endothelial
cells, it stimulates the production of ROS via NADPH
oxidase, increases expression of ICAM-1 and increases ET-
1 release from the endothelium [52-54]. Angiotensin also
activates JNK and MAPK pathways in endothelial cells, which
leads to increased serine phosphorylation of IRS-1, impaired
PI-3 kinase activity and finally endothelial dysfunction
and probably apoptosis. This is one of the explanations
why an ACE inhibitor and angiotensin II type 1 receptor



blockers (ARBs) protect against cardiovascular comorbidity
in patients with diabetes and vice versa [55].

Insulin receptor substrate 1 (IRS-1) is a protein down-
stream of the insulin receptor, which is important for
signaling to metabolic effects like glucose uptake in fat cells
and NO-production in endothelial cells. IRS-1 in endothelial
cells and fat cells can be downregulated by stressors like
hyperglycemia and dyslipidemia, causing insulin resistance
and endothelial dysfunction. A low adipocyte IRS-1 expres-
sion may thereby be a marker for insulin resistance [19, 56,
57].

5.4. Inflammation. Nowadays atherosclerosis is considered
to be an inflammatory disease and the fact that atheroscle-
rosis and resulting cardiovascular disease is more prevalent
in patients with chronic inflammatory diseases like rheuma-
toid arthritis, systemic lupus erythematosus and ankylosing
spondylitis than in the healthy population supports this
statement. Inflammation is regarded as an important inde-
pendent cardiovascular risk factor and is associated with
endothelial dysfunction.

Interestingly, a study performed by bij van Eijk et al.
shows that patients with active ankylosing spondylitis, an
inflammatory disease, also have impaired microvascular
endothelium-dependent vasodilatation and capillary recruit-
ment in skin, which improves after TNFa-blocking therapy
with etanercept [58].

The existence of chronic inflammation in diabetes is
mainly based on the increased plasma concentrations of
C-reactive protein (CRP), fibrinogen, interleukin-6 (IL-
6), interleukin-1 (IL-1), and TNFa [59-61]. Inflammatory
cytokines increase vascular permeability, change vasoregu-
latory responses, increase leukocyte adhesion to endothe-
lium, and facilitate thrombus formation by inducing pro-
coagulant activity, inhibiting anticoagulant pathways and
impairing fibrinolysis via stimulation of PAI-1. NF-xB
consists of a family of transcription factors, which regulate
the inflammatory response of vascular cells, by transcription
of various cytokines which causes an increased adhesion of
monocytes, neutrophils, and macrophages, resulting in cell
damage. On the other hand, NF-«B is also a regulator of
genes that control cell proliferation and cell survival and
protects against apoptosis, amongst others by activating the
antioxidant enzyme superoxide dismutase (SOD) [62]. NF-
xB is activated by TNFa and IL-1 next to hyperglycemia,
AGEs, ANG-II, oxidized lipids, and insulin. Once activated,
NF-xB translocates from the cytoplasm to the nucleus
to activate gene transcription. NF-«B-regulated genes are
VCAM-1, E-selectin, ICAM-1, IL-1, IL-6, IL-8, tissue factor,
PAI-1, and NOS.

The TNF-family of cytokines plays an important role
in regulating the immune response, inflammation, and
apoptosis. The first cytokine discovered is TNFa, which
is produced by neutrophils, macrophages, and adipocytes
and can induce other powerful cytokines such as IL-6,
which in turn regulates the expression of C-reactive protein
(CRP). CRP increases the expression of endothelial ICAM-
1, VCAM-1, E-selectin, MCP-1 and increases the secretion of
ET1. Moreover, CRP decreases eNOS expression and elevates
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the expression of angiotensin receptor type 1 in the vessel
wall [63, 64].

TNFa can induce insulin resistance and this is probably
a part of the explanation why insulin resistance, endothelial
dysfunction, and atherothrombosis are so closely related.
Recent studies indicate that TNFa« is likely involved in the
pathogenesis of diabetic nephropathy and retinopathy. A
very recent study with TIDM and T2DM rats shows that
TNFa plays an important role in microvascular apoptosis in
diabetes. When the diabetic rats were treated with pegsuner-
cept, a TNFa inhibitor, a significant reduction of the number
of endothelial cells that expressed activated caspase-3 by 76%
to 80% occurred. TNFa inhibition decreases intercellular
adhesion molecule 1 (ICAM-1) levels and NF-«B activity in
diabetic retina. Another study in diabetic rats demonstrated
that increased levels of TNFa consequently enhanced FOXO-
1 mRNA levels, nuclear translocation, and DNA binding
in retinas of TIDM and T2DM rats. It also showed that
the transcription factor FOXO-1, which regulates cell death;
prevents cell cycle progression, modulates differentiation in
various cell types, plays a critical role in diabetes-induced
apoptosis and retinal microvascular cell loss [65]. It is
possible that TNFa upregulation may contribute to increased
apoptosis detected in other diabetes associated complications
and TNFea inhibition may be a potential therapeutic option
in preventing this comorbidity [66].

Tumor necrosis factor alpha-Related Apoptosis-Inducing
Ligand (TRAIL), also known as APO2L, is another member
of the TNF family of cytokines and is a type II membrane
protein. The effects induced by TRAIL are mediated by
interactions with cell surface TRAIL receptors. Five TRAIL
receptors have been found so far in humans. When TRAIL
binds TRAIL-R1 (DR4) and TRAIL-R2 (DR5) apoptotic sig-
nals are transduced. TRAIL-R3 (DcR1), TRAIL-R4 (DcR2),
and osteoprogeterin (OPG) lack an intracellular death
domain and can not induce apoptosis. Uniquely, TRAIL
can exert anticancer activity, while causing no or minimal
organ toxicity and inflammation. TRAIL acts among others
on nuclear factor kappa B (NF-xB). TRAIL induces the
release of NO by vascular endothelial cells [67]. Studies have
shown that OPG is remarkably increased in diabetic patients
and even more so in patients with cardiovascular disease,
like coronary artery disease or abdominal aortic aneurysm
(68, 69]. In a study with SZT-induced rats and a control
group of healthy rats the OPG/TRAIL ratio was markedly
increased in the diabetic animals with respect to the control
animals. The next remarkable observation in this study was
the ability of insulin to downregulate TRAIL expression in
rat aortas in vivo.

Further investigation of the role of insulin in the TRAIL
expression in diabetes was done with VSMCs in vitro. This
showed the same result: a decrease of surface TRAIL expres-
sion. High glucose levels did not show any significant effect
on TRAIL surface expression in both studies. These findings
suggest that the downregulation of TRAIL expression may
play a role in diabetic vasculopathy. A possible explanation
for these results is the upregulation of the transcription
factor early growth response protein 1 (Egr-1), which in
turn downregulates TRAIL expression in endothelial cells, by
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both hyperglycemia and insulin. A supportive finding for this
hypothesis is the fact that VEGF receptor 1 (FLT1) and PAI-1,
both known Egr-1 responsive genes, are also increased in the
presence of glucose and insulin. Thus, Egr-1 upregulation,
which is frequently observed in atherosclerosis, is likely to be
involved in insulin-mediated TRAIL downregulation [70].

Plasma levels of C-reactive protein (CRP) are increased
in both TIDM and T2DM. CRP plays a significant role in
atherogenesis in endothelial cells, next to vascular smooth
muscle cells and macrophages, and several studies have
revealed that CRP levels predict cardiovascular disease
[71]. CRP causes numerous proinflammatory and pro-
atherogenic effects in endothelial cells, such as decreased NO
and prostacyclin, increased ET-1, cell adhesion molecules,
MCP-1, IL-8, and PAI-1 [5].

Another important contribution to chronic inflamma-
tion in diabetes is caused by primed peripheral poly-
morphonuclear leukocytes (PMNs). In a small study with
T2DM patients and a control group, it was shown that
T2DM patients are exposed to oxidative stress and chronic
inflammation partially because of the primed state of their
PMNs, amongst others because these primed PMNs release
superoxide significantly faster than normal control PMNs.
Apoptosis in primed PMNs was also higher in the diabetic
patients, probably partly because of intracellular factors such
as high cytosolic calcium concentrations [72]. At the same
time apoptosis of normal PMNs of the control group was
significantly higher in diabetic serum, suggesting leucoclastic
activity of diabetic serum. This was confirmed by the findings
of Abu El-Asrar et al. [73]. This study also observed a
decrease in plasma gluthathione (GSH), an intra- and extra
cellular antioxidant, which neutralizes oxidants, including
hydrogen peroxide and superoxide, by converting them to
other oxidized forms [61].

5.5. Dyslipidemia. Dyslipidemia is characterized by low
HDL-cholesterol levels and an excess of small, dense LDL
and is associated with obesity, insulin resistance and diabetes
in general. An increase in postprandial triacylglycerol-rich

lipoproteins, like chilomicrons and -LDL particles, enhances
oxidative stress and consequently causes endothelial dysfunc-
tion and increased apoptosis [74].

6. Hyperglycemia and Endothelial Dysfunction

There have been various mechanisms discovered that can
explain how hyperglycemia causes vascular complications.
There are several pathways which get activated through
hyperglycemia and can potentiate each other. The basis for
the activation of these pathways is most likely the overpro-
duction of ROS in mitochondria induced by hyperglycemia
(Figure 3).

6.1. The Polyol/Sorbitol/Aldose Reductase Pathway. In a lot
of cells excess glucose is reduced to sorbitol by aldose
reductase. Sorbitol is later metabolized to fructose by sorbitol
dehydrogenase, the polyol pathway. At the same time it
increases the oxidation of NADPH to NADP+ and the
reduction of NAD+ to NADH, the co-factors, which in
turn decreases NO bioavailability [75]. This causes a redox
imbalance that resembles tissue hypoxia and is therefore
called hyperglycemic pseudohypoxia. It also increases the
formation of methylglyoxal and AGEs. All these pro-
cesses enhance oxidative stress [76]. The increased sorbitol
accumulation increases osmotic stress and decreases other
osmolytes such as myo-inositol and taurine. A study in
rat and human retinas produced evidence that the polyol
pathway may have an important role in diabetic retinopathy.
It also proved that the aldose reductase inhibitor (sorbinol)
prevents vascular processes, culminating in the development
of acellular capillaries [5, 75, 77]. This may imply that
the polyol pathway can cause endothelial cell apoptosis.
However, the full impact of this pathway in the endothelial
dysfunction is not completely understood yet.

6.2. The DAG/PKC Pathway. The hyperglycemia induced
activation of the diacylglycerol (DAG)-protein kinase C



(PKC) pathway has multiple adverse effects on the vascular
function. Hyperglycemia increases the levels of DAG, which
in turn activates PKC. In hyperglycemic circumstances
DAG is synthesized from the glycolytic intermediates dihy-
droxyacetone phosphate (DHAP) and glycerylaldehyde-3-
phosphate, by a de novo pathway [78]. Oxidants like H,O,
can also activate the DAG/PKC pathway. There are at least
eleven PKC isoforms. In vascular cells the isoform PKC-
beta-II is most frequently activated [79]. The pathogenic
consequences of PKC activation include dysregulation of
the vascular permeability through the induction of vascular
endothelial growth factor (VEGF) in smooth muscle cells
[80], dysregulation of blood flow by decreasing endothelial
NOS activity and/or increasing ET-1 synthesis [81], base-
ment membrane thickening through Transforming Growth
Factor-beta (TGF-f)-mediated increased production of type
IV collagen and fibronectin, increased expression of PAI-
1 which causes impaired fibrinolysis and activation of
superoxide producing enzymes like NADPH as well as
an increased expression of a dysfunctional, superoxide-
producing, uncoupled endothelial NOS, thus increasing
oxidative stress [5].

Recently, Geraldes et al. have identified a new signaling
pathway by which hyperglycemia causes increased vascular
cell pathology and apoptosis resulting in diabetic retinopathy
in mouse retinas. They proved that hyperglycemia, especially
in pericytes, activates PKC-8, probably through an increase
in transcription of the gene encoding PKC-§. This as well
as activation of p38a MAPK leads to increased expression
of Scr homology-2 domain-containing phosphatase-1 (SHP-
1), which subsequently induces apoptosis via deactivation of
platelet-derived growth factor § (PDGE-) [82].

6.3. Non-Enzymatic Glycation End Products (AGE). Non-
enzymatic glycation products are a complex and heteroge-
neous group of compounds which accumulate in plasma and
tissues in diabetes and renal failure. There is emerging evi-
dence that these compounds play a role in the pathogenesis
of chronic complications associated with diabetes and renal
failure. Earlier research in both diabetic animals and humans
revealed an association between the accumulation of AGE-
modified proteins and the severity of microvascular compli-
cations. The second evidence stems from the fact that typical
microvascular complications develop following injections of
AGE-modified proteins in non-diabetic animals [83].

The advanced glycation end-products (AGE) concept
proposes that chemical modification and cross linking of
tissue proteins, lipids, and DNA affect their structure,
function and turnover, contributing to a gradual decline
in tissue function and to the pathogenesis of diabetic
complications. Nonenzymatic glycation of proteins is a
condensation reaction between the carbonyl group of free
glucose and the N-terminus of reactive-protein amino
groups, like lysine or arginine, yielding Schiff-base interme-
diates that undergo Amadori rearrangement to form stable
proteinglucose adducts, for example glycated hemoglobin
Alc (HbAlc) and fructosamine (fructoselysine). Amadori-
modified matrix proteins are increased in diabetes. Because
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Amadori-adducts are relatively stable, only a small fraction
undergoes rearrangements to irreversible AGEs. At first it
was believed that AGEs are only formed on long-lived extra
cellular molecules, because of the slow rate of reaction of
glucose with proteins. However, other sugars like glucose-
6-phosphate and glyceraldehyde-3-phophate can also create
AGEs with intracellular and short-lived molecules and at
a much faster rate than glucose. AGEs can arise from the
decomposition of Amadori products, from fragmentation
products of the polyol pathway, and as glycoxidative products
which all react with protein amino groups. When oxidation
is involved, the so-called glycoxidation products such as
pentosidine and carboxymethyllysine are formed. It has
recently been found that glucose can probably autoxidize to
form reactive carbonyl compounds (glyoxal, methylglyoxal
and 3-deoxyglucosone) which may react with protein to form
glycoxidation products. In endothelial cells methylglyoxal
is probably the main AGE formed. AGEs can interfere
with the endothelial function in several ways. They can
act as oxidants and cause generation of reactive oxygen
species (ROS). AGEs can decrease arterial elasticy and AGE
modified type I and IV collagen can prevent normal matrix
formation and cross-linking. Interactions of mononuclear
cells and macromolecules like LDL with the endothelial wall
are stimulated by AGE-modified matrix, through increased
expression of endothelial adhesion molecules. AGEs can also
impair the binding of heparan sulfate to the extra cellular
matrix, which results in a loss of anionic sites and thus in
an increase in endothelial permeability. Early diabetic micro
angiopathy is characterized by vasodilation, increased blood
flow, and increased capillary permeability. AGE-modified
proteins may lead to all these changes.

When AGEs get into the blood circulation they are
highly reactive but are often detoxified by various enzymes.
When they are not eliminated by the kidneys, recirculating
AGE peptides can generate new AGEs reacting with plasma
or tissue components. At this stage glycation accelerates
the progress of deterioration. Age-modified plasma pro-
teins can bind to AGE receptors (RAGE = AGE-receptor,
macrophage scavenger receptor A) on different cell types like
endothelial cells, where it can adversely affect the expression
of thrombomodulin, tissue factor, and VCAM-1 genes.
RAGE-binding mediates signal transduction via a receptor-
mediated induction of ROS and activation of transcription
factors NF-«B and p21-ras, leading to apoptosis [84].

The nonenzymatic glycation of LDL (gLDL) and its role
in the pathogenesis of atherosclerosis is a popular subject
in studies of late. Due to hyperglycemia, LDL glycation is
increased in diabetic patients, however nonenzymatic glyca-
tion of LDL happens naturally in all individuals. The modifi-
cation of LDL by glycation leads to a decreased recognition of
LDL by the LDL receptor (LDL-R) and in turn increases the
relative circulation time of the lipoprotein, which may result
in increased particle oxidation, the formation of AGEs, and
the activation of alternative uptake mechanisms by non—
LDL-R—mediated pathways. Additionally, gLDL prevents
shear stress-mediated L-arginine uptake and nitric oxide
formation and causes increased production of plasminogen-
activator inhibitor 1 and prostaglandins, while inhibiting
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the expression of tissue plasminogen activator in endothelial
cells [85—87]. Finally gLDL reduces proliferation and triggers
apoptosis in HUVECs [44].

It has been proposed that these processes could con-
tribute to the increased susceptibility of diabetic patients to
atherosclerosis and coronary heart disease.

So measurement of the products of nonenzymatic glyca-
tion has a two-fold meaning: on one hand, measurement of
early glycation products can estimate the extent of exposure
to glucose and the subjects of previous metabolic control;
on the other hand, measurement of intermediate and late
products of the glycation reaction is a precious instrument
in verifying the relationship between glycation products and
tissue modifications.

6.4. Hyperglycemia and Oxidative Stress. A single unify-
ing mechanism of the above mentioned pathways has
recently been found. The increased production of superoxide
anion radicals by mitochondrial electron transport chain
plays a key role in the activation of the above path-
ways. Hyperglycemia-induced superoxide overproduction
inhibits GADPH activity by 66%, which is a consequence
of poly ADP-ribosylation of GADPH by poly ADP-ribose
polymerase (PARP), which in turn is activated by DNA
strand-breaks synthesized by mitochondrial superoxide over-
production. This overproduction particularly happens in
mitochondria that have been uncoupled by the flux of NADH
from the hyperglycemia-enhanced glycolysis. GADPH inhi-
bition causes accumulation of glycolysis intermediates. In
aortic endothelial cells, the hyperglycemia induced increased
mitochondrial superoxide production and prevented eNOS
activity and expression [88]. In addition to mitochondrial
uncoupling there are other mechanisms that can contribute
to superoxide production in diabetes, namely, uncoupling of
eNOS, increased peroxidation and glycoxidation, activation
of NADPH oxidases, decreased clearance of superoxide, and
impaired antioxidant status [61]. Increased production of
ROS causes oxidative stress. Oxidative stress is probably a key
event in endothelial dysfunction since inhibition of hyper-
glycemia, induced, ROS production prevents activation of
the aldose reductase, hexosamine pathways, PKC activation,
and AGE formation [77, 89]. ROS at low concentrations can
function as signaling molecules and participate as signaling
intermediates in the regulation of fundamental cell activities,
such as cell growth and cell adaptation responses. At higher
concentrations they can cause oxidative stress, cellular injury,
and apoptosis [7, 90]. ROS can effect many signaling path-
ways, including G-proteins, protein kinases, ion channels
and transcription factors. Finally ROS can modify endothe-
lial function by a variety of mechanisms, like peroxidation
of membrane lipids, activation of NF-«B, and decreasing the
availability of NO [91]. A recently published study showed
that transient exposure of cultured human aortic endothelial
to hyperglycemia induces persistent epigenetic changes in
the promoter of the NF-«B p65 subunit. In the proximal
promoter region of p65, increased monomethylation of
histone 3 lysine 4 by the histone methyltransferase Set 7
caused a continuing increase in p65 gene expression, leading
to a sustained increase in the expression of the NF-«xB-

responsive proatherogenic genes MCP-1 and VCAM-1. The
cause of these changes was found in the increased generation
of methylglyoxal and hyperglycemic-induced ROS formation
by the mitochondrial electron transport chain. This means
that transient hyperglycemia can cause persistent atherogenic
effects during normoglycemia by inducing long lasting chro-
matin remodeling and vascular epigenetic changes. These
results provide a molecular basis for better understanding of
the variation in risk for diabetic complications, which can
not be explained by HbAlc [92].

Oxidative stress is known to induce senescence prema-
turely in fibroblasts. Cellular senescence or cellular ageing is
the phenomenon where normal diploid differentiated cells
lose the ability to divide. This phenomenon is also known
as “replicative senescence” or the “Hayflick phen