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Abstract

The discovery of resistin ten years ago as a fat cell-secreted factor that modulates insulin
resistance suggested a link to the obesity-associated epidemics of diabetes and cardiovascular
disease that are major human health concerns. While adipocyte-derived resistin is indisputably
linked to insulin resistance in rodent models, the relevance of human resistin is complicated
because human resistin is secreted by macrophages rather than adipocytes, and because of the
descriptive nature of human epidemiology. Here we review the recent and growing evidence that
human resistin is an inflammatory biomarker and potential mediator of diabetes and
cardiovascular disease.

The Discovery of Resistin

Resistin is a 12.5 kDa cysteine-rich polypeptide discovered in a screen for adipocyte gene
products that are downregulated by antidiabetic thiazolidinedione drugs.! Resistin is a
member of a small family of secreted proteins characterized by a unique spacing of 10-11
cysteine residues and known as Resistin-Like Molecules (RELMs)? or as Found in
Inflammatory Zone (FIZZ) proteins. The founding member, FIZZ1 (also known as
RELMoa), was discovered in a screen for proteins secreted by the lung in a mouse model of
asthma. In rodents, resistin is an adipokine, secreted from white adipocytes.: 3. 4

Resistin in Insulin Sensitivity and Diabetes in Rodent Models

Since rodent resistin is an adipokine found in a screen for targets of insulin-sensitizing
drugs, much attention has been paid to its potential role in obesity-associated diabetes.
Indeed, resistin levels are elevated in several animal models of obesity.l: > Administration of
exogenous resistin or transgenic overexpression leads to decreased insulin sensitivity and
altered glucose handling and, conversely, blocking resistin activity or genetically decreasing
its levels improves insulin sensitivity and restores glucose homeostasis® (and citations
within reference 6). Thus there is strong genetic and pharmacological evidence that resistin
is a mediator of insulin resistance in rodents.
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Mechanisms of Resistin Action

The mechanisms by which resistin exerts its biological effects are incompletely understood.
Multiple tissues in rodent and human have been reported to be responsive to resistin in vitro
and in vivo, including adipose, liver, muscle, vascular endothelium, cardiomyocyte and
inflammatory cells.2: 7~11 Hyperresistinemic rodents show altered glucose homeostasis and
insulin resistance in liver and skeletal muscle.”~ Resistin also decreased insulin-stimulated
glucose uptake in cultured murine cardiomyocytes.1% In human macrophages, resistin has
been shown to induce production of inflammatory cytokines and to drive expression of cell
adhesion molecules, including vascular cell adhesion molecule-1 (VCAM-1), inter-cellular
adhesion molecule-1 (ICAM-1) and monocyte chemoattractant protein-1 (MCP-1).11.12 |n
vascular cells from human and animal, resistin causes vascular smooth muscle
proliferation,3 leads to endothelial dysfunction,# 15 and promotes endothelial-monocyte
adhesion and infiltration.16. 17

As a secreted, circulating polypeptide, these effects may be mediated through both
endocrine and paracrine modes of action, and it seems likely that resistin functions via a
receptor on the surface of target cells. However, the resistin receptor remains unknown,
although a recent report has suggested that resistin may bind to the endotoxin receptor Toll-
Like Receptor 4.18 Downstream targets of resistin provide indirect evidence of its role in
intracellular pathways involving inhibition of insulin signaling as well as response to
inflammation. In rodent liver and muscle, resistin has been shown to inhibit AMP-activated
kinase (AMPK).8 19. 20 |_jke several other inflammatory cytokines, resistin also activates the
anti-inflammatory mediator suppressor of cytokine signaling-3 (SOCS-3) in rodent adipose
tissue.?! SOCS-3 is known to decrease insulin signaling in adipose and other tissues and so
further connects resistin to both insulin and inflammatory pathways. In human vascular
cells, the actions of resistin involve activation of p38 mitogen-activated protein kinase
(MAPK) impairing insulin signaling, altering oxidative stress response and driving cell
proliferation.22-24

Despite a still imprecise knowledge of resistin biology in the rodent, and predominantly in
vitro data regarding resistin signaling in humans, the impact of resistin on metabolism and
inflammation in several organ systems has led investigators to examine whether such effects
underlie human disease as well.

Human Resistin

Resistin is detectable in human serum, but unlike rodents, human resistin is predominantly
expressed in macrophages, and its expression in human adipose tissue is predominantly due
to non-adipocyte resident inflammatory cells.25-2% Human and rodent resistin gene and
protein sequences share about 60% identity, less than most hormones conserved across
species.30 Yet, the genes are syntenic, with the gene coding resistin (Retn) on mouse
chromosome 8 located a similar distance from the Insulin Receptor gene as is the Retn gene
on human chromosome 19. Also, as in rodents, resistin levels are decreased with
thiazolidinedione treatment in humans.® The lack of human resistin expression in adipocytes
appears to be attributable to loss of a genomic binding site for the nuclear receptor PPARYy,
which controls the adipocyte-specific expression of the mouse Retn gene.3!

The expression and secretion of resistin by human mononuclear cells are dramatically
induced by inflammatory stimuli,32-34 which also increase circulating resistin levels.11: 35
Inflammation is increasingly recognized to play a pathogenic role in obesity and type 2
diabetes, as well as cardiovascular disease.36: 37 As discussed below, recent genetic and
epidemiologic data connect resistin to these human diseases.
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Epidemiologic Evidence for Resistin in Human Insulin Resistance and

Diabetes

A mouse model in which human resistin is expressed primarily from monocytes and
macrophages, as is the case in humans, is predisposed to developing insulin resistance,
suggesting that the metabolic effects of resistin may be translatable from rodents to man.38
Given the association of resistin and insulin resistance in rodents, many studies have
investigated the correlation between circulating resistin levels and type 2 diabetes. The
results of initial efforts were conflicting, with some but not all studies elucidating a
significant correlation between serum resistin level and insulin resistance or type 2 diabetes
(summarized in reference 6). The discrepancy among study results could be related to
differing demographics of the study groups, although positive correlations were seen in lean
as well as obese subjects and across Caucasian and Asian populations. In addition, many of
the initial studies had small sample sizes, and used non-standardized assays.

More recently, three large American case-control studies have indeed shown an increased
risk of developing type 2 diabetes among those with elevated serum resistin at baseline.3% 40
Data from the Nurses’ Health Study, and both the Women’s Health Study and the
Physicians’ Health Study — which followed previously healthy subjects for 12, 10 and 8
years, respectively — showed an increased risk even after adjusting for known diabetes risk
factors. Higher levels of resistin were observed in diabetics versus controls, and the risk of
diabetes increased with resistin levels up to an odds ratio of 1.68 in subjects in the highest
quintile of resistin levels.3? At least some of the association between resistin and insulin
resistance in humans seems attributable to other factors known to impact insulin sensitivity,
namely obesity and inflammation. However, while most studies have analyzed whether the
relative risk associated with increased resistin levels is independent of previously established
risk factors, the converse analysis is rarely done, leaving open the possibility that the
biological effect of these other risk factors is mediated by resistin.

Whether resistin is an active player or merely a responder in metabolic dysfunction cannot
be fully determined without an understanding of the regulation of resistin itself. Genetic
determinants of resistin expression may provide additional clues as to the role of resistin in
human susceptibility to disease.

Genetic Evidence for Resistin in Human Insulin Resistance and Diabetes

While the ability to manipulate the mouse genome has provided an indisputable link
between resistin and insulin resistance, no humans that completely lack resistin have yet
been identified. Nevertheless, several single nucleotide polymorphisms (SNPs) have been
shown to correlate with increased circulating resistin levels, and it has been estimated that
about 70% of resistin expression can be attributed to genetic effects.*! Gene variants in the
promoter region upstream of the Retn gene appear to have the strongest effect. In a Japanese
population, 3 promoter SNPs correlated with elevated resistin levels, and two of these (—638
G>A and —420 C>G) together drove increased resistin expression in an in vitro transcription
assay.*2 The G/G genotype at SNP —420 increased Retn gene transcription through
increased binding of the transcription factors Sp1 and Sp3,43 and correlated with monocyte
resistin expression as well as increased serum levels in large studies of over 200 Japanese
subjects.*4 45 The —420G allele, together with —537A>C, was also associated with
increased resistin levels in a Korean population.#6

The —420 C>G SNP associated with increased circulating resistin levels has been associated
with type 2 diabetes in several studies of Asian populations. In addition to the Japanese
studies described above,*2-45 the G/G genotype at —420 in a Chinese population correlated
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with the development of both worse glucose tolerance and hyperglycemia at five year
follow-up.#” Other SNPs at the Retn locus did not significantly influence diabetes risk in
Asian cohorts.*8

Whereas the gene dosage of the —420G allele has been robustly correlated with resistin
levels and diabetes risk in Asians, the data in non-Asian populations have been conflicting.
A North American cohort of Caucasian non-diabetics corroborated the association of G/G at
—420 with resistin level, but saw no correlation with markers of insulin resistance,*® and the
Framingham Offspring Cohort did not find significance for —420 C>G in their population
although four SNPs in the 3’-untranslated region of the Retn gene did correlate with elevated
resistin levels.®0 In an Italian cohort, the —420G/G genotype correlated with metabolic
syndrome,5! but this was not the case in a Finnish study.>?

Observational studies of human Retn gene variants have also connected resistin with type 2
diabetes. In Europe and North America, several studies have documented several non-
coding polymorphisms near the Retn locus that correlate with insulin resistance and/or type
2 diabetes, while in other studies Retn polymorphisms (often at different loci) have not
correlated with metabolic risk, as has been reviewed elsewhere.*8 Indeed, one study that
showed a correlation with SNPs and obesity in French Canadians did not observe a
relationship in a similar cohort of Scandinavian descent.>3 These data reveal several
potential genetic modulators of resistin, with strong evidence for variants in the promoter
region. However, these genetic signals have not been consistently correlated with resistin
levels or with metabolic outcomes across all study groups. This may be due to variations in
sample size, unknown confounders in patient population and ethnic differences.

More recent studies of the complex genetic regulation of resistin expression may help to
explain some of the ethnic variation. The minor allele frequencies for —638 G>A have been
found to be dramatically lower in Caucasians than Japanese,®* and a case-control study
associated —638 G>A with increased resistin levels.>> More strikingly, a survey of the
general Japanese population found the highest resistin levels in those with both a G at —420
and an A allele at —358, the latter SNP being virtually absent in Caucasian populations.®®
Indeed, published databases indicate that both —358 and —638 may be monomorphic in
Caucasians.>* %6 (dbSNP www.ncbi.nIm.nih.gov/projects/SNP/; HapMap
www.hapmap.org/index.html.en)

Thus, resistin expression appears to be controlled in part by genetic programming as
genotype correlates with both level and disease state in some populations. Genetic analysis
has given insight into the variation and complexity of the role of resistin in metabolic
disease. This variability also suggests that resistin may be integral to inflammatory states
beyond insulin resistance and diabetes.

Evidence for Resistin in Human Obesity

Studies of obese non-diabetic subjects have frequently noted higher serum levels of resistin
as well as direct correlations between resistin level and adiposity as measured by BMI.6 57
Using computed tomography (CT) imaging, other groups have more closely associated
resistin with quantitative fat mass, in visceral and subcutaneous, and in abdominal and
intrathoracic depots.>8-60 As with measures of diabetes, the association of resistin and
obesity may be stronger in women than men,>®: 61 though not all studies agree.52

Weight loss studies have also yielded intriguing results. A regimen of diet and exercise led
to decreases in resistin that paralleled reductions in BMI and fat mass after one and a half
years.53 Studies of morbidly obese patients undergoing bariatric surgery showed a reduction
in serum resistin levels as early as 3-6 months post-operatively.84 85 By contrast, an earlier
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study showed a small increase in resistin levels with weight loss at shorter follow-up,%® and
a recent report showed no change in serum resistin following bariatric surgery despite
significant weight loss.5” These studies are notably small and include differing populations
undergoing different types and amounts of weight loss. Additionally, varying comorbidities,
medication regimens and the assays used in each study may have contributed to discrepant
results. Importantly, resistin levels appear plastic and responsive to treatments aimed at
improving the metabolic profile.

Thus, although human resistin is not fat-cell derived, it seems to be well connected to
obesity and responsive to changes in adiposity. This connection between macrophage-
derived resistin and adipose may further the understanding of obesity as an inflammatory
state and implicates resistin as a potential modulator of that state.

Evidence for Resistin in Human Inflammation

Since the initial finding that resistin in humans was expressed predominantly in bone
marrow-derived inflammatory cells26 and correlated with markers of inflammation,11 many
epidemiological studies tying resistin to metabolic diseases have corroborated this
connection. In several multivariate analyses of diabetic, obese and lean subjects, serum
resistin levels correlated strongly with circulating markers of inflammation, including C-
reactive protein (CRP), tumor necrosis factor-o. (TNFa), and interleukin-6 (I1L-6).60. 68,69
Indeed, a follow-up analysis of the Nurses’ Health Study, which showed a correlation
between resistin levels and diabetes, found that resistin levels among healthy women
correlated only with TNFa and IL-6 after adjusting for age and BMI.70

Elevated resistin levels have also been shown in patients with other inflammatory diseases
including rheumatoid arthritis (RA) and inflammatory bowel disease (IBD) (reviewed
elsewhere)’! Interestingly, resistin appeared responsive to anti-inflammatory treatment with
the anti-TNFa agent infliximab in both RA and IBD.”! In addition, an experimental model
of human sepsis and studies of those critically ill from sepsis and septic shock have shown
elevated resistin in response to inflammation.”2~74 Resistin correlated with sepsis severity,
inflammatory cytokines, and insulin resistance in the critically ill.”2=74 Thus, the connection
between resistin and sepsis may in fact be more robust than its tie to obesity.”® Moreover,
elevated resistin in non-septic but critically ill patients was also shown to predict worse
outcomes.” Indeed, in the highly inflammatory disease of acute pancreatitis resistin levels
on hospital admission correlated with disease severity, tissue necrosis, and clinical outcome
whereas CRP showed no correlation.”®

Evidence for Resistin in Human Atherosclerosis and Coronary Artery

Disease

Building on the preclinical data that resistin alters cell signaling in endothelial cellsl# 22 77
and cardiomyocytes,10 and the finding of elevated serum resistin and the presence of resistin
protein within atherosclerotic plaques in the apoE —/— mouse model,12 several groups have
investigated the impact of resistin on the development of coronary artery disease (CAD) in
humans. Elevated resistin has predicted the presence and severity of CAD, correlating with
coronary artery calcium score in asymptomatic healthy subjects3® and in patients undergoing
angiography for chest pain.”8: 79 A European case-control study of 26,490 healthy
individuals found a relative risk of 2.09 for the development of myocardial infarction in
those in the highest quartile of resistin, adjusted for CRP.89 Moreover, a Chinese study of
225 cases and controls revealed a markedly increased risk of coronary artery disease (odds
radio 3.01) in individuals with the —420 G/G genotype associated with increased resistin
levels.81 Several studies have not detected a correlation between resistin and either coronary
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disease prevalence or outcome.82-84 This could be due to ethnic variation or to differences
in study design and patient selection. Resistin has been most predictive in prospective and
cohort studies which do not exclude those with known or prior CAD and may have less
confounding due to medical therapy or other biases. Thus there appears to be a potential
connection between resistin and CAD outcomes across a spectrum of populations.

Resistin has been correlated with the number of diseased coronary vessels8® in patients with
stable CAD, was an independent risk factor for Major Adverse Cardiovascular Events,
including cardiovascular death and myocardial infarction, and, in one study, correlated with
rates of restenosis after stenting.86-88 Inducible ischemia and decreased exercise tolerance
were correlated with elevated resistin in a recent study of patients with known CAD
undergoing stress testing.8% Elevated resistin may also predict worse outcomes after
stroke, %0 and appears to correlate with both renal function and CAD risk in those with
known end-stage renal disease.’?

The relation of serum resistin levels to acute coronary events has also been addressed.
Intriguingly, an unbiased gene expression analysis of patients undergoing cardiopulmonary
bypass, a possible model of controlled ischemia-reperfusion, demonstrated upregulation of
resistin expression in blood at 2 and 24 hours.%! Others have shown increased levels of
resistin in patients with acute coronary syndromes.85: 92. 93 Resistin has been shown to be
increased in the epicardial adipose of those having an MI,%* and to remain elevated up to
one week after M1.9% As might be expected, resistin often correlated with markers of
inflammation including CRP.%2

Thus, animal and human studies have suggested a role for resistin in driving atherosclerosis
and human coronary disease. While the role of resistin as an independent prognostic
biomarker remains unclear, the impact of resistin on CAD and other heart disease is gaining
attention.

Evidence for Resistin in Human Congestive Heart Failure

Independent of ischemia, resistin has been shown to impact cardiomyocyte function in vitro.
Resistin induces insulin resistance and alters glucose handling,1° leads to hypertrophy and
decreased myocyte contractility, and is itself expressed in response to mechanical
stretch.96 Much has been reported on the impact of insulin resistance and diabetes on both
ischemic and non-ischemic cardiomyopathy and has been reviewed recently.%” The
hypothesis that insulin resistance leading to altered glucose handling, thus leaving the heart
vulnerable to stress when it shifts to glucose as its primary energy source, could connect
resistin to the development of heart failure.

Indeed, two Asian studies first suggested that elevated resistin predicted a higher event rate
and worse mortality in patients with active heart failure.%8: 9 More recently, two reports
from large cohorts published in the same year assessed the connection between resistin and
incident heart failure. The HealthABC Study included 2902 mainly white elderly subjects
followed for nine years and found an increased risk for heart failure hospitalization with
elevated baseline resistin (HR 1.15 per 10ng/mL resistin), after adjustment for known risk
factors including CRP and adiposity.109 A similar study analyzing data from 2739
Framingham Offspring Study subjects followed for six years, found a hazard ratio of 1.26
per 7.45ng/mL of resistin, also after adjusting for known risks.101 Both studies found that
the risk was independent of coronary disease, inflammation and insulin resistance. In
addition, the Heart and Soul Study of American veterans with known CAD showed a
significantly higher risk of heart failure and all-cause mortality in those in the highest
quartile of resistin level after adjustment for age, sex and BMI.102 In this study the apparent
effect of resistin was not independent of traditional heart failure risk factors, although these
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factors may themselves be dependent on resistin. This is underscored by a recent study in
Finland, where resistin gene variation is associated with obesity and insulin resistin,103
demonstrating that a high resistin level was an independent predictor of the prevalence of
metabolic syndrome with a statistical association with every criterion including waist
circumference, tumor necrosis factor-a, and insulin resistance, and reduction in high-density
lipoprotein cholesterol 104

Concluding remarks

The growing public health concerns surrounding diabetes, obesity and their consequences
have focused attention on efforts at treatment and prevention. However, an understanding of
the mechanisms underlying these epidemics is essential. Basic and clinical research have
described the inflammatory nature of many metabolic derangements from diabetes to
cardiovascular disease. The hormone resistin, initially described as a rodent adipokine and
now understood to be predominantly macrophage-derived in humans, is a potential link
between inflammation and metabolic disease. (Fig. 1) Genetic studies have helped explain
ethnic variability in resistin expression and activity and have elucidated the complexity of
genetic regulation of metabolic disease. Clinical, genetic, and epidemiological studies have
strengthened the association between resistin and the prevalence, severity, and outcome of
metabolic disease. Although in rodent models resistin is clearly a pathogenic factor in the
severity of insulin resistance and abnormal glucose metabolism, the human studies are by
nature descriptive and thus do not address the critical question of whether resistin is more
than a biomarker for insulin resistance, diabetes, and cardiovascular disease. It will be of
great interest to determine whether blockage of resistin function, either by antibody
neutralization or by antagonism of the elusive resistin receptor, has sufficient therapeutic
utility in pre-clinical models such as the humanized mouse38 to warrant investigation as a
viable therapeutic target in humans with diabetes or cardiovascular disease.
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Figure 1. Potential impact of resistin on human disease

Resistin is upregulated in response to genetic signals and various stimuli. As shown in
studies of both human and animals, resistin may act on multiple cell types to promote
inflammation, insulin resistance and cardiac pathology. Abbreviations: LPS,
lipopolysaccharide; TNFa, tumor necrosis factor-alpha; I1L-6, interleukin-6; 1L-1p,
interleukin-1beta; TZD, thiazolidinedione; PBMC, peripheral blood mononuclear cell;
AMPK, adenosine monophosphate-activated protein kinase; SOCS-3, suppressor of
cytokine signaling-3; NFkB, nuclear factor kappa B; VCAM-1, vascular cell adhesion
molecule-1; ICAM-1, inter-cellular adhesion molecule-1; MCP-1, monocyte
chemoattractant protein-1; ET-1, endothelin-1; MAPK, mitogen activated protein kinase.
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