Open access, freely available online

PLoS MEDICINE

An Inflammatory Cascade Leading
to Hyperresistinemia in Humans
Michael Lehrke1[, Muredach P. Reilly2,3[, Segan C. Millington1, Nayyar Iqbal1, Daniel J. Rader

2,3

, Mitchell A. Lazar1*

1 Divisions of Endocrinology, Diabetes, and Metabolism, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania, United States of America, 2 Cardiology
Department of Medicine, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania, United States of America, 3 Center for Experimental Therapeutics and
Penn Diabetes Center, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania, United States of America

Competing Interests: MPR has received research funding or honoraria from GlaxoSmithKline,
Merck, Ely Lilly, and KOS Pharmaceuticals. MAL has received a
research grant from GlaxoSmithKline and has a United States
patent application pending for
therapeutic antagonism of human
resistin. MAL and the University of
Pennsylvania have licensed to Linco the monoclonal antibodies used
in the human resistin assay.
Author Contributions: ML, MPR,
NI, DJR, and MAL designed the
study. ML, MPR, and SCM performed experiments. ML, MPR, NI,
and MAL analyzed the data. MPR
and NI enrolled patients. ML,
MPR, NI, DJR, and MAL contributed to writing the paper. MAL
obtained funding for the study and
provided the research environment where the studies were conducted.
Academic Editor: Philipp Scherer,
Albert Einstein College of Medicine, United States of America
Citation: Lehrke M, Reilly MP,
Millington SC, Iqbal N, Rader DJ,
et al. (2004) An inﬂammatory
cascade leading to hyperresistinemia in humans. PLoS Med 1(2):
e45.
Received: May 13, 2004
Accepted: September 28, 2004
Published: November 30, 2004
DOI:
10.1371/journal.pmed.0010045
Copyright: Ó 2004 Lehrke et al.
This is an open-access article distributed under the terms of the
Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is
properly cited.
Abbreviations: ANOVA, analysis of
variance; IL, interleukin; LPS, lipopolysaccharide; MAPK, MAP-kinase; SEM, standard error of the
mean; sTNFR2, soluble tumor necrosis factor receptor 2; TNFa,
tumor necrosis factor a
*To whom correspondence should
be addressed. E-mail: lazar@mail.
med.upenn.edu
[These authors contributed
equally to this work.

ABSTRACT
Background
Obesity, the most common cause of insulin resistance, is increasingly recognized as a lowgrade inflammatory state. Adipocyte-derived resistin is a circulating protein implicated in
insulin resistance in rodents, but the role of human resistin is uncertain because it is produced
largely by macrophages.

Methods and Findings
The effect of endotoxin and cytokines on resistin gene and protein expression was studied in
human primary blood monocytes differentiated into macrophages and in healthy human
participants.
Inflammatory endotoxin induced resistin in primary human macrophages via a cascade
involving the secretion of inflammatory cytokines that circulate at increased levels in
individuals with obesity. Induction of resistin was attenuated by drugs with dual insulinsensitizing and anti-inflammatory properties that converge on NF-jB. In human study
participants, experimental endotoxemia, which produces an insulin-resistant state, causes a
dramatic rise in circulating resistin levels. Moreover, in patients with type 2 diabetes, serum
resistin levels are correlated with levels of soluble tumor necrosis factor a receptor, an
inflammatory marker linked to obesity, insulin resistance, and atherosclerosis.

Conclusions
Inflammation is a hyperresistinemic state in humans, and cytokine induction of resistin may
contribute to insulin resistance in endotoxemia, obesity, and other inflammatory states.

Introduction
Dietary and lifestyle changes during the last century have entailed an unprecedented
epidemic of obesity and associated metabolic diseases, including type 2 diabetes and
atherosclerosis [1]. Many individuals suffer simultaneously from more than one of these
conditions, and epidemiological studies in humans, as well as studies in animal models, suggest
that obesity-related insulin resistance is a common pathogenic feature [2]. Indeed, insulin
resistance is the keystone of the ‘‘metabolic syndrome,’’ a major cardiovascular risk factor even
in the absence of demonstrable glucose intolerance or diabetes [3]. Obesity and insulin
resistance are strongly associated with systemic markers of inﬂammation, and, indeed,
inﬂammation may contribute to insulin resistance [4]. Similarities and overlap between obesity
and inﬂammatory states are emerging. Inﬂammatory cytokines such as tumor necrosis factor a
(TNF a) and interleukin (IL)-6 are produced by adipocytes as well as by monocytes and
macrophages, and they circulate at increased levels in individuals with obesity [5,6]. Moreover,
bone-marrow-derived macrophages home in on adipose tissue in individuals with obesity [7,8],
and adipocytes and macrophages may even be interconvertible [9]. Furthermore, inﬂammation
is increasingly recognized as a major component and predictor of atherosclerotic vascular
disease, a major clinical consequence of insulin resistance [10]. Hence, the interrelationships
between obesity, insulin resistance, and atherosclerosis are of great scientiﬁc and clinical
interest.
We originally identiﬁed and characterized resistin as a circulating mouse adipocyte gene
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product that is regulated by antidiabetic drugs [11]. In
rodents, resistin is derived exclusively from adipocytes
[11,12], circulates at increased levels in obese animals [11],
and causes dysregulated hepatic glucose production, leading
to insulin resistance [13,14]. A syntenic gene exists in humans,
but is expressed at higher levels in monocytes and macrophages than in adipocytes [15,16], raising questions about the
relationship between resistin and human metabolic disease.
Recently, several studies have suggested that metabolic
abnormalities are associated with polymorphisms in the
human resistin gene [17,18]. Furthermore, several studies,
though not all, have reported increased serum resistin levels
in patients with obesity, insulin resistance, and/or type 2
diabetes [19,20,21,22,23,24,25,26]. However, the mechanism
and importance of increased resistin levels in human
metabolic disease are not known.
Here we show that the endotoxin lipopolysaccharide (LPS),
a potent inﬂammatory stimulant, dramatically increases
resistin production by inducing secretion of inﬂammatory
cytokines such as TNFa. This increase in resistin production
is blocked by both aspirin and rosiglitazone, drugs that have
dual anti-inﬂammatory and insulin-sensitizing actions and
have been shown to antagonize NF-jB. Indeed, activation of
NF-jB is sufﬁcient to induce resistin expression, and loss of
NF-jB function abolishes LPS induction of resistin. Resistin
serum levels are increased dramatically by endotoxemia in
humans, and correlate with a marker of inﬂammation in
patients with type 2 diabetes. Thus, systemic inﬂammation
leads to increased resistin production and circulating levels
in humans. The increased level of resistin in humans with
obesity is likely an indirect result of elevated levels of
inﬂammatory cytokines characteristic of states of increased
adiposity. Hence, obesity and acute inﬂammation are both
hyperresistinemic states associated with insulin resistance.

RNA was isolated using RNeasy Mini Kit (Qiagen, Valencia,
California, United States), then subjected to DNase digestion
followed by reverse transcription (Invitrogen). mRNA transcripts were quantiﬁed by the dual-labeled ﬂuorogenic probe
method for real-time PCR, using a Prism 7900 thermal cycler
and sequence detector (Applied Biosystems, Foster City,
California, United States). Real-time PCR was performed
using Taqman Universal Polymerase Master Mix (Applied
Biosystems). The primers and probes used in the real-time
PCR were the following: Sense-Resistin, 59-AGCCATCAATGATAGGATCCA-39; Antisense-Resistin, 59-TCCAGGCC A A T G C T G C T T A T - 3 9; R e s i s t i n P r o b e , 5 9- F a m AGGTCGCCGGCTCCCTAATATTTAGGG-TAMRA-39; Sense
human 36B4 sense, 59- TCGTGGAAGTGACATCGTCTTT-39;
Antisense 36B4, 59-CTGTCTTCCCTGGGCATCA-39; and
36B4 Probe, 59-FAM-TGGCAATCCCTGACGCACCG-TAMRA-39.
Primer and probe for TNFa were obtained from Applied
Biosystems. The cycle number at which the transcripts of the
gene of interest were detectable (CT) was normalized to the
cycle number of 36B4 detection, referred to as deltaCT. The
fold change in expression of the gene of interest in the
compound-treated group relative to that in the vehicletreated group was expressed as 2deltadeltaCT, in which
deltadeltaCT equals the deltaCT of the compound-treated
group minus the deltaCT of the chosen control group, which
was normalized to 1.

ELISA
Resistin concentrations, in cell media and human plasma,
were assessed with a commercially available ELISA (Linco
Research, St. Charles, Missouri, United States) and normalized to cell protein. The average correlation coefﬁcient for
standards using a four-parameter ﬁt was 0.99. Intra-assay and
inter-assay coefﬁcients of variance were 4.7% and 9.1%,
respectively. Direct comparison of standard curves generated
by the Linco kit with those yielded by another commercially
available resistin ELISA (Biovendor Laboratory Medicine,
Brno, Czech Republic) yielded high correlation (rho = 0.99, p
, 0.001), except that the Biovendor values were approximately 30% lower than those determined with the Linco
assay. This appeared to be related to the standards used for
calibration. Discrepant absolute values among different
assays, including the Biovendor assay, were recently described
by others [22]. Resistin levels in 40 plasma samples were
measured using both Linco and Biovendor ELISA kits, with
moderate correlation (rho = 0.66). Levels of soluble TNFa
receptor 2 (sTNFR2) were measured using a commercially
available immunoassay (R&D Systems). Intra-assay and interassay coefﬁcients of variance were 5.1% and 9.8%, respectively.

Methods
Differentiation of Primary Human Macrophages
Peripheral blood mononuclear cells were isolated from
whole blood of healthy donors following apheresis and
elutriation. Greater than 90% of these monocytes expressed
CD14 and HLA-DR. Cells were plated in 24-well plates at a
density of 106 cells per well, allowed to adhere for 4 h, then
washed with Dulbecco’s Modiﬁed Eagles Medium and further
cultured in 10% FBS in Dulbecco’s Modiﬁed Eagles Medium
supplemented with 5 ng/ml GM-CSF (Sigma, St. Louis,
Missouri, United States) to promote macrophage differentiation. All experiments were performed after overnight
equilibration with macrophage serum-free medium (GIBCO,
San Diego, California, United States; Invitrogen, Carlsbad,
California, United States) supplemented with 5 ng/ml GMCSF. Cells were treated with LPS (Sigma), aspirin (Sigma),
SN50, and/or control peptide (Biomol, Plymouth Meeting,
Pennsylvania, United States), MG132, PD98059, SB20358
(Calbiochem, San Diego, California, United States), and TNFa
(R&D Systems, Minneapolis, Minnesota, United States).
Neutralizing antibodies to TNFa, IL-6, and anti-IL-1b, as well
as control IgG, were obtained from R&D Systems. Adenovirus
expressing activated IKK in pAD easy with GFP and control
vector was a generous gift from Steven Shoelson.
PLoS Medicine | http://www.plosmedicine.org

Human Endotoxemia Study
Healthy volunteers (n = 6, three male and three female),
aged 18–45 y with BMI between 20 and 30 and on no
medications, were studied. The University of Pennsylvania
Institutional Review Board approved the study protocol, and
all participants gave written informed consent. Following
screening and exclusion of individuals with any clinical or
laboratory abnormalities, participants were admitted to the
General Clinical Research Center at the University of
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Pennsylvania for a 60 h stay. Serial blood samples were
collected during the 24 h prior to and 24 h following the
intravenous administration of human-research-grade endotoxin (obtained from National Institutes of Health Clinical
Center, reference endotoxin [CCRE] [lots 1 and 2; National
Institutes of Health Clinical Center PDS #67801]) at a dose of
3 ng/kg given at 6 AM. Plasma and whole blood RNA (PAX
tube isolators, Qiagen) samples were isolated from blood, and
stored under appropriate conditions for subsequent assays.

Type 2 Diabetes Study
Participants with type 2 diabetes (n = 215, 167 male and 48
female), aged 35–75 y and free from clinical cardiovascular
diseases, were recruited through the diabetes clinics at the
University of Pennsylvania Medical Center and the Veterans
Affairs Medical Center, Philadelphia, Pennsylvania, to an
ongoing study of cardiovascular risk factors in type 2
diabetes. The sample was composed of 59% Caucasians and
35% African-Americans. All participants were evaluated at
the University of Pennsylvania General Clinical Research
Center in a fasting state at 8 AM. The University of
Pennsylvania Institutional Review Board approved the study
protocol, and all participants gave written informed consent.
The patient population is described in more detail elsewhere
[27].

Statistical Methods
Data are reported as mean and standard error of the mean
(SEM) for continuous variables. Because of baseline variation
in cell populations between batches of primary human
monocytes isolated from multiple donors, cell culture experiments were performed in triplicate and data from representative experiments are presented. For cell culture
experiments with multiple treatments, analysis of variance
(ANOVA) was used to test for differences in means across
treatment groups. When signiﬁcant global differences were
found, post hoc t-tests were used to compare speciﬁc
treatment groups to the control. Data from the human
endotoxemia experiment were analyzed by repeated measures ANOVA. In the type 2 diabetes study, Spearman
correlations of plasma levels of resistin with plasma sTNFR2
levels are presented.
Figure 1. Induction of Resistin in Human Macrophages
(A) Induction of resistin during human macrophage differentiation
ex vivo. Expression of resistin on days 1, 3, and 7 following isolation
and culture of human peripheral blood monocytes under macrophage differentiation conditions. Results shown are the mean (6
SEM) of three separate experiments with triplicate samples. The
ANOVA F statistic for change of resistin mRNA expression during
differentiation was 7.06 (p , 0.01). *, p , 0.01 for post hoc t-tests.
(B) Resistin mRNA is induced by endotoxin in primary human
macrophage cultures. The ANOVA F statistic for change of resistin
mRNA expression in response to increasing concentration of LPS (24
h treatment) was 423.57 (p , 0.001). *, p , 0.001 for post hoc t-tests.
(C) Resistin protein secretion by human macrophages is induced by
endotoxin. The ANOVA F statistic for change of resistin protein
secretion in response to increasing concentration of LPS (24 h
treatment) was 35.36 (p , 0.001). *, p , 0.001 for post hoc t-tests.
For LPS dose response studies, shown in (B) and (C), results (mean 6
SEM) of representative experiments, with triplicate samples, are
presented. Similar results were obtained in two independent experiments.
DOI: 10.1371/journal.pmed.0010045.g001

Results
Induction of Resistin Gene and Protein Expression by
Endotoxin Treatment of Human Macrophages
The regulation of resistin expression was studied in
primary cultures of human monocytic cells. Immediately
upon plating of elutriated primary human monocytes,
resistin gene expression was detectable but highly variable
from experiment to experiment (data not shown). One day
after plating, resistin gene expression remained detectable at
low levels (Figure 1A). Subjection of the cells to a protocol
leading to differentiation along the macrophage lineage led
to a modest, time-dependent enhancement of resistin gene
expression (Figure 1A). In agreement with a previous report
[28], treatment of primary macrophages with the endotoxin
LPS led to a dramatic, dose-responsive increase in resistin
gene expression (Figure 1B). We also determined that this
effect of LPS was paralleled by an increase in resistin protein
secretion into the medium (Figure 1C). Of note, activated
PLoS Medicine | http://www.plosmedicine.org

163

November 2004 | Volume 1 | Issue 2 | e45

Inflammation and Resistin in Humans

Figure 3. Endotoxin-Induced Cytokines Regulate Resistin Induction
(A) TNFa induces production of resistin mRNA by primary human
macrophages. The ANOVA F statistic for the effect of increasing
TNFa concentrations on resistin was 23.81 (p , 0.001). *, p , 0.001
for post hoc t-tests.
(B) TNFa induces resistin protein secretion by primary human
macrophages. ANOVA F statistic for the effect of TNFa on resistin
was 79.85 (p , 0.001). *, p , 0.005 for post hoc t-tests. Results of
representative experiments with triplicate samples are expressed as
the mean (6 SEM). Similar results were obtained in two independent
experiments.
(C) LPS (1 lg/ml) induction of resistin is abrogated by antibody
neutralization of cytokines (7.5 lg/ml per antibody). ANOVA F
statistic for the effect of neutralizing antibodies on resistin was 3.08 (p
, 0.05). p-Values for post hoc t-tests versus IgG: *, p , 0.05; **, p ,
0.001. Results are expressed as the mean (6 SEM) of three separate
experiments with triplicate samples.
DOI: 10.1371/journal.pmed.0010045.g003

Figure 2. Endotoxin Induction of Resistin Occurs after Induction of TNFa
Primary cultures of human macrophages were treated with LPS (1 lg/
ml) for various times.
(A) Time course of induction of resistin mRNA. The ANOVA F
statistic for the change in resistin mRNA over time was 105.45 (p ,
0.001).
(B) Time course of induction of TNFa mRNA. The ANOVA F statistic
was 34.57 (p , 0.001).
(C) Time course of secretion of resistin, TNFa, and sTNFR2 into
medium. ANOVA F statistics for the effect of LPS on resistin (66.51, p
, 0.001), sTNFR2 (12.86, p , 0.001), and TNFa (20.48, p , 0.001) were
highly signiﬁcant. Maximal secreted protein levels were as follows:
resistin, 21.9 ng/ml/mg; TNFa, 207.2 ng/ml/mg; and sTNFR2, 39.3 ng/
ml/mg. Results of representative experiments with triplicate samples
are expressed as mean (6 SEM). Similar results were obtained in
three independent experiments.
DOI: 10.1371/journal.pmed.0010045.g002

treatment, with peak expression at 24 h (Figure 2A). This
time course of resistin induction was delayed relative to
induction of TNFa gene expression, which was detectable at 2
h and peaked 6 h after LPS exposure (Figure 2B). The
secretion of TNFa followed a similar time course (Figure 2C).
By contrast, secretion of resistin did not increase until much
later, more closely following the pattern of the appearance of
sTNFR2, a marker of TNFa action (Figure 2C) [29].

Endotoxin Induction of Resistin Is Blocked by
Immunoneutralization of Multiple Cytokines

mouse peritoneal macrophages harvested after thioglycolate
treatment did not express detectable levels of mouse resistin,
even after treatment with LPS (data not shown).

Resistin gene expression was also induced by TNFa
treatment of primary human macrophages (Figure 3A) [28],
and resistin secretion increased in parallel (Figure 3B). Since
LPS induction of TNFa preceded the increase in resistin (see
Figure 2C), we hypothesized that TNFa, or a similar cytokine
produced early after LPS exposure, was responsible for the
later induction of resistin. Indeed, neutralizing antibodies to
TNFa markedly attenuated the increase in resistin gene

Endotoxin Induction of Resistin Is Delayed with Respect to
TNFa
Induction of resistin gene expression by LPS exposure of
human macrophages began between 6 and 24 h after
PLoS Medicine | http://www.plosmedicine.org
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expression (Figure 3C). LPS treatment also induces other
cytokines, including IL-6 and IL-1b [30], and IL-6 induces
resistin modestly (data not shown) [28]. Antibodies to IL-6
and IL-1b individually had minor effects on LPS stimulation
of resistin (Figure 3C). However, the combination of antibodies to TNFa, IL-6, and IL-1b markedly attenuated LPS
induction of resistin (Figure 3C). These data clearly show that
resistin induction by endotoxin is mediated by a cascade in
which the primary event is secretion of inﬂammatory
cytokines that, in turn, induce resistin.

Induction of Resistin Is Blocked by Anti-Inflammatory
Insulin-Sensitizing Drugs That Target NF-jB
Mouse resistin, produced exclusively by adipocytes, is
down-regulated by antidiabetic thiazolidinediones, including
rosiglitazone [11]. Consistent with an earlier report [16],
rosiglitazone down-regulated resistin gene expression (Figure
4A) in LPS-stimulated human macrophages. Resistin protein
secretion was also signiﬁcantly reduced by rosiglitazone
(Figure 4B). Hence, macrophage expression of resistin and
its induction by LPS is species-speciﬁc, but down-regulation
of resistin by thiazolidinedione occurs both in rodents and
humans. Rosiglitazone has marked anti-inﬂammatory effects
on macrophages [31]. This led us to examine the effect of
aspirin, an anti-inﬂammatory compound that targets IjB
kinase and has insulin-sensitizing effects [32]. Remarkably,
aspirin dramatically decreased endotoxin-induced resistin
expression in a dose-dependent manner (Figure 4C). Both
aspirin (via IjB kinase) and rosiglitazone (via PPARc) inhibit
NF-jB [31,32], which is activated by LPS. Indeed, treatment of
the macrophages with the proteasome inhibitor MG132,
which prevents NF-jB activation [33], abrogated endotoxininduced activation of resistin expression (data not shown).
Moreover, treatment of the macrophages with SN50, a cellpermeable peptide that speciﬁcally prevents activation of NFjB by inhibiting its nuclear translocation [34], nearly
abolished endotoxin-induced activation of resistin expression
(Figure 4D). Thus, activation of NF-jB is required for LPS
induction of resistin in human macrophages. Furthermore,
constitutive activation of NF-jB by adenoviral expression of
activated IjB kinase was sufﬁcient to induce resistin in
primary human macrophages (Figure 4E). The magnitude of
this activation was less than that caused by LPS, which is
known to also activate MAP-kinase (MAPK). Indeed, inhibition of either p42 MAPK by PD98059, or p38 MAPK (using
SB20358) partially blocked the induction of resistin by LPS
(Figure 4F). Together these results show that NF-jB activation
is necessary and sufﬁcient for resistin induction by LPS, with
MAPK activation increasing the magnitude of the response.

Figure 4. Inhibition of Resistin Induction by Anti-Inflammatory Insulin
Sensitizers
(A) Down-regulation of resistin mRNA by rosiglitazone. ANOVA F
statistic for the effect Rosiglitazone on resistin expression was 62.52
(p , 0.001). p value for post hoc t-tests, is depicted in the Figure. *p ,
0.005 versus control for post hoc t-tests.
(B) Down-regulation of resistin protein secretion by human macrophages treated with rosiglitazone. The ANOVA F statistic for the effect
of rosiglitazone on resistin protein secretion was 29.44 (p , 0.001). pValues for post hoc t-tests versus control: *, p , 0.05; **, p , 0.001. Cells
were pre-treated with rosiglitazone for 24 h and with LPS (1 lg/ml) and
rosiglitazone for an additional 24 h. Results of representative experiments with triplicate samples are expressed as mean (6 SEM). Similar
results were obtained in three independent experiments.
(C) Down-regulation of resistin gene expression by aspirin. The
ANOVA F statistic for the effect of aspirin on resistin expression was
61.33 (p , 0.001). p-Values for post hoc t-tests versus no aspirin: *, p ,
0.01; **, p , 0.001; ***, p , 0.0001. Cells were pre-treated with
aspirin for 2 h and with LPS (1 l g/ml) and aspirin for an additional
24 h. Results of representative experiments with triplicate samples
are expressed as mean (6 SEM). Similar results were obtained in two
independent experiments.
(D) Down-regulation of resistin gene expression by NF-jB inhibitor
SN50. *, p , 0.001 versus control peptide by t-test. Cells were pretreated with SN50 or control peptide at 100 ug/ml for 2 h, and with
LPS (1 lg/ml) and SN50 or control peptide for an additional 24 h.
Results are the expressed as the mean (6 SEM) of two independent
experiments performed in triplicate.
(E) Induction of resistin by activation of NF-jB. *, p , 0.05 versus
control virus by t-test. Cells were infected with adenovirus expressing
activated IKK or control virus for 24 h. Results of representative
experiments with triplicate samples are expressed as mean (6 SEM).
Similar results were obtained in two independent experiments.
(F) Down-regulation of resistin gene expression by inhibitors of p38
and p42 MAPK. The ANOVA F statistic for the effect of the MAPK
inhibitor on resistin expression was 11.54 (p , 0.005). *, p , 0.005 versus
control for post hoc t-tests. Cells were pretreated with 50 lM PD98059
or 2.5 lM SB20358 for 2 h and with LPS (1 lg/ml) and PD98059 or
SB20358 for an additional 24 h. Results are expressed as the mean (6
SEM) of two independent experiments performed in triplicate.
DOI: 10.1371/journal.pmed.0010045.g004
PLoS Medicine | http://www.plosmedicine.org

LPS Robustly Increases Circulating Resistin Levels in
Healthy Humans
Next, we asked whether our ﬁndings from ex vivo studies of
human macrophages would translate into in vivo observations in humans. Six healthy volunteers were injected with
LPS, using a protocol similar to that shown to produce insulin
resistance [35]. Baseline circulating resistin levels were
approximately 4 ng/ml, and remained relatively constant for
several hours prior to LPS infusion (Figure 5A). Remarkably,
resistin levels rose dramatically because of endotoxemia,
peaking 8–16 h after LPS administration (Figure 5A). The
time course of hyperresistinemia paralleled the increase in
165
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Discussion
We have demonstrated that, in human macrophages, an
inﬂammatory cascade with secretion of cytokines, including
TNFa and IL-6, is sufﬁcient and necessary for the induction
of resistin. Insulin sensitizers that have anti-inﬂammatory
properties, including a synthetic PPARc agonist as well as
aspirin, suppress macrophage resistin expression, as does
direct inhibition of NF-jB. Experimental endotoxemia in
healthy volunteers, based on the well-established gramnegative bacterial inﬂammatory response in humans
[38,39,40], induces a dramatic elevation of circulating resistin
levels. Hence, resistin gene and protein expression are
increased by inﬂammatory stimuli both ex vivo and in vivo.
In rodents, resistin is produced exclusively by adipocytes,
regulates normal glucose homeostasis, and causes insulin
resistance at high circulating levels [11,13]. Translation of
resistin’s metabolic effects from rodents to humans has been
problematic because peripheral blood mononuclear cells and
macrophages appear to be a primary source of resistin in
humans [15,16]. This species difference in primary locus of
expression is yet another example of the close and functionally overlapping relationship between adipocytes and macrophages [41]. Numerous studies have reported that circulating
resistin levels are increased in human obesity [20,25,26,41]
and diabetes [19,20,23,42,43]. Our data suggest that, whereas
hyperresistinemia in obese rodents derives directly from
adipocytes, human resistin is indirectly regulated by the
inﬂammatory internal milieu of obesity (Figure 6B). Indeed,
obesity is associated with elevated levels of cytokines whose
systemic administration leads to impaired glucose homeostasis [36,44,45], such as TNFa and IL-6, which we show here
to mediate the inﬂammatory induction of human resistin.
Thus, in both species, adipose tissue is an endocrine organ
containing adipocytes as well as macrophages that regulates
energy metabolism and glucose homeostasis through secretion of multiple factors, including inﬂammatory cytokines
[46].
Clearly the relationship between obesity, inﬂammation,
and resistin expression is complex, and needs to be systematically studied in larger and varied patient populations.
Intriguingly, we found a strong correlation between plasma
levels of resistin and sTNFR2, the soluble cleavage product of
the activated TNFa receptor, in diabetic patients. A comparable correlation between resistin and sTNFR2 (R = 0.31, p
, 0.001) was found in a cohort of 879 non-diabetic
individuals, in whom resistin levels independently correlated
with coronary atherosclerotic disease (M. P. Reilly, M. Lehrke,
M. L. Wolfe, A. Rohatgi, M. A. Lazar, and D. J. Rader,
unpublished data).
LPS binds to pathogen-associated-molecular-pattern innate immune receptors, such as CD14 and Toll-like receptor
4, activating signal cascades involving NF-jB and MAPK [47]
and thereby inducing the transcription and secretion of early
cytokines, including TNFa and IL-1 [48]. We have shown here
that these early cytokines are responsible for secondary
induction or enhancement of resistin expression in macrophages. Hyperresistinemia impairs glucose homeostasis in
rodents [49,50], and inﬂammatory states are associated with
insulin resistance [36], which may serve as a physiological
attempt to increase the provision of glucose to the brain
under stress conditions. Indeed, induction of acute inﬂam-

Figure 5. Endotoxin Dramatically Induces Plasma Resistin in Humans
(A) Plasma resistin and sTNFR2 levels were measured serially in six
healthy volunteers for 24 h before and after intravenous LPS (3 ng/kg)
administration. The repeated measures ANOVA F statistics for the
effect of LPS on plasma resistin (9.25, p , 0.001) and sTNFR2 (23.65, p
, 0.001) were highly signiﬁcant.
(B) Mean resistin RNA expression in whole blood cells of healthy
volunteers (n = 2) before and after treatment with LPS (3 ng/kg).
DOI: 10.1371/journal.pmed.0010045.g005

circulating levels of sTNFR2, although the increase in resistin
levels was more marked and sustained (Figure 5A). The
increase in resistin protein levels correlated with increased
resistin gene expression in peripheral blood mononuclear
cells following systemic endotoxemia (Figure 5B).

Circulating Resistin Levels Correlate with the
Inflammatory Marker sTNFR2 in Patients with Type 2
Diabetes
Patients with type 2 diabetes and insulin resistance, many
of whom are obese, have elevated levels of several inﬂammatory markers, including IL-6, TNFa, and sTNFR2 [36]. LPS
administration has been shown to induce acute insulin
resistance in humans [37]. Given that LPS infusion increased
resistin levels, we measured resistin in a cohort of 215
patients with type 2 diabetes. Circulating resistin levels were
signiﬁcantly correlated with levels of sTNFR (Figure 6A).
Thus, there is an association between resistin levels and
systemic inﬂammation in patients with type 2 diabetes.
PLoS Medicine | http://www.plosmedicine.org
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sensitization [43]. Future work will be needed to better
understand the relationship between circulating resistin
levels and the insulin resistance characteristic of inﬂammatory states, including obesity.

Acknowledgments
We thank C. Steppan for helpful discussions and for contributing to
antibody development, S. Shoelson and D. Cai (Joslin Diabetes
Center) for providing adenovirus expressing activated IKKa, M.
Wolfe, J. Tabita-Martinez, K. Terembula, and C. Hinkle (University of
Pennsylvania) for assistance with the patient-oriented studies, and J.
Mistry (Linco) for help with the resistin assay. This work was funded
by National Institute of Diabetes and Digestive and Kidney Diseases
grants R01 DK49210 and R01 DK49780, an unrestricted Bristol-Myers
Squibb Freedom to Discover Award in Metabolic Research (MAL),
National Institutes of Health grants K23 RR15532 and R01 HL73278,
a grant from the WW Smith Charitable Trust (MPR), a Burroughs
Wellcome Fund Clinical Scientist Award in Translational Research, a
Doris Duke Distinguished Clinical Investigator Award (DJR), and
grant LE 1350/1–1 from the Deutsche Forschungsgemeinschaft (ML).
We are indebted to the radioimmunoassay core of the Penn Diabetes
and Endocrinology Research Center (National Institute of Diabetes
and Digestive and Kidney Diseases grant P30 DK19525) for assistance
with resistin assays, the Immunology Core of the University of
Pennsylvania Center for AIDS Research for peripheral blood
monocytes, and the University of Pennsylvania General Clinical
Research Center (National Institutes of Health grant M01RR00040)
and its nursing staff for outstanding patient care. The funders had no
role in study design, data collection and analysis, decision to publish,
&
or preparations of the manuscript.
References
1. Ogden CL, Carroll MD, Flegal KM (2003) Epidemiologic trends in
overweight and obesity. Endocrinol Metab Clin North Am 32: 741–760.
2. Flier JS (2004) Obesity wars: Molecular progress confronts an expanding
epidemic. Cell 116: 337–350.
3. Sowers JR, Frohlich ED (2004) Insulin and insulin resistance: Impact on
blood pressure and cardiovascular disease. Med Clin North Am 88: 63–82.
4. Haffner SM (2003) Insulin resistance, inﬂammation, and the prediabetic
state. Am J Cardiol 92: 18J-26J.
5. Rajala MW, Scherer PE (2003) Minireview: The adipocyte—at the crossroads of energy homeostasis, inﬂammation, and atherosclerosis. Endocrinology 144: 3765–3773.
6. Hotamisligil GS (2003) Inﬂammatory pathways and insulin action. Int J
Obes Relat Metab Disord 27 (Suppl 3): S53–S55.
7. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, et al. (2003)
Obesity is associated with macrophage accumulation in adipose tissue. J
Clin Invest 112: 1796–1808.
8. Xu H, Barnes GT, Yang Q, Tan G, Yang D, et al. (2003) Chronic
inﬂammation in fat plays a crucial role in the development of obesityrelated insulin resistance. J Clin Invest 112: 1821–1830.
9. Charriere G, Cousin B, Arnaud E, Andre M, Bacou F, et al. (2003)
Preadipocyte conversion to macrophage. Evidence of plasticity. J Biol
Chem 278: 9850–9855.
10. Glass CK, Witztum JL (2001) Atherosclerosis: The road ahead. Cell 104:
503–516.
11. Steppan CM, Bailey ST, Bhat S, Brown EJ, Banerjee RR, et al. (2001) The
hormone resistin links obesity to diabetes. Nature 409: 307–312.
12. Kim KH, Lee K, Moon YS, Sul HS (2001) A cysteine-rich adipose tissuespeciﬁc secretory factor inhibits adipocyte differentiation. J Biol Chem 276:
11252–11256.
13. Rajala MW, Obici S, Scherer PE, Rossetti L (2003) Adipose-derived resistin
and gut-derived resistin-like molecule-beta selectively impair insulin action
on glucose production. J Clin Invest 111: 225–230.
14. Banerjee RR, Rangwala SM, Shapiro JS, Rich AS, Rhoades B, et al. (2004)
Regulation of fasted blood glucose by resistin. Science 303: 1195–1198.
15. Savage DB, Sewter CP, Klenk ES, Segal DG, Vidal-Puig A, et al. (2001)
Resistin/Fizz3 expression in relation to obesity and peroxisome proliferator-activated receptor-gamma action in humans. Diabetes 50: 2199–2202.
16. Patel L, Buckels AC, Kinghorn IJ, Murdock PR, Holbrook JD, et al. (2003)
Resistin is expressed in human macrophages and directly regulated by
PPAR gamma activators. Biochem Biophys Res Commun 300: 472–476.
17. Tan MS, Chang SY, Chang DM, Tsai JC, Lee YJ (2003) Association of resistin
gene 39-untranslated region þ62GA polymorphism with type 2 diabetes and
hypertension in a Chinese population. J Clin Endocrinol Metab 88: 1258–
1263.
18. Smith SR, Bai F, Charbonneau C, Janderova L, Argyropoulos G (2003) A
promoter genotype and oxidative stress potentially link resistin to human
insulin resistance. Diabetes 52: 1611–1618.
19. Youn BS, Yu KY, Park HJ, Lee NS, Min SS, et al. (2004) Plasma resistin

Figure 6. Plasma Resistin Levels Correlate with sTNFR2 Levels in Humans
with Type 2 Diabetes
(A) The correlation (Spearman coefﬁcient rho = 0.38, p , 0.001) of
plasma resistin and sTNFR2 levels in 215 humans with type 2 diabetes
is presented. The line represents the linear regression ﬁt between logtransformed plasma levels of resistin and sTNFR2.
(B) Model to explain hyperresistinemia in mice and humans with
obesity despite the species differences in the source of plasma
resistin. Circulating inﬂammatory cytokines TNFa and IL-6 are
depicted because of their role in resistin induction in human
macrophages and their implied role in insulin resistance. Other
cytokines and inﬂammatory markers may also contribute to insulin
resistance and/or resistin induction.
DOI: 10.1371/journal.pmed.0010045.g006

mation by administration of LPS causes insulin resistance in
humans [37], and here we have demonstrated the concomitant induction of resistin. Interestingly, the peak in TNFa
and IL-6 levels after LPS administration to humans precedes
a phase of prolonged insulin resistance that begins approximately 6 h after LPS administration [37], closely approximating the time course of resistin induction. Hence resistin
is a potential mediator of insulin resistance in humans with
acute inﬂammation. Moreover, obesity is associated with
activation of innate immunity [6], including the inﬂammatory
mediators that induce resistin. In this context it is intriguing
that resistin levels are increased in obesity [25,26] and that
insulin-sensitizing agents such as aspirin and rosiglitazone,
with disparate primary molecular targets, antagonize resistin
induction. Indeed, thiazolidinedione suppression of resistin
levels has recently been correlated with hepatic insulin
PLoS Medicine | http://www.plosmedicine.org

167

November 2004 | Volume 1 | Issue 2 | e45

Inflammation and Resistin in Humans

20.

21.

22.
23.

24.

25.

26.
27.

28.

29.

30.
31.

32.

33.

34.

35.

36.
37.

38.

39.
40.

41. Panidis D, Koliakos G, Kourtis A, Farmakiotis D, Mouslech T, et al. (2004)
Serum resistin levels in women with polycystic ovary syndrome. Fertil Steril
81: 361–366.
42. Zhang JL, Qin YW, Zheng X, Qiu JL, Zou DJ (2003) Serum resistin level in
essential hypertension patients with different glucose tolerance. Diabet
Med 20: 828–831.
43. Bajaj M, Suraamornkul S, Hardies LJ, Pratipanawatr T, DeFronzo RA (2004)
Plasma resistin concentration, hepatic fat content, and hepatic and
peripheral insulin resistance in pioglitazone-treated type II diabetic
patients. Int J Obes Relat Metab Disord 28: 783–789.
44. Hotamisligil GS, Shargill NS, Spiegelman BM (1993) Adipose expression of
tumor necrosis factor-a: Direct role in obesity-linked insulin resistance.
Science 259: 87–91.
45. Tsigos C, Papanicolaou DA, Kyrou I, Defensor R, Mitsiadis CS, et al. (1997)
Dose-dependent effects of recombinant human interleukin-6 on glucose
regulation. J Clin Endocrinol Metab 82: 4167–4170.
46. Lehrke M, Lazar MA (2004) Inﬂamed about obesity. Nat Med 10: 126–127.
47. Takeda K, Kaisho T, Akira S (2003) Toll-like receptors. Annu Rev Immunol
21: 335–376.
48. Cohen J (2002) The immunopathogenesis of sepsis. Nature 420: 885–891.
49. Satoh H, Nguyen MT, Miles PD, Imamura T, Usui I, et al. (2004)
Adenovirus-mediated chronic ‘‘hyper-resistinemia’’ leads to in vivo insulin
resistance in normal rats. J Clin Invest 114: 224–231.
50. Rangwala SM, Rich AS, Rhoades B, Shapiro JS, Obici S, et al. (2004)
Abnormal glucose homeostasis due to chronic hyperresistinemia. Diabetes
53: 1937–1941.

concentrations measured by enzyme-linked immunosorbent assay using a
newly developed monoclonal antibody are elevated in individuals with type
2 diabetes mellitus. J Clin Endocrinol Metab 89: 150–156.
Fujinami A, Obayashi H, Ohta K, Ichimura T, Nishimura M, et al. (2004)
Enzyme-linked immunosorbent assay for circulating human resistin:
Resistin concentrations in normal subjects and patients with type 2
diabetes. Clin Chim Acta 339: 57–63.
Silha JV, Krsek M, Skrha JV, Sucharda P, Nyomba BL, et al. (2003) Plasma
resistin, adiponectin and leptin levels in lean and obese subjects:
Correlations with insulin resistance. Eur J Endocrinol 149: 331–335.
Pfutzner A, Langenfeld M, Kunt T, Lobig M, Forst T (2003) Evaluation of
human resistin assays with serum from patients with type 2 diabetes and
different degrees of insulin resistance. Clin Lab 49: 571–576.
McTernan PG, Fisher FM, Valsamakis G, Chetty R, Harte A, et al. (2003)
Resistin and type 2 diabetes: Regulation of resistin expression by insulin
and rosiglitazone and the effects of recombinant resistin on lipid and
glucose metabolism in human differentiated adipocytes. J Clin Endocrinol
Metab 88: 6098–6106.
Lee JH, Chan JL, Yiannakouris N, Kontogianni M, Estrada E, et al. (2003)
Circulating resistin levels are not associated with obesity or insulin
resistance in humans and are not regulated by fasting or leptin
administration: Cross-sectional and interventional studies in normal,
insulin-resistant, and diabetic subjects. J Clin Endocrinol Metab 88: 4848–
4856.
Degawa-Yamauchi M, Bovenkerk JE, Juliar BE, Watson W, Kerr K, et al.
(2003) Serum resistin (FIZZ3) protein is increased in obese humans. J Clin
Endocrinol Metab 88: 5452–5455.
Azuma K, Katsukawa F, Oguchi S, Murata M, Yamazaki H, et al. (2003)
Correlation between serum resistin level and adiposity in obese individuals.
Obes Res 11: 997–1001.
Reilly MP, Iqbal N, Schutta M, Wolfe ML, Scally M, et al. (2004) Plasma
leptin levels are associated with coronary atherosclerosis in type 2 diabetes.
J Clin Endocrinol Metab 89: 3872–3878.
Kaser S, Kaser A, Sandhofer A, Ebenbichler CF, Tilg H, et al. (2003) Resistin
messenger-RNA expression is increased by proinﬂammatory cytokines in
vitro. Biochem Biophys Res Commun 309: 286–290.
Idriss HT, Naismith JH (2000) TNF alpha and the TNF receptor
superfamily: Structure-function relationship(s). Microsc Res Tech 50:
184–195.
Van Amersfoort ES, Van Berkel TJ, Kuiper J (2003) Receptors, mediators,
and mechanisms involved in bacterial sepsis and septic shock. Clin
Microbiol Rev 16: 379–414.
Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK (1998) The peroxisome
proliferator-activated receptor-c is a negative regulator of macrophage
activation. Nature 391: 79–82.
Yuan M, Konstantopoulos N, Lee J, Hansen L, Li ZW, et al. (2001) Reversal
of obesity- and diet-induced insulin resistance with salicylates or targeted
disruption of Ikkbeta. Science 293: 1673–1677.
Palombella VJ, Rando OJ, Goldberg AL, Maniatis T (1994) The ubiquitinproteasome pathway is required for processing the NF-kappa B1 precursor
protein and the activation of NF-kappa B. Cell 78: 773–785.
Lin YZ, Yao SY, Veach RA, Torgerson TR, Hawiger J (1995) Inhibition of
nuclear translocation of transcription factor NF-kappa B by a synthetic
peptide containing a cell-permeable motif and nuclear localization
sequence. J Biol Chem 270: 14255–14258.
Soop M, Duxbury H, Agwunobi AO, Gibson JM, Hopkins SJ, et al. (2002)
Euglycemic hyperinsulinemia augments the cytokine and endocrine
responses to endotoxin in humans. Am J Physiol Endocrinol Metab 282:
E1276–E1285.
Fernandez-Real JM, Ricart W (2003) Insulin resistance and chronic
cardiovascular inﬂammatory syndrome. Endocr Rev 24: 278–301.
Agwunobi AO, Reid C, Maycock P, Little RA, Carlson GL (2000) Insulin
resistance and substrate utilization in human endotoxemia. J Clin
Endocrinol Metab 85: 3770–3778.
Suffredini AF, Fromm RE, Parker MM, Brenner M, Kovacs JA, et al. (1989)
The cardiovascular response of normal humans to the administration of
endotoxin. N Engl J Med 321: 280–287.
Martich GD, Boujoukos AJ, Suffredini AF (1993) Response of man to
endotoxin. Immunobiology 187: 403–416.
Levi M, van der Poll T, ten Cate H, van Deventer SJ (1997) The cytokinemediated imbalance between coagulant and anticoagulant mechanisms in
sepsis and endotoxaemia. Eur J Clin Invest 27: 3–9.

PLoS Medicine | http://www.plosmedicine.org

Patient Summary
Why Was This Study Done? There is a very close connection between
obesity and diabetes: diabetes is more common among obese people,
and people with type 2 diabetes know that weight control is an essential
part of their diabetes treatment. But the link between extra body fat and
diabetes remains a puzzle. Recent experiments in mice suggested that a
hormone called resistin could be the missing link. One reason is that
resistin levels respond to a particular class of diabetes drugs called
thiazolidinediones. But studies in humans found that mice and humans
are quite different when it comes to resistin. One difference is that in
mice resistin is produced by fat cells, but in humans it is produced by
special immune cells called macrophages that are involved inflammation. Researchers are now studying what role—if any—resistin might
have in humans with obesity and diabetes and are studying the
similarities in the ways in which the body reacts to obesity and
inflammation.
What Did the Researchers Do? The researchers examined what
happens to resistin levels when human macrophages or human patients
are exposed to substances that trigger inflammation.
What Did They Find? The substances that trigger inflammation caused
higher resistin levels, but resistin levels were lowered again by
thiazolidinediones.
What Does This Mean? Because in mice higher resistin levels (produced
by fat cells) are linked to diabetes, one possibility is that obesity in
humans, by being similar to inflammation, causes immune cells to make
lots of resistin and hence promotes diabetes that way.
What Next? More research is necessary to confirm these findings and to
find out how important resistin is as a link between obesity and diabetes,
and how resistin promotes diabetes.
Additional Information. United States National Institute of Diabetes,
Digestive, and Kidney Diseases (NIDDK) information on obesity: http://
www.niddk.nih.gov/health/nutrit/pubs/unders.htm
NIDDK information on diabetes: http://diabetes.niddk.nih.gov/
International Diabetes Federation: http://www.idf.org/
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