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Resistin is a novel adipocyte-secreted hormone proposed to
link obesity with diabetes. Studies in mice have revealed con-
flicting data however, and the physiological role of circulating
resistin in humans remains unknown. We conducted cross-
sectional studies in 123 middle-aged women and 120 healthy
young subjects and found that serum resistin levels did not
correlate with markers of adiposity, including body mass in-
dex, waist-to-hip ratio, or fat mass, or insulin resistance as-
sessed by homeostasis model, lipid profile, or serum leptin
levels; but females had higher resistin levels than males (P <
0.02). We also found no difference in serum resistin levels

between lean healthy and obese insulin-resistant nondiabetic
and type 2 diabetic adolescents. Finally, to evaluate the effect
of food deprivation and/or leptin administration on resistin
levels, we performed interventional studies that revealed no
significant difference in resistin levels after 48 h of fasting
and/or leptin administration at either physiological or phar-
macological doses. We conclude that circulating resistin is
unlikely to play a major role in insulin resistance or energy
homeostasis in humans. (J Clin Endocrinol Metab 88:
4848-4856, 2003)

RESISTIN, ALSO CALLED adipocyte-secreted factor
(ADSF) or found in inflammatory zone 3 (F1ZZ73), is a
novel hormone secreted by adipocytes that has been pro-
posed to link obesity with insulin resistance and diabetes
(1-3). Resistin belongs to a family of cysteine-rich secreted
proteins along with resistin-like molecule a«(RELM-a), ex-
pressed in adipose tissue, heart, lung, and tongue, and
RELMp, which is expressed in the intestine (3, 4). Initial
studies in mice suggested that resistin mediates insulin re-
sistance by antagonizing insulin action and modulating one
or more steps in the insulin-signaling pathway (1, 5). How-
ever, conflicting animal data have since been presented re-
garding whether resistin production is increased (1, 5) or
decreased (6-10) in obesity and decreased (1, 5, 11-13) or
increased (6, 14) by thiazolidinediones (TZDs), drugs known
to reduce insulin resistance.

Importantly, the relevance and physiological role of re-
sistin in humans remain unknown. Given the incomplete
homology (59%) between human and mouse resistin (4) and

Abbreviations: BIA, Bioelectrical impedance analysis; BMI, body
mass index; CV, coefficient of variation; DEXA, dual-energy x-ray ab-
sorptiometry; FM, fat mass; %FM, percent fat mass; HOMA, homeostasis
model assessment; IR, insulin resistance; RELM, resistin-like molecule;
r-metHuLeptin, recombinant methionyl human leptin; T2DM, type 2
diabetes; TZD, thiazolidinedione; WC, waist circumference; WHR,
waist-hip ratio.

the absence in humans of one of the three murine resistin
isoforms, resistin in humans may have a different physio-
logical role than that in mice. Studies of genetic variations in
the resistin gene, including single-nucleotide polymor-
phisms, are controversial regarding the role of resistin in
obesity and insulin sensitivity (15-20). Moreover, resistin
mRNA expression is very low in isolated human adipocytes
and does not correlate consistently with insulin resistance or
obesity (21-23), making the role of human resistin in insulin
resistance unclear.

To gain insight into the predictors and physiological role
of circulating resistin in humans, we conducted a series of
cross-sectional and interventional studies. To evaluate
whether resistin correlates with obesity, insulin resistance,
fasting lipid profile, and/or leptin (another adipocyte-
secreted hormone that has important associations with obe-
sity and insulin resistance in rodents and leptin-deficient
humans), we studied cross-sectionally anthropometric, met-
abolic, and hormonal predictors of serum resistin levels in
123 middle-aged women and 120 healthy young subjects. To
assess whether resistin levels are higher in insulin-resistant
states, we compared serum resistin levels in a separate study
of 19 normal-weight healthy adolescents and 19 adolescents
with insulin resistance, i.e. obese nondiabetic subjects and
obese type 2 diabetic (T2DM) subjects. Finally, to determine
whether, similar to studies in mice (1, 2), resistin levels are
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regulated by fasting (a low-insulin and low-leptin state)
and/or leptin administration, we measured resistin levels in
healthy subjects in response to fasting alone, fasting with
physiologic-dose leptin administration, and pharmacologi-
cal doses of leptin in the fed state.

Subjects and Methods
Cross-sectional studies

One hundred thirty Greek middle-aged women [age 49.4 + 9.2 yr,
body mass index (BMI) 30.9 * 5.5 kg/m?], without known history of
diabetes, and 120 Greek students (age 17.7 £ 1.7 yr, BMI 22.3 *+ 3.6
kg/m?) were consecutively enrolled in two separate studies approved
by the Ethics Committee at Harokopio University in Athens, Greece, and
the Institutional Review Board of Beth Israel Deaconess Medical Center.
Use of two studies (relatively older and overweight vs. younger and lean
subjects) allowed us to determine whether there is a delayed effect of
resistin on insulin resistance, i.e. alow-penetration phenomenon, and /or
whether there is a role of resistin in the absence of obesity. Subjects (and
parents of the students) gave written informed consent to participate in
the studies. Subjects completed a self-administered questionnaire on
demographic characteristics, general health status, smoking history, and
current medications, including hormone replacement therapy and oral
contraceptive treatment for the middle-aged women. The women were
classified as premenopausal if they had regular monthly periods, peri-
menopausal if they had irregular periods or elevated FSH levels, and
postmenopausal if they reported no periods for 6 or more months. Blood
samples were collected from all subjects after an overnight fast (=10 h)
between 0830 and 1030 h, and the sera were stored at —70 C. Analysis
was restricted to 123 subjects for whom resistin data were available.

Anthropometry and body composition. Anthropometric and body compo-
sition measurements were performed in all study participants before
breakfast, with the subject wearing light clothing without shoes. For all
subjects, weight and height were measured to the nearest 0.5 kg and 0.5
cm, respectively, and the BMI was calculated as weight (kilograms)
divided by height squared (square meters). Waist circumference (WC)
and hip circumference were also measured by the same observer to a
precision of 0.1 cm, and the waist-to-hip ratio (WHR) was calculated.
Triceps, biceps, subscapular, and suprailiac skinfolds were measured
twice by one observer on the right side of the body to a precision of 0.2
mm using a Lange skinfold caliper (Cambridge Scientific Instruments,
Cambridge, MA) with the average of the two measurements reported.
Body composition was assessed for all subjects by bioelectrical imped-
ance analysis (BIA), using a single frequency bioimpedance analyzer
(model 101, RJL Systems, Mt. Clemens, MI). Fat-free mass and percent
fat mass (%FM) were calculated by anthropometric and BIA variables
using the fatness-specific regression equations developed by Segal et al.
(24) for the group of middle-aged women, and using the age- and
gender-specific equations developed by Deurenberg et al. (25) for the
students.

To validate the BIA and anthropometry measurements, 60 of the
middle-aged women also underwent a dual-energy x-ray absorptiom-
etry (DEXA) scan using a Lunar DPX densitometer (Lunar Corp., Mad-
ison, WI; software version 4.7e) for measurement of total body and trunk
fat mass (expressed in kilograms and percent body weight). Estimates
of fat mass (FM) and %FM obtained from the two methods correlated
strongly with each other (FM by BIA and DEXA: Pearson’s coefficient,
r = 091, P < 0.001; %FM by BIA and DEXA: r = 0.88, P < 0.001).
Moreover, FM and %FM by BIA and DEXA correlated with BMI (both
FM and %FM by BIA and BMI: r = 0.94, P < 0.001; both FM and %FM
by DEXA and BMIL: r = 0.84, P < 0.001). In addition, trunk fat, a
measurement of central adiposity, obtained by DEXA correlated highly
with WC (r = 0.90, P < 0.001) and WHR (r = 0.54, P < 0.001). Thus, in
our analysis, we used BMI and FM calculated by BIA as markers of
overall adiposity, and WC and WHR as markers of central obesity.
Secondary analysis was also performed using DEXA-derived measure-
ments of FM and central obesity.

Study of lean subjects vs. obese, insulin-resistant, nondiabetic and diabetic
subjects. In a separate cross-sectional study, 19 normal-weight healthy
adolescents and 19 obese, insulin-resistant adolescents (10 nondiabetic

J Clin Endocrinol Metab, October 2003, 88(10):4848—-4856 4849

subjects and nine T2DM subjects) were enrolled from the endocrinology
clinic at Connecticut Children’s Medical Center (Hartford, CT), in a
study approved by the Connecticut Children’s Medical Center Institu-
tional Review Board. Subjects and their parents gave written informed
consent to participate in the study. Subjects were classified as obese if
their BMI was over the 95th percentile for age and gender (26). All of the
diabetic adolescents were classified as having T2DM by criteria estab-
lished by the National Diabetes Data Group (27). The mean BMI was
22.2 + 2.1 kg/m? for the normal-weight subjects; 40.3 + 7.3 kg/m? for
the obese, nondiabetic subjects; and 43.5 = 10.5 kg/ m? for the obese
T2DM subjects. There was no significant difference in age among the
three groups: 14.5 + 1.6 yr, 12.9 = 1.1 yr, and 14.8 + 1.2 yr, respectively.
The male:female ratios were similar, i.e. 10:9, 4:6, and 5:4, respectively.
Fasting blood samples were obtained between 0800 and 1000 h, and the
plasma was stored at —70C until analyses of resistin and insulin con-
centrations were performed. Of the subjects with T2DM, three were on
insulin, four were on metformin, and the other two were not on phar-
macotherapy. For the seven subjects on pharmacotherapy, insulin ad-
ministration the evening before blood sampling was decreased to one
third the normal dose and metformin was held the morning of blood
sampling.

Interventional studies

Two interventional studies were performed to investigate the effect
of fasting and/or leptin administration on resistin levels. The Beth Israel
Deaconess Medical Center Institutional Review Board approved the
studies, and all subjects gave written informed consent to participate in
their respective study. Clinical-quality recombinant methionyl human
leptin (r-metHuLeptin) was supplied by Amgen, Inc. (Thousand Oaks,
CA) and was administered under an investigator-initiated investiga-
tional new drug application.

Administration of physiological doses of r-metHuLeptin in the fasted state. Six
normal-weight men (age 22.0 * 2.1 yr, BMI 24.2 + 1.2 kg/m?) were
screened for any medical problems and admitted to the General Clinical
Research Center under three different conditions: baseline fed state, 48-h
fasting with placebo administration, and 48-h fasting with physiologic-
dose r-metHuLeptin administration. The three admissions were sched-
uled at least 7 wk apart from each other to allow for return of body
weight to baseline, avoidance of residual effects of administered r-
metHuLeptin, and recovery of hematocrit. Subjects were admitted to the
General Clinical Research Center the evening before d 1 for each ad-
mission. Fasting blood samples for resistin and leptin measurements
were obtained at 0800 h on d 1 and 3 of each admission.

During the baseline fed state, subjects were placed on an isocaloric
diet to maintain their admission body weight, with four standardized
meals per day: 20% of calories from breakfast (0800 h), 35% from lunch
(1300 h), 35% from dinner (1800 h), and 10% from a snack (2200 h).
During both fasting studies, subjects received only caffeine-free and
calorie-free liquids, NaCl (500 mg/d), KCI (40 meq/d), and a standard
multivitamin with minerals daily. R-metHuLeptin was administered sc
ata dose of 0.04 mg/kg-d on the first day and 0.1 mg/kg-d on the second
day, which were designed to achieve physiological serum leptin levels
similar to the fed state. The total daily dose of r-metHuLeptin was
divided into four equal doses given every 6 h, starting at 0800 h on the
first day after baseline blood samples were obtained. During the fasting
with placebo administration admission, buffer solution was adminis-
tered sc according to the same schedule as r-metHuLeptin.

Administration of pharmacological doses of r-metHuLeptin in the fed state. Five
normal-weight healthy men (BMI < 25 kg/m?), five obese healthy men
(BMI > 29 kg/m?), and five normal-weight healthy women (BMI < 25
kg/m?) were admitted to the General Clinical Research Center during
the evening and received one pharmacological dose of r-metHuLeptin
(0.3 mg/kg) the following morning at 0800 h. Fasting blood samples
were collected in the morning before r-metHuLeptin administration
(time 0) and again 5 h after the dose. During the study, subjects received
an isocaloric diet, as described above.

Hormone measurements. Resistin levels were measured using an ELISA
(Biovendor Laboratory Medicine Inc., Brno, Czech Republic; supplied by
Alpco Diagnostics, Windham, NH) as previously described (28, 29). The
limit of detection is 0.2 ng/ml, intraassay coefficient of variation (CV)
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TABLE 1. Cross-sectional study of 130 middle-aged women: demographic, anthropometric, metabolic, and hormonal parameters

(mean * SD)

Age (y) 49.4 + 9.2
Menopausal status (n = 121)

Premenopausal 44 (36.4%)

Perimenopausal 12 (9.9%)

Postmenopausal 65 (53.7%)
Smoking status (n = 121)

Nonsmoker 86 (71.1%)

Present smoker 31 (25.6%)

Past smoker 4 (3.3%)
Weight (kg) 784 + 15.6
BMI (kg/m?) 309 £5.5
WC (cm) 88.6 = 12.9
WHR 0.80 += 0.06
FM (kg) 329+98
FM (%) 413+ 4.2
Resistin (ng/ml) 93 x17.7
Leptin (ng/ml) 23.4 + 13.7
Cortisol (ug/dl) 9.5 +4.1

(nmol/liter) 262.1 = 113.1

Estradiol (pg/ml) 188.1 = 114.4
(pmol/liter) 690.5 = 420.0

Free testosterone (pg/ml) 14+09
(pmol/liter) 4.85 = 3.12
Fasting glucose (mg/dl) 99.8 £ 16.3
(mmol/liter) 5.54 = 0.90

Fasting insulin (uIU/ml) 79*41
(pmol/liter) 47.4 + 24.6

HOMA-IR 2.0=*+1.3
Total cholesterol (mg/dl) 216.1 = 42.5
(mmol/liter) 5.59 + 1.10
LDL cholesterol (mg/dl) 141.0 £ 37.1
(mmol/liter) 3.65 = 0.96
HDL cholesterol (mg/dl) 54.7 = 12.2
(mmol/liter) 1.41 = 0.32
ApoAl lipoprotein (mg/dl) 114.7 = 12.0
(mmol/liter) 2.97 £ 0.31
ApoB lipoprotein (mg/dl) 87.3 £ 21.6
(mmol/liter) 2.26 + 0.56
Fasting triglyceride (mg/dl) 102.1 = 56.1
(mmol/liter) 2.64 + 1.45

5.2% for low levels and 3.4% for high levels, and inter-assay CV 7.2% and
6.3%, respectively. The antibodies in the ELISA have no detectable
cross-reactivity to mouse resistin or other cytokines in human serum. To
validate the reliability of the resistin ELISA, we assayed serial dilutions
of recombinant human resistin (PeproTech, Inc., Rocky Hill, NJ) between
3.13 ng/ml and 50.0 ng/ml using the Biovendor ELISA on two separate
occasions. We found an excellent correlation between calculated and
observed resistin concentrations each time (r* = 0.99 and 0.98). To
analyze the spiking recovery of the assay, serum from two subjects with
baseline resistin levels of 5.52 ng/ml and 8.59 ng/ml were spiked with
increasing amounts of recombinant human resistin (between 3.13 ng/ml
and 50.0 ng/ml) and assayed. Similar to the spiking recovery data
presented by the manufacturer, our analysis revealed high correlations
(r* = 0.9996 and 0.999). Moreover, the linearity data presented by the
manufacturer show that the assay is highly linear (r* = 0.999). Lastly, we
studied the effect of repeated freezing and thawing of samples on resistin
levels. Serum from four subjects, with resistin levels ranging from 6.77
ng/ml to 19.98 ng/ml, were each divided into two aliquots, one of which
was frozen/thawed five times and the other that was thawed once and
stored at 4 C for the 2 d before being assayed. No significant difference
in resistin levels between the two groups was detected (12.2 *+ 8.1 vs.
11.0 £ 6.1 ng/ml, P = 0.31, by paired ¢ test).

Additional hormone concentrations were measured using commer-
cially available RIAs as follows: leptin (Linco Research, St. Charles, MO;
sensitivity 0.5 ng/ml; intraassay CV 8.3%); cortisol [Diagnostics Systems
Laboratories (DSL), Webster, TX; sensitivity 0.5 ug/dl (13.8 nmol/liter);
intraassay CV 5.3—-8.4%]; insulin [DSL; sensitivity 1.3 uIU/ml (7.8 pmol/
liter); intraassay CV 8.3%]; estradiol [Diagnostic Products Corp. (DPC),
Los Angeles, CA; sensitivity 8.0 pg/ml (29.4 pmol/liter); intraassay CV
4.3-7.0%]; and free testosterone [DPC; sensitivity 0.15 pg/ml (0.52
pmol/liter); intraassay CV 8.0%]. For the Connecticut Children’s Med-
ical Center adolescents, insulin was measured via ELISA (DSL; sensi-
tivity 0.26 uIU/ml (1.56 pmol/liter); intraassay CV 2.6% for low levels
and 1.3% for high levels; interassay CV 5.2% for low levels and 6.2% for
high levels). The ELISA has no cross-reactivity with proinsulin or C
peptide. Cross-validation with the DSL insulin RIA yielded a high cor-
relation (r = 0.96). To minimize variability, hormone levels were mea-
sured in one assay for all subjects participating in each cross-sectional
study and in one assay for each subject in the interventional studies.
Glucose and lipid profiles were measured using a photometric method
with liquid reactants (Hitachi 917, Indianapolis, IN). Insulin resistance
(IR) was estimated using the homeostasis model assessment (HOMA)
using the formula: IR = fasting insulin X fasting glucose/22.5 (30).

Statistical analysis

SPSS 8.0 software (SPSS Inc., Chicago, IL) was used for statistical
analysis, and P less than 0.05 (two-tailed) was considered statistically

significant for all analyses. In the cross-sectional studies of middle-aged
women and young subjects, we calculated Pearson’s correlation coef-
ficients and then performed bivariate and multivariate regression anal-
yses. We evaluated for associations between serum resistin levels and
anthropometric (BMI, FM, WC, WHR), metabolic (fasting glucose, in-
sulin, HOMA-IR, lipid profile), and hormonal (leptin, cortisol, estradiol,
free testosterone) parameters, all expressed as continuous variables.
Analyses were controlled for potential confounders, including age,
menopausal status, FM, and estrogen levels for the middle-aged women,
and gender, age, and FM for the young population. Several variables
were logarithmically transformed to obtain a normal distribution. Sub-
jects taking hormone replacement (n = 5) or oral contraceptive (n = 2)
treatment at the time of the evaluation were included. In addition to
adjustment for circulating estrogen levels, multivariate regression anal-
ysis models were also run to adjust for estrogen replacement using a
dummy variable (yes/no) and after stratification for hormone replace-
ment (i.e. by excluding women on hormone replacement). We used ¢ tests
to analyze for differences in body composition, Tanner stage, and hor-
monal parameters between the normal-weight and obese adolescents
from the Connecticut Children’s Medical Center. We used one-way
ANOVA with post hoc (least significant difference) analysis to assess for
differences in resistin and insulin levels among the normal-weight, obese
nondiabetic, and obese T2DM adolescents. For the interventional stud-
ies, because the data were not normally distributed, we used Wilcoxon
signed ranks tests to evaluate for changes in resistin levels between d 1
and 3 of each fed or fasting admission and between time 0 and 5 h after
administration of a pharmacological dose of leptin.

The size of each cross-sectional study of 123 middle-aged women and
120 young subjects provided more than 80% power, and the combination
of both studies provided more than 96% power, to detect clinically-
significant associations (r = 0.22) at the conventional a = 0.05 level.
Comparing two groups of 19 subjects each (Connecticut Children’s
Medical Center subjects) provided more than 80% power at the con-
ventional a = 0.05 level to detect a difference in mean resistin levels 80%
or more of the corresponding sp.

Results

Table 1 summarizes the demographic, anthropometric,
metabolic, and hormonal parameters of the 130 middle-aged
women enrolled in the first cross-sectional study. The mean
WC was 88.6 = 12.9 cm, FM 32.9 = 9.8 kg, and %FM 41.3 *
4.2%. Subjects had a mean resistin level of 9.3 = 7.7 ng/ml,
mean leptin level of 23.4 * 13.7 ng/ml, and mean fasting
insulin level of 7.9 * 4.1 ulU/ml (47.4 + 24.6 pmol/liter).

Figure 1 illustrates the positive association between serum
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Fic. 1. Association of BMI (kg/m?) and fat mass (kg) with logarithmically transformed serum leptin (A) and resistin (B) in 123 middle-aged

women.

leptin levels and BMI (Pearson’s correlation coefficient r =
0.69, P < 0.001) and FM (r = 0.72, P < 0.001), and the lack
of association between resistin levels and BMI (r = —0.12, P =
0.18) or EM (r = —0.12, P = 0.17). To evaluate potential
predictors of resistin, we performed bivariate regression
analyses of resistin and several anthropometric, metabolic,
and hormonal factors. We found no correlation of resistin
with any markers of adiposity or insulin resistance, including
BMI, WC, WHR, FM, insulin and HOMA-IR (Table 2). In
addition, there was no association between resistin levels and
lipid (total cholesterol, high-density lipoprotein, low-density
lipoprotein, triglyceride) or hormone levels (leptin, cortisol,

estradiol, free testosterone) (Table 2). To adjust for potential
confounders, we then performed multivariate regression
analyses, adjusting for successively introduced covariates,
i.e. age, menopausal status, estradiol level (or use of estrogen
replacement therapy), and FM. With these adjustments, we
again found no association between resistin and markers of
adiposity or insulin resistance, lipid levels, or hormone levels
(Table 2). Similar multivariate models adjusting for age and
menopausal status but excluding perimenopausal women or
women on hormone replacement therapy yielded similar
results (data not shown). Secondary analysis using bivariate
and multivariate models assessing DEXA-derived measure-
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TABLE 2. Cross-sectional study of 123 middle-aged women:
bivariate and multivariate regression analysis of anthropometric,
metabolic, and hormonal factors as predictors of serum resistin
levels

B1 B2 B3 B4 B5

Age 0.02 N/A 0.04 0.03 0.04
BMI (kg/m?) 0.10 010 010 0.11 0.04
WC (cm) 0.09 010 010 0.12 -0.05
WHR 0.01 0.01 0.01 0.01 -0.04
FM (kg)* 0.10 0.10 0.11 0.11 N/A

FM (%) 0.09 0.09 0.09 010 N/A

Total cholesterol (mg/dl) -0.17 -0.18 -0.17 -0.17 -0.18
LDL cholesterol (mg/dl) -0.13 -0.14 -0.13 -0.13 -0.15
HDL cholesterol (mg/dl) -0.18 -0.18 -0.19 -0.19 -0.19
Triglyceride (mg/dl)* -0.14 -0.15 -0.13 -0.13 -0.21
Fasting glucose (mg/dl) 0.11 0.11 0.12 0.13 0.02
Fasting insulin (uIU/mD)* 0.18 0.18 018 0.19 0.05
HOMA-IR* 020 020 0.20 0.21 0.05
Leptin (ng/mD)* 0.07 0.07 0.07 0.08 0.01
Cortisol (ug/dl)* 0.00 0.01 0.01 0.00 -0.00
Estradiol (pg/ml)* -0.01 -0.01 -0.01 N/A -0.04

Free testosterone (pg/ml)* 0.05 0.05 0.05 0.05 0.06

B1, Bivariate standardized linear regression coefficient; 82, mul-
tivariate standardized regression coefficient adjusted for age; B3,
multivariate standardized regression coefficient adjusted for age and
menopausal status; 4, multivariate standardized regression coeffi-
cient adjusted for age, menopausal status, and estradiol level; 35,
multivariate standardized regression coefficient adjusted for age,
menopausal status, estradiol level, and FM (P > 0.05 for all values).

“ Natural logarithmic transformation was performed before anal-
ysis.

ments of FM and central obesity also revealed similar results
(data not shown). Because of the impact of tobacco use on
cardiovascular risk, we also performed multivariate analyses
adjusting for age and smoking and did not find a correlation
between resistin and any of the variables (data not shown).
Furthermore, we explored nonlinear correlations between
resistin and both FM and HOMA-IR and did not find sig-
nificant associations (data not shown). Finally, we compared
resistin levels between obese (BMI > 30 kg/m? n = 59) and
nonobese women (BMI < 30 kg/ m?, n = 64) and found no
significant difference between the two groups (8.7 = 7.3
ng/ml vs. 9.9 * 8.1 ng/ml, P = 0.41 by ¢ test).

Table 3 summarizes the demographic, anthropometric,
metabolic, and hormonal parameters of the 120 young sub-
jects enrolled in the second cross-sectional study. The male:
female ratio was 56:62. The population was lean (BMI22.3 *
3.6 kg/m? WC 74.3 + 10.5 cm, %FM 22.7 * 7.9%), and none
of the subjects had diabetes mellitus. Subjects had a mean
resistin level of 4.5 = 1.9 ng/ml, mean leptin level of 6.8 *
5.9 ng/ml, and mean fasting insulin level of 5.6 + 3.2 uIU/ml
(33.6 = 19.2 pmol/liter).

Figure 2 depicts the positive association between leptin
and BMI (r = 0.30, P = 0.001) and FM (r = 0.65, P < 0.001),
and lack of association between resistin and BMI (r = —0.02,
P =083) or FM (r = 0.15, P = 0.11). By bivariate and
multivariate regression analysis, females had higher resistin
levels, compared with males (8 = —0.29, P = 0.002), even
after adjustment for age and FM (Table 4). Females had a
mean resistin level of 4.9 * 1.6 ng/ml, compared with 4.1
2.1 ng/ml for males (P = 0.02 by ¢ test). Although there were
weak associations between resistin and sum of skinfolds (8 =
0.20, P = 0.03), %FM (B = 0.25, P < 0.01), and free testos-
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terone (B = —0.28, P = 0.002) by bivariate analysis, these
correlations decreased and lost significance after adjustment
for gender, indicating that these associations are due to con-
founding by gender. Similarly, there was a significant pos-
itive association between resistin and leptin levels (8 = 0.32,
P = 0.001) that achieved only borderline statistical signifi-
cance after adjustment for gender (Table 4). There were also
no significant associations between resistin levels and WC,
WHR, FM, or insulin by bivariate and multivariate regres-
sion analysis (Table 4). Lastly, there was no association be-
tween resistin levels and either smoking or exercise status
(data not shown).

To further investigate whether resistin correlates with in-
sulin resistance and/or obesity, we compared resistin levels
in 19 normal-weight and 19 obese insulin-resistant adoles-
cents. There was no significant difference in Tanner stage
between the two groups (data not shown), but the two
groups had significant differences in weight (61.0 = 7.5 kg vs.
111.4 + 27.0 kg, P < 0.001); BMI (22.2 = 2.1 kg/m? vs. 41.8 =
8.8 kg/m?, P < 0.001); insulin levels [9.0 = 6.7 uIU/ml vs.
45.4 * 32.7 ulU/ml (54.0 + 40.2 pmol/liter vs. 272.4 = 196.2
pmol/liter), P < 0.001]; and HOMA-IR (2.2 + 0.9 vs. 6.3 = 4.6,
P =0.001). Resistin levels did not differ significantly between
the two groups (5.6 = 1.9 ng/ml vs. 6.7 = 3.3 ng/ml,
P = 0.21).

To evaluate whether diabetes mellitus per se is associated
with resistin levels, we compared the obese insulin resistant
nondiabetic subjects with the T2DM subjects. Fasting insulin
levels were 52.5 = 40.5 uIU/ml (315.0 = 243.0 pmol/liter) for
the nondiabetic subjects and 37.6 = 20.9 nIlU/ml (225.6 *
125.4 pmol/liter) for the T2DM subjects, compared with
9.0 * 6.7 uIlU/ml (54.0 = 40.2 pmol/liter) for the normal-
weight subjects (P < 0.001 by one-way ANOVA). By post hoc
(least significant difference) analysis, there was a significant
difference in insulin levels between the normal-weight sub-
jects and both obese nondiabetic subjects (P < 0.001) and
obese T2DM subjects (P = 0.005). Insulin levels and
HOMA-IR were not different among patients on insulin,
metformin, or no pharmacotherapy. There was no significant
difference in resistin levels between the obese nondiabetic
subjects (5.8 = 1.6 ng/ml), obese T2DM subjects (7.8 * 4.6
ng/ml), and normal-weight subjects (5.6 = 1.9 ng/ml) (P =
0.13 by one-way ANOVA).

We then evaluated whether fasting and/or leptin admin-
istration regulates resistin levels in healthy subjects. In the
fed state, leptin and resistin levels remained stable between
d1and d3 (Ieptin 1.6 = 1.6 ng/ml vs. 1.7 * 0.8 ng/ml, P =
0.31; resistin 9.5 * 2.4 ng/ml vs. 10.4 * 4.3 ng/ml, P = 0.53).
After 48 h of fasting plus placebo administration, weight
decreased from 75.7 + 7.1 kgond 1to 73.4 = 72 kgon d 3
(P = 0.03), and leptin levels declined by 67% (2.1 = 1.8 ng/ml
vs. 0.7 £ 0.9 ng/ml, P = 0.01). Leptin replacement during
fasting restored the decrease in leptin levels to levels higher
than baseline but within the normal physiological range for
lean men (2.3 * 1.9 ng/ml vs. 4.8 = 2.1 ng/ml, P = 0.06).
However, resistin levels remained unchanged after 48 h of
fasting with placebo administration (11.2 = 3.2 ng/ml vs.
10.6 = 2.1 ng/ml, P = 0.34), and after 48 h of fasting plus
physiologic-dose r-metHuLeptin administration (8.9 + 2.4
ng/ml vs. 9.9 = 2.3 ng/ml, P = 0.50).
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TABLE 3. Cross-sectional study of 120 young subjects: demographic, anthropometric, metabolic, and hormonal parameters (mean * SD)

Age (yr) 17.7 + 1.7
Gender

Males n = 56 (47.5%)

Females n = 62 (52.5%)
Smoking status

Nonsmoker n = 67 (57.3%)

n =9 (7.7%)
n = 31(26.5%)

Light smoker
Moderate smoker

Heavy smoker n = 10 (8.5%)
Exercise status

Sedentary n =7 (6.0%)

Light n = 31 (26.5%)

Moderate n = 50 (42.7%)

Vigorous n = 29 (24.8%)
Weight (kg) 63.4 = 13.7
BMI (kg/m?) 22.3 + 3.6

WC (cm) 74.3 = 10.5
WHR 0.76 = 0.1
FM (kg) 144 6.2
% FM 22.7+ 179
Resistin (ng/ml) 45+19
Leptin (ng/ml) 6.8 5.9
Cortisol (ug/dl) 11.1 £ 44
(nmol/liter) 306.2 + 121.4
Estradiol (pg/ml) 60.3 + 52.6
(pmol/liter) 221.4 = 193.1
Free testosterone (pg/ml) 179 =174
(pmol/liter) 62.1 = 60.3
Fasting insulin (uIU/ml) 5.6 = 3.2
(pmol/liter) 33.6 £ 19.2

Because there was no effect of physiological levels of leptin
on resistin levels, we studied whether resistin levels are
affected by pharmacological leptin levels by measuring lep-
tin and resistin levels immediately before and 5 h after a
pharmacological dose of r-metHuLeptin was administered
to 15 healthy subjects, i.e. five normal-weight men (age 22.2 +
2.0 yr, BMI 22.0 * 1.0 kg/m?), five obese men (age 23.4 = 3.4
yr, BMI 32.0 + 2.3 kg/m?), and five normal-weight women
(age 204 = 1.5 yr, BMI 21.9 = 1.5 kg/m?). Leptin levels
increased more than 20-fold (10.6 = 7.6 ng/ml vs. 243.7 *
114.2 ng/ml, P = 0.001), but resistin levels did not change
significantly (6.2 * 2.4 ng/ml vs. 5.8 * 1.8 ng/ml, P = 0.21)
over this period of elevated leptin levels. Separate analyses
within each subgroup (lean men, obese men, and lean
women) also showed no significant difference in resistin
levels at baseline and 5 h after r-metHuLeptin administration
(data not shown).

Discussion

We present one of the first human studies on circulating
resistin levels and, using a highly specific ELISA, find no
evidence supporting a role for serum resistin in mediating
insulin resistance or reflecting obesity in humans. Specifi-
cally, we found no independent associations between resistin
and markers of obesity, central adiposity, insulin resistance,
hyperlipidemia, leptin, or sex hormones in healthy over-
weight middle-aged women and healthy lean young men
and women. Additionally, we found no difference in resistin
levels between normal-weight adolescents and obese insulin
resistant nondiabetic and T2DM adolescents, despite a dis-
tinct elevation in insulin levels in the insulin resistant non-
diabetic and diabetic groups, compared with the control
group. Similar to leptin, resistin levels exhibit a sexual di-
morphism, with women having higher levels than men
(~20% higher), but unlike leptin, circulating resistin levels
are not affected by acute fasting and/or by r-metHuLeptin
administration at either physiological or pharmacological
doses.

Prior studies in mice have shown conflicting results re-
garding the link between resistin and insulin resistance
and/or obesity. Initial studies supported a role for resistin in
mediating insulin resistance. Circulating resistin levels were
found to be elevated in genetic (ob/ob and db/db) and diet-

induced models of obesity (1). Exogenous resistin adminis-
tration to healthy mice worsened glucose tolerance and in-
duced insulin resistance, but neutralizing antiresistin
antibodies in obese, insulin-resistant mice improved insulin
sensitivity and glucose tolerance (1, 5). Interestingly, infusion
of either resistin or RELM induced severe hepatic but not
peripheral insulin resistance, including inhibition of glucose
metabolism and increased glucose production (31). TZDs,
which lower insulin resistance by binding to peroxisome
proliferator activated receptor-y (PPARvy) receptors, de-
creased resistin levels in 0b/ob mice and diabetic fatty rats (1,
5, 11, 12). Furthermore, tissue-cultured murine adipocytes
treated with TZDs decreased resistin mRNA expression (1,
11, 13, 32). In contrast, resistin expression in 3T3-L1 adipo-
cytes and adipose tissue was increased by high glucose con-
centrations and dexamethasone (13, 33). Finally, serum re-
sistin levels in mice as measured by immunoblot decreased
after a 48-h fast, with similar changes in resistin mRNA and
protein expression in adipocytes (1, 2, 33).

Other studies, however, have not supported a role for
resistin in mediating insulin resistance in rodents. TZD treat-
ment increased resistin expression in both lean and obese
rodents, including ob/ob mice and Zucker diabetic fatty rats
(6, 14), and resistin protein expression was increased by 66%
in db/db mice treated with metformin (34). Others have
shown that adipose tissue of obese mice has decreased ex-
pression of resistin mRNA (6-8, 10, 33) and that resistin gene
expression in the adipose tissue of insulin-resistant Fischer
344 rats is similar to that of age-matched, insulin-sensitive
Sprague Dawley rats (35). Additionally, resistin gene expres-
sion in 3T3-L1 adipocytes was inhibited by insulin and
TNFa, which are increased in obesity (13, 32, 33, 36). The
inconsistencies between animal studies may be related to
methodological limitations, including different methods
used to measure resistin, and/or variation among serum
concentrations, mRNA, and protein levels, or may indicate
that resistin does not play a significant role in the patho-
physiology of insulin resistance (37).

Studies of resistin mRNA and protein expression in adi-
pose tissue of humans have provided additional support that
resistin may not play a role in insulin resistance or obesity in
humans. Resistin mRNA and protein expression are in-
creased in abdominal fat depots (23, 38) and whole adipose
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tissue of obese individuals, but isolated human adipocytes
have very low resistin mRNA levels (21). Furthermore, pre-
vious studies have reported no differences in resistin ex-
pression in human fat and muscle cells when healthy, insu-
lin-resistant, and T2DM subjects were compared (22), no
correlation between resistin gene expression in human adi-
pocytes and insulin resistance (39) or BMI (21), and, in con-
trast to mice studies (1, 5, 6, 11-14, 32), no change in resistin
expression in human mononuclear cells in response to per-
oxisome proliferator activated receptor-y agonists (21). Fi-
nally, studies on the potential association between genetic
variations of the resistin gene and obesity or insulin resis-
tance have revealed inconsistent results (15-20). Thus, hu-

man studies have not provided consistent evidence that tis-
sue resistin expression plays a key role in the development
of insulin resistance (37).

The cross-sectional and interventional studies we report
herein do not support a major role for circulating resistin in
mediating obesity or insulin resistance and/or linking obe-
sity to diabetes in humans. Given the incomplete homology
between human and mouse resistin (4) and the differences in
energy metabolism between mice and humans, the physiol-
ogy of resistin in mice may differ from that in humans (37,
40). Furthermore, in humans, resistin lies on chromosome
19p13.3, a region that has not been linked with susceptibility
to obesity or insulin resistance (40). Our findings are con-
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TABLE 4. Cross-sectional study of 120 young subjects: bivariate
and multivariate regression analysis of anthropometric, metabolic,
and hormonal factors as predictors of serum resistin levels

p1 B2 B3 p4
Gender -0.29¢ N/A -0.30° —0.28
Age 0.07 -0.10 N/A 0.09
BMI (kg/m?) —0.02 0.08 0.07 N/A
WC (cm) -0.05 0.19 0.17 0.48
WHR -0.11 0.18 0.16 0.13
Sum of skinfolds (mm) 0.20¢ 0.13 0.13 N/A
FM (kg) 0.15 0.11 0.09 N/A
FM (%) 0.25¢ 0.10 0.09 N/A
Fasting insulin (uIU/ml) -0.02 -0.01 —-0.02 -0.07
Leptin (ng/ml)° 0.32¢ 0.23¢ 0.23¢ 0.30¢
Cortisol (ug/dl) —0.05 0.05 0.04 0.05
Estradiol (pg/ml) 0.18 0.04 0.05 0.06
Free testosterone (pg/ml)  —0.28¢ -0.12 -0.14 -0.15

B1, Bivariate standardized linear regression coefficient; 82, mul-
tivariate standardized regression coefficient adjusted for gender; 33,
multivariate standardized regression coefficient adjusted for gender
and age; B4, multivariate standardized regression coefficient adjusted
for gender, age, and FM.

“0.001 < P < 0.01.

&P =0.001.

€0.01 <P < 0.05.

40.05 < P < 0.10.

¢ Natural logarithmic transformation was performed before anal-
ysis.

sistent with prior studies that demonstrated no association
between human resistin mRNA and protein expression and
insulin resistance or obesity (21, 22, 39). Additionally, we
previously found no association between serum resistin lev-
els and either total energy or macronutrient intake (28), and
a recent study, using the same resistin ELISA as in our stud-
ies, found no difference in serum resistin levels between
insulin-resistant nondiabetic partial lipodystrophy patients
and healthy controls (29).

Although there is evidence for higher resistin mRNA in
visceral, compared with peripheral, fat (23, 38, 41), our data
do not reveal a significant association between circulating
resistin and central obesity in humans and thus do not sup-
port a role for resistin in mediating the effect of central
obesity on insulin resistance or diabetes. Similar to leptin,
resistin levels in mice decrease in response to fasting and
increase with feeding or insulin administration (1, 2). In
contrast to mice, however, we detected no changes in circu-
lating resistin levels after 2 d of fasting in healthy humans.
Furthermore, we found no significant correlation between
resistin and leptin after adjustment for gender. Lastly, neither
restoring the fasting-induced decrease in leptin levels to
physiological levels nor achieving pharmacological leptin
levels with r-metHuLeptin administration altered resistin
levels.

This study was adequately powered to demonstrate clin-
ically significant associations and differences between
groups and used state-of-the-art methodology. We evaluated
not only linear correlations of resistin with the outcomes of
interest but also the possibility that nonlinear associations
may exist between resistin and its putative effects, as pre-
viously suggested (42). We have studied different groups
with varying degrees of insulin resistance and obesity and
included a nonobese group of young subjects to evaluate the
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hypothesis that the impact of resistin may be more important
in the absence of severe obesity (42) and/or that the effect of
resistin on insulin resistance may be delayed, reflecting a
low-penetration phenomenon.

Although our data do not support the notion that circu-
lating resistin plays a critical role in insulin resistance and / or
energy homeostasis in humans, it remains possible that re-
sistin acting in a paracrine or autocrine manner may play a
relatively more important role. Future research on the biol-
ogy of circulating resistin in humans and the role of adipose
tissue expression of resistin and RELMs in adipogenesis,
obesity, and insulin resistance would shed more light on
resistin physiology in humans. Interventional studies includ-
ing recombinant human resistin administration in the con-
text of well-designed clinical trials or the identification and
detailed study of humans with congenital resistin deficiency
would be invaluable. Finally, identification of the receptor
system for resistin, relevant signaling pathway(s), and their
sensitivity state are needed for a complete evaluation of the
role of the resistin system in humans (42).

In summary, we present cross-sectional and interventional
studies on the physiology of circulating resistin in humans
and demonstrate that resistin levels are not associated with
markers of insulin resistance and/or obesity and are not
regulated by fasting or leptin administration. We conclude
that circulating resistin is unlikely to play a major role in
obesity, insulin resistance, or energy homeostasis in humans.
Further detailed studies are needed to conclusively address
these topics.
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