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Insulin resistance is closely associated with numerous metabolic disorders. Although
studies have supported the importance of insulin resistance in carcinogenesis, the existing
data have not established its relevance in the context of lung cancer. The aim of the present
case-control study was to evaluate the association between insulin resistance and lung
cancer after adjusting for possible confounders. Homeostasis model assessment of insulin
resistance (HOMA-IR) and serum leptin and adiponectin levels were determined in 81 lung
cancer cases and 162 age- and sex-matched controls; anthropometric and lifestyle variables
were recorded. Mean HOMA-IR in the cases was more than 2-fold higher compared with the
mean value of controls (P < .001). Among controls, HOMA-IR correlated positively with serum
leptin (r = 0.16; P = .04), bodymass index (r = 0.43; P = .0001), andwaist-to-hip ratio (r = 0.21; P =
.01) but negatively with serum adiponectin (r = −0.29; P = .0002). As expected, smoking was
associated with an approximately 10-fold increase in lung cancer risk in multiple logistic
regressionmodels. A positive association betweenHOMA-IR, treated as continuous variable,
and lung cancer (odds ratio [OR] = 1.52, 95% confidence interval [CI]: 1.16-1.99, P = .002,
model 1) was demonstrated, which persisted after adjustment for somatometric and
lifestyle variables (OR = 2.36, 95% CI: 1.00-5.55, P = .05, model 2). When serum adiponectin
was also taken into account, the association seemed fairly robust (OR = 2.58, 95% CI: 1.11-
6.01, P = .03, model 3); on the contrary, when serum leptin was added, the association
remained positive, but lost its statistical significance (OR = 1.76, 95% CI: 0.78-3.98, P = .17,
model 4). In the fully adjusted model, HOMA-IR was still positively, but only marginally,
associated with lung cancer risk (OR = 2.02, 95% CI: 0.88-4.65, P = .10, model 5). Insulin
resistance may represent a meaningful risk factor for lung cancer.
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1. Introduction

Insulin resistance is a condition with increased prevalence
and significance in the context of obesity, metabolic syn-
drome, nonalcoholic fatty liver disease, type 2 diabetes
mellitus [1,2], and malignancy [3,4]. Recent large cohort
studies including the National Health and Nutrition Exami-
nation Survey III in the United States [5] and the Heart Disease
and Diabetes Risk Indicators in a Screened Cohort in the
United Kingdom [6] have independently pointed to insulin
resistance as a risk factor for overall cancer mortality.
Similarly, diabetes mellitus seems to correlate with overall
cancermortality [7,8]. Studies remain conflicting regarding the
link between diabetes and lung cancer specifically, as positive
[9], null [10-12], or even inverse [13] associations have been
reported. In addition, the National Health and Nutrition
Examination Survey III reported that the exclusion of lung
cancer cases reinforced the interplay between insulin resis-
Table 1 – Distribution of 81 lung cancer cases and 162 age- an
lifestyle variables and mean (SD) values of HOMA-IR, leptin, an

Variable Cas

n

Age (y)
<55 14
55-64 26
65-74 21
75+ 20

Sex
Male 68
Female 13

Education (y)
Uneducated/primary (<6) 41
Elementary (6-8) 13
Intermediate (9-11) 10
High school (12) 11
College/university (12+) 6

Smoking (cigarettes smoked daily × years smoking)
0 2
1-649 12
650-1399 23
1400+ 44

Daily coffee consumption
Yes 77
No 4

Alcohol consumption (glasses/mo)
0 14
1-60 42
61+ 25

Mean

HOMA-IR 10.8
Leptin (ng/mL) 9.4
Adiponectin (μg/mL) 10.5
BMI (kg/m2) 25.7
WHR (%) 97.0
Weight change (kg) -2.9
Smoking (cigarettes smoked daily × years smoking) 1556.0

a P value derived from χ2 for trend.
b P value derived from χ2 for contrast.
tance and cancer mortality [5], as lung cancer is a malignancy
typically not associated with obesity [14].

Long after the establishment of the clear-cut association
between smoking and lung cancer, the latter is currently
viewed as an entity integrating occupational, lifestyle, dietary,
and genetic risk factors [15]. Among inherent risk factors,
attentionhas recently shifted to adipocytokines, such as leptin
and adiponectin, with intriguing results. Leptin, a 16-kd
protein hormone, is mainly synthesized by adipose tissue
and is involved in the physiologic process of food intake,
energy expenditure [16], and immune regulation [17,18];
despite conflicting results [19], elevated serum levels of leptin
seem to represent a meaningful risk factor for lung cancer [20]
due to direct growth-promoting [21] or indirect actions. On the
other hand, adiponectin, an adipocyte-secreted 247–amino
acid protein acting as an endogenous insulin sensitizer [22],
has not yielded promising results in terms of conferring any
lung cancer risk [19,23]. Nevertheless, the expression of
adiponectin receptors in lung cancer tissue, as well as the
d sex- matched controls by anthropometric/demographic/
d adiponectin

es Controls P value

% n %

Matched variable
17.3 28 17.3
32.1 50 30.9
25.9 43 26.5
24.7 41 25.3

Matched variable
84.0 136 84.0
16.0 26 16.0

.04a

50.6 67 41.4
16.1 19 11.7
12.3 22 13.6
13.6 31 19.1
7.4 23 14.2

.0001a

2.5 65 40.1
14.8 42 25.9
28.4 36 22.2
54.3 19 11.8

.005b

95.1 133 82.1
4.9 29 17.9

.001b

17.3 24 14.8
51.8 118 72.8
30.9 20 12.4

SD Mean SD P value

16.67 4.1 3.70 .0006
9.98 8.1 7.23 .31
3.58 9.7 3.24 .09
3.90 28.2 3.86 .0001
8.91 96.2 8.46 .53
4.11 0.1 2.35 .0001

877.14 600.7 877.90 .0001



Table 2 – Pearson correlation coefficient (P values) of HOMA-IR, age, serum leptin, serum adiponectin, and somatometric
variables among 162 controls

Age Leptin Adiponectin BMI WHR

HOMA-IR −0.02 (.80) 0.16 (.04) −0.29 (.0002) 0.43 (.0001) 0.21 (.01)
Age 0.07 (.37) 0.14 (.07) −0.14 (.07) −0.04 (.60)
Leptin 0.15 (.06) 0.41 (.0001) −0.14 (.08)
Adiponectin −0.16 (.05) −0.26 (.001)
BMI 0.24 (.002)
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emergence of lower serumadiponectin levels in advanced lung
cancer cases, is a dipole potentially implicating adiponectin in
lung carcinogenesis [23].

Adipocytokines and insulin resistance seem to be mutually
intertwined within a complex network of interactions. Specifi-
cally, insulin resistance indices were shown to be negatively
associated with serum adiponectin levels in healthy [24] and
diabetic [25] populations, in line with the insulin-sensitizing
propertiesof adiponectin.On thecontrary, elevatedserumleptin
[26] or elevated leptin-to-adiponectin ratio seems to directly
correlate with insulin resistance [27]. Given the interrelation-
ships among insulin resistance, obesity, leptin, and adiponectin,
the possibility for mutual confounding needs to be considered.

Thus, the optimal examination of insulin resistance in the
context of lung cancer risk necessitates the simultaneous,
Table 3 – Logistic regression–derived ORs and 95% CIs for HOM

Variable Category or
increment

ORsa (95% CIs) ORsb

P value P

HOMA-IR 1 SD among controls 1.52 (1.16-1.99) 2.36 (
.002 .05

BMI ≥2 kg/m2 0.53 (
.01

Weight change ≤1 kg 0.67 (
.001

WHR 1 Quintile more 0.81 (
.41

Education 1 Level more 0.67 (
.12

Coffee consumption Yes vs no 0.55 (
.61

Smoking 1 Quartile more 9.50 (
.001

Alcohol 0 vs 1-60 glasses/mo 1.98 (
.48

61+ vs 1-60 glasses/mo 2.20 (
.29

Adiponectin 1 SD among controls

Leptin 1 SD among controls

a Model 1: unadjusted OR for HOMA-IR.
b Model 2: OR for mutually adjusted HOMA-IR, BMI, weight change durin
and alcohol.
c Model 3: OR for mutually adjusted HOMA-IR, BMI, weight change durin
alcohol, and adiponectin.
d Model 4: OR for mutually adjusted HOMA-IR, BMI, weight change durin
alcohol, and leptin.
e Model 5: OR for mutually adjusted HOMA-IR, BMI, weight change durin
alcohol, adiponectin, and leptin.
careful evaluation of its meaningful counterparts, that is,
obesity and serum leptin and adiponectin levels. In light of the
above, the present case-control study aims to evaluate the
association between lung cancer and insulin resistance,
adjusting for a variety of confounders, including body mass
index (BMI), weight loss, and serum adipocytokine levels.
2. Methods

The study comprised 85 patients who were admitted to 3
major general hospitals in Athens from February 2002 to June
2005 with a histologically confirmed diagnosis of lung cancer.
Patients who reported any other cancer type before enrolment
were excluded. For each case, 2 apparently healthy controls
A-IR controlling for study covariates

(95% CIs) ORsc (95% CIs) ORsd (95% CIs) ORse (95% CIs)

value P value P value P value

1.00-5.55) 2.58 (1.11-6.01) 1.76 (0.78-3.98) 2.02 (0.88-4.65)
.03 .17 .10

0.32-0.86) 0.58 (0.35-0.98) 0.46 (0.27-0.80) 0.49 (0.27-0.90)
.04 .006 .02

0.53-0.85) 0.67 (0.53-0.86) 0.66 (0.49-0.87) 0.66 (0.49-0.90)
.002 .004 .008

0.50-1.33) 0.85 (0.52-1.38) 0.89 (0.53-1.51) 0.92 (0.54-1.56)
.5 .67 .75

0.40-1.11) 0.58 (0.33-1.04) 0.66 (0.38-1.16) 0.57 (0.30-1.07)
.07 .15 .08

0.06-5.26) 0.58 (0.05-6.52) 0.52 (0.05-5.92) 0.49 (0.04-6.86)
.66 .60 .60

2.77-32.62) 9.78 (2.60-36.84) 10.12 (2.69-38.11) 11.89 (2.50-56.53)
.001 .001 .002

0.30-13.27) 2.00 (0.26-15.41) 2.35 (0.28-19.63) 3.05 (0.28-33.77)
.51 .43 .36

0.52-9.43) 3.36 (0.62-18.19) 2.59 (0.57-11.75) 4.89 (0.74-32.23)
.16 .22 .10

1.84 (0.82-4.12) 2.00 (0.80-4.97)
.14 .14

1.50 (0.95-2.38) 1.54 (0.95-2.51)
.08 .08

g the last 2 months, WHR, education, coffee consumption, smoking,

g the last 2 months, WHR, education, coffee consumption, smoking,

g the last 2 months, WHR, education, coffee consumption, smoking,

g the last 2 months, WHR, education, coffee consumption, smoking,



Table 4 – Mean values and SDs of HOMA-IR among 81 lung
cancer cases, by disease stage (upper panel), along with
unconditionalmultiple logistic regression–derived OR and
95% CI among cases with advanced vs limited disease
(lower panel)

Variable HOMA-IR

Mean (SD) P value

Limited: n = 7 3.73 (1.87) .18a

NSCLC stage I: n = 3 3.69 (1.76)
SCLC: n = 4 3.77 (2.22)

Advanced: n = 74 11.42 (17.29)
NSCLC stage IIIa: n = 6 15.18 (18.54)
NSCLC stage IIIb: n = 15 16.22 (19.12)
NSCLC stage IV: n = 39 8.59 (15.93)
SCLC: n = 14 12.53 (18.79)

Multiple logistic regression–derived OR

OR (95% CI) P value
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matched for sex and age (±5 years) who presented for routine
health screening examinations were consecutively enrolled in
the study. In the end, 81 cases and 162 controls participated in
this study, themajority of whom resided in the Greater Athens
area. For all participants, fasting blood sampleswere obtained.
Further details on exclusion criteria for controls, interview of
cases and controls, as well as blood sampling are provided in
the Supplementary Online Appendix.

The blood sample levels of serum glucose, leptin, and
adiponectin were collected and blindly analyzed in the same
laboratory batch by the same technician, as previously
described [20,23]. Average preservation time was similar for
cases and controls. All determination of human insulin levels
were measured via radioimmunoassay (Millipore, Billerica,
MA) with an interassay coefficient of variation of 2.9% to 6.0%,
an intraassay coefficient of variation of 2.2% to 4.4%, and a
sensitivity of 2 μU/mL. Thereafter, insulin resistance was
estimated by calculating homeostasis model assessment of
insulin resistance (HOMA-IR) based on the equation HOMA-IR
= insulin (in microunits per liter) ⁎ glucose (in milligrams per
deciliter)/405 [28]. The study protocol was approved by the
University of Athens Medical School Ethics Committee and
conformed to the Helsinki Declaration of 1975, and all
participants provided informed consent.

Descriptive statistics (mean, standard deviation [SD]) of the
anthropometric and lifestyle variables, serum hormones, as
well as for HOMA-IR were calculated for cases and controls.
Subsequently, we calculated the Pearson correlation coefficient
of HOMA-IR with the serum hormones and the somatometric
variables among controls. In addition, to study the possible
association of HOMA-IR with lung cancer, the data were
modeled through multiple conditional logistic regression anal-
yses using case-control status as the outcome variable and
HOMA-IR (in increments of 1 SD of the index among controls) as
the main predictor variable of interest. Previously described
potential confounders [23], namely, BMI at the time of diagnosis
(in 2-kg/m2 increments), body weight loss in the 2 months
before diagnosis (1 kg less), waist-to-hip ratio (WHR) (in
quintiles), education (1 level more), coffee consumption (yes
vs no), smoking (quartiles of cigarette-years of smoking), and
alcohol consumption (0 vs 1-60 glasses per month and 61+ vs
1-60 glasses per month) were also included in the analysis. The
effect of serum adiponectin (in increments of 1 SD among
controls) and serum leptin (in increments of 1 SD among
controls) was additionally tested. In addition, the association of
HOMA-IR, especially with non–small cell lung cancer (NSCLC)
(whichrepresented themajorityof cases),wasalsoexaminedby
conducting unconditional logistic regression analysis, control-
ling for age and sex. The possible variation of HOMA-IRwith the
advancement of disease among cases was examined using
logistic regression analysis also controlling for age, sex,
education, smoking, BMI, WHR, and weight change during the
last 2 months. The SAS (Cary, NC) statistical package was used.
HOMA-IR (increment of 1 SD
among controls)

2.86 (0.81-10.14) .10b

a P value derived from Wilcoxon 2-sided test comparing limited vs
advanced disease.
b Controlling for age, sex, education, smoking, BMI, WHR, and
weight change during the last 2 months.
3. Results

Table 1 presents the distribution of anthropometric, lifestyle,
and sociodemographic data, as well as HOMA-IR and serum
adiponectin and leptin hormonal levels, in cases and controls.
These data serve mostly descriptive purposes and are not
directly interpretable because of mutual confounding. With
respect to possible confounders, results of this study are
consistentwith the findings of aprevious study [23]. Concerning
HOMA-IR, themean value of cases wasmore than 2-fold higher
compared with the mean value of controls (P < .001).

Table 2 shows the correlation of HOMA-IR among controls
with age, serum leptin, serum adiponectin, BMI, and WHR.
The HOMA-IR was statistically significantly and positively
correlated with serum leptin (P = .04), BMI (P = .0001), andWHR
(P = .01), whereas it was also significantly but negatively
correlated with serum adiponectin (P = .0002).

Results derived from multiple logistic regression models
(odds ratios [ORs] and 95% confidence intervals [CIs]) are
shown in Table 3. An increased risk for lung cancer emerged
with higher HOMA-IR (OR = 1.52, 95% CI: 1.16-1.99, P = .002,
model 1). Adjustment for somatometric variables (BMI, weight
change during the last 2 months, and WHR) and socio-
demographic and lifestyle variables (education, coffee con-
sumption, smoking, and alcohol consumption) did not alter
the positive association between HOMA-IR and lung cancer
(OR = 2.36, 95% CI: 1.00-5.55, P = .05, model 2). When serum
adiponectin, which was found to be inversely correlated to
HOMA-IR, was also taken into account, the magnitude of the
association of HOMA-IR with lung cancer increased and
remained statistically significant (OR = 2.58, 95% CI: 1.11-
6.01, P = .03, model 3). On the contrary, when serum leptin was
added into the model, the association of HOMA-IR and lung
cancer remained positive, but of no statistical significance
(OR = 1.76, 95% CI: 0.78-3.98, P = .17, model 4). In the fully
adjusted model, where both serum leptin and serum adipo-
nectin were included, the effect of HOMA-IR was once again
positive, but marginal (OR = 2.02, 95% CI: 0.88-4.65, P = .10,
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model 5). No significant interactions between HOMA-IR and
BMI, adiponectin, or leptin were observed.

In the subset analysis of NSCLC cases, the results of the first
3 models were similar to the findings of the analysis regarding
all lung cancer cases (model 1: OR = 1.51, 95% CI: 1.16-1.97, P =
.002; model 2: OR = 1.77, 95% CI: 1.16-2.68, P = .01; model 3: OR =
2.44, 95% CI: 1.43-4.16, P = .001). The introduction of serum
leptin in themodels didnot potentially affect the associationof
HOMA-IR with NSCLC (model 4: OR = 1.52, 95% CI: 1.00-2.32, P =
.05; model 5: OR = 2.15, 95% CI: 1.21-3.81, P = .01). No significant
interactions betweenHOMA-IR and BMI, adiponectin, or leptin
in the subset analysis were observed.

Table 4 presents HOMA-IR values in 81 lung cancer cases by
disease stage. There was an indication that HOMA-IR was
associated with advanced lung cancer disease, as advanced
cases exhibited nearly 4-fold higher values. This observation
was confirmed by unconditional multiple logistic regression
(OR=2.86, 95%CI: 0.81-10.14,P= .10), also controlling for age, sex,
education, smoking, BMI, WHR, and weight change during the
last 2 months. Concerning HOMA-IR, no statistically significant
differences between small cell lung cancer (SCLC) cases and
NSCLC cases were observed. Regardingmeaningful interactions
between covariates, we have examined the possible interaction
of HOMA-IR with education, smoking, and adiponectin; all of
them were not statistically significant (data not shown).
4. Discussion

Insulin resistance, quantified by means of HOMA-IR, emerged
as a meaningful factor pointing to elevated lung cancer risk in
this case-control study. The association between insulin
resistance and lung cancer risk was robust enough to persist
during adjustment for a wide variety of somatometric and
lifestyle covariates. These variables may confound the effect
of the former because elevated BMI [1,29], smoking [30], and
alcohol consumption [31] may well correlate with insulin
resistance. Specifically, the association between insulin resis-
tance and lung cancer seems to be independent of all these
confounders, as evidenced by the sizeable effect size (OR =
2.36) in the respective model.

This finding is in contrast to the findings of 2 cohort studies
that had failed to demonstrate the relevance of insulin
resistance in the context of lung cancer [5,6]. In this study,
the effect of insulin resistancewas rather strong and remained
significant after adjustment for adiponectin (OR = 2.58), but
essentially lost its statistical significance when adjusted for
serum leptin levels. This could have been anticipated to a
certain extent, as adiponectin per se was not amajor predictor
of lung cancer risk in previous studies [19,23]; accordingly, the
HOMA-IR–adiponectin interaction [32] was not statistically
significant. The observed loss of significance during adjust-
ment for serum leptin may entail both a statistical and
physiologic aspect. From a statistical perspective, these data
need to be replicated in the context of a larger study, which
would provide increased power because the effect size for
insulin resistance in this study was sizeable (OR = 1.76 or 2.02
in the fully adjusted model). From a physiologic point of view,
leptin and insulin resistance are closely associated [33].
Insulin induces leptin expression in adipose tissue [34,35].
Leptin reflects the amount of adipose tissue/fat mass. Because
increased fat mass leads to both increased leptin levels and
insulin resistance, it is possible that the attenuation of the
statistical association when adjusting for leptin may simply
reflect the potential confounding effect of fat mass.

Elevated insulin levels, which are an indispensable cons-
tituent of insulin resistance, may potentially exhibit cancer-
promoting effects through various molecular mechanisms.
Insulin may potentiate the activity of insulin-like growth
factor–I (IGF-I) either via direct up-regulation [36] or indirectly
through the down-regulation of IGF-binding protein–1 [37]. In
turn, IGF-I represents a potent growth-promoting factor for
lung cancer, although the specific relevance of its serum levels
remains to be elucidated [38]. Moreover, insulin is one of the
major stimulants of the Ras signaling pathway, promoting the
farnesylation of p21Ras that subsequently can be activated by
a host of growth-promoting signals [39]; noticeably, the Ras
pathway is of pivotal importance in lung carcinogenesis [40].
Additional mechanisms, such as stimulation of local angio-
genesis [41] or direct growth promotion via insulin receptors
present on lung cancer cells [42], cannot be excluded.

Because case-control studies do not prove causality, it is
also possible that lung cancer may also lead to insulin
resistance [43]. A variety of mechanisms have been proposed
to explain this observation, including the induction of cachex-
ia-related interleukin-6 [44]. Interestingly, the numerically
4-fold higher values of HOMA-IR observed in the advanced
lung cancer cases of our study (compared with limited lung
cancer cases)maywell be in accordancewith thenotionof lung
cancer eliciting insulin resistance along with its progression.

A finding of this study that merits commenting pertains to
the nearly 10-fold increased lung cancer risk associated with
smoking. This finding may well be in line with existing
knowledge [45,46] but seems worth highlighting, as further
supporting the validity of the study. Of note, the effect of
smoking on subjects from the same ethnic background appears
fairlydistinctwhencomparedwithothercommoncancer types,
like prostate cancer [47]. Smokingmay emerge as amultipotent
factor, as itmayhaveaneffect on adipocytokines, suchas leptin
[48] and IGF-1 [49], the latter possibly exhibiting higher levels in
insulin resistance. In any case, potential confounding has been
eliminated using mutual adjustment at the multivariate
analysis; importantly, the interaction between HOMA-IR and
smoking did not prove to be statistically significant. Taken as a
whole, theeffectof insulin resistance, considerablyweaker than
the extremely sizeable one conferred by smoking, seemed
robust enough to emerge in our setting; future studies should
take care not to miss a relatively weaker signal in the presence
of a strong risk factor.

This case-control study provides evidence for the potential
association between insulin resistance and lung cancer.
Although insulin resistance is a widely investigated topic,
various definitions have appeared in the literature. The Adult
Treatment Panel III has adopted impaired fasting glucose
(>110 mg/dL) as an indicator of insulin resistance for the
clinical identification of the metabolic syndrome [50]. Serum
insulin [5,51], C-peptide [5,52], or clusters of biomarkers [6]
have also been implemented as tangible indices for insulin
resistance. The present study has adopted the use of HOMA-
IR, which conceptually integrates fasting serum glucose as
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well as serum insulin and exhibits considerable advantages,
such as the compensation for basal glucose levels and its
straightforward physiologic basis [53]. Moreover, the simulta-
neous evaluation of insulin resistance and obesity, serum
leptin levels, and serum adiponectin levels allows for the
simultaneous study of the role of potential confounders in
lung cancer development.

Limitations of this case-control study include the small
number of SCLC cases that did not allow the performance of
subgroup analyses, so as to identify any diverging results
according to lung cancer subtypes. In addition, the relatively
small number of limited lung cancer cases may have
hampered the statistical power of tests aiming to assess the
differences between limited and advanced lung cancer.
Furthermore, the association of HOMA-IR with lung cancer
should probably be evaluated in terms of additional possible
confounders, such as cachexia index, fat mass index, markers
of inflammation, and dietary factors including the Mediterra-
nean diet because the latter has been linked with adipocyto-
kines [54,55] and cancer in general.We usedweight changes as
a surrogate marker of cachexia in adjusted models. Moreover,
information about passive smoking has not been available in
this study. Finally, it should be disclosed that 2 studies have
been performed on the pool of our lung cancer patients and
controls, one examining serum adiponectin levels and adipo-
nectin receptors [23] and another examining serum leptin [20];
importantly, none of them had addressed or examined insulin
resistance, which is examined herein for the first time.

In conclusion, this case-control study points to insulin
resistance as a risk factor for lung cancer. Insulin resistance
and elevated serum leptin levels are interrelated and may
function at an orchestratedmanner to promote carcinogenesis
in the lung. Nevertheless, the generation of insulin resistance
by lung cancer may not be ruled out. In any case, this study
points to the relevance of insulin resistance in a cancer type
that is traditionally viewed as obesity independent; this may
imply that adipocytokines and insulin resistance may
mediate cancer-related functions fairly distinct from their
body weight–related aspects. It should be acknowledged,
however, that more extensive prospective studies are needed
to conclusively establish insulin resistance in the causation
of lung cancer.

Supplementary materials related to this article can be
found online at doi:10.1016/j.metabol.2010.12.002.
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