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Abstract

Objective—Energy expenditure (EE) and measures of inflammation increase with adiposity, and 

this obesity-induced chronic and subclinical inflammation was extensively reported to be a cause 

of insulin resistance. However, whether subclinical inflammation has a role in increasing EE, 

which may be at the cost of developing insulin resistance, is not clear.

Methods—We investigated the association between circulating white blood cell count (WBC) in 

a population of Native Americans (n=243) with measurement of EE in a respiratory chamber, and 

in a subset of the same population (n=34), with gene expression measures of inflammation in 

subcutaneous abdominal adipose tissue (SAAT). All subjects were healthy on oral glucose 

tolerance test. Statistically, nonnormally distributed variables were logarithmically transformed 

before analyses to approximate normal distributions.

Results—WBC was associated with 24-h EE adjusted for age, sex, fat-free mass, and fat mass 

(r=0.13, P=0.04). In SAAT, tumor necrosis factor-α (TNF-α), shown as log10-transformed TNF-

α (r=0.36, P=0.05), and plasminogen activator inhibitor-1 (PAI-1), shown as log10-transformed 

PAI-1 (lPAI-1; r=0.41, P=0.02), expressions were also positively correlated with adjusted 24-h 

EE. lPAI-1 was also correlated with adjusted sleep EE (r=0.34, P=0.07).

Conclusions—In conclusion, circulating markers of inflammation (WBC) and markers of 

inflammation within adipose tissue (TNF-α and PAI-1) are positively associated with EE, 

indicating a role of chronic subclinical inflammation in the regulation of metabolic rate.

Introduction

Measures of inflammation increase with increasing adiposity, and they have been implicated 

in the metabolic consequences of increasing adiposity (1–4). However, there is evidence that 

some mediators of inflammation may also serve to signal a brake on further weight gain. For 
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instance, tumor necrosis factor-α (TNF-α) has been identified as causal in cancer-related 

cachexia (5–7). In addition, over-expression of the cytokine TNF-α in mice leads to 

worsening insulin action, but also to reduced adiposity (8). In humans, lower concentration 

of the anti-inflammatory adipocytokine, adiponectin, is associated with higher resting 

energy expenditure (EE) (9), and transgenic over-expression of adiponectin increases 

adiposity in leptin-deficient mice (10).

To further characterize the association of measures of inflammation with EE, we 

investigated the association of circulating white blood cell count (WBC), which is increased 

with adiposity and predicts diabetes (11), as a predictor of EE measured in a respiratory 

chamber in Pima Indians. In a subset of these individuals, we also obtained samples of 

adipose tissue, and therefore, examined the association of the expression of inflammatory 

markers from subcutaneous abdominal adipose tissue (SAAT) with EE.

Subjects and methods

Subjects

In an ongoing longitudinal study to identify risk factors for the development of type 2 

diabetes and obesity, 243 and 34 (in a subset group) adult Pima Indians (at least three-fourth 

Pima or closely related Tohono O'odham Indians) participated. All the subjects reported that 

they were nonsmokers, not taking any medication, and were in good health, as determined 

by medical history, physical examination, and routine laboratory testing. Three days after 

admission and after a 12-h overnight fast, a 2-h 75-g oral glucose tolerance test was 

performed to identify and exclude subjects with diabetes. The 1999 World Health 

Organization criteria were used. For the study protocol, subjects were admitted to the 

Clinical Research Unit of the National Institute of Diabetes and Digestive and Kidney 

Diseases (NIDDK) in Phoenix, AZ, USA, for 8–15 days and were provided a standard 

weight-maintaining diet containing 50% of calories as carbohydrate, 30% as fat, and 20% as 

protein for at least 3 days before fat biopsy. The study was approved by the NIDDK 

Institutional Review Board and the Gila River Indian Community Tribal Council. Before 

participation, written informed consent was obtained.

Methods

WBC and dual-energy X-ray absorptiometry scan—Total WBC was measured after 

an overnight fast on the day of admission (between 0800 and 1000 h). WBC was measured 

in the central laboratory of Phoenix Indian Medical Center by an automated cell counter 

(Cell-DYN Sapphire; Abbott Diagnostics). Reliability coefficients, based on blind replicate 

control data, ranged from 0.96 to 1.00 (11). Body composition was assessed by dual-energy 

X-ray absorptiometry (DPX-l; Lunar, Madison, WI, USA).

Respiratory chamber—EE was measured in a respiratory chamber as described 

previously (12). Briefly, volunteers entered the chamber at 0745 h after an overnight fast 

and remained therein for 23 h. Meals were provided at 0800, 1130, and 1700 h, and an 

evening snack was provided at 2000 h. The rate of EE was measured continuously, 

calculated for each 15-min interval, and then averaged for the 24-h interval (24EE). Sleeping 
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metabolic rate was defined as the average EE of all the 15-min periods between 2330 and 

0500 h during which spontaneous physical activity (assessed by motion radar) was <1.5%.

Fat biopsy, morphological analysis—As reported previously (13), after an overnight 

fast, subcutaneous adipose tissue was obtained by percutaneous needle biopsy of 

periumbilical fat depots using a 15-gauge needle through skin after anesthetizing with 1% 

lidocaine. Samples were immediately frozen in liquid nitrogen. Adipose tissue samples were 

fixed for 1200– 1600 h at room temperature in zinc–formalin fixative (Anatech, Battle 

Creek, MI, USA) and were embedded in paraffin. As described previously, five micron 

sections, cut at 50-micron intervals, were mounted on charged glass slides, deparaffinized in 

xylene, and stained for expression of CD68 as done previously (Caltag, Burlingame, CA, 

USA) (14). For each individual tissue block, four different 20× fields from each of the five 

different sections were analyzed independently by two blinded evaluators. The total number 

of nuclei and the number of nuclei of CD68-expressing cells were counted for each field. 

The fraction of macrophage cells for each sample was calculated as the sum of the number 

of nuclei of CD68-expressing cells divided by the total number of nuclei in sections of a 

sample.

Real-time quantitative PCR—Total RNA was extracted from frozen adipose tissue (∼50 

mg) using a commercially available acid-phenol reagent (Trizol; Invitrogen Inc). First-strand 

cDNA was synthesized using Superscript III reverse transcriptase and random hexamer 

primers as described in the manufacturer's protocol (Invitrogen Inc). Samples of cDNA were 

diluted 1:25 in nuclease-free water (Qiagen Inc). PCR amplification mixtures (20 μl) 

contained 10 μl of 2× PCR SYBR Green I Quantitect Master Mix (Qiagen Inc.), 0.4 μl of 25 

μM reverse and forward primer mix, and 11.6 μl of diluted cDNA template. Real-time 

quantitative PCR was carried out using the DNA Engine Opticon (Bio-Rad) instruments 

with the following cycling parameters: polymerase activation: 15 min, 95 °C; amplification 

for 40 cycles: 15 s, 94 °C; 20 s, 58 °C; 20 s, 72 °C. After amplification, melting curve 

analysis was performed as described in the manufacturer's protocol (Qiagen Inc). The 

control gene, casein kinase-1d (CSNK1d) (13), was used to normalize simple load and 

reactions and for calculation of Δ−ΔCt values from which relative expression values were 

determined (arbitrary units). Human primer orientation and sequences were as follows: 

CSNK1d: forward, 5′-AGGAGAAGAGGTTGCCATCAAG-3′, and reverse, 5′-

TCCATCACCATGACGTTGTAGTC-3′; TNF-α: forward, 5′-

TGCTTGTTCCTCAGCCTCTTC-3′, and reverse, 5′-GCTTGTCACTCGGGGTTCG-3′; 

plasminogen activator inhibitor-1 (PAI-1): forward, 5′-

CTGGTTCTGCCCAAGTTCTCC-3′, and reverse, 5′-

CCACAAAGAGGAAGGGTCTGTC-3′; monocyte chemo-attractant protein-1 (MCP-1): 

forward, 5′-CAATCAATGCCCCAGTCACC-3′, and reverse, 5′-

GAATCCTGAACCCACTTCTGC-3′; macrophage migration inhibitory factor (MIF): 

forward, 5′-GTTCATCGTAAACACCAACGTG-3′, and reverse, 5′-

CCGCGTTCATGTCGTAATAGTT-3′; adiponectin: forward, 5′-

CCAGGAAACCACGACTCAAG-3′, and reverse, 5′-

TAGGCACCTTCTCCAGGTTCTC-3′; CD68: forward, 5′-

GCTACATGGCGGTGGAGTACAA-3′, and reverse, 5′-
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ATGATGAGAGGCAGCAAGATGG-3′; CD11b: forward, 5′-

GAGTCCAACGCTAATGTCAAGG-3′, and reverse, 5′-

CCCGTAGAGAACAGCATCACAC-3′; and CSF1R: forward, 5′-

GCTCAACCTCAAAGTCATGGTG-3′, and reverse, 5′-

GAAGGTGTGCCTGTATGTGTCC-3′.

Statistical analysis

Statistical analyses were performed using SAS software (SAS version 8.2, SAS Institute, 

Inc., Cary, NC, USA). Throughout the article, the data are expressed as means±S.D. Normality 

of the data was tested by the Shapiro–Wilk test. Nonnormally distributed variables were 

logarithmically transformed before analyses to approximate normal distributions. If normal 

distribution was not achieved by logarithmic transformation, nonparametric tests were used. 

Student's t-test or Wilcoxon test was used for sex comparison for parametric and 

nonparametric variables. Pearson's correlation was used to test the relationships between 

variables. Linear regression analysis was used to adjust 24EE and sleep EE for age, sex, fat 

mass (FM), and fat-free mass (FFM), and to model the effect of inflammatory markers. An 

interaction term was included to test whether the association differed by sex. Level of 

statistical significance was set at P<0.05.

Results

Anthropometric, metabolic characteristics, and measures of inflammation are summarized in 

Table 1. As expected, body mass index (BMI) and percent body fat (Pfat) were higher and 

height and unadjusted 24EE were lower in women (data not shown); the rest of the variables 

did not differ by sex.

Circulating WBC and EE

WBC correlated with age (r=−0.16, P<0.01), BMI (r=0.29, P<0.01), Pfat (r=0.31, P<0.01), 

and fasting insulin (r=0.27, P<0.01). WBC was also associated with unadjusted 24EE 

(r=0.17, P<0.01) and sleep EE (r=0.14, P=0.03). After adjustment for age, sex, FM, and 

FFM, only 24EE remained significantly associated with WBC (r=0.13, P=0.04; Fig. 1). 

There was no evidence of an interaction between WBC and sex (P=0.7).

Expression of SAAT TNF-α and PAI-1 and EE

As shown in Table 2, TNF-α, PAI-1, and MCP-1 expressions were correlated with BMI, 

while those of MIF, and adiponectin were not. As reported previously, adipose tissue 

macrophage content assessed by CD68+ cell and gene expression of CD68, CSF1R, and 

CD11b were correlated with BMI and Pfat (13). TNF-α, PAI-1, and MCP-1 expressions 

were correlated with unadjusted 24EE and sleep EE, but adiponectin and MIF expressions 

were not. Markers of macrophage content of adipose tissue were also not significantly 

associated with EE. After adjustment for confounders, expressions of TNF-α and PAI-1 

were still significantly correlated with 24EE (r=0.36, P=0.05; r=0.41, P=0.02; Fig. 2A and 

B). The interaction term TNF-α×sex was significant (P=0.05), and when analyzed by sex, 

the association between TNF-α expression and adjusted 24EE was much stronger in men 

(r=0.70, P=0.01). The interaction term PAI-1× sex was not significant. After adjustment for 
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the same covariates, TNF-α expression was not associated with sleep EE (r=0.23, P=0.23), 

and the association of sleep EE with PAI-1 expression was attenuated (r=0.34, P=0.07; Fig. 

2C).

Discussion

In this study, we found a positive correlation between circulating WBC and SAAT-secreted 

TNF-α and PAI-1 with adjusted 24EE. For TNF-α expression, the association was different 

by sex, showing a much stronger association in men than in women. Our findings indicate 

that subclinical inflammation may have a role in modulating the increased EE seen with 

increasing adiposity.

Inflammation has been implicated previously as playing a role in EE. In healthy humans, 

TNF-α infusions have been shown to increase resting EE (15). In mice, specific over-

expression of TNF-α in adipose tissue decreased local insulin sensitivity, while reducing 

body fat (8). Administration of TNF-α to rats also leads to an increase in thermogenic 

activity in BAT (16). In more severe pathologic conditions such as chronic infections, 

arthritides, and cancer-related cachexia, circulating TNF-α has been implicated in the 

associated wasting syndrome (17, 18). Moreover, patients with collagen vascular disease 

tended to gain weight over time when treated with TNF-α antagonists (19, 20). How PAI-1 

may affect EE is less clear. In contrast to our results, PAI-1 knockout mice have increased 

EE (21). In the context of our study, PAI-1 may be serving as a marker for overall increased 

subacute inflammation within adipose tissue. It should be noted that our results are also 

consistent with those of a previous analysis done by our group, demonstrating a negative 

association between fasting adiponectin concentrations, an anti-inflammatory adipocytokine, 

and resting EE (9). Lack of significance regarding the association of adiponectin with EE in 

the current study was very likely due to the decreased number of biopsy samples compared 

with the plasma samples in the former study.

The mechanisms by which inflammation increases EE are not completely clear. TNF-α has 

a direct central effect on thermogenesis (22), but it seems unlikely that TNF-α in tissue 

would have a direct central effect. Whether inflammatory mediators might directly affect 

peripheral sympathetic nervous system (SNS) activity, thus modulating EE, is unclear. SNS 

activity is a positive independent predictor of both 24EE and resting EE in Caucasians, but 

not, however, in Pima Indians (23). In cross-sectional studies, SNS activity is positively 

associated with adiposity, indicating that increased SNS activity could play a role in the 

defense of further weight gain. However, reduced SNS activity is a prominent feature of 

rodent models of obesity (24), and lower SNS activity predicts future weight gain in Pima 

Indians (25). Furthermore, the evidence that SNS activity is positively associated with 

inflammation is conflicting (26–28). Increased hepatic glucose production (HGO), declining 

insulin action, and increasing fasting insulin and free fatty acid concentrations have been 

identified as determinants of EE, particularly in those with impaired glucose regulation (29). 

Higher WBC also predicts declines in insulin action (11). Thus, another possible explanation 

could be that subclinical inflammation leads to reduced insulin action and increased HGO, 

which then causes increased EE. Increased body temperature could be another mechanism 

linking inflammation to higher EE (30).
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The association between circulating WBC and 24EE was modest compared to those seen 

with the adipose tissue measurements. This may be due to an indirect effect of WBC on EE 

either via circulating intermediates (such as TNF-α, interleukin-6 (IL-6), or other cytokines) 

or via factors such as insulin action and HGO. Alternatively, a common intermediate could 

affect both WBC and EE. For instance, IL-6 may have a separate role in both WBC 

differentiation (28) and EE (31). Unfortunately, we did not have sufficient remaining 

adipose tissue or appropriately stored measurement of IL-6 to perform these measurements 

on this group. The diurnal variation in WBC could also confound the association with EE. 

However, this is unlikely in this case, as all samples were drawn during fasting in the 

morning. Although only automated differentials were available, no specific white cell 

lineage (such as monocytes) explained the association with EE (data not shown).

Since FM itself is an independent determinant of EE (12), local factors that increase the 

metabolic capacity of adipose tissue or directly affect insulin action (as mediators of the 

increase in EE) may explain the relatively stronger association with EE than that seen with 

circulating factors. However, as noted above, the precise mechanism is not clear. For TNF-α 

expression, we did find that the association with EE differed by sex, with it being much 

stronger in men. Given the small number of women in the study, we cannot clearly discern 

whether this represents a true sex difference in response to inflammation or may be 

secondary to differences when the biopsies were done in relationship to the menstrual cycle 

(not documented in our study).

It was known that TNF-α, PAI-1, MCP-1, IL-6 and IL-1 induce insulin resistance in vitro 

and in vivo, and white blood cells predict diabetes independent of adiposity. Furthermore, 

the severity of obesity-associated insulin resistance from NGT to diabetes paralleled the 

degree of thermogenesis. Our current finding in healthy population potentially implies that 

enhanced thermo-genesis induced by chronic and subclinical inflammation might be an early 

and underlining indication of developing insulin resistance.

In conclusion, we found a modest positive association between circulating WBC and 

adjusted 24EE in healthy nondiabetic Pima Indians. In a subgroup of these individuals, we 

also found an association between adjusted 24EE and TNF-α and PAI-1 expressions in 

adipose tissue. Thus, chronic subclinical inflammation may have a role in upward regulation 

of metabolic rate with increased adiposity.
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Figure 1. 
Correlation of 24-h energy expenditure with WBC. Adjusted 24-h energy expenditure is 

positively correlated with white blood cell count (r=0.13, P=0.04). Adj_24EE, 24-h energy 

expenditure adjusted for age, sex, fat-free mass, and fat mass. WBC, white blood cell count. 

○ = female, ● = male.
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Figure 2. 
Correlation of energy expenditure with TNF-α and PAI-1. Adjusted 24-h energy 

expenditure is positively correlated with TNF-α (r=0.36, P=0.05) (A) and PAI-1 (r=0.41, 

P=0.02) (B), and adjusted sleeping energy expenditure is positively correlated with PAI-1 

(r=0.34, P=0.07) (C). Adj_24EE, 24-h energy expenditure adjusted for age, sex, fat-free 

mass, and fat mass; Adj_sleep, sleeping energy expenditure adjusted for age, sex, fat-free 

mass, and fat mass. lTNF-α, lPAI-1 (log10-transformed tumor necrosis factor-α and 

plasminogen activator inhibitor-1). ○ = female, ● = male.
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Table 1

Subject characteristics of white blood cell count (WBC) and subset group. Data are means±S.D.

WBC group Cytokine group

n 243 34

M/F 155/88 20/14

Age (years) 33 (17–58) 30 (18–44)

Height (cm) 168.1 (7) 166.7 (7)

BMI (kg/m2) 33.7 (8) 30.6 (9)

Pfat (%) 32.1 (8) 30.6 (9)

NGT/IGT 173/70 24/10

24EE (kcal/24 h) 2375 (407) 2289 (395)

Sleep EE (kcal/24 h) 1682 (281) 1608 (312)

WBC (×1000 cells/mm3) 7.85 (1.5) 7.9 (1.2)

ITNF-α (AU) – −3.78 (0.6)

IPAI-1 (AU) – −3.18 (0.8)

IMCP-1 (AU) – −1.57 (0.6)

IMIF (AU) – −1.81 (0.8)

IAdiponectin (AU) – 5.05 (0.58)

CD68+ cell (AU) – 0.27 (0.11)

ICD68 – −0.13 (0.36)

ICSF1R (AU) – 0.11 (0.4)

ICD11b (AU) – −1.26 (0.42)

M/F, male and female; BMI, body mass index; Pfat, percent body fat; NGT/IGT, normal glucose tolerance test and impaired glucose tolerance test; 
WBC, white blood cell count; lTNF-α, lPAI-1, lMCP-1, lMIF, ladiponectin, lCD68, lCSF1R, lCD11b, log10-transformed tumor necrosis factor-α, 
plasminogen activator inhibitor-1, monocyte chemoattractant protein-1, macrophage migration inhibitory factor, adiponectin, CD68, CSF1R, 

CD11b; CD68+ cell, the fraction of nuclei of CD68-positive cells by immunohistochemistry; AU, arbitrary unit.
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Table 2

Correlation of measures of subcutaneous abdominal adipose tissue inflammatory markers with body mass 

index, percent body fat, and energy expenditure (EE).

BMI R Pfat R 24EE R Sleep EE R

lTNF-α 0.42* 0.20 0.43* 0.40*

IPAI-1 0.37* 0.09 0.50† 0.47†

IMCP-1 0.50† 0.32 0.40* 0.34*

lMIF 0.03 −0.15 0.13 0.06

IAdiponectin −0.2 −0.19 −0.25 −0.21

CD68+ cell 0.25 0.46* 0.08 0.02

ICD68 0.43† 0.46† 0.21 0.28

ICSF1R 0.54† 0.61† 0.18 0.26

ICD11b 0.61† 0.66† 0.31 0.34

*
P<0.05,

†
P<0.01.
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