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Adipose Tissue Resting Energy Expenditure and
Expression of Genes Involved in Mitochondrial
Function Are Higher in Women than in Men
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Context: Men and women differ in body fat distribution and adipose tissue metabolism as well as
in obesity comorbidities and their response to obesity treatment.

Objective: The objective of the study was a search for sex differences in adipose tissue function.
Design and Setting: This was an exploratory study performed at a university hospital.

Participants and Main Outcome Measures: Resting metabolic rate (RMR), body composition, and
sc adipose tissue genome-wide expression were measured in the SOS Sib Pair study (n = 732).

Results: The relative contribution of fat mass to RMR and the metabolic rate per kilogram adipose
tissue was higher in women than in men (P value for sex by fat mass interaction = .0019). Women
had increased expression of genes involved in mitochondrial function, here referred to as a mi-
tochondrial gene signature. Analysis of liver, muscle, and blood showed that the pronounced
mitochondrial gene signature in women was specific for adipose tissue. Brown adipocytes are
dense in mitochondria, and the expression of the brown adipocyte marker uncoupling protein 1
was 5-fold higher in women compared with men in the SOS Sib Pair Study (P = 7.43 X 1077), and
this was confirmed in a cross-sectional, population-based study (n = 83, 6-fold higher in women,
P = .00256).

Conclusions: The increased expression of the brown adipocyte marker uncoupling protein 1 in
women indicates that the higher relative contribution of the fat mass to RMR in women is in part
explained by an increased number of brown adipocytes. (J Clin Endocrinol Metab 98: E370-E378,
2013)
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t is well established that obesity and its associated com-
I plications are increasing in both men and women, but
there are clear sex differences in fat distribution and me-
tabolism and in the clinical manifestations of obesity.
Women have a greater proportion of body fat than men,
with larger amounts of sc adipose tissue (1). By contrast,
men are more prone to developing visceral obesity (2),
which is associated with increased risk of obesity comor-
bidities (3, 4). In addition, women have a higher fat me-
tabolism under periods of prolonged exertion (5), and the
lipolytic capacity of abdominal sc fat cells is higher in
obese women than in obese men (6).

Adipose tissue is a complex organ containing not only
white adipocytes but also a large number of other cell
types, such as immune cells and preadipocytes. The study
of adipose tissue biology is central to the understanding of
obesity and its comorbidities and to unravel the clinical
differences between obese men and women. Sex differ-
ences in adipose tissue gene expression have been reported
for proteins that have key metabolic functions, such as
hormone-sensitive lipase (7), leptin (8), and adiponectin
(9). Differences in gene expression in adipose tissue be-
tween women and men may represent regulatory changes
in all cell types in the adipose tissue but may also be due to
an altered cellular composition between the sexes.

Two central functions of adipose tissue is energy stor-
age and energy release. However, the overall metabolic
activity in adipose tissue is lower than in most other organs
(10), and the contribution of adipose tissue to whole body
metabolism has not been investigated in detail. Our aim
was therefore to investigate the relative contribution of
adipose tissue to resting metabolic rate in women and men.

Materials and Methods

Subjects

Study subjects received written and oral information before
giving written informed consent. The Regional Ethics Commit-
tee in Gothenburg approved the studies.

The SOS Sib Pair study (n = 732) includes 154 nuclear
families with body mass index (BMI) discordant sibling pairs
(BMI difference = 10 kg/m?) (Supplemental Table 1, pub-
lished on The Endocrine Society’s Journals Online web site at
http://jcem.endojournals.org). The subjects were extensively
phenotyped (11), including measurements of resting meta-
bolic rate (RMR) in a ventilated hood and body composition
by the total body potassium method (12). Body composition
and RMR data were available for 405 women and 257 men.
Subcutaneous adipose tissue gene expression was measured by
microarray in 262 women and 113 men from the SOS Sib Pair
offspring cohort (Gene Expression Omnibus database no.
GSE27916) (Supplemental Table 1). Gene expression was also
analyzed by real-time PCR in a subset of the cohort (30
women, 28 men) (Supplemental Table 1).
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The Molndal Metabolic study, a cross-sectional, randomly
selected, population-based study assessing body composition
and metabolic rate, includes 50 women and 50 men (13). RNA
from sc adipose tissue was available from 39 women and 44 men
(Supplemental Table 1).

Microarray profiles from perithyroid adipose tissue con-
taining islets of brown adipose tissue (BAT) and paired sc
adipose tissue profiles from patients (7 women and 2 men;
aged 21-76 y) undergoing surgery in the thyroid area were
available (GSE27657) (14).

The very low-calorie diet (VLCD) study included 6 women
and 18 men (BMI of 37.6 * 4.9 kg/m?; age of 25-61 y) (Sup-
plemental Table 1). The subjects were given a VLCD of 450 kcal
per day containing all essential nutrients for 16 weeks as previ-
ously described (13). All patients had scheduled visits at the Obe-
sity Unit at Sahlgrenska University Hospital at weeks 0 (baseline)
8, and 16. Body weight was registered at each visit, and patients
were given support and counseling to enhance compliance. After
16 weeks, average weight loss was 27.7 = 1.8 kg. Abdominal sc
adipose tissue biopsies were obtained and used for microarray
analysis of gene expression (GSE35710).

Expression analysis

Total RNA was prepared as previously described (11, 14).
Gene expression was analyzed using the Human Genome U133
plus 2.0 or U133A DNA microarray (Affymetrix, Santa Clara,
CA) according to standard Affymetrix protocols. The raw ex-
pression signals were preprocessed according to the Probe Log-
arithmic Intensity Error (Affymetrix). The robust quantile
method (15) was applied to get normalized expression values.

Additional expression profiles from adipose tissue and whole
blood (GSE7965) were from Emilsson et al (Icelandic Cohort)
(16). Expression profiles from skeletal muscle (GSE9676) and
liver (GSE9588) were from Welle et al (17) and Schadtetal (18),
respectively. Data were preprocessed as described above. For
data sets with no sex information, the normalized gene expres-
sion values of genes on the X and Y chromosome were used to
determine the sex by linear discrimination analysis based on FEi-
gen vectors.

Integrated analysis of the microarray data and Gene Ontol-
ogy (GO) information was performed by mapping all Q values
of differential gene expression on GO networks and then using
the reporter algorithm (19, 20). The results were reported as
enrichment P values. Analysis of empirical cumulative distribu-
tion of fold changes was performed with Kolmogorov-Smirnov
statistics (KS test).

In the Molndal Metabolic study, uncoupling protein 1
(UCP1) real-time PCR was performed as previously described
(13) with the exception that the §-delta cycle threshold method
was used for data analysis. In the subset from the SOS Sib Pair
cohort, cDNA was preamplified using the TagMan PreAmp
master mix kit (Applied Biosystems, Carlsbad, CA), and UCP1
mRNA was measured by real-time PCR (13). Oxphos-CR genes
were analyzed using TagMan LDA cards (Applied Biosystems).

Statistical analysis and dimension reduction
Moderated Student’s ¢ test (21) was used to determine dif-
ferences in microarray gene expression analysis and then the
calculated P values were transformed to Q values by correcting
for multiple testing using the method of Benjamini and Hochberg
(22). With a cutoff value of 0.01, singular value decomposition
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TABLE 1. Contribution of FFM, FM, and Age to RMR in Women and Men

Women (n = 405) Men (n = 257)
Factor Standardized b? Partial R? P Value Standardized b? Partial R? P Value
FFM 0.5113 0.4910 <.0001 0.5858 0.4249 <.0001
FM 0.3803 0.0966 <.0001 0.2550 0.0467 <.0001
Age, y —0.0786 0.0038 .0534 —0.0984 0.0061 .0860

The table shows the results of a multiple regression analysis including FFM, FM, and age in the SOS Sib Pair cohort.

@ Kilocalories per day ™" per kilogram FFM or kilocalories per day ™" per kilogram FM or kilocalories per day ™" per year (age).

analysis based on left Eigen vectors called Eigen arrays (23) were
performed to capture sex differences. To eliminate undue influ-
ence of metabolic and body composition confounders on the
analysis of the cumulative distribution of the fold changes, each
transcript within the mitochondrial gene signature and Ox-
phos-CR genes was adjusted using a multiple regression proce-
dure, which included fat mass, waist circumference, and homeo-
stasis model assessment-insulin resistance (HOMA-IR) as
covariates. A stepwise selection was used and covariates con-
tributing to the model at the P < .1 significance level were re-
tained. The residuals, i.e., the adjusted gene expression levels,
were then subjected to analysis.

Multiple regression analysis of RMR on fat-free mass (FFM),
fat mass (FM), and age was performed using the REG or GLM
procedures in SAS (version 9.1; SAS Institute, Cary, NC). In
modeling determinants for RMR, data were log transformed
where appropriate to obtain approximate normal distributions.

Results

Greater contribution of FM to RMR in women

We first investigated sex differences in whole-body me-
tabolism by analyzing the relative contributions of FM
(used as a proxy for adipose tissue) and FFM to RMR in
women (n =405) and men (n = 257) from the SOS Sib Pair
cohort (Supplemental Table 1) using a multiple regression
analysis. For both sexes, FFM and FM were positively
correlated with RMR, whereas age showed a negative cor-
relation, as expected (Table 1). When regressing RMR on
fat mass, the slope of the regression line (b), which indicate
the impact level of FM on RMR (kilocalories per day ' per
kilogram FM) was greater in women compared with men
(0.3803 and 0.2550, respectively; Table 1). The statistical
significance of this sex difference was verified in a model
that included a sex-by-FM interaction term (P = .0019).
The sex difference persisted after including estradiol and
testosterone levels, waist to hip ratio, and HOMA-IR
in the model (P value for sex by FM interaction = .0002).
Thus, women have a higher metabolic rate per kilogram
adipose tissue than men independent of sex steroids, body
fat distribution, and insulin sensitivity.

Sex-based partitioning of sc adipose tissue
expression profiles

To search for possible explanations for the observed
sex differences in adipose tissue energy expenditure, we

analyzed microarray expression profiles from sc adipose
tissue from 262 women and 113 men from the SOS Sib Pair
offspring cohort (Supplemental Table 1) by singular value
decomposition analysis. There was a clear separation of
the adipose tissue gene expression in men and women on
the basis of a significant differential expression of 5746
transcripts (Q, .. < 1072) (Fig. 1A). This separation re-
mained after exclusion of the 265 transcripts encoded by
the sex chromosomes (Fig. 1B).

Higher expression of genes involved in
mitochondrial function in adipose tissue in women

To identify key biological processes (defined by groups
of genes with specific functions) associated with the sex
difference in adipose tissue gene expression, we performed
an integrated analysis of the microarray data from the SOS
Sib Pair offspring cohort with GO information (see Sup-
plemental Data Set 1). We found that expression of genes
associated with mitochondrial function was significantly
higher in women than in men (Fig. 2), as defined by general
GO terms (e.g., mitochondrion) and more specific GO
terms (e.g., oxidative phosphorylation and respiratory
electron transport chain). We refer to the overrepresenta-
tion of these GO terms as a mitochondrial gene signature.

We repeated the integrated analysis on a publically
available adipose tissue expression data set from a large
Icelandic cohort (391 women and 283 men) and again
observed a pronounced mitochondrial gene signature in
women (Fig. 2). By contrast, we observed enrichment
in some mitochondrial GO terms in men (Fig. 2) when we
performed integrated analyses on publically available
global expression profiles from blood (458 women and
554 men) and skeletal muscle (15 women and 15 men). No
sex difference in the expression of the mitochondrial gene
signature was observed for liver (193 women and 234
men) (Fig. 2).

To further analyze the sex difference in the expression
of the mitochondrial gene signature in adipose tissue, the
cumulative distribution of the fold changes between men
and women of the individual genes included in the various
GO terms was analyzed. Although the fold changes be-
tween men and women were modest for genes defined by
mitochondrial GO terms, the cumulative fold change dis-
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Figure 1. Separation of adipose tissue gene expression profiles of men (blue) and women (red) using singular value decomposition analysis. The
results are illustrated in a pseudo-three-dimensional plot of the first three principal components of the singular value decomposition analysis. Each
principal component accounts for as much as possible of the variability in gene expression between men and women. The first component is
represented by the x-axis, the second component is represented by the y-axis, and the third component is represented by dot sizes. Each dot in the
figure represents a subject from the SOS Sib Pair offspring cohort. A, Separation was based on 5746 transcripts with significant differential
expression between the sexes. B, Same analysis as in A after the exclusion of 265 transcripts encoded by the sex chromosomes.

tributions were significantly different from the sex distri-
bution of the nonmitochondrial genes (Fig. 3A; P value
derived from KS test < 9.92 X 10~ 7). Similar results were
obtained after adjustment for FM, waist circumference,
and HOMA-IR (Supplemental Fig. 1). Among the genes in
the mitochondrial gene signature, a group of peroxisome
proliferator-activated receptor-y coactivator la (PGC
la)-responsive genes involved in oxidative phosphoryla-

AT* AT™ Liver Blood Muscle Color key
Enrich t

S & & & & e

Y Y NN Y S

G0:0006091 generation of precursor metabolites and energy
G0:0006099 tricarboxylic acid cycle
G0:0006119 oXidative phosphorylation
G0:0006120 mitochondrial electron t

port, NADH to ubiquinone

G0:0006122 mitochondrial electron transport, ubiquinol to cytochrome ¢

G0:0015986 ATP synthesis coupled proton transport
G0:0022900 electron transport chain

G0:0022904 respiratory electron transport chain
G0:0005739 mitochondrion

G0:0005743 mitock rial inner

G0:0005746 mitochondrial respiratory chain

G0:0005747 mitochondrial respiratory chain complex |
G0:0005749 mitochondrial respiratory chain complex Il
G0:0005750 mitochondrial respiratory chain complex Il
G0:0005751 mitochondrial respiratory chain complex IV

G0:0005753 mitochondrial proton-transporting ATP synthase complex

G0:0005759 mitochondrial matrix
G0:0005761 mitochondrial ribosome
G0:0005763 Mitock rial small rib
G0:0045273 respiratory chain complex II
G0:0070469 respiratory chain

G0:0003954 NADH dehydrogenase activity
Go:0004111 creatine kinase activity
G0:0004129 cytochrome-c oxidase activity
60:0008137 NADH dehydrogenase (ubiquinone) activity

Figure 2. Heat map of GO terms constituting the mitochondrial gene signature in
different tissues from women and men. The color of each box in the heat map
indicates the enrichment P value for the overrepresentation of the specific GO term.
AT*, The adipose tissue expression profiles from the SOS Sib Pair study offspring

cohort (Gene Expression Omnibus database no. GSE27916); AT**, adipose tissue

expression profiles in the Icelandic cohort (GSE7965) and blood expression profiles
(GSE7965) are from the study by Emilsson et al (16). Expression profiles from skeletal

muscle (GSE9676) and liver (GSE9588) were from Welle et al (17) and Schadt et al

(18), respectively.

tion, referred to as Oxphos-CR genes (24), were tested in
the same way. The Oxphos-CR genes displayed a larger
magnitude of fold changes compared with the GO terms
in the mitochondrial gene signature (Fig. 3A). The over-
expression of Oxphos-CR genes in adipose tissue of
women is also illustrated in Fig. 3, B and C. Measurement
of the expression of eight Oxphos-CR genes by real-time
PCR in a subset of the SOS Sib Pair cohort (Supplemen-

tal Table 1) confirmed the significantly
higher expression in women compared with
men (Fig. 3D).

To investigate the possible effect of weight
loss on the adipose tissue expression of the mi-
tochondrial signature, we analyzed microarray
profiles at before-diet intervention (week 0)
and after 16 weeks in 24 obese subjects given a
VLCD (Supplemental Table 1). Cumulative
fold change analysis of the genes belonging to
the broad GO term mitochondrion showed
that the expression was higher in women than
in men before weight loss (P value derived from
KS test = 1.54 X 107°2). In the whole cohort,
the expression of the mitochondrial gene sig-
nature was significantly reduced after weight
loss (Fig. 4A). In addition, analysis of the cu-
mulative distribution of the fold changes of
genes defined by the GO term mitochondrion
showed that the expression in response to
weight loss was greater in women than in
men (P = .0019) (Fig. 4B). At week 16, men
had lost more weight than women, whereas
there was no sex difference in the change in
BMI (Fig. 4C).
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the gene symbol and data are displayed as box and whisker plots.
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Figure 4. Expression of the mitochondrial gene signature during diet-induced weight loss. A, Heat map of GO terms constituting the
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patients undergoing surgery in the thyroid area. As ex-
pected, we observed an enrichment of the mitochondrial
gene signature in the BAT-containing samples (Fig. SA).
We therefore hypothesized that the sex differences in met-
abolic rate and mitochondrial gene signature in adipose
tissue reflect a higher number of brown adipocytes in sc
adipose tissue in women. In agreement with our hypoth-
esis, the microarray expression profiles from the SOS Sib
Pair offspring cohort showed that expression of the brown
adipocyte marker gene UCP1 (26) was higher in sc adipose
tissue from women compared with men (P = .013, Q =
0.069). To verify these results, we performed real-time
PCR of UCP1 expression in a subset of the SOS Sib Pair
study and in sc adipose tissue biopsies from the Maolndal
Metabolic study (Supplemental Table 1). The expression
of UCP1 was 5-fold and 6-fold higher (P = 7.43 X 107
and P = .00256, respectively) in the women compared
with the men in the 2 studies (Fig. 5, B and C).

Discussion

The well-known sex differences in obesity and obesity-
associated diseases may be related to functional differ-
ences within the adipose tissue. In this study we show that
the metabolic rate per kilogram adipose tissue is higher in
women than in men. To explore the molecular mecha-
nisms behind this sex difference, we analyzed global adi-
pose tissue gene expression and searched for differences in

the expression of functional groups of genes. Our study,
which is the first to report sex differences in global adipose
tissue gene expression patterns in large cohorts, showed
that women have increased expression of genes involved in
mitochondrial function compared with men. Further-
more, the expression of such genes is down-regulated by
weight loss in both men and women, but the reduction is
greater in women. In addition, the sex difference in adi-
pose tissue gene expression included an increased expres-
sion of the established BAT marker UCP1 in women.
RMR and basal metabolic rate (BMR) are estimates of
the amount of energy needed to maintain vital processes in
a resting and fasting state and vary between individuals,
depending on both the size and the metabolic rate of all
tissues in the body. It is well established that FEM, com-
prising brain, internal organs, and skeletal muscle, is the
major determinant of BMR (27). The brain and internal
organs such as liver, kidney, and heart have very high
metabolic rates with a joint account of about 70%-80%
of BMR but constitute only 5% of the body weight. Skel-
etal muscle, which has approximately 20-fold lower met-
abolic rate compared with the internal organs but much
higher total weight, accounts for about 15% of BMR (27).
The metabolic rate in adipose tissue is much lower com-
pared with internal organs and muscle, and the impor-
tance of adipose tissue for the variation in whole-body
energy expenditure has therefore not been extensively
studied. However, Weyer et al (28) have shown that, after

€202 YoIelN 2z uo 1senb Aq 016££82/0.€3/2/86/3101E/Wa0l/W0d"dNo"oIWwapese)/: SRy Woij PapEojumoq



E376 Nookaew et al

FFM, FM is the phenotypic characteristic contributing
most to the variability of energy expenditure. In the gen-
eral population, adipose tissue accounts for only about
6% of the variability of BMR (29). Nevertheless, the total
as well as the relative amount of adipose tissue varies more
than that of any other organ, and its impact on BMR is
therefore higher in morbidly obese subjects.

Both BMR and body composition differ substantially
between men and women. For example, men have larger
muscle mass than women, whereas women therefore have
higher proportion of their FFM as high metabolic-rate
organs such as liver, kidney, and brain (30). The contri-
bution of FM to BMR is greater in women than in men
(31), and it has been assumed that this reflects the higher
body fat contentin women compared with men. However,
our analysis shows that adipose tissue has higher meta-
bolic rate per kilogram in women than in men, suggesting
that the higher impact of FM on BMR in women partly is
caused by differences within the adipose tissue that influ-
ence its energy turnover.

The practical significance of the sex difference in adi-
pose tissue contribution to energy metabolism remains to
be determined, but there are some situations in which it
may have an impact. For example, it is well known that
BMR is reduced during weight loss (32). Higher energy
turnover in female adipose tissue suggests that loss of a
certain amount of adipose tissue mass will result in a
greater reduction in energy expenditure in women than in
men, a mechanism that would counteract further weight
loss. In theory, the sex difference in energy turnover in
adipose tissue could therefore result in sex differences in
the outcomes of weight loss programs because more met-
abolically active tissue is lost in women than in men. How-
ever, the regulation of body weight occurs through com-
plex feedback systems that are likely to mask the clinical
importance of such sex differences.

Analysis of global adipose tissue gene expression
showed that female adipose tissue displayed a mitochon-
drial gene signature characterized by increased expression
of numerous genes involved in mitochondrial function.
The biological relevance of the mitochondrial gene signa-
ture is supported by the down-regulation in response to
weight loss, a situation when RMR is reduced (32). The
most distinct difference in expression was observed for
Oxphos-CR genes, a group of PGC la-responsive genes.
PGC la is a transcriptional coactivator implicated in mi-
tochondriogenesis (33). Fat oxidation and the generation
of energy in the form of ATP take place in mitochondria,
and this organelle therefore plays a central role in energy
metabolism. Each mitochondrion has multiple copies of a
circular mitochondrial DNA genome that encodes 13 pro-
teins that are essential for the respiratory function. How-
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ever, most proteins necessary for the mitochondrial func-
tions are derived from nuclear genes (34), and the
increased mitochondrial signature in women was due to
the increased expression of genes from nuclear DNA.
Metabolically active cells, such as those of internal or-
gans, contain thousands of mitochondria, whereas cells
with a low metabolic rate, such as white adipocytes, con-
tain only a few. One interpretation of the increased ex-
pression of the mitochondrial signature in women is the
adipose tissue in women contains more mitochondria or
more active mitochondria. Adipose tissue is a complex
tissue that consists of adipocytes and various stromavas-
cular cells. Although the white adipocyte is the main cell
type, sc adipose tissue from adult humans has been re-
ported to contain some brown adipocytes (35). In contrast
to white adipocytes, brown adipocytes are mitochondria-
rich cells with multiple small lipid droplets. The brown
adipocytes have a unique ability to generate heat instead
of ATP through uncoupling of oxidative phosphorylation
(25). This process is dependent on the expression of UCP1,
a protein that allows protons to leak through the inner
membrane of the mitochondria. Our data show that the
adipose tissue expression of UCP1 is markedly higher in
women compared with men. This suggests that adipose
tissue in women has a higher capacity to burn calories by
converting the energy to heat, something that may in part
explain the higher contribution of adipose tissue to BMR
in women than in men. UCP1 expression is considered a
specific marker for BAT, and we and others have recently
demonstrated that in histological sections of human adi-
pose tissue containing both white and brown adipocytes,
UCP1 is specifically expressed in the cells with brown adi-
pocyte morphology (14, 26, 36). The increased adipose
tissue expression of UCP1 suggests that women have more
brown adipocytes in their subcutaneous adipose tissue.
Studies in rodents have clearly demonstrated that BAT
is an important regulator of body temperature and body
weight (25), but its role in humans is not as clear. The idea
that BAT disappears early in life and therefore lacks im-
portance in adults has recently been challenged by several
studies. Specific BAT depots have been detected in the neck
region and in central parts of the body of human adults
(37). Furthermore, BAT activity in these depots is higher
in lean than in obese subjects (38, 39), and BAT activity
correlates with resting metabolic rate (39), indicating that
BAT plays a role in adult human metabolism. Interest-
ingly, glucose uptake in BAT depots is higher in women
compared with men (38). The existence of a sex difference
is also supported by rodent studies showing that female
rats have a larger percentage of BAT depots per body mass
(40). Our study suggests that the increased amount of BAT
in women is not restricted to specific BAT depots but also
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includes increased number of brown adipocytes in their sc
adipose tissue.

In this study we show that each kilogram of adipose
tissue contributes more to resting metabolic rate in women
than in men, and sex differences in adipose tissue gene
expression suggest that this may in part be due to increased
number of brown adipocytes. Given the higher adiposity
in women, we conclude that the relative contribution of
adipose tissue RMR to total RMR is greater in women
than in men. Although FFM is the major determinant of
energy expenditure, the impact of small sex differences in
the contribution of FM to BMR may be substantial for
conditions and diseases that develop slowly over several
decades. Our findings may therefore have implications for
the well-established sex differences in obesity and its
health consequences.
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