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and OXPHOS proteins in SAT are downregulated in acquired obesity, and are associated with metabolic disturbances already at the preclinical stage.

Adipocytes are important contributors to energy balance
and metabolic homeostasis. Within these highly dynamic
cells, mitochondria are at the center of energy metabolism, using carbohydrates, lipids, and proteins to produce
ATP and metabolites for growth, as well as contributing to
adipocyte differentiation and maturation (1). Mitochondria possess their own multicopy genome, a 16.6-kb circular mitochondrial DNA (mtDNA) that encodes two
ribosomal RNAs (12S and 16S), 22 transfer RNAs, and
13 polypeptides (2). These proteins are the core catalytic
components of electron transport chain complexes I, III,
and IV, and ATP synthase (3). Together, these complexes
form the oxidative phosphorylation (OXPHOS) system in
the inner mitochondrial membrane. mtDNA-encoded proteins are translated on mitochondrial ribosomes that, together with OXPHOS complexes, are the only cellular
entities encoded by both nuclear and mitochondrial
genomes. However, ;1,500 other nuclear-encoded
proteins—8% of all nuclear genes—encode mitochondrial
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OBESITY STUDIES

Low mitochondrial number and activity have been suggested as underlying factors in obesity, type 2 diabetes,
and metabolic syndrome. However, the stage at which
mitochondrial dysfunction manifests in adipose tissue
after the onset of obesity remains unknown. Here we
examined subcutaneous adipose tissue (SAT) samples
from healthy monozygotic twin pairs, 22.8–36.2 years of
age, who were discordant (DBMI >3 kg/m2, mean length
of discordance 6.3 6 0.3 years, n = 26) and concordant
(DBMI <3 kg/m2, n = 14) for body weight, and assessed
their detailed mitochondrial metabolic characteristics:
mitochondrial-related transcriptomes with dysregulated
pathways, mitochondrial DNA (mtDNA) amount, mtDNAencoded transcripts, and mitochondrial oxidative phosphorylation (OXPHOS) protein levels. We report global
expressional downregulation of mitochondrial oxidative
pathways with concomitant downregulation of mtDNA
amount, mtDNA-dependent translation system, and protein levels of the OXPHOS machinery in the obese compared with the lean co-twins. Pathway analysis indicated
downshifting of fatty acid oxidation, ketone body production and breakdown, and the tricarboxylic acid cycle, which
inversely correlated with adiposity, insulin resistance,
and inﬂammatory cytokines. Our results suggest that
mitochondrial biogenesis, oxidative metabolic pathways,
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targeted proteins, emphasizing the central role of mitochondria in cellular metabolism (4).
Evidence from various study systems suggests that
mitochondrial function and biogenesis are compromised
in subcutaneous adipose tissue (SAT) in type 2 diabetes
(5), morbid obesity (6), and insulin resistance (7). Recently, a reduction of total oxygen consumption rates,
but not mtDNA content, was shown to occur in visceral
and subcutaneous adipocytes of obese adults (8), as well
as after b-adrenergic stimulation (9), suggesting a decrease
in mitochondrial oxidative activity. We have previously
shown in SAT of monozygotic (MZ) weight-discordant
twin pairs that mtDNA depletion together with the downregulation of mitochondrial branched-chain amino acid
(BCAA) catabolism characterize obesity, insulin resistance,
fatty liver (10), and poor ﬁtness (11). However, we still
lack a thorough understanding of how mitochondrial biogenesis and function in human adipose tissue changes in
obesity, at which stage this process begins, and whether it
contributes to the early development of metabolic disturbances. Moreover, it is not known whether the possible
link between mitochondrial dysfunction and obesityrelated metabolic disorders is genetic or acquired.
MZ twins discordant for obesity are, despite their different phenotype, completely matched for genetic variants,
age, and sex. This allows the research of acquired obesity
without interference of genetic and familial factors that
confound studies comparing groups of unrelated lean and
obese individuals. Here, we focus on rare weight-discordant,
healthy, young adult MZ twins to investigate in detail the
mitochondrial pathways in SAT and their association with
whole-body metabolism in acquired obesity.
RESEARCH DESIGN AND METHODS
Subjects

The current study included 26 rare, healthy MZ pairs
discordant for obesity (within-pair difference, DBMI $3
kg/m2, n = 9 males, n = 17 females, mean age 29.9 6 0.6
years), identiﬁed from two population-based twin
cohorts, FinnTwin16 (n = 2,839 pairs) and FinnTwin12
(n = 2,578 pairs) (12). In addition, 14 MZ twin pairs
concordant for BMI (DBMI ,3 kg/m2, n = 9 males, n =
5 females, mean age 31.6 6 0.6 years) were included as
control pairs and to provide a wider range of BMI values
for transcriptomics analyses. A detailed description of the
twin material has been published previously (13,14).
Written informed consent was obtained from all participants. The study was approved by the Ethical Committee
of the Helsinki University Central Hospital.
Clinical Assessments

Weight and height were measured for the calculation of
BMI. Body composition was determined by dual-energy
X-ray absorptiometry (Lunar Prodigy software version 8.8;
GE Healthcare, Madison, WI) (15), the amount of SAT and
visceral adipose tissue (VAT) by MRI, and liver fat by proton magnetic resonance spectroscopy with a 1.5 Tesla MRI
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imager (Avanto; Siemens, Erlangen, Germany) (13). Physical activity was assessed by the Baecke questionnaire and
its three subcompartments (sport, leisure time, and work
indexes). Parental weight, height, and age were asked at the
twin age of 16 years.
Analytical Measurements

The concentrations of fasting plasma glucose, leptin,
adiponectin, and adipsin, and serum hs-CRP were measured,
and HOMA insulin resistance and Matsuda insulin sensitivity indexes were calculated, as previously described (16).
SAT Specimens and Analyses

Surgical biopsy samples of abdominal SAT under the
umbilicus were obtained under local anesthesia and were
snap-frozen in liquid nitrogen. Based on the availability of
sample material, the frozen SAT specimens were used for
transcriptomics analyses (all 26 discordant and 14 concordant twin pairs), determination of the amount of mtDNA,
mtDNA-encoded transcript levels (15 discordant twin
pairs), and an OXPHOS protein analysis (seven discordant
twin pairs). Twenty-four discordant and 11 concordant
twin pairs were available for DNA methylation analyses.
Clinical characteristics of the selected and unselected twin
pairs were similar. Part of the fresh SAT sample was
digested with collagenase, and was used for the measurement and calculation of adipocyte volume and number in
all 26 discordant and 14 concordant twin pairs (16). The
discordant twin pairs were divided into two groups with
regard to hyperplastic and hypertrophic obesity (16).
Transcriptomics and Pathway Analyses

Total RNA was extracted from SAT by the RNeasy Lipid
Tissue Mini Kit (Qiagen) and treated with DNase I
(Qiagen). Transcriptomics analyses were performed using
the Affymetrix U133 Plus 2.0 array and were validated as
in the study by Naukkarinen et al. (14). Preprocessing of
the expression data was performed using BioConductor
and the GC-RMA algorithm. We ﬁrst analyzed the differentially expressed transcripts genome wide between the
obese and the lean co-twins in the discordant pairs by
paired moderated t tests (17), and then determined
whether they were found in MitoCarta (4), an online atlas
of 1,013 human proteins with mitochondrial localization.
Forty-nine of the 1,013 MitoCarta protein transcripts
were not detectable by the Affymetrix probes, including
the 13 mtDNA-encoded OXPHOS transcripts. Identiﬁed
mitochondrial-related transcripts were further subjected
to ingenuity pathway analysis (IPA; Qiagen, Redwood City,
CA [www.qiagen.com/ingenuity]) to reveal the pathways and
the upstream regulators of the transcripts. Top 10 signiﬁcant pathways were selected for further examination and for
the calculation of overall pathway activity (the mean centroid; Table 3) (10). In addition, the mean centroids were
calculated for the expression of the mitochondrial ribosomal
protein (MRP) small subunit (MRPS; n = 30 subunits) and
the mitochondrial ribosomal protein large subunit (MRPL;
n = 50 subunits) (Supplementary Table 4).
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DNA methylation values of all probes mapping to the
differentially expressed MitoCarta genes and peroxisome
proliferator–activated receptor g coactivator (PGC)-1a were
picked from the Illumina HumanMethylation BeadChip.
Differential methylation analysis of the cytosine guanine
dinucleotide (CpG) sites on these genes was performed
by using paired moderated t tests (18) in the discordant
pairs, and relationships between methylation in signiﬁcant
CpG sites and the expression of their associated genes by
Spearman correlations in the individual twins.
DNA Extraction and Analysis of mtDNA Amount

The amount of mtDNA, extracted by the standard
phenol/chloroform and ethanol precipitation method,
was determined by quantitative real-time PCR (qPCR) of
the mitochondrial cytochrome B (CYTB) gene normalized
to the nuclear amyloid b precursor protein (APP) gene
(10). The qPCR was performed with 25 ng of total DNA
using SYBR Green PCR Master Mix (iQ Custom SYBR
Green Supermix; Bio-Rad) according to the manufacturer’s instructions. The qPCR data were analyzed by
the comparative “DDCt method” (with Bio-Rad CFX Manager version 1.6 software). The primer sequences are
available in Supplementary Table 7.
Reverse Transcription and the Measurement of
mtDNA-Encoded Transcripts and the Upstream
Regulator PGC-1a by quantitative RT-PCR

Total extracted RNA (250 ng) was used to generate cDNA
with the Maxima First Strand cDNA Synthesis Kit for
quantitative RT-PCR (qRT-PCR) (Thermo Scientiﬁc) according to the manufacturer’s instructions. Expression
levels of mtDNA-encoded 12S rRNA (MT-RNR1),
16S rRNA (MT-RNR2), and mRNAs (MT-COX1, MT-ND5,
and MT-CYTB), normalized with nuclear 18S rRNA, were
analyzed in 1:100 cDNA dilutions by qRT-PCR with the
iQ Real-Time PCR Detection System (Bio-Rad) and the comparative DDCt method.
The expression of the upstream regulator PGC-1a was
validated in a 1:30 dilution with 18S rRNA as a housekeeping
gene. The PGC-1a probes were targeted to 39 untranslated
region of the longest mRNA isoform (ENSG00000109819)
that is not shared with other protein coding PGC-1a isoforms. The primer sequences are available in Supplementary
Table 7.
Quantitative Western Blot Analysis for OXPHOS
Protein Levels

SAT lysates were obtained by homogenization in ice-cold
1% n-dodecyl b-D-maltoside in PBS with protease inhibitors (Roche). Quantitative Western blot analysis was performed with 20 mg of total SAT lysates for measurement
of the levels of the following OXPHOS proteins: complex I
NDUFA9 (MS111), complex II 70-kDa subunit (MS204),
complex III core 2 subunit (MS304), complex IV subunit I
(MS404), and complex V subunit a (MS507), as well as
porin (Abcam), b-tubulin (Cell Signaling Technology), and
actin (Santa Cruz Biotechnology). Antibodies were diluted
in 1% BSA/Tris-buffered saline and 0.1% Tween 20
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(TBST) at 1:2,000 (CI), 1:5,000 (CII), 1:2,500 (CIII),
1:500 (CIV), and 1:1,000 (porin, tubulin), and incubated at
4°C overnight. Secondary HRP-conjugated anti-mouse or
anti-rabbit antibodies (1:10,000; Molecular Probes) were
incubated with the membranes in 5% milk/TBST. The
proteins were quantiﬁed with Image Laboratory software
version 3.0.
Statistical Analyses

Statistical analyses were performed using Stata statistical
software (release 12.0; Stata Corporation, College Station,
TX). Differences between co-twins were calculated by paired
Wilcoxon signed rank tests. Correlations between mitochondrial and metabolic variables in all concordant and
discordant twin individuals were calculated by using Pearson
correlations, corrected for the clustered sampling of co-twins
by survey methods (19) and adjusted for multiple comparisons by the number of principal components. The
variables in Table 5 produced one principal component,
which explained 88% of the variance. Therefore, the adjusted signiﬁcance level for analyses in Table 5 was P ,
0.05 divided by 1, that is, P , 0.05. Logarithmic corrections were used for non-normally distributed variables.
RESULTS

Characteristics of the twins are presented in Table 1.
The obese (BMI 31.2 6 1.0 kg/m2) and the lean (25.3 6
0.9 kg/m2) co-twins of the discordant pairs (n = 26) had
a mean difference of 18 6 0.5 kg (P , 0.001) in body weight.
The obese co-twins had signiﬁcantly more SAT, VAT, and
liver fat; larger adipocytes; higher plasma leptin levels;
and lower plasma adiponectin levels; and were more insulin resistant than the lean co-twins. The concordant
co-twins (n = 14) had similar body composition and metabolic measures (Table 1). As no differences in mitochondrial measures were found within the concordant
pairs, results are presented only for the discordant pairs.
Downregulation of Mitochondrial-Related Transcripts
in the SAT of Obese Co-twins

We ﬁrst investigated the within-pair differences in the
expression of mitochondrial proteins in SAT (n = 26) by
linking the results from the transcriptomics data with
those of MitoCarta. Among the 2,108 signiﬁcantly differentially expressed genes, 222 genes were listed in MitoCarta
(Supplementary Table 1). Most of these transcripts (187
of 222 transcripts, 84%) were downregulated in SAT of
the obese co-twins compared with the lean co-twins. The
top signiﬁcantly upregulated and downregulated genes are
shown in Table 2.
Downregulation of Key Mitochondrial Pathways in the
SAT of Obese Co-twins

To investigate which functional entities the 222 mitochondrial transcripts represented, we subjected the transcripts
to IPA. Among the most signiﬁcantly different and downregulated pathways in the obese co-twins compared with
the lean co-twins were the following key mitochondrial
functions: OXPHOS (P , 0.0001), BCAA degradation
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Table 1—Characteristics of the MZ twins

Variable
Age (years)

Weight-discordant MZ pairs
(DBMI .3 kg/m2, n = 26 [n = 9 males,
n = 17 females])

Weight-concordant MZ pairs
(DBMI ,3 kg/m2, n = 14 [n = 9 males,
n = 5 females])

Lean co-twin

Obese co-twin

P value*

Both co-twins

29.9 6 0.9

29.9 6 0.9

0.33

31.6 6 0.6

Weight (kg)

75.4 6 3.5

93.3 6 4.0

,0.0001

79.3 6 2.5

Height (cm)

171.9 6 2.0

172.2 6 1.9

0.38

171.5 6 2.0

BMI (kg/m2)

25.3 6 0.9

31.3 6 1.0

,0.0001

26.9 6 0.7

Body fat (%)

32.3 6 1.8

41.1 6 1.3

,0.0001

29.2 6 1.7

Fat (kg)

24.9 6 2.2

38.2 6 2.1

,0.0001

23.5 6 1.7

48.0 6 2.1

52.1 6 2.5

0.0001

53.4 6 2.0

SAT (dm3)

3,813.7 6 416.8

6,358.9 6 540.4

,0.0001

3,256.3 6 261.2

VAT (dm3)

790.2 6 178.9

1,643.7 6 247.4

,0.0001

1,065.2 6 130.0

Liver fat (%)

1.12 6 0.32

4.52 6 0.99

,0.0001

2.87 6 0.98

Adipocyte volume (pL)

355.6 6 34

547 6 59

0.0008

412.0 6 46.2

Adipocyte number (1013)

8.4 6 0.74

8.3 6 0.60

0.95

7.82 6 0.60

Fat-free mass (kg)

fP glucose (mmol/L)†

5.1 6 0.1

5.3 6 0.1

0.17

5.4 6 0.1

fS insulin (mU/L)†

4.9 6 0.5

8.5 6 1.2

0.0011

5.5 6 0.6
1.3 6 0.2

HOMA index†

1.1 6 0.1

2.1 6 0.3

0.0010

Matsuda index†

8.6 6 0.9

6.0 6 0.7

0.0089

9.9 6 1.3

AUC insulin in OGTT (mU/L)

87.6 6 8.0

129.3 6 24.6

0.031

77.5 6 10.9

Total cholesterol (mmol/L)

4.4 6 0.2

4.7 6 0.2

0.14

4.5 6 0.2

LDL cholesterol (mmol/L)

2.6 6 0.1

3.0 6 0.2

0.034

2.8 6 0.2

HDL cholesterol (mmol/L)

1.6 6 0.1

1.3 6 0.1

0.0004

1.3 6 0.1

Triglycerides (mmol/L)

0.94 6 0.1

1.32 6 0.2

0.014

1.02 6 0.13

fP leptin (mg/mL)

18.9 6 4.1

34.6 6 5.5

0.0015

28.4 6 10.2

fP adiponectin (mg/mL)

2.8 6 0.3

2.2 6 0.2

0.0023

2.2 6 0.1

fS hs-CRP (mg/dL)

2.6 6 0.7

4.0 6 1.1

0.065

1.2 6 0.3

1,190 6 45

1,310 6 47

0.0063

1,070 6 71

Adipsin (ng/mL)
Total physical activity

8.9 6 0.2

8.3 6 0.2

0.213

8.9 6 0.3

Sport index

3.2 6 0.2

2.7 6 0.2

0.061

3.3 6 0.2

Leisure index

2.8 6 0.1

2.8 6 0.1

0.837

2.8 6 0.1

Work index

2.8 6 0.1

2.8 6 0.1

0.466

2.8 6 0.1

Data represent the mean 6 SE. AUC, area under the curve; fP, fasting plasma; fS, fasting serum; OGTT, oral glucose tolerance test.
*Wilcoxon rank sum test was used to compare values of the leaner vs. the heavier co-twin. †n = 25 obesity-discordant MZ pairs.

(P , 0.0001), ketogenesis/ketolysis (P , 0.0001), the tricarboxylic acid cycle (TCA; P , 0.0001), glutaryl-CoA degradation (P , 0.0001), and fatty acid b-oxidation (FAO;
P , 0.0001) (Table 3 and Supplementary Table 2).
Next we analyzed whether the most signiﬁcant pathways were associated with obesity-related pathology by
correlating the mean centroids of the pathways to measures
of adiposity (SAT, VAT, and liver fat, adipocyte volume),
insulin sensitivity (Matsuda index), insulin resistance
(HOMA index), inﬂammation (adipsin, hs-CRP), leptin,
and adiponectin. After multiple testing episodes, the mean
centroid values of OXPHOS and TCA pathways correlated
with SAT, VAT, liver fat, adipocyte volume, Matsuda and
HOMA indexes, adipsin, and hs-CRP (Table 4). The TCA
also correlated with adiponectin. Glutaryl-CoA degradation,

ketogenesis, and tryptophan degradation pathways correlated with all of the selected clinical variables except adiponectin. BCAA degradation (valine, isoleucine, and leucine
degradation pathways), FAO, and ketolysis correlated with
all clinical variables.
Upstream Regulator Analysis

We performed IPA upstream regulator analysis to identify
the transcriptional regulators that can explain the
observed gene expression changes and pathways between the co-twins (n = 26) (20). We identiﬁed FOXO1 (P
, 0.0001), PGC-1a (PPARGC1A, P , 0.0001), PGC-1b
(PPARGC1B, P , 0.0001), and lysine methyltransferase
2D (KMT2D, P = 0.027) (Table 5 and Supplementary Table 3)
as the most signiﬁcant upstream transcription factors
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Table 2—Top upregulated and downregulated genes in the obese compared with the lean co-twins (n = 26 discordant pairs)
Symbol

Description

Adjusted P value

FC

Upregulated genes
VAMP8
HSPB7
FTH1
TOMM40L
TMEM160
PLA2G15
TXNRD1
SLC25A43

Vesicle-associated membrane protein 8
Heat shock 27-kDa protein family, member 7 (cardiovascular)
Ferritin, heavy polypeptide 1
Translocase of outer mitochondrial membrane 40 homolog (yeast)-like
Transmembrane protein 160
Phospholipase A2, group XV
Thioredoxin reductase 1
Solute carrier family 25, member 43

0.0041
0.0108
0.0003
0.0012
0.0037
0.0132
0.0016
0.0018

1.51
1.47
1.41
1.38
1.33
1.32
1.30
1.24

Downregulated genes
NIPSNAP3B
LDHD
ALDH1L1
AASS
GPT2
ECHDC3
ALDH6A1
C10orf10
PXMP2
ACP6
PC
ECI1
PCCB
SHMT1
ACACA
LIAS
PCK2
HADH

Nipsnap homolog 3B (Caenorhabditis elegans)
Lactate dehydrogenase D
Aldehyde dehydrogenase 1 family, member L1
Aminoadipate-semialdehyde synthase
Glutamic pyruvate transaminase (alanine aminotransferase) 2
Enoyl-CoA hydratase domain containing 3
Aldehyde dehydrogenase 6 family, member A1
Chromosome 10 open reading frame 10
Peroxisomal membrane protein 2, 22 kDa
Acid phosphatase 6, lysophosphatidic
Pyruvate carboxylase
Enoyl-CoA delta isomerase 1
Propionyl CoA carboxylase, b-polypeptide
Serine hydroxymethyltransferase 1 (soluble)
Acetyl-CoA carboxylase-a
Lipoic acid synthetase
Phosphoenolpyruvate carboxykinase 2 (mitochondrial)
Hydroxyacyl-CoA dehydrogenase

0.0002
0.0025
0.0010
0.0006
0.0010
0.0006
0.0006
0.0186
0.0004
0.0022
0.0015
0.0002
0.0006
0.0016
0.0042
0.0010
0.0141
0.0002

21.92
21.71
21.62
21.59
21.58
21.56
21.56
21.54
21.52
21.48
21.41
21.41
21.38
21.38
21.37
21.36
21.35
21.34

FC, fold change.

regulating the 222 transcripts. Based on the predicted z
scores calculated in IPA, the biological activation state of
all of these genes was lower in the obese co-twins compared with the lean co-twins. In our transcriptomics data,
the expression level of PGC-1a was highly downregulated
in the obese co-twins (lean 51.6 6 5.1 arbitrary units
[AU] vs. obese 34.1 6 4.9 AU; arbitrary Affymetrix units,
adjusted P , 0.001). The reduction of PGC-1a expression
was veriﬁed with qRT-PCR (P = 0.004; Fig. 1). The expression of other upstream regulators was not different between the co-twins, but the expression levels of their
target genes were reduced, suggesting post-transcriptional
regulation (Table 5).
Differential Methylation of the Mitochondria-Related
Transcripts and Upstream Regulators in the SAT of
Obese Co-twins

Next, we investigated whether any of the 222 differentially expressed genes were also differentially methylated
within the twin pairs, thus providing a potential molecular mechanism underlying the expression differences.
Altogether, 130 CpG sites within 74 genes showed differential methylation (P , 0.05) within the discordant pairs
(n = 24; Supplementary Table 5). Most of these sites (96 of
130 sites, 74%) were hypermethylated in the obese co-twins
compared with the lean co-twins. When investigating the
CpG sites in relation to CpG density, 89% (116 of 130 sites)
were outside any CpG islands. Approximately half (68 of

130 sites, 52%) of the differentially methylated CpG sites
were located in the gene bodies, and 42% (55 of 130 sites)
were located in promoters. There was no difference between the promoter- and gene body–associated CpG sites
in regard to their methylation status (hypermethylation vs.
hypomethylation). We then explored whether there are any
signiﬁcant associations between the differentially expressed
and methylated genes. Of the 74 genes, 40 showed signiﬁcant correlation between expression and methylation (r =
20.24 to 20.70 and 0.25 to 0.44, P , 0.05) (Supplementary Table 6). There was in general an inverse relationship
between expression and DNA methylation, and only 12
genes showed positive correlations.
Furthermore, we explored whether the methylation
levels differed between the co-twins for the PGC-1a gene,
the only upstream regulator that was differentially
expressed between the co-twins. We found hypermethylation in the obese co-twins in two CpG sites within the
gene body of PGC-1a, but no differences in other regions
of the gene (Supplementary Table 5). Methylation in one
of the CpG sites correlated signiﬁcantly with PGC-1a expression (r = 20.31, P = 0.01) (Supplementary Table 6).
Reduction of mtDNA Amount, mtDNA-Encoded
Transcripts, and MRP Transcripts in the SAT of Obese
Co-twins

To further investigate the effect of obesity on mitochondrial
amount and biogenesis in SAT, we measured the amount
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Table 3—Pathways signiﬁcantly changed in the obese compared with the lean co-twin (IPA of the differentially expressed
genes, n = 26 discordant pairs)
Ingenuity
canonical pathways

P value

Regulation

Molecules

OXPHOS

,0.0001

Downregulated

SDHB, COX6C, COX5B, NDUFB5, COX8A, ATP5L, ATP5G2,
NDUFB8, ATP5S, NDUFA2, NDUFB10, NDUFS1, NDUFAB1,
ATPAF1, ATP5I, COX4I1, NDUFA8, NDUFS4, ATP5O, ATP5A1,
COX7C, NDUFS3, UQCRB, ATP5C1, COX11, NDUFB11, ATP5B,
NDUFA6, CYC1, UQCRC2, COX7A2, NDUFA12, SDHD, UQCRC1

Valine degradation I

,0.0001

Downregulated

HADHB, HIBADH, BCKDHA, AUH, ACAD8, ACADSB, DBT,
ALDH6A1, HADHA, BCKDHB

Glutaryl-CoA degradation

,0.0001

Downregulated

HADHB, ACAT2, ACAT1, HADHA, HADH, GCDH, HSD17B8

Isoleucine degradation I

,0.0001

Downregulated

HADHB, ACAT2, AUH, ACAD8, ACAT1, ACADSB, HADHA

Ketogenesis

,0.0001

Downregulated

HADHB, BDH1, ACAT2, ACAT1, HMGCL, HADHA

FAO I

,0.0001

Downregulated

HADHB, ECI2, AUH, ACADM, ECI1, HADHA, HADH, HSD17B8

Tryptophan degradation III
(eukaryotic)

,0.0001

Downregulated

HADHB, ACAT2, ACAT1, HADHA, HADH, GCDH, HSD17B8

Ketolysis

,0.0001

Downregulated

HADHB, BDH1, ACAT2, ACAT1, HADHA

TCA II (eukaryotic)

,0.0001

Downregulated

SDHB, DHTKD1, SUCLG1, DLST, SDHD, FH, IDH3B

Leucine degradation I

,0.0001

Downregulated

AUH, MCCC1, HMGCL, ACADM, MCCC2

of mtDNA and the expression of mtDNA-encoded genes
(12S rRNA, 16S rRNA, cytochrome c oxidase subunit 1 [COX1],
NADH dehydrogenase subunit 5 [ND5], and CYTB, n = 15
discordant pairs). The mtDNA amount was reduced by ;20%
(P = 0.031; Fig. 2A) in SAT of the obese co-twins compared
with the lean co-twins. Signiﬁcant negative correlations were
observed between the mtDNA amount and HOMA (insulin
resistance) and adipsin (inﬂammation) (Table 4).
Furthermore, mitochondrial 12S (MT-RNR1, P =
0.0064) and 16S (MT-RNR2, P = 0.0090) rRNAs, as well
as mRNAs COX1 (P = 0.0064, CIV subunit), ND5 (P =
0.027, CI subunit), and CYTB (P = 0.0015, CIII subunit;
Fig. 2B), were decreased in SAT of the obese co-twins
compared with their lean counterparts. We also studied
the expression of 30 nuclear transcripts for the MRPS and
50 nuclear transcripts for the MRPL of the mitochondrial
ribosome using the Affymetrix data (n = 26 discordant
pairs). In line with 12S and 16S rRNA expression, the
average value of the total expression (a mean centroid)
of both MRPS (lean 0.03 6 0.09 AU vs. obese 20.31 6
0.1 AU, P , 0.001) and MRPL (lean 20.04 6 0.1 AU vs.
obese 20.26 6 0.1 AU, P = 0.0034) was lower in the
obese compared with the lean co-twins (Fig. 2C).
Reduction of Mitochondrial Mass and OXPHOS
Proteins in the SAT of Obese Twins

Finally, we measured mitochondrial content and the level
of OXPHOS protein subunits in SAT lysates of seven
discordant pairs by Western blot. Mitochondrial mass per
cell (porin, a mitochondrial outer membrane protein
compared with a cytoskeletal protein b-tubulin) trended
downward in the obese co-twins (P = 0.09; Fig. 2D and E).
Mitochondrial OXPHOS protein subunits of CIII, CIV, and
CV were reduced in obesity: the level of CIII-core 2 (CIII
subunit, P = 0.018), MT-CO1 (CIV subunit, P = 0.018),

and CV-a (CV subunit, P = 0.028), compared with the
levels of b-tubulin, were all lower in the obese co-twins
than in the lean co-twins (Fig. 2E). As the different complex subunits typically follow the amounts of full holocomplexes, these results support deﬁciency of CIII, CIV,
and CV. Fully nuclear-encoded CII did not differ between
the co-twins. Furthermore, we analyzed whether the OXPHOS
levels were reduced per mitochondria in obesity. Thus, we
normalized the OXPHOS protein signals against the mitochondrial protein porin. The amount of CI (P = 0.063)
trended downward, and complexes CIII (P = 0.018) and
CIV (P = 0.028) were reduced in the obese co-twins (Fig.
2E). Overall, the protein results suggest a trend of lower
mitochondrial mass (porin) and a decrease of OXPHOS
levels per cell and per mitochondria as a downstream effect of the reduced mtDNA amount (Fig. 3).
Hyperplastic Versus Hypertrophic Obesity

Because the mitochondrial pathways had signiﬁcant negative correlations with adipocyte volume (P , 0.01, Table 4),
we analyzed whether the mitochondrial measures differed
in discordant pairs with hyperplastic versus hypertrophic
pattern of adipocyte morphology. In the discordant pairs
where the obese co-twins had a solely hypertrophic pattern
(larger and fewer adipocytes than their co-twins), the obese
co-twins had a signiﬁcantly reduced amount of mtDNA compared with their lean co-twins (lean 1.05 6 0.7 vs. obese
0.82 6 0.07, P = 0.028), but no other differences in the
mitochondrial measures were found between the two groups.
Sex, Onset of Obesity Discordance, Family History, and
Lifestyle Factors in the Discordant Pairs

The within-pair differences in all measures of adiposity and
metabolism (Table 1), as well as those in mitochondrial
measures, were similar in males and females. The mean
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20.367†

20.2544

20.603‡

20.0835

VAT

20.420†

20.1761

Liver fat

20.497†

20.2076

Adipocyte volume

0.669‡

0.445‡

0.2954

Matsuda index

20.595‡

20.322†

20.4582*

HOMA

20.519‡

20.191

20.2413

fP-leptin

0.378†

0.353*

20.0408

fP-adiponectin

20.476‡

20.384†

20.0166

hs-CRP

20.4241†

20.4174†

20.3402*

20.4007*

Adipsin

20.4484‡

20.584‡

20.4337‡

20.518‡

20.4671‡

20.669‡

20.437†

20.470‡

20.437†

20.416‡

0.358*

0.330*

0.387*

0.456‡

20.488†

20.147

20.490†

20.543‡

20.570‡

20.558‡

20.587‡

20.388‡

0.623‡

20.4003†

20.5377‡

0.634‡

0.626‡

20.486‡

0.483‡

20.569‡

0.524‡

20.586‡

20.541†

20.425†

20.452†

20.480‡

20.638‡

20.412‡

20.469‡

20.478‡

0.658‡

20.430‡

20.432†

20.652‡

20.596‡

0.411†

20.644‡

20.627‡

20.559‡

0.486‡

20.660‡

20.702‡

20.391*

20.306†

20.5187‡

20.581‡

20.506‡

20.4484‡

0.602‡

20.470‡

0.578‡

0.330*

20.512‡

20.543‡

20.489†

20.558‡

20.472‡

0.634‡

20.485‡

20.586‡

20.649‡

20.469‡

20.641‡

20.644‡

Table 4—Correlations of mitochondrial variables with metabolic measures in individual MZ twins (n = 80)

mtDNA
SAT

OXPHOS

20.622‡

20.661‡

FAO

20.657‡

20.690‡

Ketogenesis

20.315†

Ketolysis

20.585‡

Glutaryl-CoA degradation

Valine degradation

20.533‡

20.430†

TCA

Isoleucine degradation

Leucine degradation

20.630‡

fP, fasting plasma. *P , 0.05, †P , 0.01, ‡P , 0.001.

Tryptophan degradation

age at the onset of obesity discordance was 22.6 6 0.6
years. Consequently, the length of obesity discordance was
on average 6.3 6 0.3 years. Of the total 44 parents of the
discordant pairs for whom data were available, 15.9% were
obese (4 of 23 of the mothers and 3 of 21 of the fathers),
including one twin pair where both parents were obese. The
parents were examined when the twins were 16 years of
age. The age of the mothers was 42.2 6 0.7 years, and that
of the fathers, 45.4 6 0.8 years. The total as well as sport,
leisure time, and work physical activity levels of the obese
and the lean co-twins were similar (Table 1), and did not
correlate with mitochondrial measures.
DISCUSSION

We performed a comprehensive set of experiments to test
a hypothesis that mitochondrial biogenesis is downregulated in human SAT in obesity. We used a unique study
design: rare MZ weight-discordant twin pairs, which enabled us to control for sex, age, and genetic background
between the lean and the obese groups—a major advantage for conclusions regarding a multifactorial trait such
as obesity. We demonstrate a widespread reduction in the
expression of both mitochondrial- and nuclear-encoded
mitochondrial genes leading to downregulation of mitochondrial biogenesis in SAT of the obese twins compared
with their leaner co-twins. Many of the differentially
expressed transcripts were also differentially methylated
within the twin pairs. Reduction of the mitochondrial oxidative metabolism in SAT correlated with whole-body
insulin resistance and inﬂammation. Our ﬁndings provide
evidence of a substantial insufﬁciency of mitochondrial
biogenesis in SAT in acquired obesity that already exists
prior to the onset of clinical metabolic complications.
The OXPHOS system is unique because it is encoded by
both the nuclear and the mitochondrial genome. We
showed that mtDNA, its transcripts, OXPHOS subunits,
as well as nuclear genes encoding OXPHOS proteins are
reduced in the obese co-twins, suggesting a major downregulation in mitochondrial oxidative ATP production and
catabolic functions in SAT in acquired obesity. A similar
reduction of mtDNA in SAT in obesity has been found in
previous studies by us (10) and others (21), but the generalized downregulation of mitochondrial proteins and
metabolism has not been reported previously. After mtDNA
transcription, mitochondria translate their mRNAs on mitochondrial ribosomes that comprise two mtDNA-encoded
rRNAs and .80 nuclear-encoded proteins (22). We report
an extensive reduction in the transcript levels of rRNAs
and MRPs, emphasizing the downregulation of the translation machinery of both the nuclear and mitochondrial
expression systems. These ﬁndings are in agreement with
previous ﬁndings in two mouse models of obesity and type
2 diabetes, which showed a low abundance of MRP transcripts and mitochondrial biogenesis in inguinal adipose
tissue (23), as well as in a rat model for late-onset obesity,
in which a truncation of MRPS26 was associated with the
accumulation of visceral fat and insulin sensitivity (24).
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Table 5—Upstream transcription factors regulating the mitochondrial-related genes (IPA of the differentially expressed genes,
n = 26 discordant pairs)
Upstream
regulator

Predicted
activation
state

FOXO1

Inhibited

23.162

4.42e-06

↓ ACACA, ↓ ATP5B, ↓ MAVS, ↓ MRPL45, ↓ MRPL46,
↓ MRPL57, ↓ MRPS18A, ↓ MRPS2, ↓ MRPS22, ↓ MRPS30,
↓ MRPS7, ↓ NDUFA12, ↓ NDUFA8, ↓ PDHB

PPARGC1A

Inhibited

22.823

3.28e-09

↓ ACACA, ↓ ACACB, ↓ ACADM, ↑ ALAS1, ↓ ATP5B, ↓ ATP5O,
↓ COX4I1, ↓ NDUFB5, ↓ NDUFS1, ↓ PDK4, ↓ TXN2

KMT2D

Inhibited

22.236

0.0272

↓ ACADM, ↓ ECI2, ↓ HDDC2, ↓ OXR1, ↓ SFXN4

Activation
z score P value of overlap

Target molecules in the dataset

PPARGC1B

Inhibited

22.219

7.19e-06

↓ ACACA, ↓ ACACB, ↓ ACADM, ↓ COX4I1, ↓ PDK4

KLF15

Inhibited

22.121

1.29e-09

↓ ACADM, ↓ DECR1, ↓ HADHA, ↓ HADHB, ↓ MLYCD,
↓ PDK4, ↓ PXMP2, ↑ SLC25A20

HNF1A

Inhibited

22.000

0.0062

↓ CCBL2, ↓ COQ7, ↓ FH, ↑ GARS, ↓ MCCC1, ↓ PDK1,
↓ SFXN2, ↓ UQCRC2

↓, downregulated in the obese compared with the lean co-twins; ↑, upregulated in the obese compared with the lean co-twins.

Finally, the OXPHOS complexes, partially encoded by
mtDNA, were downregulated without a signiﬁcant decrease
of mitochondrial mass (porin/tubulin), showing that the
mitochondrial OXPHOS levels within the cell and within
the mitochondria are reduced in the SAT of the obese
co-twins.
Pathway analysis of nuclear-encoded mitochondrial
transcripts revealed changes in mitochondrial oxidative
pathways, including FAO, TCA, ketogenesis, ketolysis, and
BCAA degradation pathways in the obese co-twins. We
found that a downregulation in oxidative metabolic pathways in SAT inversely correlated with several clinical
parameters. Mitochondrial pathways correlated negatively with all adiposity measures, insulin resistance,
and inﬂammation and correlated positively with adiponectin levels. We also observed that the larger the
adipocyte volume, the more severe was the decrease in
mitochondrial oxidative metabolic pathways. Recently,
it has been proposed that a decrease in mitochondrial
oxidative metabolism measured by oxygen consumption
rate in isolated adipocytes is caused by obesity rather
than the adipocyte size (8). Our study design controls
for genetic factors between the obese and the lean

Figure 1—Reduction of PGC-1a in SAT of the obese MZ twins.
Reduced expression of PGC-1a was conﬁrmed by qRT-PCR in
the SAT of the MZ obese compared with the lean co-twins (n =
15 discordant pairs). The bars indicate the mean with SE. **P <
0.01 (t test).

groups and suggests that the hypertrophic but not the
hyperplastic pattern of obesity relates to decreased mtDNA
amount. Thus, our ﬁndings are in line with previous studies (16,25–27) reporting associations between hypertrophy
and metabolic abnormalities.
Although mitochondrial function and the development
of type 2 diabetes are suggested to be linked (28), previous studies on mitochondrial biogenesis in relation to
insulin sensitivity in adipocytes and adipose tissue in human subjects are surprisingly few. In one study (29), the
exposure of 3T3-L1 mouse preadipocytes to high levels of
glucose and free fatty acids resulted in decreased mitochondrial size and membrane potential and in the downregulation of PGC-1a, indicating mitochondrial dysfunction.
In another study (30), high-fat feeding of rats resulted in
impaired glucose homeostasis and decreased PGC-1a expression, mtDNA content, and CI and CIV protein levels
in epididymal adipose tissue. These studies supported
a relationship between abundant glucose or fatty acids,
decreased mitochondrial function, and impaired glucose
tolerance, whereas studies on mouse adipocytes did not
conﬁrm a causal link between reduced mitochondrial biogenesis and impaired whole-body glucose homeostasis
(31). Our study, combining molecular analysis of mtDNA
metabolism with mitochondrial pathway analyses, suggests that impaired mitochondrial biogenesis in SAT in
humans is related to insulin resistance and to other
mild metabolic alterations already present before the clinical diagnosis of type 2 diabetes or other obesity-related
diseases.
PGC-1a was the only predicted upstream regulator
whose expression was different between the co-twins.
PGC-1a is a transcription coactivator and a master regulator of mitochondrial biogenesis that controls and coordinates the expression of nuclear and mitochondrial genes
in white adipocytes (32–35). Low PGC-1a expression in
SAT has also been found to correlate with increased BMI
(21) and to be associated with morbid obesity (6), type 2
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Figure 2—Reduction of mtDNA amount, mtDNA transcripts, MRPS/MRPL, and OXPHOS protein amounts in SAT of obese MZ twins.
Relative mtDNA amount measured by qPCR (A) and mtDNA transcripts measured by qRT-PCR (B) in SAT of the MZ obese compared with
the lean co-twins (n = 15 discordant pairs). C: The mean centroid values of MRPS and MRPL in the SAT of the obese compared with the
lean co-twins (n = 26 discordant pairs). D: Western blot analysis of SAT lysates. E and F: Relative amount of OXPHOS proteins in the SAT
(n = 7 discordant pairs). Western blot signals were normalized against b-tubulin (E) and porin (F). The bars indicate the mean with SE. *P <
0.05, **P < 0.01, ***P < 0.001 (paired Wilcoxon signed rank test).

diabetes (5), and insulin resistance (7). PGC-1a–responsive
OXPHOS genes showed reduced expression in VAT
in type 2 diabetes (36). Fat-speciﬁc PGC-1a knockout
mice displayed a signiﬁcant reduction in transcripts of
OXPHOS, FAO, and TCA genes in inguinal SAT, and developed glucose intolerance and insulin resistance when
challenged with a high-fat diet, demonstrating the

necessity of oxidative metabolism in fat for whole-body
metabolism (37). FOXO1 was the ﬁrst predicted upstream
regulator of our 222 transcripts. The expression of
FOXO1 has been shown (38) to be downregulated in
VAT compared with SAT of obese and nonobese individuals, and its protein levels reduced in a dose-dependent
manner in 3T3-L1 adipocytes treated with free fatty acids

Figure 3—Downregulation of mitochondrial biogenesis in the SAT of MZ obese co-twins. Twenty-six weight-discordant healthy young MZ
twin pairs (DBMI >3 kg/m2) were enrolled in the study. Red denotes the downregulated transcript protein subunits in the obese co-twins
compared with their lean co-twins. In addition, 222 of >1,000 nuclear-encoded mitochondrial genes were downregulated. 12S, 12S rRNA;
16S, 16S rRNA; I–V, OXPHOS protein complexes I–V.
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as well as in intraperitoneal adipose tissue of db/db mice
(39). We did not ﬁnd signiﬁcantly changed FOXO1
transcript levels, but FOXO1 and also PGC-1a are posttranslationally regulated (40,41), and therefore the transcript
levels do not fully reﬂect the gene activity. We show that
three CpG sites in the body of PGC-1a were hypermethylated in the obese co-twins. This hypermethylation correlated negatively with gene expression, suggesting that DNA
methylation may reduce the transcription of the gene. Previous studies (42) have reported that compared with the
lean controls, obese patients with type 2 diabetes have a
PGC-1a promotor hypermethylation in SAT. Our data also
show that 74 of the 222 differentially expressed genes
targeting mitochondria are differentially methylated between the co-twins, and in general inversely correlated
with expression. This poses an interesting possibility that
epigenetic modiﬁcations in certain nuclear genes associate
with the decrease in mitochondrial biogenesis in SAT
in acquired obesity. In obesity-discordant MZ twins, such
an effect is acquired, and independent of the genetic
background.
Healthy young adult MZ twins discordant for obesity
are extremely rare, as they share both genes and family. We
succeeded in ﬁnding 26 highly discordant pairs—mainly in
their third decade of life, with relatively recent onset of
weight discordance—from 10 birth cohorts of Finnish
twins. Because the twins are matched on multiple factors,
including genes, our study has increased power over a study
comparing unrelated obese and lean subjects. Our study is
cross-sectional and therefore does not allow deﬁnitive conclusions about causality. However, genetic variants and
shared exposures/experiences can be excluded as confounders of the observed associations. All analyses in this
study were performed with whole SAT biopsy samples that
include stroma-vascular fraction cells, the contribution of
which cannot be distinguished from that of the adipocytes.
In summary, we observed strong evidence for an
association between acquired obesity and downregulation
of mitochondrial biogenesis in SAT. Our ﬁndings suggest
that obesity is related to suppressed mitochondrial oxidative activity in SAT. Importantly, we showed that the
downregulation of mitochondrial biogenesis and oxidative
metabolic pathways in SAT is a phenomenon in obesity
associated with a range of mild metabolic alterations, insulin resistance, and low-grade inﬂammation. The genes
targeting mitochondria may be epigenetically regulated.
These data suggest that obesity-related disease development may be halted by improving mitochondrial activity
in SAT.
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