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A composite peripheral blood gene expression measure as a
potential diagnostic biomarker in bipolar disorder
K Munkholm1, L Peijs2,3, M Vinberg1 and LV Kessing1

Gene expression in peripheral blood has the potential to inform on pathophysiological mechanisms and has emerged as a viable
avenue for the identification of biomarkers. Here, we aimed to identify gene expression candidate genes and to explore the
potential for a composite gene expression measure as a diagnostic and state biomarker in bipolar disorder. First, messenger RNA
levels of 19 candidate genes were assessed in peripheral blood mononuclear cells of 37 rapid cycling bipolar disorder patients in
different affective states (depression, mania and euthymia) during a 6–12-month period and in 40 age- and gender-matched
healthy control subjects. Second, a composite gene expression measure was constructed in the first half study sample and
independently validated in the second half of the sample. We found downregulation of POLG and OGG1 expression in bipolar
disorder patients compared with healthy control subjects. In patients with bipolar disorder, upregulation of NDUFV2 was observed
in a depressed state compared with a euthymic state. The composite gene expression measure for discrimination between patients
and healthy control subjects on the basis of 19 genes generated an area under the receiver-operating characteristic curve of 0.81
(Po0.0001) in sample 1, which was replicated with a value of 0.73 (Po0.0001) in sample 2, corresponding with a moderately
accurate test. The present findings of altered POLG, OGG1 and NDUFV2 expression point to disturbances within mitochondrial
function and DNA repair mechanisms in bipolar disorder. Further, a composite gene expression measure could hold promise as a
potential diagnostic biomarker.
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INTRODUCTION
Although there is growing evidence that inflammatory distur-
bances, altered neuroplasticity and disturbances related to
mitochondrial function are associated with bipolar disorder, our
understanding of the biological background for the disorder is
inadequate. Further, assessment of diagnosis, symptoms and
effect of treatment are limited in relying solely on subjective
clinical information as there are no available laboratory tests.1

Identification of peripheral blood biomarkers of disease (trait) and/
or disease activity (state)2 has the potential to both advance our
understanding of core pathophysiological processes and to move
clinical treatment of bipolar disorder ahead.3 Gene expression
assessed in peripheral blood has emerged as a viable avenue for
the identification of peripheral biomarkers;4 however, the
evidence base for gene expression alterations of single genes in
bipolar disorder is limited by a lack of replicated findings and
methodological issues.5 Importantly, given the likely complex
biological nature of bipolar disorder, a panel of genes rather than
one single gene is more likely to constitute a useful tool.6 Studies
investigating panels of genes have used a focused approach,
investigating inflammation-related pathways7 or studied lympho-
blastoid cell lines,8 which do not consider the current affective
state and are subject to influences due to cell culture
passaging.9,10 Further, they did not consider affective state of
participants11 and beyond a recent small study investigating both
manic and euthymic states in 11 patients with bipolar disorder,12

within-subject alterations between affective states have not been
included.

In the present study, using a longitudinal design that
incorporated within-subject comparisons between affective states,
we investigated the messenger RNA (mRNA) expression in
peripheral blood mononuclear cells (PBMCs) of 19 genes that
have been reported as candidate biomarker genes in compre-
hensive gene expression studies, genome-wide association
studies or otherwise relate to current hypothesis regarding bipolar
disorder pathophysiology. First, we aimed to assess differences in
expression of candidate biomarker genes between (1) bipolar
disorder patients and healthy control subjects and (2) between
affective states in bipolar disorder patients. Second, in a split
sample design, we investigated the potential for a composite
gene expression measure to function as a clinically relevant
biomarker that (1) discriminates between healthy control subjects
and bipolar disorder patients and (2) discriminates between
affective states in bipolar disorder patients, which was validated in
an independent sample.

MATERIALS AND METHODS
Participants
Bipolar disorder patients. Inclusion criteria were a DSM-IV diagnosis of
rapid cycling bipolar disorder, defined by the occurrence of at least four
mood episodes (mania, hypomania, depression or mixed) during the
preceding year in the context of bipolar disorder and age between 18 and
70 years. Exclusion criteria were current drug abuse, insufficient Danish
language skills, pregnancy and significant physical illness (that is, chronic
heart disease, chronic pulmonary disease, inflammatory disease, chronic
infectious disease and neurodegenerative disease), determined by
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available case material, patients’ self-report and routine blood chemistry
tests. Patients were recruited during the period of June 2010 to May 2012
through referral by psychiatrists at hospitals or outpatient facilities
throughout the region of Zealand, Denmark. A total of 37 bipolar disorder
patients were included. Two bipolar patients declined further examination
after 1 and 3 months follow-up, respectively, the remaining bipolar
patients were followed for a minimum of 6 months with a mean (s.d.)
follow-up period of 11.9 (3.0) months. Patients were evaluated with clinical
assessments of mood and collection of blood samples upon signs of new
affective episodes, which when possible, were repeated after return to a
subsequent euthymic state or change to an affective episode of opposite
polarity. Assessment and biochemical analysis were postponed in case of
clinical signs of acute infection, allergic symptoms or other acute medical
condition.

Healthy control subjects. Forty healthy control subjects were recruited
among blood donors affiliated with the Blood Bank at Rigshospitalet,
Copenhagen, Denmark. Inclusion criteria were no history of psychiatric
disorder in the subjects or their first-degree relatives and age between 18
and 70 years, Exclusion criteria were identical to those applied to bipolar
disorder patients. Healthy control subjects were evaluated with clinical
assessments and collection of blood samples on two occasions ~ 3 months
apart. Assessment and biochemical analysis were postponed if there were
clinical signs of acute infection, any allergic symptoms or other acute
medical condition. Mean (s.d.) follow-up time for the healthy control
subjects was 2.9 (0.9) months.
Two bipolar disorder patients reported mild reflux esophagitis and four

patients reported well-controlled hypertension. One healthy control
subject reported previous treatment for gallstone and one reported
intermittent symptoms of allergic rhinitis. No participants suffered from
diabetes. All the participants provided written informed consent and were
reimbursed for their travel expenses. The study protocol was approved by
the Committee on Health Research Ethics of the Capital Region of
Denmark (protocol no. H-4-2010-006). The study complied with the
Declaration of Helsinki.

Clinical assessments
All the participants were assessed by a specialist in psychiatry (KM), using
standardized semi-structured interviews. The Schedules for Clinical
Assessment in Neuropsychiatry interview13 was used for diagnostic
purposes and was based on available case material, referral reports, the
interview with the participant and the Hypomania Checklist (HCL-32)14

completed by the participant. A DSM-IV diagnosis of rapid cycling bipolar
disorder was established for the patients and comorbid psychiatric illness,
if present, was recorded. For healthy control subjects, absence of lifetime
psychiatric morbidity was confirmed.
A clinical diagnosis according to DSM-IV, was established at each study

visit concurrently with the collection of samples for laboratory analysis.
Severity of depressive symptoms was assessed using the 17-item Hamilton
Depression Rating Scale (HAMD-17)15 and manic symptoms were assessed
using the Young Mania Rating Scale (YMRS),16 with a time period of 3 days
applied.
Categories of affective states were based on clinical evaluation

according to the Schedules for Clinical Assessment in Neuropsychiatry
interview combined with the HAMD-17 and YMRS rating scales without
applying duration criteria: euthymic (HAMD-17 and YMRS o8), depressive
(HAMD-17 47 and YMRS o8), manic/hypomanic (YMRS 47 and
HAMD-17 o8) and mixed state (HAMD-17 47 and YMRS 47).

Candidate biomarker genes
Genes were selected for mRNA analysis on the basis of previous findings
and current hypothesis related to the pathophysiology of bipolar disorder,
focusing on evidence based on findings in peripheral blood:

Genes identified in genome-wide association studies. Ankyrin-3 (ANK3),
calcium channel, voltage-dependent, L type, alpha 1C subunit (CACNA1C)
and RAS guanyl releasing protein 1 (RASGRP1).17

Blood biomarker candidate genes identified using convergent functional
genomics. Krueppel-like factor 12 (KLF12) and brain-derived neurotrophic
factor.18

Candidate genes identified in lymphoblastoid cells. DNA polymerase
subunit gamma (POLG), ANK3, RASGRP1.8

Candidate gene identified through proteomic analysis. Phosphoglycerate
mutase 1 (PGAM1).19

Inflammation-related genes identified through whole-genome analysis.
Phosphodiesterase type 4 (BPDE4B) and mitogen-activated protein kinase
6 (MAPK6).7

Mitochondrial function-related candidate genes. NADH dehydrogenase
[ubiquinone] flavoprotein 2, mitochondrial (NDUFV2).20

DNA repair mechanism genes. Oxidatively generated damage to DNA has
been demonstrated in bipolar disorder by the authors.21 Gene expression
alterations related to DNA repair may thus accompany bipolar disorder. 8-
Oxoguanine glycosylase (OGG1) and 7,8-dihydro-8-oxoguanine triphos-
phatase (NUDT1).

RNA-editing genes. Adenosine deaminase acting on RNA (ADAR2).22

Genes potentially related to the functional effects of lithium. RAC-alpha
serine/threonine-protein kinase (AKT1)23 and glycogen synthase kinase 3
beta (GSK3B).24

Estrogen-related genes. Gender differences in bipolar disorder may be
related to estrogen receptor function. Alterations could be linked with the
G protein-coupled estrogen receptor 1 (GPER1),25 as well as estrogen
receptor alpha (ESR1) and beta (ESR2).26

Transcription factor genes hypothesized as susceptibility genes in bipolar
disorder. Transcription factor SP4 (SP4)27 and SP1.28

Apolipoprotein-related genes. Aberrant expression of the apolipoprotein E
(APOE) gene has been demonstrated in postmortem brain tissue in bipolar
disorder29 and APOE genotype is associated with risk of Alzheimer’s
disease30 and coronary heart disease,31 which are comorbid diseases with
increased prevalence in bipolar disorder.

Candidate reference genes used in previous studies. ACTB,8 ABL1,7 SDHA.32

Blood sampling, RNA preparation and reverse transcription
quantitative real-time PCR
Blood samples were obtained in the fasting state between 2030 and
1030 h, after a minimum period of 15min rest, concurrently with the
clinical evaluation.
Nine milliliters of blood was drawn by venipuncture into a citrate

phosphate dextrose adenine containing vacuum tube (Vacuette, Greiner
Bio-One, Kremsmünster, Austria), which was kept at room temperature
before and after blood draw.
The PBMCs were collected applying the standard Ficoll-Paque PLUS

isolation procedure (GE Healthcare Life Sciences, Piscataway, NJ, USA),
within 1 h of blood draw. PBMCs were aliquoted into 1.5 ml Eppendorf
tubes (Eppendorf, Hamburg, Germany) and kept frozen at − 80 °C until
assayed.
Total RNA was extracted from PBMCs by use of TRIzol reagent (Life

Technologies, Life Technologies Europe, Naerum, Denmark). RNA quality
and quantification was measured spectrophotometrically using NanoDrop
(NanoDrop Technologies, Wilmington, DE, USA) spectropho-
tometer and software applying the 260/280 and 260/230 ratio algorithms.
cDNA was synthesized from RNA with a High Capacity dDNA Reverse
Transcription Kit (Life Technologies). The cDNA was subjected to
quantitative real-time PCR using the ViiA 7 Real-Time PCR System
(Life Technologies) with TaqMan PCR Master Mix and using TaqMan
gene expression probes (Life Technologies): Hs00241738_m1
(ANK3), Hs00167681_m1 (CACNA1C), Hs00996727_m1 (RASGRP1),
Hs00971557_m1 (KLF12), Hs02718934_s1 (brain-derived neurotrophic
factor), Hs00160298_m1 (POLG), Hs00963643_m1 (PDE4B),
Hs00833126_g1 (MAPK6), Hs01652468_g1 (PGAM1), Hs00953724_m1
(ADARB1), Hs00159343_m1 (NUDT1), Hs00221478_m1 (NDUFV2),
Hs01922715_s1 (GPER1), Hs00174860_m1 (ESR1), Hs01100353_m1 (ESR2),
Hs00916521_m1 (SP1), Hs00162095_m1 (SP4), Hs01060665_g1 (ACTB),
Hs01104728_m1 (ABL1), Hs02758991_g1 (GAPDH), Hs00188166_m1

A composite gene expression measure in bipolar disorder
K Munkholm et al

2

Translational Psychiatry (2015), 1 – 10



(SDHA), Hs01047719_m1 (GSK3B), Hs00249899_m1 (OGG1). CACNA1C and
brain-derived neurotrophic factor mRNA was undetectable in majority of
the cases and were not included in further analyses. Samples were run in
triplicate in each assay with laboratory personnel blinded to the clinical
status of participants.
A set of three genes, the beta-actin (ACTB) gene, the C-Abl Oncogene 1

(ABL1) gene and the succinate dehydrogenase complex, subunit A,
flavoprotein (Fp) (SDHA) gene, were used as candidate reference genes
for normalization as these have been used in previous studies.7,8,32 The
stability of candidate reference genes was assessed using the NormFinder
software.33 The combination of SDHA and ACTB exhibited the highest
stability in comparisons between bipolar disorder patients and healthy
control subjects (SDHA+ACTB stability level of 0.002) and the combination
of ACTB and ABL1 demonstrated highest stability in comparisons between
affective states within bipolar disorder patients (ACTB+ABL1 stability level
of 0.004). Semi-quantitative mRNA levels, assessed by cycle threshold (CT)
were thus expressed relative to the mean values of SDHA and ACTB
combined and mean values of ACTB and ABL1 combined in respective
comparisons. The ΔCT =CT (each gene)−CT (reference genes) was
calculated for each sample and relative levels of expression were
determined using the comparative CT method,34 calculated by 2−ΔCT.
In addition, standard clinical chemistry parameters were analyzed,

including fasting blood glucose and fasting lipid parameters.

Statistics
Independent t-tests were used to test differences in age between healthy
control subjects and bipolar disorder patients, and the chi-squared test
was used to examine the differences in categorical demographic and
clinical variables.
First, analyzing the full sample, comparisons of mRNA levels of all

investigated genes between bipolar disorder patients and healthy control
subjects were assessed in a two-level linear mixed effects model,
accommodating both variation of the outcome variables within subjects
(intra-individual variation) and between subjects (inter-individual varia-
tion). Level one represented repeated measures of mRNA levels as main
effects and level two represented between-subject variation. A random
intercept was included to accommodate correlations in the outcome
variables over time within each participant and analysis was adjusted for
age and gender. Values are expressed as the regression slope, b. All the
analyses were conducted with individual mRNA levels as main effects.
Assumptions of independence of errors, homoscedasticity and normality
were met.
Similar mixed model analysis was performed investigating differences

between affective states in bipolar disorder patients. Bonferroni correction
was applied to control for multiple testing, resulting in a significance level
of 0.05/19= 0.0026. Genes for which mRNA expression differed between
groups with a P-value of 0.05 or less were considered in the next step for
building an exploratory abbreviated composite gene expression score.
For the calculation of a composite gene expression score, a split sample

design was used, similar to the strategy described by Kato et al.,8 with the
total sample randomly split into two equal-sized samples consisting of
equal distributions of bipolar disorder patients and healthy control
subjects. In the first sample (sample 1), mRNA expression levels of all the
investigated genes were entered as covariates together with age and
gender in a generalized linear mixed model specifying the repeated
measures within participants and the intercept as random covariates and
the binomial outcomes bipolar disorder patient vs healthy control and
depressed state vs euthymic state and manic state vs euthymic state,
respectively. A second abbreviated model including only the genes for
which mRNA expression differed between groups with a P-value of 0.05 or
less in the primary analysis step was additionally conducted. In these
models, mRNA expression levels were centered around the grand mean of
mRNA levels divided by the standard deviation, to assign more weight to
markers with narrower confidence intervals and to make models across
samples easily comparable.35 A composite gene expression score (P)
signifying the probability of group membership was constructed using the
formula:

P groupð Þ ¼ exp B0 þ B1
�x1 þ ¼ :Bk

�xkð Þ= 1þ exp B0 þ B1
�x1 þ ¼ :Bk

�xkð Þð Þ;
where B0 is a constant and B1 … Bk represent model coefficients and x1 …
xk are individual values of the predictor variables (mRNA expression level
of each gene, age and gender) entered into the generalized linear
mixed model.

The composite score was tested in split samples (sample 1 and
sample 2) and the models were compared by receiver-operating
characteristics (ROC) analysis.36 Assigning a cutoff on the constructed
composite gene expression score based on the ROC analysis, sensitivity
and specificity was calculated, focusing on obtaining the highest level of
both measures. Finally, the accuracy of the composite gene expression
score as a diagnostic test was assessed by calculating the likelihood ratios,
which represent the probability of the test result in patients with a given
disease to the probability of the same test result in patients without the
disease37 and are stable to the prevalence of the disease. The positive
likelihood ratio (LR [+]) was calculated as (sensitivity/1− specificity) and the
negative likelihood ratio (LR [− ]) was calculated as (1− sensitivity/
specificity).
The statistical analysis was conducted with SPSS, version 22.0 (IBM, New

York, NY, USA).

RESULTS
Clinical and demographic characteristics of the total study
population are described in Table 1A and split samples
characteristics are described in Supplementary Table 1S. Briefly,
there were no overall statistically significant differences between
bipolar disorder patients and healthy control subjects with regard
to age, gender distribution, educational level or body mass index.
All the participants were Caucasian and outpatients at the time of
inclusion. Number of samples obtained and symptom severity at
the time of assessment are presented in Table 1B.

mRNA expression levels in bipolar disorder patients and healthy
controls in the total sample
Adjusted for age and gender, mRNA levels of KLF12 (b=− 0.0122,
95% CI: − 0.0244 to − 0.0004), POLG (b=− 0.0034, 95% CI: − 0.0059
to − 0.0009), OGG1 (b=− 0.0012, 95% CI: − 0.0018 to − 0.0005) and
GSK3B (b=− 0.0071, 95% CI: − 0.0140 to − 0.0002) were down-
regulated in bipolar disorder patients overall, whereas PGAM1
(b= 0.0070, 95% CI: 0.0009 to 0.1310) was upregulated compared
with healthy control subjects (all Po0.05; Table 2). After
Bonferroni correction, POLG (P= 0.001) and OGG1 (P= 0.001)
remained significantly downregulated in bipolar disorder patients
(Figures 1a and b). In post hoc exploratory analysis, mRNA levels of
both POLG and OGG1 remained downregulated when further
adjusting for body mass index, smoking status and alcohol use
(Supplementary Results).
In comparisons between affective states within bipolar disorder

patients, also adjusted for age and gender, mRNA levels of
NDUFV2 (b= 0.0414, 95% CI: 0.0170 to 0.0658), ESR2 (b= 0.0007,
95% CI: 0.0000 to 0.0014), SP1 (b= 0.0116, 95% CI: 0.0004 to
0.0229) and NUDT1 (b= 0.0043, 95% CI: 0.0009 to 0.0077) were
upregulated in a depressed state compared with a euthymic state.
NDUFV2 (b= 0.0354, 95% CI: 0.0007 to 0.0701) was additionally
upregulated in a manic state compared with a euthymic state
(Table 2). Only NDUFV2 (P= 0.001) upregulation in a depressed
state remained statistically significant after Bonferroni correction
(Figure 1c).

mRNA expression as a composite gene expression score
Discrimination between bipolar disorder patients and healthy control
subjects. Applying the full composite gene expression score on
sample 1, the area under the ROC curve was 0.806 (95% CI: 0.721
to 0.891, Po0.0001; Table 3). Applying a composite score on the
first sample based on the five genes identified in the primary
analysis step with a P-value of 0.05 or less, the AUC of the ROC
curve was 0.666 (95% CI: 0.554 to 0.777, P= 0.005; Figure 2a),
corresponding with an inferior discriminant capacity compared
with the full composite score. Setting a cutoff of 0.5 on the full
composite gene expression score, bipolar disorder patients and
healthy control subjects were discriminated with a sensitivity of
78% and a specificity of 60% (χ2 = 17.24, Po0.0001). The
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corresponding values for the abbreviated model were 63 and 60%
(χ2 = 7.35, P= 0.007). Repeating the ROC analyses on the second
sample (sample 2), AUCs of the ROC curves were 0.734 (95% CI:
0.638 to 0.831, Po0.0001) and 0.687 (95% CI: 0.580 to 0.793,
P= 0.001) for the full composite score and the abbreviated score,
respectively (Figure 2b). In this sample, bipolar disorder patients
and healthy control subjects were discriminated with a sensitivity
and specificity of 62 and 75% (χ2 = 14.65, Po0.0001) applying the
full composite gene expression score, with a cutoff of 0.5.
The calculated positive and negative likelihood ratios using the

full gene set were 2.0 and 0.37 in sample 1, respectively and 2.5
and 0.50 in sample 2, respectively. This indicated a relatively small
shift in probability of a correct diagnosis using the full gene set.
For the abbreviated gene score, the positive and negative
likelihood ratios were 1.6 and 0.6 in sample 1 and 3.0 and 0.5 in
sample 2, corresponding with an overall less accurate test for the
abbreviated set.

Discrimination between affective states in bipolar disorder patients.
The full composite gene expression measure discriminated
between depressed and euthymic states with a sensitivity of
91% and a specificity of 75% (χ2 = 19.06, Po0.0001) in sample 1
and 60 and 60% (χ2 = 2.97, P= 0.09) in sample 2, respectively,
assigning a cutoff score of 0.7 (Table 3). This surpassed the
effectiveness of the abbreviated gene expression measure of
the four genes identified in the initial steps (Table 3). Discriminat-
ing between manic states and euthymic states in the first sample,
the full measure demonstrated a sensitivity of 92% and a
specificity of 66% (χ2 = 12.42, Po0.0001), whereas the correspond-
ing values for the abbreviated set were 0 and 97%, respectively. In
sample 2, the full expression score discriminated between manic

and euthymic patients with a sensitivity of 45% and a specificity of
65% (χ2 = 0.420, P= 0.5).
In exploratory correlation analyses, the potential correlation

between medication classes and scores on the full composite
gene expression measure discriminating between bipolar disorder
patients in a current affective state and a euthymic state was
investigated using Pearson product–moment correlation. In these
analyses, only antipsychotic use was moderately correlated with
lower probability of bipolar disorder patients being in a manic
compared with a euthymic state (r(39) =− 0.58, Po0.0001) with
no correlation between either lithium, anticonvulsant or anti-
depressant treatment and composite gene expression measure
scores.

DISCUSSION
In the present study, we investigated the expression of 19
candidate biomarker genes in the PBMCs in rapid cycling bipolar
disorder patients longitudinally across different affective states
and as repeated measures in healthy control subjects. We found
downregulation of two genes, POLG and OGG1, in bipolar disorder
patients compared with healthy control subjects after correction
for multiple testing and adjusting for possible confounders. In
comparisons between affective states, we found increased
NDUFV2 expression in a depressed state compared with a
euthymic state. Further, a composite gene expression measure
was constructed on the basis of individual gene expression levels
and its discriminant capacity validated in an independent cohort.
The composite gene expression measure for discrimination
between bipolar disorder patients and healthy control subjects
based on 19 genes generated an area under the ROC curve of 0.81

Table 1. Demographic and clinical characteristics of study participants

A. Characteristics at inclusion Bipolar disorder patients Healthy control subjects Statistic P-value

N 37 40
Age (years) 40.9± 12.3 36.3± 12.5 t= 1.828 0.1
Gender (female–male) 25–12 23–17 χ2= 0.830 0.3
Education (years total) 16.1± 3.0 16.4± 2.3 t= 0.608 0.5
Body mass index 24.6± 3.6 24.9± 3.9 t= 0.353 0.7
Duration of illness (years) 21.2± 13.0 (2–56)
Bipolar I (%) 22 (59.5)
Bipolar II (%) 15 (40.5)
Number of depressive episodes 16.2± 15.4
Number of hypomanic episodes 16.5± 19.1
Number of manic episodes 3.2± 7.1
Number of hospitalizations 10.2± 19.5
Lithium treatment (%) 15 (40.5)
Anticonvulsant treatment (%) 27 (73.0)
Antipsychotic treatment (%) 27 (73.0)
SSRI treatment (%) 8 (21.6)
Newer antidepressant treatment (%) 2 (5.4)
Older antidepressant treatment (%) 2 (5.4)

B. Number of samples and symptom severity of participants at time of assessment

Samples from healthy control subjects
(N=80)

Samples from bipolar disorder patients
(N=168)

Euthymic Depressive Manic/hypomanica Mixed state

(N=75) (N= 63) (N= 24) (N= 6)

HAMD-17 0.6± 0.9 3.7± 1.9 15.5± 5.1 3.4± 2.6 10.2± 1.8
YMRS 0.4± 0.8 1.0± 1.7 0.9± 1.4 15.3± 4.3 11.2± 2.8

Abbreviations: HAMD-17, Hamilton rating scale, 17 items; SSRI, selective serotonergic reuptake inhibitor; YMRS, Young mania rating scale. aManic patients,
n= 19/hypomanic patients, n= 5. Data are expressed as mean (± s.d.) or n (%). Data are expressed as mean ± s.d. N represents number of samples. Values are
presented as raw values, unadjusted for repeated measures.
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(Po0.0001) in sample 1, which was replicated with a value of 0.73
(Po0.0001) in sample 2. This corresponds with a moderately
accurate test38 and surpassed that based on an abbreviated set of
genes, identified by being more closely associated with a bipolar
diagnosis.
OGG1 expression dysregulation is a novel finding in bipolar

disorder. OGG1 encodes the 8-oxoguanine DNA glycosylase, the
primary enzyme responsible for the excision of 8-oxoguanine (8-
oxodG), an oxidated DNA guanine nucleoside resulting from
exposure to reactive oxygen species. In knockout mice, it has
consistently been demonstrated that lacking an OGG1 repair
system leads to increased accumulation of oxidative DNA
lesions.39 Animal studies further suggest that OGG1 deficiency
could increase susceptibility to neurodegeneration under condi-
tions of increased oxidative stress.40 Accumulation of oxidatively
generated DNA damage has been associated with cardiovascular
disease41 and diabetes,42 which are also associated with bipolar
disorder. Further, oxidatively generated DNA damage may
contribute to a shortened lifespan,43 also observed in bipolar
disorder.44 Recently, we showed high levels of oxidatively
generated damage to DNA in this cohort, for the first time
demonstrating elevated levels of urinary excreted 8-oxodG in
bipolar disorder patients through all affective phases (hypomania/
mania, depression and euthymia) compared with healthy control
subjects.21 It is thus possible that the OGG1 downregulation
identified in the present study may lead to accumulation of
oxidative DNA lesions and increased total levels of oxidatively
generated damage to DNA, reflected by the observed high levels
of 8-oxodG that was previously reported.21 The relationship
between base excision repair and urinary excretion of oxidatively
damaged nucleosides, however, is complex and incompletely
understood,45 and a causal relationship cannot be established on
the basis of our findings.

POLG downregulation in bipolar disorder has previously been
demonstrated in lymphoblastoid cells;8 however, we believe our
study is the first to demonstrate POLG downregulation in PBMCs
of bipolar disorder patients. Mutations in the POLG gene encoding
the catalytic gamma subunit of mitochondrial DNA polymerase
cause multiple deletions or depletion of mitochondrial DNA
alone or in combination and are associated with mitochondrial
diseases with a wide range of clinical manifestations.46 Interest-
ingly, transgenic mice with brain-specific expression of mutant
POLG exhibit a phenotype resembling bipolar disorder with
antidepressant-induced mania-like behavior and periodic activity
related to estrous cycle in female animals.47 The mood-stabilizer
valproate was additionally demonstrated to alter POLG gene
expression in vitro.48 Mitochondrial dysfunction has been linked
with the pathophysiology of bipolar disorder49 and clinically, high
rates of comorbidity between mitochondrial disorders and bipolar
disorder, with psychiatric symptoms often being the prominent
and presenting feature of mitochondrial disorders.50 Mice expres-
sing a proof-reading-deficient version of POLG display features of
accelerated aging and a shortened lifespan51 as well as gender-
dependent hypertension,52 which is noteworthy considering that
bipolar disorder is associated with cellular signs of accelerated
aging53 and a high occurrence of cardiovascular comorbidity.54

Our finding of aberrant gene expression of POLG lends further
support to a role for POLG in bipolar disorder pathophysiology.
NDUFV2 expression has not previously been described in PBMCs

of bipolar disorder patients and state-related alterations of
NDUFV2 specifically have not been investigated. The nuclear gene
NDUFV2 encodes the NADH dehydrogenase (ubiquinone) flavo-
protein 2a subunit of the mitochondrial complex I, which is
involved in oxidative phosphorylation and proton transport.
Several lines of evidence implicate NDUFV2 in bipolar disorder.
NDUFV2 is located at 18p11, a reported susceptibility locus for

Table 2. Gene expression levels in bipolar disorder patients compared with healthy control subjects and between affective states in bipolar disorder
patients

Gene BD vs HCa Within BDb

BD vs HC (ref) DEP vs EU (ref) MAN vs EU (ref) MAN vs DEP (ref)

b 95% CI b 95% CI b 95% CI b 95% CI

Min Max Min Max Min Max Min Max

NDUFV2 0.0014 −0.0073 0.0102 0.0414* 0.0170 0.0658 0.0354† 0.0007 0.0701 − 0.0063 − 0.0045 0.0324
ESR1 − 0.0006 − 0.0024 0.0011 0.0031 − 0.0005 0.0067 0.0021 − 0.0030 0.0072 − 0.0010 − 0.0061 0.0040
ESR2 0.0000 − 0.0002 0.0004 0.0007† 0.0000 0.0014 0.0007 − 0.0002 0.0016 0.0001 − 0.0010 0.0011
KLF12 −0.0122† −0.0244 −0.0004 0.0077 − 0.0319 0.0473 0.0015 − 0.0550 0.0581 − 0.0062 − 0.0624 0.0501
SP4 − 0.0024 − 0.0066 0.0017 0.0001 − 0.0015 0.0112 − 0.0033 − 0.0193 0.0128 − 0.0056 − 0.0238 0.0127
SP1 0.0025 − 0.0016 0.0066 0.0116† 0.0004 0.0229 − 0.0022 − 0.0180 0.0136 − 0.0112 − 0.0292 0.0068
PGAM1 0.0070† 0.0009 0.1310 − 0.0016 − 0.0204 0.0172 0.0008 − 0.2572 0.0273 − 0.0007 − 0.0305 0.0290
ANK3 − 0.0002 − 0.0025 0.0021 0.0030 − 0.0019 0.0079 0.0014 − 0.0056 0.0084 − 0.0016 − 0.0086 0.0054
RASGRP1 − 0.0015 − 0.0048 0.0018 0.0012 − 0.0078 0.0103 0.0011 − 0.0117 0.0140 − 0.0025 − 0.0171 0.0121
AKT1 − 0.0032 − 0.0153 0.0089 0.0062 − 0.0187 0.0312 0.0120 − 0.0234 0.0475 − 0.0071 − 0.0450 0.0358
NUDT1 0.0012 − 0.0002 0.0026 0.0043† 0.0009 0.0077 0.0026 − 0.0023 0.0074 0.0007 − 0.0059 0.0074
POLG −0.0034* −0.0059 −0.0009 0.0025 − 0.0074 0.0123 0.00160 − 0.0123 0.0155 − 0.0017 − 0.0172 0.0138
ADARB1 − 0.0010 − 0.0020 0.0006 0.0015 − 0.0018 0.0048 − 0.0003 − 0.0049 0.0043 − 0.0023 − 0.0077 0.0030
OGG1 −0.0012* −0.0018 −0.0005 0.0009 − 0.0020 0.0038 0.0006 − 0.0034 0.0047 − 0.0004 − 0.0049 0.0040
PDE4B 0.0027‡ − 0.0004 0.0058 0.0110 − 0.0010 0.0230 0.0093 − 0.0088 0.0254 − 0.0027 − 0.0197 0.0143
GSK3B −0.0071† −0.0140 −0.0002 0.0109 − 0.0152 0.0370 0.0071 − 0.0302 0.0445 − 0.0037 − 0.0408 0.0333
APOE 0.0000 0.0000 0.0001 0.0001 − 0.0002 0.0003 − 0.0001 − 0.0005 0.0002 − 0.0001 − 0.0005 0.0002
GPER1 − 0.0001 − 0.0004 0.0002 0.0003 − 0.0005 0.0011 − 0.0006 − 0.0017 0.0005 − 0.0007 − 0.0016 0.0001
MAPK6 0.0003 − 0.0005 0.0012 0.0004 − 0.0014 0.0021 0.0001 − 0.0024 0.0026 − 0.0001 −0.0042 0.0028

Abbreviations: BD, bipolar disorder; CI, confidence interval; DEP, depression; EU, euthymia; HC, healthy control; MAN, mania; ref, reference category. aGene
expression normalized to mean expression of ACTB and SDHA combined. bGene expression normalized to mean expression of ACTB and ABL combined.
*Po0.001; †Po0.05; ‡Po0.1. All the analyses were adjusted for age and gender; b represents slope. Values with a P-value of 0.05 or less are in bold.
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Figure 1. Boxplots of mRNA expression levels. P-values represent Bonferroni corrected significance levels in mixed model analysis adjusted for
age and gender. Circles represent values outside the first or third quartile of more than 1.5 times the interquartile range. (a and b) OGG1 and
POLG gene expression were downregulated in bipolar disorder patients compared with healthy control subjects. (c) NDUFV2 gene expression
was upregulated in a depressed state compared with a euthymic state in bipolar disorder patients. mRNA, messenger RNA.

Table 3. ROC analyses of composite gene expression scores in all comparisons.

Comparison Sample Composite gene set AUC 95% CI P-value Sensitivity (%) Specificity (%)

Min Max

BD vs HC 1 All genesa 0.806 0.721 0.890 o0.0001 78 60
5 genesb 0.666 0.554 0.777 0.005 63 60

2 All genes 0.734 0.638 0.831 o0.0001 62 75
5 genesb 0.687 0.580 0.793 0.001 59 80

DEP vs EU 1 All genesc 0.882 0.793 0.970 o0.0001 91 75
4 genesd 0.620 0.479 0.761 0.104 67 44

2 All genes 0.542 0.395 0.690 0.565 60 60
4 genesd 0.649 0.515 0.783 0.043 73 42

MAN vs EU 1 All genese 0.848 0.732 0.965 0.001 92 66
4 genesd 0.524 0.357 0.690 0.807 0 97

2 All genes 0.584 0.418 0.750 0.436 45 65
4 genesd 0.661 0.498 0.823 0.136 9 89

AUC, area under the curve; BD, bipolar disorder; CI, confidence interval; DEP, depression; EU, euthymia; HC, healthy control; MAN, mania; ROC, receiver-
operating characteristic. aCutoff score 0.5. bKLF12, PGAM1, POLG, OGG1 and GSK3B. cCutoff score 0.7. dNDUFV2, ESR2, SP1 and NUDT1. eCutoff score 0.01.
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bipolar disorder55 and polymorphisms in the upstream region of
NDUFV2 have also been associated with bipolar disorder.56,57

Further, upregulation of NDUFV2 expression in postmortem brain
samples from bipolar disorder patients compared with healthy
control subjects have been described.58 Three studies have
investigated NDUFV2 expression in lymphoblastoid cell lines, with
inconsistent findings of both downregulation of NDUFV2 in bipolar
I patients20,57 and upregulation in bipolar II patients,20 whereas
one study found no differences between bipolar disorder patients
and healthy control subjects.59 One possible reason for the

discrepant findings may be that the previous studies included
patients in various affective states, not having characterized the
affective state of participants. Our finding of upregulation of
NDUFV2 expression in a depressed state compared with a
euthymic state could indicate that alterations of NDUFV2
expression are state related, suggesting a possible role for
NDUFV2 as a state biomarker.
Of note, our finding of upregulation of just one gene in primary

analysis, the PGAM1, in bipolar disorder patients compared with
healthy control subjects mirrored previous findings in lympho-
blastoid cells.19

Our investigation of a composite gene expression measure
yielded somewhat promising results. The likelihood ratios for the
composite gene expression scores were overall modest (o3 and
40.3 for LR [+] and LR [− ], respectively), which indicates a
relatively small effect on posttest probability corresponding to a
limited value as a diagnostic test by itself. This indicated a
relatively small shift in the probability of a correct diagnosis using
the full gene set, however, not excluding a somewhat useful
property for the test in certain situations. Choosing a cutoff on the
composite measure that placed equal value on sensitivity and
specificity, a sensitivity of 78% and specificity of 60% was obtained
in the first sample with values of 62 and 75% in the second
sample. Although the values obtained in the first sample are likely
inflated by nature, the sensitivity and specificity values obtained in
the second sample are comparable to tests in the other areas of
medicine such as the prostate-specific antigen test for prostate
cancer (sensitivity of 21% and specificity of 91%)60 and the
MagStream HemSp fecal immunochemical test for the detection
of colonic neoplasms (sensitivity of 23.2% and specificity of
87.6%).61 The superior discriminant capacity of the composite
measure based on the full set of genes as compared with the
abbreviated set is indicative of the importance of including several
individual potential biomarkers, which by themselves may
contribute only discretely. Further, it is possible that the additional
inclusion of laboratory values on a protein level, that is,
inflammatory markers and markers of oxidative stress could
increase the strength of the composite measure as a useful
diagnostic test.
Our study benefitted from several methodological aspects. We

applied careful standardization of blood sampling conditions,
adhering to a short interval during the morning and obtaining
samples in a fasting state. We further ensured blinding of
laboratory staff to participant status and, crucially, we measured
the expression of several candidate reference genes and
evaluated their stability in contrast to previous studies7,8,12 that
included only one reference gene, which is not recommended.62

We further used a split sample design in the evaluation of the full
composite gene expression measure, allowing for testing this in
independent samples. Finally, we assessed gene expression
prospectively in patients during depressive, manic and euthymic
states, which no other study has done.
Some limitations apply to the present study. First, the sample

size was relatively small, and because not all patients experienced
episodes of all polarities, the amount of between-subject variation
relative to within-subject variation was therefore relatively large.
Future studies should include larger sample sizes that would
potentially allow for strict within-subject analyses and a further
exploration of biomarker candidates to function in a personalized
manner. Second, our findings primarily relate to mitochondrial
function, which is influenced by lithium, mood-stabilizers and
antipsychotics,63 although the direction and nature of the
association is not uniform and knowledge about the effect of
medication on gene expression in peripheral blood is limited. As
the included bipolar disorder patients were medicated, we cannot
entirely rule out the possibility that differences in the gene
expression between bipolar disorder and healthy control subjects
were due to, or at least partially explained by, an effect of

Figure 2. ROC curves of the composite gene expression measure as
discriminant function between bipolar disorder patients and healthy
control subjects. The composite measure based on all the 19 genes
was superior to that based on the five genes more closely associated
with a bipolar disorder diagnosis (Po0.05) in primary mixed model
analysis. The discriminant capacity of both measures was higher in
sample 1 (a) compared with sample 2 (b). ROC, receiver-operating
characteristic.
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medication. The effect of medication on OGG1 and POLG
expression in bipolar disorder patients in vivo has not previously
been investigated. POLG expression has been demonstrated to
increase in vitro after valproate administration,48 potentially
indicating, that the downregulation we observed was not due to
mood-stabilizing medication. Findings of NDUFV2 expression in
lymphoblastoid cells that are likely free of influence of medication
are inconsistent, showing both elevated and decreased NDUFV2
gene expression in bipolar disorder patients compared with
healthy control subjects,20 and one small study (n= 4) found
NDUFV2 upregulated after the administration of valproate but
unaltered after lithium administration.20 The effect of medication
on NDUFV2 expression is thus unclear, not giving specific
indication as to the potential influence of medication on the
finding of upregulated NDUFV2 expression in a depressed state
compared with a euthymic state in bipolar disorder patients in the
present study.
In comparisons between affective states within bipolar disorder

patients, however, medication likely did not influence results to a
large degree, as majority of the patients did not change
medication during the study. Along these lines, exploratory
analyses did not indicate an influence of medication on the
composite gene expression measure discriminating between
affective states in bipolar disorder patients. In future studies, it
will be valuable to study unmedicated patients in comparison with
healthy control subjects. However, for comparisons between
affective states, it is likely not feasible to study unmedicated rapid
cycling bipolar disorder patients longitudinally, due to the severity
of illness. Third, the abbreviated composite gene expression
measure was developed in the entire sample and the split sample
design, therefore, did not constitute a genuine replication in the
abbreviated gene set. Finally, the mean duration of illness for the
bipolar disorder patients was relatively long and because
neurobiological mechanisms potentially differ depending on the
illness stage,64 findings may not be generalizable to all the bipolar
disorder patients.
An issue that applies to studies investigating gene expression in

peripheral blood in general pertains to the relationship between
gene expression in the brain and that of peripheral blood.
Although it is unclear to what extent peripheral blood gene
expression patterns reflect those of the brain,65 peripheral blood
cells express a large proportion of the genes in the human
genome66 and a significant proportion of SNP-expression relation-
ships are conserved between the brain and peripheral blood
lymphocytes.67 The peripheral blood transcriptome may thus
reflect system-wide biology and as such be a relevant tissue
source for biomarker candidates. However, it is not clear whether
it is a relevant surrogate tissue in relation to the brain.68

Candidate gene expression markers for the present study were
selected a priori using a hypothesis-driven and transparent
approach on the basis of previous gene expression findings and
current hypotheses regarding the pathophysiology of bipolar
disorder. The method involved combining potential biomarkers
within multiple pathways in an effort to capture some of the
complexity involved in the pathophysiology of bipolar disorder.
Biomarker discovery in neurodegenerative69 and medical dis-
orders such as cancer,70 diabetes and cardiovascular disease71

have used both a hypothesis-driven and a hypothesis-free, data-
driven approach. Although facing the challenge of identifying
clinically meaningful biomarkers,72 a systems-based approach
integrating hypothesis-free biomarker discovery and networks is,
by itself, likely superior, given its ability to better interrogate the
multivariate and combinatorial characteristics of cellular networks,
that are implicated in complex disorders,73 and a combination of
both data-driven methods and knowledge-based hypotheses-
driven methods appear promising.74 In this regard, our strictly
hypothesis-driven approach could be considered a limitation.

In conclusion, our results suggest a potential for a composite
gene expression measure as a diagnostic biomarker of bipolar
disorder. In addition, we demonstrated aberrant regulation of the
POLG, NDUFV2 and, for the first time, the OGG1 gene, pointing to
disturbances within mitochondrial function and DNA damage
repair mechanisms as pathophysiological mechanisms in bipolar
disorder. The findings need replication in larger samples.

CONFLICT OF INTEREST
LVK has within the preceding 3 years been a consultant for Lundbeck and
AstraZeneca. MV has been a consultant for Lundbeck, AstraZeneca, Eli Lilly and
Servier. The remaining authors declare no conflict of interest.

ACKNOWLEDGMENTS
This work was supported by grants from the Lundbeck Foundation, Denmark (R34-
A3696), the Danish Council for Independent Research | Medical Sciences (09-073972),
Overlæge dr. med. Einar Geert-Jørgensen og hustru Ellen Geert-Jørgensens research
foundation (13517-001) and The A.P. Møller Foundation for the Advancement of
Medical Science (11–246). The Centre of Inflammation and Metabolism (CIM) is
supported by a grant from the Danish National Research Foundation (DNRF55). The
Centre for Physical Activity Research (CFAS) is supported by a grant from Trygfonden.
We thank professor Claus Thorn Ekstrøm, Section of Biostatistics, University of
Copenhagen, Copenhagen, Denmark, for assistance in planning the statistical
analyses.

REFERENCES
1 Phillips ML, Kupfer DJ. Bipolar disorder diagnosis: challenges and future direc-

tions. Lancet 2013; 381: 1663–1671.
2 Davis J, Maes M, Andreazza A, McGrath JJ, Tye SJ, Berk M. Towards a classification

of biomarkers of neuropsychiatric disease: from encompass to compass. Mol
Psychiatry 2015; 20: 152–153.

3 Goldstein BI, Young LT. Toward clinically applicable biomarkers in bipolar dis-
order: focus on BDNF, inflammatory markers, and endothelial function. Curr Psy-
chiatry Rep 2013; 15: 425.

4 Middleton FA, Pato CN, Gentile KL, McGann L, Brown AM, Trauzzi M et al. Gene
expression analysis of peripheral blood leukocytes from discordant sib-pairs with
schizophrenia and bipolar disorder reveals points of convergence between
genetic and functional genomic approaches. Am J Med Genet B Neuropsychiatr
Genet 2005; 136B: 12–25.

5 Munkholm K, Vinberg M, Berk M, Kessing LV. State-related alterations of gene
expression in bipolar disorder: a systematic review. Bipolar Disord 2012; 14:
684–696.

6 Le-Niculescu H, Kurian SM, Yehyawi N, Dike C, Patel SD, Edenberg HJ et al.
Identifying blood biomarkers for mood disorders using convergent functional
genomics. Mol Psychiatry 2009; 14: 156–174.

7 Padmos RC, Hillegers MH, Knijff EM, Vonk R, Bouvy A, Staal FJ et al. A dis-
criminating messenger RNA signature for bipolar disorder formed by an aberrant
expression of inflammatory genes in monocytes. Arch Gen Psychiatry 2008; 65:
395–407.

8 Kato T, Hayashi-Takagi A, Toyota T, Yoshikawa T, Iwamoto K. Gene expression
analysis in lymphoblastoid cells as a potential biomarker of bipolar disorder. J
Hum Genet 2011; 56: 779–783.

9 Iwamoto K, Kato T. Gene expression profiling in schizophrenia and related mental
disorders. Neuroscientist 2006; 12: 349–361.

10 Baechler EC, Batliwalla FM, Karypis G, Gaffney PM, Moser K, Ortmann WA et al.
Expression levels for many genes in human peripheral blood cells are highly
sensitive to ex vivo incubation. Genes Immun 2004; 5: 347–353.

11 Tsuang MT, Nossova N, Yager T, Tsuang MM, Guo SC, Shyu KG et al. Assessing the
validity of blood-based gene expression profiles for the classification of schizo-
phrenia and bipolar disorder: a preliminary report. Am J Med Genet B Neu-
ropsychiatr Genet 2005; 133B: 1–5.

12 Witt SH, Juraeva D, Sticht C, Strohmaier J, Meier S, Treutlein J et al. Investigation of
manic and euthymic episodes identifies state- and trait-specific gene expression
and STAB1 as a new candidate gene for bipolar disorder. Transl Psychiatry 2014; 4:
e426.

13 Wing JK, Babor T, Brugha T, Burke J, Cooper JE, Giel R et al. SCAN. Schedules for
Clinical Assessment in Neuropsychiatry. Arch Gen Psychiatry 1990; 47: 589–593.

14 Angst J, Adolfsson R, Benazzi F, Gamma A, Hantouche E, Meyer TD et al. The
HCL-32: Towards a self-assessment tool for hypomanic symptoms in outpatients. J
Affect Disord 2005; 88: 217–233.

A composite gene expression measure in bipolar disorder
K Munkholm et al

8

Translational Psychiatry (2015), 1 – 10



15 Hamilton M. Development of a rating scale for primary depressive illness. Br J Soc
Clin Psychol 1967; 6: 278–296.

16 Young RC, Biggs JT, Ziegler VE, Meyer DA. A rating scale for mania: reliability,
validity and sensitivity. Br J Psychiatry 1978; 133: 429–435.

17 Ferreira MA, O'Donovan MC, Meng YA, Jones IR, Ruderfer DM, Jones L et al.
Collaborative genome-wide association analysis supports a role for ANK3 and
CACNA1C in bipolar disorder. Nat Genet 2008; 40: 1056–1058.

18 Le-Niculescu H, Patel SD, Bhat M, Kuczenski R, Faraone SV, Tsuang MT et al.
Convergent functional genomics of genome-wide association data for bipolar
disorder: comprehensive identification of candidate genes, pathways and
mechanisms. Am J Med Genet B Neuropsychiatr Genet 2009; 150b: 155–181.

19 Kazuno AA, Ohtawa K, Otsuki K, Usui M, Sugawara H, Okazaki Y et al. Proteomic
analysis of lymphoblastoid cells derived from monozygotic twins discordant for
bipolar disorder: a preliminary study. PLoS One 2013; 8: e53855.

20 Washizuka S, Iwamoto K, Kakiuchi C, Bundo M, Kato T. Expression of mitochon-
drial complex I subunit gene NDUFV2 in the lymphoblastoid cells derived from
patients with bipolar disorder and schizophrenia. Neurosci Res 2009; 63: 199–204.

21 Munkholm K, Poulsen HE, Kessing LV, Vinberg M. Elevated levels of urinary
markers of oxidatively generated DNA and RNA damage in bipolar disorder.
Bipolar Disord 2014; 17: 257–268.

22 Kubota-Sakashita M, Iwamoto K, Bundo M, Kato T. A role of ADAR2 and RNA
editing of glutamate receptors in mood disorders and schizophrenia. Mol Brain
2014; 7: 5.

23 Pan JQ, Lewis MC, Ketterman JK, Clore EL, Riley M, Richards KR et al. AKT kinase
activity is required for lithium to modulate mood-related behaviors in mice.
Neuropsychopharmacology 2011; 36: 1397–1411.

24 Li X, Jope RS. Is glycogen synthase kinase-3 a central modulator in mood reg-
ulation? Neuropsychopharmacology 2010; 35: 2143–2154.

25 Prossnitz ER, Barton M. The G-protein-coupled estrogen receptor GPER in health
and disease. Nat Rev Endocrinol 2011; 7: 715–726.

26 Frey BN, Dias RS. Sex hormones and biomarkers of neuroprotection and neuro-
degeneration: implications for female reproductive events in bipolar disorder.
Bipolar Disord 2014; 16: 48–57.

27 Zhou X, Tang W, Greenwood TA, Guo S, He L, Geyer MA et al. Transcription factor
SP4 is a susceptibility gene for bipolar disorder. PLoS One 2009; 4: e5196.

28 Fuste M, Pinacho R, Melendez-Perez I, Villalmanzo N, Villalta-Gil V, Haro JM et al.
Reduced expression of SP1 and SP4 transcription factors in peripheral blood
mononuclear cells in first-episode psychosis. J Psychiatr Res 2013; 47: 1608–1614.

29 Digney A, Keriakous D, Scarr E, Thomas E, Dean B. Differential changes in apoli-
poprotein E in schizophrenia and bipolar I disorder. Biol Psychiatry 2005; 57:
711–715.

30 Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R et al. Effects of
age, sex, and ethnicity on the association between apolipoprotein E genotype
and Alzheimer disease. A meta-analysis. APOE and Alzheimer Disease Meta
Analysis Consortium. JAMA 1997; 278: 1349–1356.

31 Bennet AM, Di Angelantonio E, Ye Z, Wensley F, Dahlin A, Ahlbom A et al.
Association of apolipoprotein E genotypes with lipid levels and coronary risk.
JAMA 2007; 298: 1300–1311.

32 Munkholm K, Peijs L, Kessing LV, Vinberg M. Reduced mRNA Expression of PTGDS
in Peripheral Blood Mononuclear Cells of Rapid-Cycling Bipolar Disorder Patients
Compared with Healthy Control Subjects. Int J Neuropsychopharmacol 2014; 18:
pyu101.

33 Andersen CL, Jensen JL, Orntoft TF. Normalization of real-time quantitative
reverse transcription-PCR data: a model-based variance estimation approach to
identify genes suited for normalization, applied to bladder and colon cancer
data sets. Cancer Res 2004; 64: 5245–5250.

34 Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C
(T) method. Nat Protoc 2008; 3: 1101–1108.

35 West SG, Ryu E, Kwok OM, Cham H. Multilevel modeling: current and future
applications in personality research. J Pers 2011; 79: 2–50.

36 Greiner M, Pfeiffer D, Smith RD. Principles and practical application of the
receiver-operating characteristic analysis for diagnostic tests. Prev Vet Med 2000;
45: 23–41.

37 Hayden SR, Brown MD. Likelihood ratio: A powerful tool for incorporating the
results of a diagnostic test into clinical decisionmaking. Ann Emerg Med 1999; 33:
575–580.

38 Swets JA. Measuring the accuracy of diagnostic systems. Science 1988; 240:
1285–1293.

39 Sampath H. Oxidative DNA damage in disease—insights gained from base exci-
sion repair glycosylase-deficient mouse models. Environ Mol Mutagen 2014; 55:
689–703.

40 Sheng Z, Oka S, Tsuchimoto D, Abolhassani N, Nomaru H, Sakumi K et al. 8-
Oxoguanine causes neurodegeneration during MUTYH-mediated DNA base
excision repair. J Clin Invest 2012; 122: 4344–4361.

41 Borghini A, Cervelli T, Galli A, Andreassi MG. DNA modifications in atherosclerosis:
from the past to the future. Atherosclerosis 2013; 230: 202–209.

42 Al-Aubaidy HA, Jelinek HF. Oxidative DNA damage and obesity in type 2 diabetes
mellitus. Eur J Endocrinol 2011; 164: 899–904.

43 Hewitt G, Jurk D, Marques FDM, Correia-Melo C, Hardy T, Gackowska A et al.
Telomeres are favoured targets of a persistent DNA damage response in ageing
and stress-induced senescence. Nat Commun 2012; 3: 708.

44 Kessing LV, Vradi E, Andersen PK. Life expectancy in bipolar disorder. Bipolar
Disord advance online publication, 4 April 2015; doi:10.1111/bdi.12296.

45 Loft S, Danielsen P, Løhr M, Jantzen K, Hemmingsen JG, Roursgaard M et al.
Urinary excretion of 8-oxo-7,8-dihydroguanine as biomarker of oxidative
damage to DNA. Arch Biochem Biophys 2012; 518: 142–150.

46 Schapira AHV. Mitochondrial diseases. Lancet 2012; 379: 1825–1834.
47 Kasahara T, Kubota M, Miyauchi T, Noda Y, Mouri A, Nabeshima T et al. Mice with

neuron-specific accumulation of mitochondrial DNA mutations show mood
disorder-like phenotypes. Mol Psychiatry 2006; 11: 577–593, 523.

48 Sitarz KS, Elliott HR, Karaman BS, Relton C, Chinnery PF, Horvath R. Valproic acid
triggers increased mitochondrial biogenesis in POLG-deficient fibroblasts. Mol
Genet Metab 2014; 112: 57–63.

49 Kato T. Role of mitochondrial DNA in calcium signaling abnormality in bipolar
disorder. Cell Calcium 2008; 44: 92–102.

50 Anglin RES, Mazurek MF, Tarnopolsky MA, Rosebush PI. The mitochondrial gen-
ome and psychiatric illness. Am J Med Genet B Neuropsychiatr Genet 2012; 159B:
749–759.

51 Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, Wohlgemuth SE et al. Mito-
chondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging.
Science 2005; 309: 481–484.

52 Golob MJ, Tian L, Wang Z, Zimmerman TA, Caneba CA, Hacker TA et al. Mito-
chondria DNA mutations cause sex-dependent development of hypertension and
alterations in cardiovascular function. J Biomech 2015; 48: 405–412.

53 Elvsashagen T, Vera E, Boen E, Bratlie J, Andreassen OA, Josefsen D et al. The load
of short telomeres is increased and associated with lifetime number of depressive
episodes in bipolar II disorder. J Affect Disord 2011; 135: 43–50.

54 Goldstein BI, Fagiolini A, Houck P, Kupfer DJ. Cardiovascular disease and hyper-
tension among adults with bipolar I disorder in the United States. Bipolar Disord
2009; 11: 657–662.

55 Segurado R, Detera-Wadleigh SD, Levinson DF, Lewis CM, Gill M, Nurnberger JI Jr.
et al. Genome scan meta-analysis of schizophrenia and bipolar disorder, part III:
Bipolar disorder. Am J Hum Genet 2003; 73: 49–62.

56 Washizuka S, Iwamoto K, Kazuno AA, Kakiuchi C, Mori K, Kametani M et al.
Association of mitochondrial complex I subunit gene NDUFV2 at 18p11 with
bipolar disorder in Japanese and the National Institute of Mental Health pedi-
grees. Biol Psychiatry 2004; 56: 483–489.

57 Washizuka S, Kakiuchi C, Mori K, Kunugi H, Tajima O, Akiyama T et al. Association
of mitochondrial complex I subunit gene NDUFV2 at 18p11 with bipolar disorder.
Am J Med Genet B Neuropsychiatr Genet 2003; 120B: 72–78.

58 Nakatani N, Hattori E, Ohnishi T, Dean B, Iwayama Y, Matsumoto I et al. Genome-
wide expression analysis detects eight genes with robust alterations specific to
bipolar I disorder: relevance to neuronal network perturbation. Hum Mol Genet
2006; 15: 1949–1962.

59 Xu C, Li PP, Kennedy JL, Green M, Hughes B, Cooke RG et al. Further support for
association of the mitochondrial complex I subunit gene NDUFV2 with bipolar
disorder. Bipolar Disord 2008; 10: 105–110.

60 Wolf AM, Wender RC, Etzioni RB, Thompson IM, D'Amico AV, Volk RJ et al.
American Cancer Society guideline for the early detection of prostate cancer:
update 2010. CA Cancer J Clin 2010; 60: 70–98.

61 Wong CK, Fedorak RN, Prosser CI, Stewart ME, van Zanten SV, Sadowski DC. The
sensitivity and specificity of guaiac and immunochemical fecal occult blood tests
for the detection of advanced colonic adenomas and cancer. Int J Colorectal Dis
2012; 27: 1657–1664.

62 Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M et al. The MIQE
guidelines: minimum information for publication of quantitative real-time PCR
experiments. Clin Chem 2009; 55: 611–622.

63 Clay HB, Sillivan S, Konradi C. Mitochondrial dysfunction and pathology in bipolar
disorder and schizophrenia. Int J Dev Neurosci 2011; 29: 311–324.

64 Frank E, Nimgaonkar VL, Phillips ML, Kupfer DJ. All the world/'s a (clinical) stage:
rethinking bipolar disorder from a longitudinal perspective. Mol Psychiatry 2015;
20: 23–31.

65 Gladkevich A, Kauffman HF, Korf J. Lymphocytes as a neural probe: potential for
studying psychiatric disorders. Prog Neuropsychopharmacol Biol Psychiatry 2004;
28: 559–576.

66 Liew CC, Ma J, Tang HC, Zheng R, Dempsey AA. The peripheral blood tran-
scriptome dynamically reflects system wide biology: a potential diagnostic tool. J
Lab Clin Med 2006; 147: 126–132.

A composite gene expression measure in bipolar disorder
K Munkholm et al

9

Translational Psychiatry (2015), 1 – 10



67 Iwamoto K, Ueda J, Bundo M, Kojima T, Kato T. Survey of the effect of genetic
variations on gene expression in human prefrontal cortex and its application to
genetics of psychiatric disorders. Neurosci Res 2011; 70: 238–242.

68 Sullivan PF, Fan C, Perou CM. Evaluating the comparability of gene expression in
blood and brain. Am J Med Genet B Neuropsychiatr Genet 2006; 141B: 261–268.

69 Henriksen K, O'Bryant SE, Hampel H, Trojanowski JQ, Montine TJ, Jeromin A et al.
The future of blood-based biomarkers for Alzheimer's disease. Alzheimers Dement
2014; 10: 115–131.

70 Ang CS, Nice EC. Targeted in-gel MRM: a hypothesis driven approach for colo-
rectal cancer biomarker discovery in human feces. J Proteome Res 2010; 9:
4346–4355.

71 Herder C, Karakas M, Koenig W. Biomarkers for the prediction of type 2 diabetes
and cardiovascular disease. Clin Pharmacol Ther 2011; 90: 52–66.

72 Veenstra TD. Proteomics research in breast cancer: balancing discovery and
hypothesis-driven studies. Expert Rev Proteomics 2011; 8: 139–141.

73 Azuaje FJ, Dewey FE, Brutsaert DL, Devaux Y, Ashley EA, Wagner DR. Systems-
based approaches to cardiovascular biomarker discovery. Circ Cardiovasc Genet
2012; 5: 360–367.

74 McDermott JE, Wang J, Mitchell H, Webb-Robertson BJ, Hafen R, Ramey J et al.
Challenges in Biomarker Discovery: Combining Expert Insights with Statistical
Analysis of Complex Omics Data. Expert Opin Med Diagn 2013; 7: 37–51.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

A composite gene expression measure in bipolar disorder
K Munkholm et al

10

Translational Psychiatry (2015), 1 – 10

http://creativecommons.org/licenses/by/�4.0/
http://creativecommons.org/licenses/by/�4.0/

	A composite peripheral blood gene expression measure as a potential diagnostic biomarker in bipolar disorder
	Introduction
	Materials and methods
	Participants
	Bipolar disorder patients
	Healthy control subjects

	Clinical assessments
	Candidate biomarker genes
	Genes identified in genome-wide association studies
	Blood biomarker candidate genes identified using convergent functional genomics
	Candidate genes identified in lymphoblastoid cells
	Candidate gene identified through proteomic analysis
	Inflammation-related genes identified through whole-genome analysis
	Mitochondrial function-related candidate genes
	DNA repair mechanism genes
	RNA-editing genes
	Genes potentially related to the functional effects of lithium
	Estrogen-related genes
	Transcription factor genes hypothesized as susceptibility genes in bipolar disorder
	Apolipoprotein-related genes
	Candidate reference genes used in previous studies

	Blood sampling, RNA preparation and reverse transcription quantitative real-time PCR
	Statistics

	Results
	mRNA expression levels in bipolar disorder patients and healthy controls in the total sample
	mRNA expression as a composite gene expression score
	Discrimination between bipolar disorder patients and healthy control subjects
	Discrimination between affective states in bipolar disorder patients


	Discussion
	Acknowledgements
	Note
	References




