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Abstract Mitochondrial dysfunction has been implicated
in the pathogenesis of Huntington disease (HD), a primarily
neurodegenerative disorder that results from an expansion
in the polymorphic trinucleotide CAG tract in the HD gene.
In order to evaluate whether mitochondrial DNA (mtDNA)
variation contributes to HD phenotype we genotyped 13
single nucleotide polymorphisms (SNPs) that define the
major European mtDNA haplogroups in 404 HD patients.
Genotype-dependent functional effects on intracellular ATP
concentrations were assessed in peripheral leukocytes. In
patients carrying the most common haplogroup H (48.3%),
we demonstrate a significantly lower age at onset (AO). In
combination with PGC-1alpha genotypes, 3.8% additional
residual variance in HD AO can be explained. Intracellular
ATP concentrations in HD patients carrying the cytochrome
c oxidase subunit I (CO1) 7028C allele defining haplo-
group H were significantly higher in comparison to non-H
individuals (mean±SEM, 599±51.8 ng/ml, n= 14 vs. 457.5±
40.4 ng/ml, p=0.03, n=9). In contrast, ATP concentrations
in cells of HD patients independent from mtDNA haplo-

group showed no significant differences in comparison to
matched healthy controls. Our data suggest that an evolu-
tionarily advantageous mitochondrial haplogroup is associa-
ted with functional mitochondrial alterations and may
modify disease phenotype in the context of neurodegenera-
tive conditions such as HD.

Keywords Huntington disease . Age at onset .

mtDNA haplogroups . ATP

Introduction

Huntington disease (HD) is an autosomal dominantly
transmitted, progressive neurodegenerative disease associa-
ted with expansions in a stretch of CAG repeats in the 5'
part of the HD gene encoding the protein huntingtin (htt)
[1]. The length of the polyglutamine tract is the most
critical factor that determines age at onset (AO), accounting
for more than half of the overall variance [2–4]. Yet, there
remains considerable variation up to more than 40 years in
AO of neurological symptoms in individuals with identical
repeat lengths. Several candidate modifier genes of HD
have already been described in independent studies [5–9].
Recently, variations in the PPARGC1A gene that codes for
the peroxisome proliferator-activated receptor-gamma
coactivator-1alpha (PGC-1α), a master regulator of mito-
chondrial genes, were shown to exert modifying effects on
the AO in HD [10, 11].

Further evidence for a pathogenetically relevant role of
mitochondrial dysfunction with biochemical, morphological
and functional mitochondrial abnormalities has been provided
in cell culture models, animal models and in HD patients [12,
13]. NMR-spectroscopy demonstrated increased lactate
levels in cerebral cortex and basal ganglia and impaired
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ATP production in muscle of symptomatic HD patients and
pre-symptomatic mutation carriers [14–16]. Additionally,
patients show unintended weight loss associated with CAG
repeat length, thus suggesting hypermetabolic state and/or
reduced efficiency of mitochondria [17].

Whereas mostly nuclear genes have been intensively
investigated as modifiers thus far, the role of the mitochon-
drial genome has been neglected. Yet, particular combina-
tions of certain mt variations define mtDNA haplogroups,
which tend to be associated with subtle differences in
oxidative phosphorylation (OXPHOS) capacity and the
generation of reactive oxygen species (ROS) [18]. Specific
European and Asian mtDNA haplogroups were found to be
associated with longevity as well as with other age-related
complex traits such as Alzheimer and Parkinson diseases
(AD, PD) [19–22]. Therefore, the goal of the present study
was to assess the contribution of mtDNA SNPs or
haplogroups to the AO of HD.

Materials and methods

Patient recruitment and diagnosis

The study population consisted of 404 unrelated patients
with the clinical and genetic diagnosis of HD, recruited
from the Huntington Center NRW, Bochum (Germany).
Clinical assessment and determination of the motor AO was
performed exclusively by two experienced neurologists of
the Center. The expanded CAG repeats ranged from 40 to
66 trinucleotide units and AO ranged from 16 to 76 years of
age, with a mean of 45 years. The normal CAG repeats
ranged from 10 to 32 trinucleotide units. HD CAG repeat
sizes were determined by polymerase chain reaction using
an assay counting the perfectly repeated (CAG)n units.
Informed consent was obtained from all patients or if
necessary, their legal guardian, respectively, and healthy
controls (HC). The studies were performed in a manner that
fully complies with the Code of Ethics of the World
Medical Association (Declaration of Helsinki) and was
approved by the Ruhr-University Bochum ethics review
board.

Genotyping

In order to analyse mitochondrial haplotypes, we used 13
core mtSNPs that define the major European haplogroups:
SNPs 1719, 3010, 4580, 6776, 7028, 8251, 9055, 10398,
11719, 12308, 13368, 13708 and 16391. PCR and
restriction enzyme digestions on the mtDNAwere performed
to ascertain the mitochondrial haplogroup of each patient.
Additionally, nuclear polymorphisms were tested. The com-
mon UCP2–866G/A polymorphism [23] (rs659366) was

tested for the whole group and rs7665116 in PGC-1alpha
[11], rs1969060 in GRIN2A, rs1806201 in GRIN2B [24],
rs5880308 in ASK1 and rs2521354 in MAP2K6 [7] were
caught up for parts of the study population. Primers, PCR
conditions and restriction enzymes used for RFLP analysis
are available upon request.

Assessment of intracellular ATP level

Sodium heparin blood was obtained from a subgroup of
23 HD patients and 48 age-/sex-matched healthy controls
devoid of acute infections (clinically, white blood cell
count, C-reactive protein). After mitogen stimulation
with phytohemagglutinin (PHA, 2.5 μg/ml) for 15 h
(37°C, 5% CO2), CD4+ cells were immuno-selected with
anti-human CD4-coated magnetic beads (Dynal, Oslo,
Norway). After cell lysis ATP concentrations were
measured in a luciferase-activity based assay according
to the manufacturer’s specifications in a FDA-approved
assay (ImmunoKnow™, Cylex, Columbia, USA). CD4/
CD8 cell counts were determined by flow cytometry
(FACS-Calibur, Multiset IMK Kit, Becton Dickinson,
Heidelberg, Germany).

Statistical analysis

Statistical analyses were performed using SPSS software,
release 15 (SPSS, Chicago, IL, USA). P values less than
0.05 were considered significant. Variability in AO attrib-
utable to the CAG repeat number was controlled by linear
regression using the logarithmically transformed AO as the
dependent variable and each haplogroup with all other
haplogroups pooled into a single group as independent
variables. Parametric t test was performed for ATP
production in CD4+ cells (GraphPad Prism, CA, USA), p<
0.05 (*) was considered significant. Data are given as mean±
standard error.

Results

Association of mt haplogroup H with earlier age at onset

We analysed 13 core mtSNPs that define the common
European haplotypes. Overall, frequencies did not differ
substantially from those reported in previous studies by
other authors who analysed different European populations
[25, 26] (48.3% for haplogroup H, 14.4% for U, 8.2% for
T, 5.9% for J1b, 1.7% for J, 4.5% for K, 4% for V, 2.7% for
W/I, 2.5% for preH/HV, 1% for X and 6.9% for others).

The dependence of AO on CAG repeat number in the
HD gene was assessed by linear regression. The best fit
estimated by the R2 value was obtained after log transfor-
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mation of AO. The CAG repeat explained ∼73% of the
variance in AO. Inclusion of the interaction term between
mutant and normal CAG repeat sizes did not raise the
adjusted R2 value. Multiple regression models were used to
test the effect of the different haplogroups. Addition of
haplogroup H (cytochrome c oxidase subunit I (CO1)
7028C, n= 195) vs. all other haplogroups to the effect of
CAG repeat lengths resulted in significant increase of the
R2 value (0.736 to 0.740, p=0.006, Table 1). Therefore, in
all subjects belonging to haplogroup H, SNPs corresponding
to the frequent sub-haplogroups H1 (G3010A) and H3
(C6776T) were genotyped. But addition of H1 (n=76) and
H3 (n=15) to the model resulted in no increase of the R2

value (Table 1).
The same applied for the addition of other frequent

haplogroups. Yet, lack of statistical power for analysis of
the infrequent haplogroups and sub-haplogroups may
account for the lack of significance observed. Addition of
haplogroup H* (excluding H1 and H3) resulted in
significant increase of the R2 value (0.736 to 0.743, p=
0.003, Table 1). In contrast to the CO1 7028 genotypes,
which can distinguish between haplogroup H and non-H
individuals, most of the other mtDNA polymorphisms are
found in several haplogroups. In order to test for their
isolated influence, the genotype for each SNP was coded as
0 or 1, representing a two-level categorical variable. Yet,
beside the effect of CO1 C7028T, no other mt genotype
explained a significant part of the variability in AO.
Additionally, interaction analyses were performed by using
multiple regression models based on the combinations of
described HD modifier SNPs with the C7028T variation.

No significant interaction was detected with the SNPs in
GRIN2A, GRIN2B, ASK1 and MAP2K6 and UCP2 genes.
Yet, a significant interaction was found concerning SNP
rs7665116 in the PGC-1alpha gene. In combination, PGC-
1alpha and haplogroup H or H* explain more variability in
AO than isolated analyses (H*: 0.736 to 0.746, p=<0.0005;
Table 1). Together, these genotype variations explain 3.8%
additional variance in HD AO.

Mt haplogroup H is associated with high ATP
concentrations in HD patients

No significant differences were seen when comparing the
mean intracellular ATP concentrations in unstimulated and
PHA-stimulated CD4+ cells of all HD patients (543.7 ±
23.8 ng/ml) with age- and sex-matched healthy controls
(489.8±30 ng/ml). There was no significant correlation
between ATP concentration, CAG triplet repeat length,
CAG index, years of age, years of disease or clinical
severity as defined by UHDRS (Unified Huntington’s
Disease Rating Scale). One homozygous HD patient with
45/45 CAG repeats revealed ATP concentrations within the
lowest range observed in these populations (321.9 ng/ml).
ATP concentrations remained stable over an interval of
1–67 days (eight HD patients, five healthy controls). When
correlating the ATP concentrations with different mitochon-
drial genotypes, HD patients carrying the CO1 7028C allele
defining haplogroup H, showed significantly higher ATP
concentrations (599±51.8 ng, n= 14) than non-H individ-
uals (457.5±40.4 ng/ml, p=0.03; Fig. 1). These genotype
specific differences were not observed in healthy donors

Table 1 Linear regression analysis of mitochondrial DNA haplogroups affecting the age at onset of HD

Model Genotypes CAG mean±SD AO mean±SD R² ΔR² Additonally explained
residual variance (%)

p value

HD CAG 40–66 (n=404) 44.43±3.7 44.81±11.6 0.736 − <0.0005

mCAG×nCAG interaction effect 0.736 0.514

HD CAG+mtDNA haplogroups non-H; n = 209 (51.7%) 44.56±4.0 45.35±11.9

H; n = 195 (48.3%) 44.30±3.4 44.24 ± 11.3 0.740 0.004 1.5 0.006

H*; n = 106 44.20±3.2 43.82 ± 11.2 0.743 0.007 2.7 0.003

H1; n=74 0.736 0.992

H3; n = 15 0.736 0.812

J/J1b; n=31 0.736 0.631

K; n = 18 0.737 0.109

T; n=33 0.736 0.695

U; n=58 0.736 0.442

mtDNA Haplogroup H*+PGC1a 0.746 0.010 3.8 <0.0005

Variability in AO attributable to the CAG repeat length was assessed by linear regression using the logarithmically transformed AO as the
dependent variable and mtDNA polymorphism genotypes as independent variables. The values of R2 illustrate the relative improvement of the
regression model when the genotypes are considered in addition to CAG repeats; ∆R2 values quantify these differences. Single asterisk means
haplogroup H, excluding subgroups H1 and H3. mCAG mutant CAG repeat size; nCAG normal CAG repeat size
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(H: 478.7±30.1 ng/ml, n = 18 vs. non-H: 496.4±30.4 ng/ml,
n=30). Neither in HD patients nor in controls was a
significant association between ATP concentrations and the
other genotypes obvious.

Discussion

The present study shows that mtDNA haplogroup H
(7028C) is significantly associated with an earlier AO in
HD patients, relative to all other mt haplogroups (7028 T).
Furthermore, when comparing the mean ATP concentra-
tions in peripheral leukocytes, significant differences were
observed in HD patients belonging to the H haplogroup
compared to patients with other (non-H) haplogroups, who
showed significantly lower ATP levels.

Since imaging studies implicated bioenergetic defects in
HD pathogenesis, a number of studies have examined
whether alterations in mitochondrial respiration contribute
to disease mechanisms. Yet, bioenergetic mitochondrial
dysfunction is not restricted to the CNS, but has also been
demonstrated in lymphoblastoid cells from HD patients and
in early asymptomatic mutation carriers by 31P-MRS of
skeletal muscle with significant reduction of ATP produc-
tion [15, 16, 27]. Furthermore, HD mitochondria from
lymphoblasts show increased vulnerability to mitochondrial
toxins, including 3-nitropropionic acid targeting complex II
and sodium cyanide, targeting complex IV, in a polyglut-
amine length-dependent manner [28, 29]. Since in lympho-
blasts bioenergetic defects are not secondary to tissue

damage, they likely result from direct influence of mutant
htt expression on mitochondrial function.

Interestingly, by correlating the ATP values with the
different mitochondrial genotypes, HD patients carrying the
CO1 7028C allele defining haplogroup H showed signifi-
cantly higher ATP concentrations than non-H individuals.
This effect of the 7028 variation, a synonymous SNP
located in the CO1 gene with unknown consequence on
protein function, was not obvious in healthy controls.
Therefore, against the background of a neurodegenerative
condition, potential haplogroup differences in the OXPHOS
metabolism become evident. Given the relatively small
sample sizes, the association between haplogroups, AO and
ATP production should be regarded as preliminary. Never-
theless, these data combined with published evidence may
trigger cautious speculations: Considering the hypothesis
that climatic adaptation has influenced the geographic
distribution of mtDNA diversity, some of the mutations
characterising European mtDNA haplogroups may, there-
fore, influence the coupling efficiency of OXPHOS and
heat generation [18]. Assuming that haplogroup H mtDNA
variations result in tightly coupled OXPHOS, they would
generate more ATP, thereby increasing ROS production and
apoptosis, which could be reflected in earlier AO. We
therefore suggest that under conditions of impaired
OXPHOS, cells harbouring the mitochondrial haplogroup
H have better potential to compensate energetic bottlenecks.
Maybe selection during epidemics or longer periods of
exposure to infectious diseases has contributed to the rapid
expansion of the relatively young haplogroup H in
European populations rather than climatic adaptation. This
scenario could be beneficial in conditions of temporary
limited OXPHOS (e.g., septic shock and stroke) [26, 30,
31], but it would be disadvantageous in the case of chronic
(neuro-) degenerative processes with increased ROS-
mediated cell death via augmented ATP generation [32].

Contrary to our report, a previous study did not support
any association between mtDNA haplogroups and HD [33].
Yet, this apparent inconsistency may be the result of lack of
statistical power due to smaller sample size in that study.

Consistent with our results, haplogroup H is reported to
be negatively associated with age-related, neurodegenera-
tive complex traits (e.g., AD, PD) as compared to
haplogroups J, T, K and U [34–37]. In the case of
haplogroups J, T, K and U, polymorphisms partially
uncoupling OXPHOS would cause the mitochondria to
“burn” metabolites excessively in order to generate heat,
thus leaving fewer excess electrons for ROS generation.
This could explain their association with longevity and
protection against neurodegenerative diseases. On the other
hand, the same partial uncoupling polymorphisms would
reduce the efficiency of ATP production, thereby explaining
reduced sperm mobility [38] and the predisposition to

Fig. 1 ATP concentration in healthy controls and HD patients. Scatter
plots showing ATP concentration in healthy controls and HD patients
according to the CO1 C7028T genotypes. Horizontal lines represent
median values for each group. Single asterisk indicates p=0.03
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diseases caused by ATP deficiency (e.g., Leber’s hereditary
optic neuropathy).

Moreover, it has been shown that cytoplasmic hybrids
repopulated with mtDNA belonging to haplogroup H or J
differentially express IL-1β, TNFR2, and IL-6, not only at
basal but also under oxidative stress conditions [39]. These
findings provide initial experimental evidence that genetic
mitochondrial background appears to modulate the expres-
sion of nuclear genes related to stress response. Our
findings also suggest a more pervasive effect like interplay
between mitochondrial and nuclear genome. Variations in
the nuclear gene PGC-1alpha implicated in mitochondrial
biogenesis and in the polymorphism that defines hap-
logroup H may contribute interactively to systemic meta-
bolic disturbances relevant to the pathogenesis of HD, thus
highlighting the complex interrelation of mitochondrial
dysfunction in HD. Our findings warrant more detailed
assessment also in other age-related and neurodegenerative
diseases in order to quantify the effect specific to mtDNA
haplogroups.
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