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Abstract
HIV-associated sensory neuropathy remains an important complication of combination
antiretroviral therapy (CART) and HIV infection. Mitochondrial DNA haplogroups and single
nucleotide polymorphisms (SNPs) have previously been associated with symptomatic neuropathy
in clinical trial participants. We examined associations between mitochondrial DNA variation and
HIV-associated sensory neuropathy in CHARTER. CHARTER is a U.S. based longitudinal
observational study of HIV-infected adults who underwent a structured interview and standardized
examination. HIV-associated sensory neuropathy was determined by trained examiners as ≥1 sign
(diminished vibratory and sharp-dull discrimination or ankle reflexes) bilaterally. Mitochondrial
DNA sequencing was performed and haplogroups were assigned by published algorithms.
Multivariable logistic regression of associations between mitochondrial DNA SNPs, haplogroups
and HIV-associated sensory neuropathy were performed. In analyses of associations of each
mitochondrial DNA SNP with HIV-associated sensory neuropathy, the two most significant SNPs
were at positions A12810G (odds ratio [95% confidence interval] = 0.27 [0.11-0.65]; p = 0.004)
and T489C (odds ratio [95% confidence interval] = 0.41 [0.21-0.80]; p = 0.009). These
synonymous changes are known to define African haplogroup L1c and European haplogroup J,
respectively. Both haplogroups are associated with decreased prevalence of HIV-associated
sensory neuropathy compared with all other haplogroups (odds ratio [95% confidence interval] =
0.29 [0.12-0.71]; p = 0.007 and odds ratio [95% confidence interval] = 0.42 [0.18-1.0]; p = 0.05,
respectively). In conclusion, in this cohort of mostly combination antiretroviral therapy-treated
subjects, two common mitochondrial DNA SNPs and their corresponding haplogroups were
associated with a markedly decreased prevalence of HIV-associated sensory neuropathy.
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Introduction
Morbidity and mortality from HIV infection have been reduced by potent combination
antiretroviral therapy (CART). Though the incidence of many neurologic complications of
HIV has declined (Sacktor, 2002), peripheral nerve disorders remain common (R. Ellis,
2010). HIV is associated with a predominantly sensory polyneuropathy that is attributed to
HIV infection itself, or a toxic neuropathy associated with specific dideoxynucleoside
analogue reverse transcriptase inhibitors (“D-drugs,” principally stavudine or didanosine).
Together these conditions are designated HIV-associated sensory neuropathy (HIV-SN).
HIV-SN adversely affects quality of life, including sleep and diverse aspects of physical and
emotional functioning (R. J. Ellis et al., 2010). Spontaneous pain is common, and this pain
often does not respond fully to analgesic medications (Verma et al., 2004). Additional
symptoms include paresthesias and sensory loss. Although the recognition that D-drug
therapy can be neurotoxic has led providers in developed countries to substitute alternatives,
stavudine remains a commonly used component of fixed-dose generic drugs being used in
the worldwide initiative to treat HIV. Thus, the study of HIV-SN susceptibility remains
relevant.

HIV-SN caused by HIV infection or D-drugs are clinically similar, making them difficult to
differentiate in individual patients. Although the pathophysiology of HIV-SN is not yet
clearly defined, abnormal mitochondrial structure and mitochondrial DNA (mtDNA)
depletion have been seen in nerve specimens of the HIV-SN model in Simian
immunodeficiency virus (SIV)-infected macaques who have not received D-drugs (Lehmann
et al., 2011), and in specimens from patients with D-drug therapy-associated peripheral
neuropathy (Dalakas et al., 2001). D-drug-containing CART has known adverse effects on
mitochondria (Brinkman et al., 1999). Peripheral neuropathies are also common findings in
inherited mtDNA diseases (DiDonato S., 2009). Mitochondrial DNA is distinct from the
nuclear genome, encodes 13 subunits of the electron transport chain, and exhibits abundant
genetic variation across its >16,000 base pairs. Human mtDNA sequences have diverged
over approximately the last 150,000 years, resulting in distinct patterns of single nucleotide
polymorphisms (SNPs), called haplogroups. In addition to their role in cellular energy
production, mitochondria also are involved in free radical generation and apoptosis. MtDNA
variation may lead to distinctive mitochondrial electron transport chains, each with perhaps
different capacities for energy production, free radical generation and apoptosis (D. C.
Wallace et al., 1999). There is epidemiological evidence for differences among mtDNA
haplogroups in studies of longevity (Niemi et al., 2003) and neurodegenerative disorders
(Van Der Walt et al., 2003), and recent in vitro studies have demonstrated different
oxidative phosphorylation capacities by haplogroup (Gomez-Duran et al., 2010).

Susceptibility to HIV-SN varies, with prevalence rates among HIV-affected persons
reported to range from 10–35% (Lehmann et al., 2011). This variability suggests a role for
human genomic variation. Similarities between the clinical manifestations of inherited
mtDNA diseases and NRTI toxicities have prompted us to look for mtDNA variations that
may explain susceptibility to peripheral neuropathy among HIV-infected persons.
Previously, we examined treatment-naïve participants in a clinical trial (AIDS Clinical
Trials Group [ACTG] study 384) of CART (including D-drugs), and identified associations
between peripheral neuropathy and specific European (Hulgan et al., 2005) and African
(Canter et al., 2010) mitochondrial haplogroups. We report here the results of an analysis of
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full mtDNA sequence from a subgroup of participants enrolled in CNS HIV Antiretroviral
Therapy Effects Research (CHARTER), a multicenter observational study of the neurologic
effects of HIV in the CART era. CHARTER included persons both on and off CART and
utilized more sensitive and specific methods for characterizing HIV-SN than the ACTG
study. Because HIV-SN even in the absence of D-drug therapy may be the result of
mitochondrial dysfunction (Lehmann et al., 2011), our hypothesis was that variation in
mtDNA from these subjects would also be associated with susceptibility to HIV-SN.

Materials and Methods
Study population

The CHARTER Study is a prospective, observational study conducted at six U.S. locations:
The Johns Hopkins University, Baltimore, Maryland; Mount Sinai School of Medicine, New
York, New York; University of California, San Diego; The University of Texas Medical
Branch, Galveston; University of Washington, Seattle; and Washington University, St
Louis, Missouri. Institutional review boards at each site approved this research, and each
participant gave informed consent. Data were collected according to a protocol of
comprehensive neuromedical, neurobehavioral, and laboratory assessments that were
standardized across sites. These data reported herein are from a genetics sub-study within
CHARTER.

Phenotype definitions
Physicians and nurses trained in neurological AIDS disorders performed a standardized,
targeted examination to evaluate HIV-SN signs, including diminished ability to recognize
vibration and reduced sharp-dull discrimination in the feet and toes or reduced ankle
reflexes. For these analyses, the presence of ≥one bilateral and symmetric sign was
considered to be evidence of HIV-SN. Neuropathy symptoms also were assessed in the legs,
feet, and toes and included bilateral neuropathic pain and dysesthesias (burning, aching, or
shooting), paresthesias, and loss of sensation. Using a standardized form and a structured
interview, clinicians also classified neuropathic pain into the following five severity levels
that were used for secondary analyses: none, slight (occasional, fleeting), mild (frequent),
moderate (frequent, disabling), and severe (constant, daily, disabling, requiring analgesic
medication or other treatment).

Mitochondrial DNA Isolation and Sequencing
Isolation of DNA from whole blood samples was performed using PUREGENE (Gentra
Systems Inc., Minneapolis, MN, USA). Full mtDNA sequencing was performed using the
GeneChipR Human Mitochondrial Resequencing Array v2.0 (Affymetrix, Inc., Santa Clara,
CA, USA). From full-sequence data, mtDNA variants were identified using the revised
Cambridge Reference Sequence (rCRS) (S. Anderson et al., 1981). Haplogroups were
assigned using a published method (Herrnstadt et al., 2002).

Many of the same subjects included in these analyses also underwent nuclear genotyping for
ongoing genome-wide association studies using the Affymetrix Genome-Wide Human SNP
Array 6.0 (Affymetrix, Inc., Santa Clara, CA, USA). To adjust for population substructure,
we excluded 17 participants without nuclear genotype data. Quality control filters were
applied sequentially to the remaining 549 samples using the PLatform for the Analysis,
Translation, and Organization of large scale data (PLATO) (Grady et al., 2010). Samples or
SNPs that did not reach the following thresholds were excluded from analyses: 95% SNP
genotyping efficiency, 95% sample genotyping efficiency, and minor allele frequency of at
least 1%.
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Statistical Analysis
Univariable logistic regression was used to calculate unadjusted odds ratios (OR) and 95%
confidence intervals (CI) to assess the association of clinical and demographic variables
with HIV-SN status. Adjusted ORs were calculated by performing multivariable logistic
regression with a model that included all variables selected via backward-elimination step-
wise regression (variables with p-value >0.1 were removed from the model in a step-wise
fashion). The first four components of a multidimensional scaling (MDS) analysis were
generated using genome-wide nuclear genotype data, which were added to the model as
continuous covariates in our regression model to control for potential population
stratification. Briefly, MDS is a method similar to principal components analysis that takes
high-dimensional data and reduces its dimensionality while preserving the overall genetic
similarity. Using a defined number of indices generated from an MDS analysis in regression
analysis is a common way of controlling for confounding due to population substructure and
has previous been described in detail (Purcell et al., 2007).

We performed multivariable logistic regression to test the association of each mtDNA SNP
with HIV-SN status while controlling for the following variables: age, D-drug therapy, nadir
CD4 count, and population substructure via the MDS components. We also performed
multivariable logistic regression to assess the association of each mtDNA haplogroup with
HIV-SN and neuropathic pain adjusting for the same variables as the SNP association
analysis. PLINK was used to perform MDS analysis and multivariable logistic regression for
the mtDNA SNP association analysis (Purcell et al., 2007). STATA (Stata, Inc.; College
Station, TX) was used to perform the univariable logistic regression, stepwise logistic
regression, and multivariable logistic regression for the mitochondrial haplogroup
association analyses.

Results
The mean age of the population was 44 years, 21% were female, and 44% self-reported non-
Hispanic white ethnicity (Table 1). At cohort entry, median CD4 cell count was 435 cells/
mm3, nadir CD4 cell count was 175 cells/mm3, and plasma HIV-1 RNA was 1.9 log10
copies/mL, 403 (73%) were receiving CART at the time of cohort entry, and 299 (55%) had
previous or current exposure to D-drug therapy. A total of 332 (59%) subjects met the
definition of HIV-SN; these were older, had a lower CD4 nadir, and were more likely to
have been previously or currently exposed to D-drug therapy (p<0.001 for all; Table 1).
Individuals with HIV-SN had lower HIV-1 RNA levels (p=0.001) and were more likely to
have hepatitis C infection (p=0.01).

A total of 429 out of 679 mitochondrial SNPs from 549 subjects remained after quality
control filtering. The top 20 results for the mitochondrial SNP association analyses are
shown in Fig. 1. Note the effect sizes in the Fig. 1 are presented as beta coefficients, not
odds ratios. Twenty-six of the 429 SNPs (6%) were significantly associated with HIV-SN
status at p ≤ 0.05. The two most strongly associated SNPs were at positions A12810G
(adjusted odds ratio [aOR]=0.27; 95% CI=0.11-0.65; p=0.004) and T489C (aOR=0.41;
0.21-0.80; p=0.009), representing synonymous changes in the ND5 gene and D-loop of the
mitochondrial genome, respectively. These SNPs are also included in African haplogroup
L1c and European haplogroup J definitions, respectively. Many of the other significant
SNPs also defined major haplogroups, thus were highly correlated with one another.

Haplogroup distribution of the population is shown in Table 2. The results from haplogroup
association analyses are shown in Fig. 2. First, we used multivariable logistic regression to
test for an association between mitochondrial haplogroup and HIV-SN while controlling for
age, D-drug therapy, nadir CD4 count, and population stratification. Two haplogroups were
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significantly associated with HIV-SN status at p ≤ 0.05: haplogroups L1c (aOR=0.29;
0.12-0.71; p=0.007) and J (aOR=0.42; 95% CI=0.18-1.00; p=0.05). We also used
multivariable logistic regression to test for an association with the presence of neuropathic
pain controlling for the same variables as the HIV-SN analysis. None of the haplogroups
were significantly associated with neuropathic pain.

To ensure that the exclusion of the participants who did not have nuclear genotype data did
not significantly impact our results, we performed additional analyses that included these 17
individuals and adjusted for ethnicity as a categorical variable. The results were similar to
those for the MDS component adjusted analysis (L1c: aOR=0.37; 95% CI=0.16-0.88;
p=0.02 and J: aOR=0.39; 95% CI=0.17-0.91; p=0.03). For the mitochondrial SNP analyses,
the most significant SNPs at base positions A12180G and T489C also remained statistically
significant with effects in the same direction and of similar magnitudes

Discussion
We report associations between mtDNA SNPs and HIV-SN in a large subgroup of
CHARTER study participants. Many of these SNPs define mtDNA haplogroups in persons
of either European or African descent. Not unexpectedly, we also identified associations
between these relatively common haplogroups and HIV-SN. The associations were
independent of other predictors of HIV-SN, including age, CD4 cell nadir, and D-drug
therapy. Although mechanisms underlying these associations are unknown, recent data
suggests that rates of oxidative phosphorylation differentiate haplogroups (Gomez-Duran et
al., 2010). In addition, a primate model of SIV-associated peripheral neuropathy has
affirmed a primary role of mitochondrial dysfunction in this process (Lehmann et al., 2011).
Together with the adverse effects on peripheral nerves of D-drugs that are toxic to
mitochondria, these data provide indirect biologic evidence for differences in HIV-SN
susceptibility conferred by mtDNA variants within populations.

The critical and complex roles of mitochondria in energy production, reactive oxygen
species homeostasis, and apoptotic regulation make them key mediators of cellular damage
in response to environmental stresses. Mitochondrial DNA variants, including those
represented as haplogroups, are associated with metabolic and neurodegenerative diseases,
and likely influence uccessful aging (D. C. Wallace, 2005). The prominence of
neurodegeneration, including peripheral neuropathies, in mtDNA diseases also provides
support for the importance of mtDNA variation in HIV-SN. A growing number of studies
have reported associations between mtDNA haplogroups and HIV- or ART-associated
outcomes, including peripheral neuropathy (Canter et al., 2010; Hulgan et al., 2005),
neuroretinal disease (Hendrickson et al., 2010), metabolic derangements (Hendrickson et al.,
2009; Hulgan et al., 2011, 2008), and AIDS outcomes (Hendrickson et al., 2008).

A previous study found an association between haplogroup L1c and increased risk for
incident symptoms and/or signs of neuropathy (Canter et al., 2010), an association opposite
our finding in the CHARTER study. There are several possible explanations for this
difference. The previous analysis included treatment-naïve subjects initiating CART as part
of a clinical trial, ACTG 384. Peripheral neuropathy was identified using screening
questions and a brief neuropathy screening examination, with self-reported symptoms or a
new clinical diagnosis of neuropathy without documented signs included as a neuropathy
case. CHARTER diagnosed HIV-SN in persons with ≥1 symmetric sign, irrespective of
neuropathic pain or other symptoms. Thus the discrepancy in results may result from
inclusion of different neuropathic phenotypes as “cases”. Indeed, substantial discordance
between neuropathic symptoms and signs has been recognized in the CHARTER cohort
(Robinson-Papp et al., 2010). In an attempt to address this possibility, we also examined the
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association of African mtDNA haplogroup L1c with neuropathic pain in CHARTER. While
L1c was not significantly associated with neuropathic pain, the point estimate odds ratio was
in the same direction as that from the ACTG analysis (OR=1.71, 95% CI=0.73-4.00, p=0.22;
Fig. 2). We also calculated the concordance of HIV-SN signs and neuropathic symptoms in
our subgroup: 61% of CHARTER subjects in this analysis with at least one sign of HIV-SN
had no neuropathic pain and 24% of individuals with neuropathic pain had no HIV-SN
signs.

Another possible explanation for the results from these two studies is differences in the
study populations. Whereas the ACTG analysis included CART-naïve subjects with
relatively short-term (median follow-up ~3 years) CART exposure, CHARTER includes a
more heterogeneous population of persons with longer durations of HIV-infection, more
extensive and varied CART regimens (including untreated subjects), and longer cumulative
CART exposure among treated subjects (median [IQR]=10 years [8-25]).

Two independent studies have now identified the L1c African haplogroup as influencing
HIV-associated and/or toxic peripheral neuropathy. Taken together, these findings suggest
that a) underlying genomic risk factors for signs of HIV-SN and neuropathic symptoms may
differ, b) the population studied may substantially influence observed associations, and c)
additional study in independent cohorts with uniform populations and phenotyping, and/or
replication using a validation sample from within CHARTER are needed to clarify these
findings. To date, no studies have linked haplogroup L1c to other disease phenotypes in
HIV-infected or uninfected populations.

In our analysis, haplogroup J was modestly associated with a decreased prevalence of HIV-
SN. Previous studies have found haplogroup J and multi-haplogroup categories that include
J to be associated with decreased prevalence of Parkinson’s disease (Van Der Walt et al.,
2003), neuroretinal disorder in HIV patients (Hendrickson et al., 2010), and acquired
demyelinating syndrome (Venkateswaran et al., 2011). Conversely, findings from other
studies suggest that haplogroup J is a risk factor for or not associated with these and other
neurologic disorders (Jones et al., 2007; Kalman et al., 1999; Mehta et al., 2009; Reynier et
al., 1999; Ross et al., 2003). In particular, several studies have shown that an increased risk
of Leber’s hereditary optic neuropathy (LHON) is associated with mtDNA mutations or
chemical toxins in persons with haplogroup J (Brown et al., 2002, 1997; Shafa Shariat et al.,
2006; Torroni et al., 1997). Haplogroup J has been associated with with increased longevity
in some populations, but not in others (DeBenedictis et al., 1999; Niemi et al., 2003; Shlush
et al., 2008). Together, these findings suggest that the role of haplogroup J in disease risk is
complex and dependent on interactions with other factors, such as mtDNA mutations,
nuclear genome variation, and the environment.

Several statistically significant associations were with non-synonymous (NS) mitochondrial
SNPs. These are of particular interest because the resulting amino acid change could
potentially alter protein function. The NS SNP G10398A has previously been associated
with other human traits (Ruiz-Pesini et al., 2007). This SNP results in an alanine to
threonine amino acid change in the NADH dehydrogenase subunit 3 of Complex I. In our
study, the A allele was considered the minor allele with a relatively high frequency of 44%.
The A allele is actually more common in whites (79%), Hispanics (62%), and other (75%)
racial/ethnic groups and less common only among blacks (4%). Interestingly, associations
with different alleles of this SNP have been inconsistent. The A allele has been associated
with increased risk for breast cancer and more invasive cancer-cell phenotype (Canter et al.,
2005), lower pH levels in the mitochondrial matrix (Kazuno et al., 2006), and increased risk
of Type II diabetes (Rai et al., 2007). The G allele has been associated with increased risk
for oral (Datta et al., 2007) and breast cancer (Pezzotti et al., 2009), metabolic syndrome
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(Juo et al., 2010), longevity (Niemi et al., 2005), and decreased risk of Parkinson’s disease
(Van Der Walt et al., 2003). Our results show an association with increased risk for HIV-SN
for 10398A (aOR=2.01; 95% CI=1.16-3.49; p=0.01). Because the frequency of this allele is
highly variable across racial/ethnic groups, different results could be due to population
differences, variable methods used to control for population substructure (e.g. stratification
or adjustment), and/or interactions with other genetic factors. For example, nuclear genetic
variants in cytokine (Cherry et al., 2008) and iron-metabolism genes (Kallianpur et al.,
2006) have been shown to be associated with HIV-SN prevalence in previous analysis.
Future studies should explore the possibility of nuclear-mitochondrial interactions playing a
role in HIV-SN susceptibility.

Many of the significant SNPs in our analysis were highly correlated with one another and
defined the same haplogroups, as shown by the same or similar allele frequencies and effect
sizes in Fig. 1. These correlated SNPs may all be defining a “functional” variant that is
driving the observed association. Pinpointing the causative variant will require molecular
experiments to delineate the functional effects of individual SNPs.

A potential limitation of these analyses is the relatively small sample size. Although this
study represents the largest analysis of full mtDNA sequence in an HIV-infected population
to date, several subhaplogroups were of inadequate size to reliably identify associations.
Because of the sample size and exploratory nature of these analyses, we did not correct for
multiple comparisons. A conservative Bonferroni correction for the haplogroup analysis
would have resulted in p-values greater than the 0.05 cut-off with the L1c association
trending toward significance (p= 0.08). Nonetheless, our findings are notable and potentially
important due to the repeat finding of a haplogroup L1c association. Due to incomplete
overlap with genome-wide nuclear DNA data, we were unable to identify ancestry-derived
ethnicity variables for all persons with mtDNA sequence. Sensitivity analyses including all
persons and using other methods for adjustment for ethnicity did not substantially affect
results. We also performed haplogroup analyses classifying HIV-SN by the presence of
≥two signs. Although no longer statistically significant (perhaps due to smaller case group
sample sizes), the point estimate ORs for haplogroups L1c and J were in the same direction
(aOR=0.66; 95% CI=0.24-1.83; p=0.43 and aOR=0.47; 95% CI=0.16-1.34; p=0.16,
respectively).).

In summary, full mtDNA sequence data identified several mtDNA SNPs and haplogroups
associated with HIV-SN in this well-characterized neuroAIDS cohort. HIV-SN was more
frequent in persons from both non-Hispanic black and white populations with relatively
common mtDNA SNPs and African and European haplogroups. The African L1c
haplogroup was again identified as a susceptibility factor in a HIV-SN, although the
direction of the association differed from that seen in a clinical trial of CART initiation.
Importantly, these associations must be validated statistically in independent data sets and
biologically using in vitro and in vivo study designs. Specifically, these results also highlight
the need for replication of studies in comparable populations, ideally using similar study
designs, and for mechanistic studies, particularly those focused on functional effects of
mtDNA SNPs within the L1c haplogroup.
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Fig. 1.
Results for association of mitochondrial SNPs with HIV-SN using multivariable logistic
regression analyses adjusting for age, D-drug therapy, nadir CD4 count, and population
substructure. Each variant is denoted by the base pair position and the base pair change. The
haplogroup(s) with which these variants are associated are shown in parentheses. The top
row displays the –log10(p-value) with a triangle that denotes the direction of effect. The
second row displays the log odds and corresponding 95% confidence interval. The third row
displays the minor allele frequency (MAF) of each variant.
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Fig. 2.
Results for association of mitochondrial haplogroups with HIV-SN (solid line) and
neuropathic pain (dashed line) using multivariable logistic regression analyses adjusting for
age, D-drug therapy, nadir CD4 count, and population substructure.
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Table 2

Distribution of haplogroups among study subjects.

Haplogroup Total (N=549),
n(%)

Cases (N=323),
n(%)

Controls (N=226),
n(%)

A 24 (4.4) 15 (4.6) 9 (4.0)

J 30 (5.5) 12 (3.7) 18 (8.0)

L1b 23 (4.2) 18 (5.6) 5 (2.2)

L1c 27 (4.9) 11 (3.4) 16 (7.1)

L2a 42 (7.6) 24 (7.4) 18 (8.0)

L2b 35 (6.4) 24 (7.4) 11 (4.9)

L3 39 (7.1) 20 (6.2) 19 (8.4)

L3b 49 (8.9) 29 (9.0) 20 (8.8)

L3e 24 (4.4) 18 (5.6) 6 (2.6)

T 21 (3.8) 14 (4.3) 7 (3.1)

U+K 58 (10.6) 32 (9.9) 26 (11.5)

V+H 142 (25.9) 85 (26.3) 57 (25.2)

Other 34 (6.2) 21 (6.5) 13 (5.8)
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