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To investigate the effects of HIV infection on mitochondrial DNA (mtDNA) content and other mitochondrial

parameters, we used peripheral blood mononuclear cells (PBMCs) from 25 asymptomatic antiretroviral-naive

human immunodeficiency virus (HIV)–infected patients and from 25 healthy control subjects. HIV-infected

patients had significant decreases in mtDNA content (decrease, 23%; ) and in the activities of mito-P ! .05

chondrial respiratory chain (MRC) complex II (decrease, 41%; ), MRC complex III (decrease, 38%;P ! .001

), MRC complex IV (decrease, 19%; ), and glycerol-3-phosphate dehydrogenase (decrease,P ! .001 P p .001

22%; ), along with increased lipid peroxidation of PBMC membranes ( ). Therefore, HIVP ! .001 P p .007

infection is associated not only with mtDNA depletion, but also with extensive MRC disturbances and increased

oxidative damage.

Antiretroviral therapy that contains nucleoside reverse-

transcriptase inhibitors (NRTIs) may induce adverse

effects due to mitochondrial toxicity. The main path-

ogenic mechanism suspected involves the inhibition of

mtDNA polymerase g (mtDNA g-pol), which is the

only enzyme responsible for the replication of mtDNA

(a circular, double-stranded DNA molecule of 16.5 kb),

which only encodes for some components of some mi-

tochondrial respiratory chain (MRC) complexes. De-

pletion of mtDNA [1–6], deletions [6, 7], and point

mutations [8] have been reported to occur in some

tissues as a consequence of inhibition of mtDNA g-pol
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by NRTIs. In some instances, these abnormalities may

lead to an impairment of MRC function [1, 6].

Although previous studies that have assessed the mi-

tochondrial effects of NRTIs have systematically in-

cluded a group of untreated HIV-infected patients, they

have essentially lacked a control group of non–HIV-

infected people. Although this fact does not negate the

conclusions reached by these studies regarding the

harmful effects of NRTIs against mitochondria, the role

(if any) of HIV in the diminishment of mtDNA content

remains unclear. A recent study by Côté et al. [9] found

that the mtDNA content in the buffy coats of 47 asymp-

tomatic HIV-infected patients who had never received

antiretroviral therapy was significantly reduced (56%),

compared with that of 24 non–HIV-infected people

(100%). This difference was not explained by the lower

CD4+ T lymphocyte count of the HIV-infected patients,

compared with the non–HIV-infected subjects. Simi-

larly, a very recent study by Miura et al. [10] showed

a significant reduction in the mtDNA content (70%)

of PBMCs from 46 antiretroviral-naive HIV-infected
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Table 1. Clinical characteristics of individuals included in the present study.

Characteristic

Healthy
control subjects

(n p 25)

HIV-infected
patients
(n p 25)

Age, mean years � SD 40 � 12 37 � 8
Male sex, % of patients 76 76
Duration of infection, mean months � SD … 44 � 71
CD4+ T cell count, mean cells/mm3 � SD … 317 � 215
Viral load,a mean log10 HIV RNA copies/mm3 � SD … 5.0 � 0.9

a Any viral load of !50 copies/mL was recorded as 49 copies/mL.

patients, compared with 29 healthy people (100%). In the study

by Miura et al. [10], mtDNA content was positively correlated

with CD4+ T cell count and was inversely correlated with HIV

load. Nonetheless, it currently has not been ascertained whether

mtDNA depletion is an isolated finding or whether it is as-

sociated with impaired MRC function or, even, with more-

extensive damage of mitochondrial enzyme capacity that leads

to increased oxidative damage.

METHODS

For the present study, we recruited 25 asymptomatic HIV-

infected patients who had never received antiretroviral therapy,

as well as 25 non–HIV-infected people who were matched by

age (�5 years) and sex and who were considered to be control

subjects. Written, informed consent was obtained from all sub-

jects before their inclusion in the study. The clinical data for

individuals included in the study are presented in table 1.

PBMCs were isolated, by means of Ficoll density-gradient

centrifugation (Histopaque-1077; Sigma Diagnostics), from 20

mL of peripheral venous blood collected in Vacutainer EDTA

tubes (BD Vacutainers Systems). After isolation, the PBMCs

were resuspended in PBS and were frozen and stored at �80�C,

until their use in biochemical and genetic determinations. Pro-

tein content was measured according to Bradford’s method-

ology [11].

An aliquot of PBMCs was used for the extraction of total

DNA by means of a standard phenol-chloroform procedure.

For quantification of mtDNA, the nuclear housekeeping 18S

rRNA gene and the highly conserved mitochondrial ND2 gene

were amplified separately by use of quantitative real-time PCR

(LightCycler FastStart DNA Master SYBR Green I; Roche Mo-

lecular Biochemicals). The mtDNA content was first expressed

as the ratio of mtDNA to nuclear DNA, by use of the Light-

Cycler-based methodology (LightCycler System; Roche Diag-

nostics, Idaho Technology) [12], and it then was transformed

to the number of mtDNA copies per cell, by use of a set of 4

“international” or “common” standards with known values of

mtDNA copies/mL and nuclear DNA copies/mL (provided by

E. Hammond, D. Nolan, and S. Mallal), to standardize mtDNA

assays in an international collaborative approach [13]. This

approach has allowed our group of investigators to calibrate

our own set of working standards (LightCycler-Control Kit

DNA; Roche Diagnostics, Applied Sciences) and to report, for

the present study, concordant data regarding mtDNA copies

per cell.

Another aliquot of PBMCs was used for spectrophotomet-

rical analyses. We determined glycerol-3-phosphate dehydro-

genase (G3Pdh) activity, citrate synthase (CS; a mitochondrial

matrix enzyme representative of the Krebs cycle) activity, and

the enzyme activities of MRC complexes II–IV (the 3 complexes

are representative of the MRC function; the first complex is

exclusively encoded by the nuclear genome, and the latter 2

complexes are partially encoded by mtDNA). All enzyme ac-

tivities were measured using standard procedures described

elsewhere [14, 15] and were expressed as nanomoles of reduced

or oxidized substrate per minute per milligram of total cell

protein, representing the absolute activities.

Another aliquot was used to determine the degree of oxi-

dative damage, by means of assessment of cis-parinaric acid to

measure the lipid peroxidation of PBMC membranes. Cis-par-

inaric acid, a fatty acid that contains 4 conjugated double bonds

that render it naturally fluorescent, is attacked during lipid

peroxidation reactions. Accordingly, cis-parinaric acid fluores-

cence is consumed in lipid peroxidation reactions. Because cis-

parinaric acid is readily incorporated into PBMC membranes,

its loss of fluorescence is used to indirectly monitor the degree

of lipid peroxidation. For this purpose, 100 mg of PBMC protein

were placed into 3 mL of nitrogenized PBS that contained cis-

parinaric acid (5 mmol/L; Molecular Probes), and they were

incubated in darkness at 37�C. Afterward, fluorescence was

measured at 3-min intervals, for 30 min, by use of 318-nm

excitation and 410-nm emission [14, 16]. The greater the lipid

peroxidation, the less fluorescence is detected.

CS activity was used to estimate the mitochondrial content,

to adjust for mtDNA content and the MRC enzyme activities

due to hypothetical changes in the mitochondrial amount of

PBMCs. CS seems to be a rather stable mitochondrial enzyme,

the activity of which is not subjected to fluctuations and path-
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Figure 1. Quantification of mtDNA. Bars denote the results (expressed
as mean values � SD) for each group. Antiretroviral-naive HIV-infected
individuals had a significant decrease in the number of mtDNA copies
per PBMC, compared with healthy (non–HIV-infected) individuals. Com-
parison between groups was performed using Student’s t test. P ! .05
denoted statistical significance.

Figure 2. Enzyme activities, expressed as nanomoles of reduced or
oxidized substrate per minute per milligram of total cell protein, of citrate
synthase (CS), glycerol-3-phosphate dehydrogenase (G3Pdh), and mito-
chondrial respiratory chain (MRC) complex II (C-II), MRC complex III (C-
III), and MRC complex IV (C-IV). Bars denote the results (expressed as
mean values � SD) for each group. PBMCs from untreated HIV-infected
individuals showed a significant decrease in all enzyme activities (with
the exception of CS activity), compared with PBMCs from healthy (non–
HIV-infected) individuals. Student’s t test was used for comparison be-
tween groups. denoted statistical significance. NS, not significant.P ! .05

ological changes. For this reason, when homogenates or impure

mitochondrial fractions have to be used for enzymatic deter-

minations, activities are best compared when they are divided

by CS activity, to prevent artifacts caused by differences in the

content of pure mitochondria. Accordingly, the mtDNA con-

tent and the MRC enzyme activities were also estimated per

organelle (mitochondria)–relative values, by dividing absolute

values per CS activity [17–19].

The results for HIV-infected patients and control subjects

are expressed as mean values � SD, for quantitative variables,

and they were compared using an unpaired Student’s t test.

Results are also expressed as percentages, for qualitative vari-

ables, and they were compared using the test. Differences2x

between groups are expressed as percentages with a 95% CI.

A 2-way analysis of variance was used when measurements were

repeated to compare cis-parinaric curves, and linear regression

was used to search for any association between quantitative

variables. For all cases, was considered to be statisticallyP ! .05

significant.

RESULTS

The number of mtDNA copies per cell was significantly de-

creased in HIV-infected patients (by 23%; 95% CI, 4%–42%;

), compared with healthy control subjects (figure 1).P ! .05

HIV-infected patients also exhibited a significant decrease in

the MRC enzyme activities of complexes partially encoded by

mtDNA. Specifically, complex III activity decreased by 38%

(95% CI, 31%–51%; ), and complex IV activity de-P ! .001

creased by 19% (95% CI, 9%–29%; ) (figure 2). OnP p .001

the other hand, the enzymatic activity of complex II, which is

exclusively encoded by the nuclear DNA, was also found to be

decreased in HIV-infected patients (decrease, 41%; 95% CI,

24%–58%; ) (figure 2). When the activities of the rep-P ! .001

resentative enzymes of other metabolic pathways were deter-

mined, no differences in CS activity were found when HIV-

infected patients were compared with healthy control subjects

(mean CS activity [�SD], 123 � 15 nmol/min/mg protein

and 131 � 24 nmol/min/mg protein, respectively; P is not

significant). However, a significant decrease in G3Pdh activity

was noted in HIV-infected patients, compared with healthy

control subjects (decrease, 22%; 95% CI, 11%–33%; )P ! .001

(figure 2). All the differences in mitochondrial parameters

found between HIV-infected individuals and healthy people

remained significant, even when they were estimated per mi-

tochondria (by dividing mtDNA content and enzyme activities

per CS activity; data not shown).

The oxidative damage to the PBMC membranes was signif-

icantly increased in HIV-infected patients, compared with

healthy control subjects. As shown in figure 3, a greater loss

of cis-parinaric acid fluorescence over time was noted among

HIV-infected patients, a finding that indicates increased lipid

peroxidation ( ).P p .007

Correlation of the mitochondrial parameters with immu-

nological status (as assessed by the CD4+ T lymphocyte count)

was performed for the HIV-infected patients. The mitochon-

drial parameters were also correlated with the severity of the
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Figure 3. Studies of lipid peroxidation measured as loss of cis-par-
inaric acid fluorescence loss over time. Results are expressed as the
percentage of the remaining fluorescence (�SD) at 3-min intervals. Un-
treated HIV-infected individuals had greater and faster loss of fluores-
cence, compared with healthy (non–HIV-infected) individuals, denoting an
increase in lipid peroxidation of PBMC membranes. Comparison of cis-
parinaric acid curves was performed using 2-way analysis of variance.

denoted statistical significance.P ! .05

HIV infection (as assessed by plasma HIV load). We did not

find any statistically significant association between either the

CD4+ T lymphocyte count or the viral load in HIV-infected

patients, with respect to any of the altered mitochondrial pa-

rameters. However, although not significant, a trend was noted

toward a decrease in MRC complex IV activity, along with an

increase in CS activity, in association with viral load (figure 4).

DISCUSSION

Previous studies have noted that some degree of mtDNA de-

pletion is present in the PBMCs [10, 20, 21], skeletal muscle

[2], adipose tissue [3], liver [22, 23], or placenta [24] of HIV-

infected patients. However, these data were indirectly obtained

in studies with main objectives that did not focus on the effects

of HIV on mitochondria. In addition, to date, no studies dem-

onstrating mitochondrial dysfunction associated with mtDNA

depletion in human PBMCs have been reported. Therefore, the

results of the present study show that HIV-infected patients

who have never been treated with antiretrovirals have decreased

mtDNA levels, along with decreased enzyme activity of the

MRC complexes and other metabolic pathways, as well as in-

creased oxidative damage of the PBMC membranes. This is the

first direct evidence that HIV is associated with extensive func-

tional mitochondrial damage, which does not seem to only be

limited to MRC complexes encoded by mtDNA.

The mechanism by which HIV causes this mtDNA depletion

is currently elusive. Nonetheless, the coexistence of a gener-

alized impairment that affects both mtDNA- and nuclear DNA–

encoded MRC complexes, as well as G3Pdh activity, indicates

that mtDNA depletion may be better interpreted as resulting

from generalized mitochondrial damage rather than from a

specific mechanism of the mtDNA lesion induced by HIV. This

hypothesis agrees with the findings of recent studies that have

reported signs of mitochondrial necrosis in HIV-infected cells

[25]. Moreover, a main feature of HIV pathogenesis is cell death

of CD4+ T lymphocytes as a result of apoptosis, and, currently,

it is well known that several HIV-1–encoded proteins (Env,

Vpr, Tat, and PR) are directly or indirectly associated with the

dissipation of mitochondrial membrane potential, thereby

causing apoptotic cell death [26–32]. In fact, the appearance

of morphologic mitochondrial abnormalities, along with in-

creased apoptosis, has been demonstrated in both ex vivo stud-

ies of individuals with seroconversion [33] and in vitro

experiments involving acutely infected monocytoid and

lymphoblastoid cells [25]. Therefore, it is conceivable that, in

addition to contributing to CD4+ T lymphocyte depletion,

proapoptotic effects of virion proteins also have a role in the

mtDNA depletion and the mitochondrial functional distur-

bances observed in the present study. This hypothesis, which

probably is better addressed to cultured HIV-infected cells, re-

volves around the adverse effects of the viral gene products

against mitochondria.

Although some authors have suggested that the intensity of

HIV infection could correlate with the degree of mitochondrial

damage, other authors have reported discordant data. In this

sense, although Miura et al. [10] reported that mtDNA levels

in HIV-infected individuals have a direct correlation with the

CD4+ T cell count and an inverse correlation with the number

of HIV RNA copies, Côté et al. [9] did not identify such an

association. In our series, no significant association was found

between markers of severity of infection and mitochondrial

function; only a tendency toward an increase in the mito-

chondrial content in patients with a higher number of circu-

lating HIV copies was remarkable. This fact could reflect that

the classically known mitochondrial proliferation observed in

the skeletal muscle in primary MRC defects is a form that

responds to toxic insults.

The combined effects of HIV and antiretrovirals on mito-

chondria should be considered, because mitochondriotoxicity
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Figure 4. Association between viral load and mitochondrial parameters in antiretroviral-naive HIV-infected individuals, as established by a linear
regression model. There was no significant association with any of the parameters assessed (mtDNA; glycerol-3-phosphate dehydrogenase [G3Pdh]
activity; citrate synthase [CS] activity; and mitochondrial respiratory chain [MRC] complex II [C-II], MRC complex III [C-III], and MRC complex IV [C-IV]
activity). denoted statistical significance.P ! .05

is a well known side effect of antiretrovirals. On one hand, the

negative effects of HIV infection, per se, on mtDNA could

render HIV-infected patients more susceptible to the mito-

chondrial toxicities of NRTIs, compared with the general pop-

ulation, because HIV-infected patients can reach the “thresh-

old” for clinically relevant adverse effects faster. As an example,

we have found that untreated HIV-infected patients with greater

viremia showed less complex IV activity; this finding, although

not statistically significant, suggests that HIV-infected patients

may be more susceptible than non–HIV-infected individuals to
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the mitochondrial toxic effects of antiretrovirals. In addition,

NRTIs also induce apoptotic death in several cell types [34].

Conversely, protease inhibitors exert antiapoptotic effects,

which seem to be relevant for their clinical benefit, in a way

different from that achieved by means of their antiviral activity

[35, 36]. Thus, the net effect of HIV and antiretrovirals on

mitochondrial function may differ from one patient to another,

and it may explain, at least in part, the existence of discordant

results of studies of the mitochondrial toxicity of antiretrovirals.

Whatever the mechanism involved in the effects of HIV on

mitochondria, we believe that the findings of the present study

support the hypothesis that the effects of HIV on mtDNA

content are nonspecific and would be better reflected in a sce-

nario of more diffuse mitochondrial damage, probably in as-

sociation with apoptotic changes caused by HIV. Moreover, our

results should also be taken into account in the design of further

studies evaluating the mitochondrial toxic effects of antiret-

rovirals, because untreated individuals with HIV infection

should be included in the control group of such studies.
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