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No treatment exists for mitochondrial dysfunction, a 
contributor to end-organ disease in human immunodeficiency 
virus (HIV). The mitochondrial antioxidant mitoquinone 
mesylate (MitoQ) attenuates mitochondrial dysfunction in 
preclinical mouse models of various diseases but has not been 
used in HIV. We used a humanized murine model of chronic 
HIV infection and polymerase chain reaction to show that 
HIV-1–infected mice treated with antiretroviral therapy and 
MitoQ for 90 days had higher ratios of human and murine 
mitochondrial to nuclear DNA in end organs compared with 
HIV-1–infected mice on antiretroviral therapy. We offer 
translational evidence of MitoQ as treatment for 
mitochondrial dysfunction in HIV.
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Despite potent antiretroviral treatment (ART) for human im-
munodeficiency virus (HIV), people living with HIV, com-
pared with uninfected individuals, have an increased 
incidence of comorbid conditions, such as cardiovascular and 
liver disease [1]. The pathogenesis of increased morbidity in 
chronic treated HIV infection remains unclear. Mitochondria 
are key cellular organelles for metabolism and are responsible 
for most of the cellular reactive oxygen species (mitochondrial 
reactive oxygen species or mito-ROS) [2]. Emerging evidence 
has suggested that both HIV-1 and ART treatment lead to dys-
function of mitochondria that further drives oxidative stress, 
mitochondrial DNA (mtDNA) mutations, and cellular 

apoptosis [3]. mtDNA does not have a DNA repair mechanism, 
making it highly susceptible to damage, which can lead to 
mtDNA depletion and ultimately cell and tissue dysfunction 
[4]. Aging leads to mtDNA damage and dysfunction [5]. 
Determination of the relative amount of mitochondrial versus 
nuclear DNA (nDNA) and the mtDNA/nDNA ratio using real- 
time polymerase chain reaction (PCR) provides a robust quan-
titative estimation of mtDNA copy number that predicts the ef-
fect of aging on the decrease in mtDNA [4] and may be a good 
biomarker for progression of several diseases [6]. Thus, target-
ing oxidative stress and mitochondrial impairment may be 
promising treatments for end-organ disease in HIV.

MitoQ is the only mitoquinone mesylate mitochondrial anti-
oxidant approved for human use that can target the harmful pro-
duction of mito-ROS and mitochondrial dysfunction [7]. We 
have previously shown in a preclinical mouse model of HIV 
that MitoQ may attenuate secretion of interleukin 1β and inter-
leukin 6, which contribute to neuroinflammation and pathogen-
esis of HIV-associated neurocognitive disorder [8]. Thus, we 
hypothesized that MitoQ may be effective in reducing mitochon-
drial dysfunction, which contributes to end-organ disease in 
chronic HIV infection. Owing to the confounding variables 
within human studies and limited tissue access to end organs, 
we used a preclinical humanized mouse model of chronic treated 
HIV infection to determine whether MitoQ attenuates mito-
chondrial dysfunction in the brain, heart, aorta, kidney, gut, 
and liver tissues. NOD scid gamma (NSG) bone marrow–liv-
er–thymus (BLT) mice are an established model of HIV-1 im-
munopathogenesis that allows functional human immune cells 
(also present in tissues) to be infected and dysfunction of human 
mitochondria to be studied in vivo [8, 9]. In the current study, we 
demonstrate that HIV-1–infected mice treated with ART and 
MitoQ, compared with those treated with only ART, had higher 
ratios of human and murine mtDNA/nDNA in end organs.

METHODS

Mice

The study used 6–8-week-old NSG BLT mice [n = 25; similar 
number male (n = 13) and female (n = 12)], generated from 
the same human donor tissue and maintained as described else-
where [9, 8]. All animal experiments were carried out in accor-
dance with federal, state, and institutional (University of 
California, Los Angeles) approved guidelines. Human fetal tis-
sue was purchased from Advanced Biosciences Resources from 
anonymous donors and did not require institutional review 
board approval for usage. Only mice for which all target tissues 
were available were included in this substudy of our group’s 
previously published study [8]. There were 3 study groups: 
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HIV-uninfected mice (n = 5), HIV-infected mice on potent 
ART (HIV+ART+; n = 5), and HIV-infected mice on ART 
with the addition of MitoQ (HIV+ART+MitoQ+; n = 5).

Treatments

Mice were injected intraperitoneally with 500 ng p24 of dual- 
tropic HIV-1 89.6 virus, and viral loads were determined 4 
weeks after infection by means of PCR, as described elsewhere 
[8, 9]. HIV-infected mice NSG were treated subcutaneously 
with daily ART (tenofovir disoproxil fumarate [8.75 mg/kg], 
emtricitabine [13 mg/kg], and raltegravir [17.5 mg/kg]) [8]. 
MitoQ was a gift from MitoQ Ltd. Mice were administered 
MitoQ (500 μmol/L) for 90 days, via drinking water that con-
tained MediDrop sucralose liquid gel [8]. Control mice did 
not receive MitoQ.

Determination of mtDNA/nDNA Ratio

Tissue was processed as described elsewhere [8]. Briefly, 10– 
20 mg of frozen tissue (brain, aorta, heart, kidney, or 
intestine) was transferred to a 2-mL Precellys tube using the 
Quick-DNATM MicroPrep DNA extraction kit (Zymo 
Research). Both mtDNA and nDNA were quantified in tripli-
cate in each sample, using quantitative PCR (qPCR). The prim-
ers used are listed in the Supplementary Table 1. The qPCR 
protocol included a 3-minute denaturation step at 95°C and re-
peated 40 cycles of 15 seconds at 95°C, 15 seconds at 57°C, and 
10 seconds at 72°C. The following formulas were used:

ΔCt = Ct (mtDNA gene) − Ct (nDNA gene)
and
ΔΔCt = ΔCt (Sample) − ΔCt (Control Sample),
where Ct represents cycle threshold; ΔCt, ; and ΔΔCt, . The 

estimated fold calculus of the ΔΔCt value (2−ΔΔCt) was used as a 
measure of the relative mtDNA/nDNA ratios among the com-
pared groups [4].

Statistical Analysis

Bars depict means with standard errors of the mean. The 
Kruskal-Wallis test was used to compare 3 groups, and the 
Mann-Whitney test to compare 2 groups. Differences by either 
test were deemed significant at P < .05, by either test. All anal-
yses were performed using GraphPad software (version 8.0).

RESULTS

Differential Amount of Human mtDNA in End Organs of Humanized Mice

Using NSG BLT mice and a sensitive qPCR assay [4], we first 
determined the human mtDNA (h-mtDNA)/nDNA ratio as a 
measure of mitochondrial dysfunction in human immune cells 
that infiltrate tissues and end organs and contribute to tissue in-
flammation in humanized mice [8, 9]. h-mtDNA was detected 
in all studied tissues (brain, heart, liver, kidney, lung, aorta, and 
small intestine) ,and the h-mtDNA/nDNA ratio varied between 
0.36 and 3.8 (Figure 1A). The heart and gut had the highest 

h-mtDNA/nDNA ratio, while the brain, liver, kidney, lung, 
and aorta had similar h ratios (Figure 1A).

Decreased h-mtDNA in End Organs of HIV+ART+ Humanized Mice 
Compared With Uninfected Mice

We then assessed the direct impact of the combined effect of HIV 
and ART on the h-mtDNA/nDNA ratio as a measure of mito-
chondrial dysfunction of human immune cells in HIV 
(Figure 1B–1D and Figure 2A). All HIV+ART+ NSG BLT mice 
had suppressed plasma viremia after 4 weeks of potent ART, as 
reported elsewhere [8]. In HIV+ART+ NSG BLT mice after 90 
days of potent ART, compared with uninfected mice, we ob-
served decreased h-mtDNA/nDNA ratios in the brain 
(Figure 1B), heart (Figure 1C), liver (Figure 1D), lung, and gut 
(Figure 2A) (P < .05 for all comparisons). However, we did not 
observe change in h-mtDNA/nDNA ratios in the kidney and aor-
ta of HIV+ART+ compared with uninfected mice (Figure 2A).

Decreased Heart Murine mtDNA Levels in HIV+ART+ Humanized Mice 
Compared With Uninfected Mice

We determined the levels of murine mtDNA (m-mtDNA) in 
the end organs of humanized mice. Mouse cells cannot be in-
fected with HIV-1, and any differences in the m-mtDNA/ 
nDNA in tissues compared with uninfected mice may reflect 
direct effects of ART on murine cells or indirect effects of 
HIV-1 infection on the human immune cells. The 
mitochondria-enriched tissues, such as the brain, liver, heart, 
and kidney [10], had the highest m-mtDNA/nDNA ratios, 
compared with the lung, gut, and aorta (Figure 2B). 
Compared with uninfected mice, HIV+ART+ mice showed de-
creased m-mtDNA levels in the heart (P < .05) and a trend 
(P = .07) for decreased m-mtDNA/nDNA ratios in the liver 
(Figure 2C). No differences in m-mtDNA/nDNA ratios were 
observed in the brain, aorta (Figure 2C), kidney, lung, or gut 
(Figure 2D) of HIV+ART+ compared with uninfected mice. 
In conclusion, HIV+ART+ mice had decreased m-mtDNA/ 
nDNA ratios in the mitochondria-enriched heart compared 
with uninfected mice, suggesting a direct impact of ART per 
se on cardiac mitochondria.

Impact of MitoQ on m-mtDNA/nDNA Ratios in End Organs of Humanized 
Mice

We hypothesized that MitoQ, shown to have favorable impact 
on mitochondrial dysfunction in preclinical models of 
end-organ disease [7], could attenuate reduced mtDNA/ 
nDNA ratios driven by HIV-1–infected human immune cells 
from an NSG BLT mouse brain. Compared with 
HIV-infected mice given ART, the addition of MitoQ 
(500 μmol/L) in water for 60 days in HIV+ART+ mice 
(HIV+ART+MitoQ+ mice) led to increased h-mtDNA/nDNA 
ratios in the brain (Figure 1B), heart (Figure 1C), liver 
(Figure 1D), and gut (Figure 2A) (P < .05 for all comparisons). 
Compared with HIV+ART+ mice, HIV+ART+MitoQ+ mice had 
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increased m-mtDNA/nDNA ratios in their liver and heart 
(Figure 2C) (P < .05 for all comparisons). No differences 
were observed in h-mtDNA/nDNA ratios in the kidney, lung, 
or aorta (Figure 2A) or m-mtDNA/nDNA ratios in the brain, 
aorta (Figure 2C), kidney, or lung tissue (Figure 2D) in 
HIV+ART+ compared with HIV+ART+MitoQ+ mice. 
Compared with HIV-1–uninfected mice, HIV+ART+MitoQ+ 

mice had similar h-mtDNA/nDNA and m-mtDNA/nDNA ra-
tios in all studied tissues except the aorta (Figures 1B-1D, 2A, 
2C, and 2D). These results suggest that MitoQ effectively atten-
uated HIV-1–induced and/or ART-induced reduction in 
mtDNA/nDNA ratios as a measure of mitochondrial dysfunc-
tion in end organs of HIV-1–infected BLT mice on potent ART.

DISCUSSION

To our knowledge, this is the first preclinical demonstration of 
the potential therapeutic role of MitoQ for treatment of mito-
chondrial dysfunction, an established instigator of end-organ 
disease [11–13], in chronic treated HIV infection. Herein, using 
the BLT mouse model of chronic treated HIV infection and 

sensitive PCR, we showed that, compared with uninfected 
mice, HIV-1–infected NSG BLT mice on potent ART had re-
duced h-mtDNA/nDNA ratios in mitochondria of immune 
cells present in mitochondria-enriched end organs such as 
the brain, heart, liver, lung, and gut and reduced m-mtDNA/ 
nDNA ratios in the heart. Among HIV-1–infected NSG BLT 
mice, those on ART plus oral MitoQ for 2 months showed in-
creased h-mtDNA/nDNA ratios in end organs like the brain, 
heart, liver, lung, and gut, compared with those on ART alone. 
Given the role of mt-DNA depletion in mitochondrial func-
tion, aging, cell, and tissue dysfunction [5, 6], administration 
of MitoQ had a favorable effect on HIV- and/or ART-driven 
mtDNA depletion that contributed to end-organ disease in 
chronic treated HIV infection [13].

Mitochondrial dysfunction, acquired mtDNA mutations, 
and oxidative stress contribute to aging and associated diseases, 
such as diabetes and cancer [6]. HIV-infected patients have in-
creased levels of mito-ROS [2] and reduced mtDNA content 
that contribute to pathogenesis of certain end-organ diseases, 
such as brain aging [13]. To our knowledge, our study is among 
the first that mechanistically determined in vivo the effects of 

Figure 1. Impact of human immunodeficiency virus (HIV), antiretroviral therapy (ART) and mitoquinone mesylate (MitoQ) on human mitochondrial DNA (h-mtDNA) in end 
organs in a humanized mouse model of chronic HIV-1 infection. NOD scid gamma humanized mice were infected with HIV-1 for 90 days and treated with ART alone (HIV+ART+) 
or in combination with oral MitoQ (HIV+ART+MitoQ+); MitoQ was given in water (500 μmol/L) for 60 days. Brain, liver, heart, kidney, lung, gut, and aorta tissues from each 
mouse were harvested after euthanasia and included both murine cells and human immune cells containing h-mtDNA and nuclear DNA (nDNA). The h-mtDNA/nDNA ratios 
were determined in HIV-uninfected, HIV+ART+, and HIV+ART+MitoQ+ mice (each n = 5), using polymerase chain reaction, as described in Methods. A, Summary data for 
h-mtDNA/nDNA ratios in the end organs of uninfected humanized mice. B–D, Summary data for h-mtDNA/nDNA ratios in the brain (B), heart (C ), and liver (D) of humanized 
mice, HIV-uninfected, HIV+ART+, and HIV+ART+MitoQ+. Data are presented as mtDNA/nDNA ratios in each tissue sample relative to the mean of the uninfected group; data 
represent means with standard errors of the mean, and each data point represents a mouse and the average of 3 replicates. The Kruskal-Wallis test was used to compare 3 
groups, and the Mann-Whitney test to compare 2 groups. *P < .05; **P < .01.
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HIV-1 and ART on mtDNA and mitochondrial function in 
multiple end organs. Cross-sectional human studies cannot 
truly determine the differential effect of HIV-1 per se versus 
that of ART on mtDNA and mitochondrial function. In the 
mitochondria-enriched heart, we showed that ART alone, but 
not HIV-1, contributed to a reduction in m-mtDNA. In other 
end organs of humanized mice, we found that both HIV-1 and 
ART contributed to a reduction in h-mtDNA. Our data are 
consistent with data from others showing that age-associated 
mtDNA damage is driven by HIV per se rather than by ART 
toxicity and may contribute to neurocognitive impairment 
[13]. Our data indicating that administration of MitoQ had a 
favorable effect on HIV- and/or ART-driven mtDNA depletion 
are also consistent with prior evidence that MitoQ attenuates 
aberrantly elevated mito-ROS levels and oxidative and 
mtDNA damage in both preclinical models of disease [7] and 
human studies [14].

Our study has several limitations. BLT mice cannot fully 
recapitulate HIV infection. Although human myeloid and T 
cells have been described in the tissues of NSG BLT mice 
[15], these mice cannot be used to study human parenchymal 

tissue cells that are the main source of mitochondria in tis-
sues. The lack of a viremic HIV+ mouse group that was not 
on ART did not allow us to fully dissect the differential im-
pact of HIV-1 per se versus ART on mitochondrial dysfunc-
tion. Despite the limitations, the NSG BLT model can support 
HIV infection and can be used to monitor the systemic 
responses of a variety of human immune cells—including 
T cells and myeloid cells—to HIV-1 infection and potent 
ART treatment. Although the focus of this study was to eval-
uate mtDNA that is mechanistically linked to mitochondrial 
dysfunction, we did not study other mediators of mitochon-
drial function. Further work is necessary to assess the impact 
of MitoQ in all known measures of mitochondrial function in 
HIV.

In conclusion, MitoQ is safe and has been used as an oral diet 
supplement in humans for decades. It has also been used safely 
in clinical trials with no toxic effects [7]. Herein, we provide ro-
bust preclinical evidence supporting further clinical trials to 
test whether MitoQ can be a useful treatment for mitochondrial 
dysfunction as instigator of tissue damage in chronic treated 
HIV infection.

Figure 2. Impact of human immunodeficiency virus (HIV), antiretroviral therapy (ART) and mitoquinone mesylate (MitoQ) on human and murine mitochondrial DNA (mtDNA) 
in end organs in a humanized mouse model of chronic HIV-1 infection. NOD scid gamma (NSG) humanized mice were infected with HIV-1 for 90 days and treated with ART 
alone (HIV+ART+) or ART in combination with oral MitoQ (HIV+ART+MitoQ+); MitoQ was given in water (500 μmol/L) for 60 days, as shown in Figure 1. Brain, liver, heart, 
kidney, lung, gut, and aorta tissue from each mouse was harvested after euthanasia, and the human mtDNA (h-mtDNA)/nuclear DNA (nDNA) and murine mtDNA (m-mtDNA)/ 
nDNA ratios were determined in uninfected, HIV+ART+, and HIV+ART+MitoQ+ mice, using polymerase chain reaction, as described in Methods. A, Summary data for h-mtDNA/ 
nDNA ratios in the kidney, lung, gut and aorta of humanized mice; data are presented as mtDNA/nDNA ratio in each tissue sample, relative to the mean of the uninfe-
cted (mock) group. B, Summary data for m-mtDNA/nDNA ratios in the end organs of uninfected humanized mice. C, D, Summary data for m-mtDNA/nDNA ratios in the 
brain, liver, heart, and aorta (C ) and in the kidney, lung, and gut (D) of humanized mice; data are presented as mtDNA/nDNA ratios in each tissue sample, relative to t-
he mean of the uninfected (mock) group. Data represent means with standard errors of the means, and each data point represents a mouse and the average of 3 replicates. 
The Kruskal-Wallis test was used to compare 3 groups, and the Mann-Whitney test to compare 2 groups. *P < .05; **P < .01.
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Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding 
author.
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