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ABSTRACT: HIV infection is associated with symptoms of
accelerated or accentuated aging that are likely to be driven
not only by HIV itself but also by the toxicity of long-term use
of antiretroviral drugs. Therefore, it is crucially important to
understand the mechanisms by which antiretroviral drugs may
contribute to aging. The aim of this study was to investigate
the hypothesis that antiretroviral drugs cause increased
reactive oxygen species (ROS) generation that results in
mitochondrial dysfunction and culminates in promoting
cellular senescence. In addition, we applied targeted nano-
particle (NP)-based delivery to specifically enrich mitochon-
dria with coenzyme Q;, (CoQyy) in order to enhance
antioxidant protection. The studies employed neural progen-
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itor cells (NPCs), as differentiation of these cells into mature neurons is affected both during HIV infection and in the aging
process. Exposure of cultured NPCs to various combinations of HIV antiretroviral therapy (ART) induced a more than 2-fold
increase in mitochondrial ROS generation and mitochondrial membrane potential, a more than 50% decrease in oxygen
consumption and ATP levels, a 60% decrease in SIRT3 expression, and a 42% decrease in cell proliferation relative to control
levels. These alterations were accompanied by a 37% increase in beta-galactosidase staining and a shortening of the telomere
length to more than half of the length of controls as assessed by quantitative telomere-FISH labeling, indicating accelerated
NPC senescence in response to ART exposure. Importantly, CoQ,, delivered by targeted nanoparticles effectively attenuated
these effects. Overall, these results indicate that ART promotes cellular senescence by causing mitochondrial dysfunction, which
can be successfully reversed by supplementation with mitochondria-targeted CoQy.
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B INTRODUCTION

Even though HIV patients nowadays have nearly normal life
expectancy due to the advent of antiretroviral drugs, HIV-
associated neurocognitive disorders (HANDs) and other
comorbidities remain an unresolved health problem." Up to
70% of HIV positive individuals develop neurological
complications of the central nervous system® and experience
accelerated aging 15—20 years earlier than noninfected
controls.” While these comorbidities might be induced by
long-term replication of HIV in the CNS," HIV antiretroviral
therapy (ART) has also been reported as a possible contributing
factor to the neurocognitive complications.’ The ability of ART
to successfully control viral load has unquestionable positive
effects; nevertheless, supplementation of antiretroviral drugs
with neuroprotective agents has been proposed in order to
decrease their toxicity.””® For this purpose, it is of crucial
importance to identify the right targets through which ART may
accelerate the process of aging, thus contributing to the
development of HANDs.
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Mitochondrial dysfunction, leading to oxidative stress, is a
reoccurring feature of many diseases associated with aging® ™"’
and is also involved in ART-induced toxicity.' ™" Hence, we
hypothesized that antiretroviral drugs can compromise the
functionality of neural progenitor cells (NPCs) and contribute
to cellular senescence by causing damage to mitochondria.

Taking into consideration the role of oxidative stress in aging,
we introduced supplementation of ART with antioxidant CoQ;,
that is also a member of the electron transport chain. Indeed,
compromised mitochondrial function has been shown to be
successfully reversed after supplementation with CoQyo.""
CoQ,q was also shown to exert its protective effects on the
process of aging through pathways that include SIRT3
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activation. >
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While CoQyq is able to freely diffuse across cellular
membranes, it is notoriously difficult to ensure its efficient
mitochondrial delivery. Therefore, most studies have reported
the usage of very high levels of CoQ in order to achieve
therapeutic concentrations. It was suggested'* that doses of
more than 10 uM CoQ, are needed to restore the activity of
electron transport chain enzymes. Because such high levels
would be challenging, if not impossible, to achieve by standard
supplementation, we employed a mitochondria-targeted nano-
particle (NP)-based strategy for CoQ,, delivery. The obtained
results indicate that such a strategy can reduce ART-induced
mitochondrial dysfunction and attenuate the impact of
antiretroviral drugs on accelerated senescence of NPCs.

B EXPERIMENTAL PROCEDURES

Cell Culture. Mouse neural progenitor cells (NPCs; NE4C
cell line, ATCC, USA) were cultured following the manufac-
turer’s protocols on dishes coated with poly-L-lysine solution
(Sigma, USA) at 5% CO, and 37 °C, in MEM medium (Sigma,
USA) supplemented with glutamine (Gibco Life Technologies,
USA) and 0.5% FBS (Thermo Fisher Scientific, USA). Human
neural progenitor cells (ReNcell VM cell line, Millipore, USA)
were grown on laminin-coated dishes in maintenance media
(Millipore, USA), supplemented with 20 ng/mL EGF and 20
ng/mL FGF-2 (Millipore, USA), following the manufacturer’s
protocols. For live confocal imaging with water immersion
lenses (Olympus Fluoview 2000), cells were grown on 35 mm
dishes; for the Seahorse assay (Agilent, USA), cells were
cultured on Seahorse XF96 Cell Culture microplates, for
spectrofluorometric ROS and the mitochondrial membrane
potential quantification, cells were grown on bottom opaque
plates (Greiner BioOne, USA), for beta-galactosidase assay cells
were grown on 6-well plates, and for SIRT3 expression, BrdU
incorporation, and telomere-FISH assays, cells were cultured
either on 6-well plates containing removable glass slides on the
bottom or on 8-well chamber slides.

HIV Infections. Infection of mouse NPCs was performed
with Eco-HIV (a gift from Dr. David Volsky, Icahn School of
Medicine at Mount Sinai, New York, NY), a mutant strain of
HIV adapted for mouse cells. The HIV gp120 envelope protein
in this strain was replaced with the murine leukemia virus gp80
envelope protein. Eco-HIV stock was obtained by transfecting
HEK 293T cells with Eco-HIV plasmids overnight and allowing
the cells to grow for the following 3 days in DMEM media. Then,
the supernatants were collected and passed through a 0.22 m
filter. HIV titers were estimated on the basis of p24 HIV antigen
measurements by ELISA (Zeptometrix). NPCs are susceptible
to HIV infection, as demonstrated in our earlier study.'®
Infection was achieved by incubation of cells with Eco-HIV at 60
ng of p24/mL for 24 h.1o17 Then, the virus was washed out and
infection was verified by measuring p24 antigen levels.

Antiretroviral Drugs. The antiretroviral drugs used
(ApexBio, USA) were combined and used as one of the
following mixtures: Tenofovir and Emtricitabine (T+E; both
nucleoside reverse transcriptase inhibitors, NRTIs), Tenofovir,
Emtricitabine, and Raltegravir (T+E+Ral; NRTIs plus protease
inhibitor), or Tenofovir, Emtricitabine, Ritonavir, and Dar-
unavir (T+E+R+D; NRTIs plus integrase inhibitors). Tenofovir
was used at 1 yM, Raltegravir at 2 uM, Davunavir at 12.9 uM,
Emtricitabine at 5 pM, and Ritonavir at 0.7 uM, as final
concentrations in the cell culture media. These concentrations
are in the range of the typical plasma levels of these drugs in
patients on ART. For the drugs that had to be diluted in DMSO,

the final DMSO concentration was lower than 0.1%. Initial
experiments included a control group that contained 0.1%
DMSO in the medium, confirming that the effects observed are
not due to DMSO. All drug combinations represent mixtures
that are currently in clinical use.

CoQ;, Loaded Nanoparticles (CoQ;,-NPs). A dual
function, brain accumulating and mitochondrion-targeted
nanoparticle (NP) was developed by encapsulating mitochon-
dria-acting antioxidant CoQ, using a biocompatible polymer
poly(lactic-co-glycolic acid) (PLGA)-block (b)-polyethylene
glycol (PEG) functionalized with a terminal lipophilic
triphenylphosphonium (TPP) cation.'®'”** This targeted NP
is abbreviated as T-CoQ. The nontargeted NPs were prepared
using PLGA-b-PEG-OH and are abbreviated as NT-CoQ,. All
NPs were prepared by a nanoprecipitation method using
protocols previously developed by us.'"~** PLGA-b-PEG-TPP
polymer-based NPs were employed, because TPP contributes to
directing these particles to the mitochondria by taking advantage
of the substantial negative mitochondrial membrane potential
(Awm) that exists across the inner mitochondrial membrane
(IMM).'®"*** The brain accumulating properties of these
particles and their ability to penetrate the blood—brain barrier
(BBB) were demonstrated in earlier publications.lg’zo’22 Stock
solutions of the polymer were made by dissolving 5 mg of the
polymer and 1 mg of CoQ,q in 1 mL of dimethylformamide
(DMF). This solution was added dropwise to 10 mL of
nanopure water stirring at 900 rpm. This solution was stirred for
2 h at room temperature. These NPs were purified by
centrifugation using 100 kDa amicon centrifugation devices
and washing three times with water at 2800 rpm, 4 °C. The
purified NPs were resuspended in nanopure water and
characterized using dynamic light scattering (DLS) for diameter,
surface charge, and polydispersity index. The amount of CoQy,
in the NPs was quantified by HPLC applying a wavelength of
284 nm using a mixture of methanol (40%) and isopropanol
(60%) as a mobile phase. The T-CoQ;, and NT-CoQ,, were
found to be 140 + 1.7 and 122 + 1.5 nm in diameter,
respectively. The T-CoQ,’s were positively charged with a zeta
potential of 50 & 0.9 mV, and the NT-CoQ,,’s were negatively
charged with a zeta potential of —20 + 0.4 mV. The
polydispersity indexes (PDIs) for T-CoQ,, and NT-CoQ,
were found as 0.223 + 0.0001 and 0.230 =+ 0.00S, respectively.
The percent loading of CoQ;, was found to be 9.0 and 10 for T-
CoQy and NT-CoQ,, respectively. These percent loadings
correspond to an encapsulation efficiency of 45 and 51% for T-
CoQ,q and NT-CoQ,, respectively.

% Loading and % EE of CoQ,, was calculated using the
following formulas:

% Loading of CoQ_,,
= (Weight of CoQ,,in NPs) /Total weight of NPs
X 100

%EE of CoQ,
= (Weight of CoQ,,in NPs)/Feed weight of CoQ,,
X 100

CoQ;, Treatment. Cells were pretreated with free CoQyq
(Sigma, USA), nontargeted nanoparticles loaded with CoQ,
(NT-CoQ,¢-NPs), or mitochondria-targeted nanoparticles
loaded with CoQyy (T-CoQ;¢-NPs) for 24 h, followed by
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Figure 1. ART-induced generation of reactive oxygen species (ROS) is reversed by CoQ,,-NP formulations. (A) Noninfected and Eco-HIV-infected
mouse NPCs were treated with the indicated combinations of antiretroviral drugs for 3 h, and generation of ROS was assessed by spectrofluorometric
quantification of DCF fluorescence. (B) Cells were pretreated with S00 nM CoQ;, for 24 h as a free drug or loaded into nanoparticles (NPs) that were
either mitochondria-targeted (T-CoQ,(-NPs) or nontargeted (NT-CoQ,(-NPs), followed by exposure to the mixture of Tenofovir, Emtricitabine,
Ritonavir, and Darunavir, a representative antiretroviral combination of ART. (C) Cells were pretreated with S00 nM CoQ,, loaded into
mitochondria-targeted nanoparticles (T-CoQ,,-NPs), followed by Eco-HIV infection for 24 h. All results are mean + SEM, n = 9—10 per group.
Abbreviations: D, Darunavir; E, Emtricitabine; R, Ritonavir; T, Tenofovir. *Indicates significant differences between the control and the respective
treatment groups at p < 0.05; **, p < 0.01. *Indicates significant differences between the ART and the ART+CoQ;, groups at p < 0.05; ¥, p < 0.01.

antiretroviral treatment for different time points as specified in
the respective experiments. The same dose of CoQ, of 500 nM,
which was determined to be optimal with preliminary
experiments, was used in all experiments to compare the
efficiency of mitochondrial delivery. The stock solution of
synthesized NPs was in micromolar concentrations that were
diluted to the working concentration of 500 nM CoQ, by
adding it to cell culture media.

Mitochondrial Membrane Potential, Spectrofluoro-
metric Quantifications of ROS, and MitoSOX Staining.
Tetramethylrhodamine ethyl ester (TMRE; Thermo Fisher
Scientific, USA), the fluorescent dye sequestering in active
mitochondria, was added along with nuclear marker dyes
Hoechst (Thermo Fisher Scientificc, USA) and Mitotracker
Green (Thermo Fisher, USA) in order to quantify the
mitochondrial membrane potential.

To quantify the generation of ROS, H2-DCFDA (Thermo
Fisher Scientific, USA), which converts into DCFDA and
measures hydroxyl, peroxyl, and other ROS (with the exception
of superoxide radicals), was added to the culture media with the
nucleic acid stain DRAQ-5 (Thermo Fisher Scientific, USA).
After 30 min of incubation, followed by two extensive washes,
fluorescence was measured by a Gemini EM spectrofluorometer
(Molecular Devices, USA). The area under the curve for the
recorded spectral range was used for quantification, and the
results were normalized to Hoechst or DRAQ-S fluorescence
intensity. Titration experiments were performed for DCF and
TMRE, and the lowest concentrations that produced a signal
were used for both dyes. Additionally, when performing the
experiments, media containing antiretroviral drugs were
exchanged into fresh medium.

For MitoSOX staining, the cells were grown on 35 mm plates
and stained with MitoSOX Red (Thermo Fisher, USA) for 10
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min at 37 °C and Hoechst to visualize the nuclei. After
incubation, the cells were washed and live images were acquired
with water-immersed lenses by a confocal microscope
(Olympus, Fluoview).

Seahorse Assay. The Seahorse Mito Stress measurements
were performed as instructed by the manufacturer (Agilent,
USA). Cells were grown on Seahorse XF96 Cell Culture
microplates and treated with CoQ,, and/or ART. Seahorse
medium supplemented with 1 mM pyruvate, 2 mM glutamine,
and 10 mM glucose was added to the plates 1 h before reading,
and the assay was performed in three repeats 3 min—0.5 min—3
min mix—wait—measure cycles after injecting 1 uM oligomycin,
1 uM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP), and 0.5 yM rotenone and antimycin. The Seahorse
XF96 Analyzer was used for measurements, and the results were
analyzed by the Wave software and Mito Stress Report
Generator (Agilent, USA).

BrdU Immunostaining, Senescence-Associated Beta-
Galactosidase Assay, and Telomere FISH Quantification.
For bromodeoxyuridine (BrdU) immunostaining that assesses
cell proliferation, plates were incubated with BrdU labeling
solution (Thermo Fisher Scientific, USA) for 3 h, fixed with 4%
paraformaldehyde (PFA), and permeabilized with 0.1% Triton-
X. Then, DNA was hydrolyzed by incubating with 2 M HCl for
30 min, followed by neutralizing with 0.1 M sodium borate.
Subsequently, blocking and immunostaining were performed
using anti-BrdU primary antibody (1:200, Roche Applied
Science) for overnight incubation and red-conjugated Alexa-
Fluor 594 (1:400, Thermo Fisher, USA) as a secondary antibody
for 1 h incubation. Nuclei were stained with Hoechst (1:2000),
and the slides were imaged with a confocal microscope.

Cellular senescence was assayed by a beta-galactosidase
staining kit (Cell Signaling, USA) as described by the
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Figure 2. ART treatment alters mitochondrial membrane potential (MMP). Noninfected and Eco-HIV-infected mouse NPCs were treated with the
indicated combinations of antiretroviral drugs for 3h (A), 6 h (B), 12 h (C), or 24 h (D). MMP was evaluated by spectrofluorometric quantification of
TMRE fluorescence, normalized to Mitotracker fluorescence and Hoechst fluorescence. All results are mean + SEM, n = 5 per group. Abbreviations as
in Figure 1; Ral, Raltegravir. *Indicates significant differences between the control and the respective treatment groups at p < 0.05; **, p < 0.01.

manufacturer. Briefly, cells were fixed and then stained with
beta-galactosidase solution at pH 6. Following an overnight
incubation, the cultures were washed, and images were acquired
with light microscopy.

Telomere length, measured by telomere FISH quantification,
is another approach to assess cellular senescence. Cultures
grown on slides were incubated with colcemid for 2.5 h, followed
by cell harvesting, incubation with 75 mM KCI, and then an
overnight incubation with 3:1 (v:v) methanol:acetic acid
(Sigma, USA). The next day, cultures were treated with 4%
PFA, followed by incubation with RNase and 0.005% pepsin
(Sigma, USA). After dehydration with ethanol, slides were
prewarmed and hybridized in a buffer containing a TelC
(CCCTAA) probe (PnaBio, USA). After washing, nuclei were
stained with Hoechst, and slides were imaged acquiring z-stacks
by confocal microscopy. Quantification based on fluorescence
intensity was performed using Image] (NIH, USA).

SIRT3 Immunostaining. Cells were grown on eight-well
chamber slides, fixed with 4% PFA, permeabilized with 1%
Triton X-100 for 30 min, and blocked with 20% Normal Goat
Serum for 30 min. Subsequently, they were incubated overnight
with anti-SIRT3 antibody (1:100, Cell Signaling, USA) at 4 °C.
The next day, the primary antibody was labeled with red-
conjugated secondary antibody Alexa-Fluor 594 (1:400,
Thermo Fisher, USA) by incubation for 1 h. Mitotracker
Green (Thermo Fisher, USA) was used for labeling the
mitochondria, and Hoechst was used to visualize the nuclei.
Both dyes were mixed and added to slides for 15 min of
incubation. Images were acquired by a confocal microscope with
z-stacks (Olympus, Fluoview 2000).
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Statistical Analysis. All data sets were organized in Excel
(Microsoft) and exported to Prism v.6 (GraphPad software) to
determine statistical significance. One-way or two-way ANOVA
was used, depending on the specific experiment. * indicates
significant difference (p < 0.05) as compared with the treatment
groups to nontreated/noninfected controls, while # indicates
significant difference (p < 0.0S) between the ART and ART
+CoQy treated groups.

B RESULTS

ART-Induced Generation of ROS Is Reversed by CoQ; -
NP Formulations. Figure 1 indicates the impact of various
therapeutically relevant ART mixtures (Tenofovir, T; Emtrici-
tabine, E; Ritonavir, R; Darunavir, D) on ROS generation in
noninfected and Eco-HIV-infected mouse NPCs as measured by
DCEF fluorescence. The results were normalized to the intensity
of nuclear staining with DRAQ-S. Cells were treated with
antiretroviral drug combinations for 1.5—3 h at the concen-
trations specified in the Experimental Procedures section. Both
Eco-HIV infection and the exposure to all ART combinations
resulted in an increase in ROS generation as compared to
noninfected, vehicle treated controls (Figure 1A). Relatively, the
highest increase in ROS levels was observed in cells treated with
the combination of T+E+R+D. No differences were observed
between the impact of ART in noninfected and infected cultures
due to relatively high standard deviation data.

The T+E+R+D ART combination was next employed to
evaluate the impact of CoQ,, formulations (Figure 1B). Cells
were pretreated for 24 h with CoQ,, at 500 nM either in a free
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groups at p < 0.01. (B) Representative images from confocal live microscopy for visualizing TMRE (red) staining and Hoechst (blue) fluorescence.
Cells were pretreated with mitochondria-targeted CoQ,;-NPs (T-CoQ,,-NPs) for 24 h, followed by Tenofovir, Emtricitabine, Ritonavir, and
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form or loaded into mitochondria-targeted or nontargeted NPs CoQ loaded into T-CoQ;,-NPs effectively protected against
(T-CoQ,¢-NPs or NT-CoQ;,-NPs, respectively). The addition cellular oxidative stress.
of free CoQ,, had no significant effect on ART-induced ROS ART Treatment Alters Mitochondrial Membrane

levels. Tn contrast, both T-CoQ,,-NPs and NT-CoQ,,-NPs Potential (MMP). Mitochondrial dysfunction may underlie
the toxicity of antiretroviral drugs. Therefore, we next evaluated

the impact of therapeutically relevant ART combinations

(abbreviations as in Figure 1, plus Raltegravir) on MMP in
T-CoQuo-NPs and NT-CoQyo-NPs. T-CoQuo-NPs were also noninfected and HIV-infected NPC cultures (Figure 2).

significantly attenuated ART-induced ROS generation. No
differences in antioxidative protection were observed between

protective against Eco-HIV-induced ROS generation in NPCs. Exposure to antiretroviral drugs resulted in a marked increase
As illustrated in Figure 1C, pretreatment of NPCs with 500 nM in MMP, indicating membrane hyperpolarization, with the T+E
728 DOI: 10.1021/acs.molpharmaceut.8b01014
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+R+D combination having the most significant effect. The toxic
effect of this ART combination was observed at early (3 h) and
prolonged (24 h) exposure times. The T+E+R combination was
also toxic, however, to a lesser degree than the T+E+R+D
mixture. In contrast, the T+E combination appeared to be safer
and only slightly, although significantly, affected MMP after a 24
h exposure.

While infection with Eco-HIV alone did not influence MMP
as compared to noninfected and vehicle-treated controls, ART-
induced mitochondrial hyperpolarization was much more
pronounced in infected than in noninfected cultures. For
example, the T+E+R mixture at 3 or 6 h of treatment affected
MMP only in infected but not in noninfected cells (Figure 2A
and B). Even though the difference in infected cultures as
compared to noninfected controls in all studied time points was
not statistically significant, there appeared to be an overall trend
toward more pronounced MMP alternations after infection
(Figure 2).

T-CoQ,-NPs Attenuate ART-Induced Alterations of
Mitochondrial Membrane Potential. In the next series of
experiments, we evaluated the impact of CoQ;, formulations on
ART-induced hyperpolarization of the mitochondrial mem-
brane as measured by mitochondrial dye, TMRE. Quantitative
results were acquired using a fluorescence plate reader (Figure
3A). The T+E+R+D mixture was employed in these analyses as
the ART combination that resulted in the most pronounced
alterations of MMP. When added in a free form, CoQ,, resulted
only in a nonsignificant trend toward attenuation of changes in
TMRE expression. Similarly, NT-CoQ,,-NP delivery was
ineffective against ART-induced alterations of MMP. Only the
T-CoQ,-NP delivery restored the mitochondrial membrane
potential levels in ART-treated NPCs to the same level as in the
control group (Figure 3A). The images illustrated in Figure 3B
were acquired with confocal microscopy employing the same
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dyes that were used for quantitative analyses in order to provide
a visual representation of mitochondrial hyperpolarization and
the protective impact of targeted CoQ,,-NP delivery.

CoQ10-NP Formulations Protect against ART-Induced
Mitochondrial Dysfunction. We then evaluated the impact of
ART on mitochondrial function using the Seahorse assay.
Infection with Eco-HIV did not alter basal respiration or ATP
production in NPC cultures (Figure 4A); therefore, the impact
of various CoQ,, formulations was then assessed only in
noninfected cultures exposed to the combination of T+E+R+D
that was selected from previous experiments. The mitochondrial
respiration profile for the noninfected groups (Figure 4B)
showed an overall decrease in oxygen consumption rate after T
+E+R+D exposure, and the trend was attenuated after
pretreatment with various CoQ,, formulations. The oxygen
consumption rate results were then used to calculate
mitochondrial basal respiration and ATP production levels
using the Seahorse Software, Wave. Exposure to the T+E+R+D
combination resulted in a decrease in mitochondrial basal
respiration and ATP production levels (Figure 4C). Pretreat-
ment with CoQy in a free form was ineffective in preventing
ART-induced changes in ATP production. In contrast, pretreat-
ment with T-CoQ,,-NPs significantly restored ATP production
(Figure 4C). While all three formulations of CoQ;, successfully
attenuated ART-induced changes in basal mitochondrial
respiration, the most efficient protection was observed in cells
pretreated with T-CoQ,-NPs (Figure 4C).

ART Decreases Proliferation and Induces Senescence
of NPCs. Mitochondrial dysfunction has been linked to aging;
therefore, we evaluated the impact of ART and CoQ,q
formulations on proliferation and senescence of NPCs.
Representative to ART, the T+E+R+D combination was used
in this series of experiments. Figure SA (left panel) illustrates
BrdU incorporation into control and treated cells, and quantified

DOI: 10.1021/acs.molpharmaceut.8b01014
Mol. Pharmaceutics 2019, 16, 724—736


http://dx.doi.org/10.1021/acs.molpharmaceut.8b01014

Molecular Pharmaceutics

A Control T+E+R+D

2

Q

Q

e .
Q

©

}- .
k7]

1=

(%]

Q

=]

*

<

O

(6]

e

Q

@

}_

B Control T+E+R+D T+E+R+D+CoQ10

TelC (CCCTAA)

TelC (CCCTAA)Hoechst

Il Control
T+E+R+D
so¢ T+E+R+D + CoQ10

04

T+E+R+D + T-CoQ10-NP

Wil T+E+R+D + T-CoQ10-NP

1504 Il Control

T+E+R+D
Il T+E+R+D + T-CoQ10-NP

100+

(2]
(=]
1

Fluorescence intensity (% Control)

04

T+E+R+D + T-CoQ10-NP

Control

T+E+R+D

T+E+R+D + CoQ10
T+E+R+D + T-CoQ10-NP

o
o

o
=

50

Fluorescence Intenslity (% Control)

Figure 6. Mitochondria-targeted CoQ,,-NPs attenuate ART-induced shortening of telomeres. Mouse (A and B) and human (C—E) NPCs were
pretreated with 500 nM CoQ,, for 24 h as a free drug or loaded into mitochondria-targeted nanoparticles (T-CoQ,,-NPs), followed by exposure to the
mixture of Tenofovir, Emtricitabine, Ritonavir, and Darunavir (T+E+R+D). Telomere length was evaluated by quantitative FISH assay in mouse (A)
or human (B) NPCs. The left panels in parts A and B visualize representative images for FISH assay, and the right panels represent quantitative results.
(C) Quantified area of nuclei from part B. All results are mean + SEM, n = 3—21 per group. *Indicates significant differences between the control and
the ART group at p < 0.05; **, p < 0.01. *Indicates significant differences between the ART and ART+CoQ,, groups at p < 0.05; ", p < 0.01.

Abbreviations as in Figure 1.

results of these experiments are presented in the right panel.
Exposure to the T+E+R+D mixture for 48 h significantly
decreased the NPC proliferation rate by 20%, as determined by
BrdU incorporation assay. In addition, exposure to the same
ART mixture for 72 h induced senescence of NPCs, as measured
by a f-galactosidase assay. Representative images for positively
stained senescence-associated -galactosidase cells are shown in
Figure 5B, left panel, and quantitative results from these
experiments are presented in the right panel. As illustrated,
approximately 40% of cultured NPCs entered the senescent
stage as the result of exposure to the T+E+R+D ART
combination.
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T-CoQ,,-NPs Attenuate ART-Induced Shortening of
NPC Telomeres. Telomere shortening occurs in response to
cellular stress and is consistent with cellular senescence.
Therefore, telomere length was also evaluated in the present
study by quantitative FISH using a probe that has the ability to
hybridize to the CCCTAA fragment of telomeres (Figure 6).
Figure 6A, left panel, illustrates representative images of this
assay, and the right panel presents quantitative results. Exposure
of mouse NPCs to the T+R+E+D mixture for 72 h resulted in a
significant shortening of telomere length by more than 50%.
Importantly, pretreatment with T-CoQ;-NPs effectively
attenuated this effect, bringing telomere length close to control
values.
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quantified results relative to the control. All results are mean + SEM, n = 4 per group. **Indicates significant differences between the control and the
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These results were next fully reproduced in human NPCs
(ReN cells) (Figure 6B). Exposure of these cells to the T+E+R
+D mixture decreased telomere length by ~50%, the effect that
was prevented by T-CoQ,,-NPs but not by CoQ,, used in a free
form (Figure 6B, left panel, representative images, and right
panel, quantitative results). Interestingly, exposure to this ART
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combination also increased the size of NPC nuclei (Figure 6C),
further confirming the senescent phenotype. The impact of the
T+E+R+D combination on the size of nuclei was also reversed
by T-CoQ,,-NPs but not by a free form of CoQy.
T-CoQ,-NPs Attenuate ART-Induced Alterations of
SIRT3 Expression. One of the important enzymes responsible
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for controlling proper mitochondrial functions is SIRT3; thus,
expression of SIRT3 was also a subject of our studies.
Immunostaining experiments with an anti-SIRT3 antibody
showed that exposure to the T+E+R+D ART mixture for 48 h
decreased expression of SIRT3 in human NPCs (Figure 7A; left
panel, representative images, and right panel, quantitative
results). Consistent with data from previous experiments on
mitochondrial function, supplementation with T-CoQ,,-NPs
attenuated these effects. We then confirmed these results in
immunoblotting experiments. Cells were exposed to T+E+R+D
in the presence or absence of CoQ,;, or T-CoQ;,-NPs. As
illustrated in Figure 7B (left panel, representative blot, and right
panel, quantitative results), exposure to ART decreased SIRT3
protein expression. While pretreatment with the regular form of
CoQ, was ineffective, T-CoQ, ,-NPs attenuated the impact of T
+E+R+D on SIRT3 protein expression.

Because SIRT3 is involved in the protection against
mitochondrial oxidative stress, we next evaluated mitochondrial
superoxide levels by staining with MitoSOX (Figure 7C; left
panel, representative images, and right panel, quantitative
results). Treatment with T+E+R+D increased superoxide
staining by 178%; however, pretreatment with T-CoQ,(-NPs
significantly attenuated this effect.

B DISCUSSION

The common feature of both untreated and treated HIV
infection is the development of comorbidities, including
accelerated or accentuated aging.””** For example, a recent
study indicated, on the basis of the epigenetic clock, that HIV
infection led to an average aging advancement of 4.9 years,
increasing the expected mortality risk by 19%. This problem is
of great significance because ~70% of adults with HIV in the US
are likely to be S0 or older by the year 2020.°° The life
expectancy of a 20-year-old HIV-positive adult on ART is
expected to be ~70 years.”””* Among comorbidities experi-
enced by older HIV-infected individuals, different forms of
HANDs are detected in ~30—50% of infected patients”” and are
more advanced in older patients."”'***~** In fact, advanced age
is one of the demographic factors associated with increased risk
of neurocognitive decline and susceptibility to HANDs.*"****
Several factors may be responsible for this phenomenon,
including persistent (albeit at low level) HIV replication in the
CNS," increased deposition of amyloid in HIV-infected brains, ™
low levels of chronic neuroinflammation,'>** and the impact of
HIV proteins, such as Tat and gplZO.35’36 However, HIV
comorbidities, such as accelerated aging, are likely to be driven
not only by HIV itself but also by the toxicity associated with
long-term use of ART. Indeed, the use of ART has reduced the
severity of neurological diseases but has not affected their
prevalence.”

Antiretroviral drugs have restricted the capability of crossing
the BBB and reaching therapeutic concentrations in the CNS.
Several efflux pumps, such as P-gp and organic anion
transporters, can actively remove these therapeutics out of the
CNS. In addition, antiretroviral drugs that are highly bound to
plasma proteins are less likely to cross the BBB. Low molecular
weight and hydrophobicity of drugs are factors that promote
BBB penetration, while ionization has a negative effect. In
addition, multiple mechanisms can play roles in the ability of
drugs to cross into the brain parenchyma. They include the
paracellular aqueous pathway, the transcellular lipophilic
pathway, transport proteins, receptor mediated transcytosis,
and adsorptive transcytosis.’® Because of these factors,
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antiretroviral drugs do not reach effective therapeutic concen-
trations in the brain, contributing to the development of drug
resistance’” and/or formation of HIV reservoirs in the CNS. To
circumvent these limitations, the CNS penetration-effectiveness
(CPE) score was developed as a predictor for therapeutic
success of antiretroviral drugs in the brain. In the present study,
we used drugs of low to medium CPE scores. Their
concentrations were typical for therapeutic plasma levels and
higher than the reported concentrations in the cerebral spinal
fluid.**~* All concentrations were considerably lower than CN'S
reported toxic levels. In addition, it has also been recognized that
antiretroviral drugs undergo various modifications in order to
exert antiretroviral activity. For instance, both Tenofovir and
Emtricitabine undergo phosphorylation, while Ritonavir and
Darunavir follow oxidation pathways.** Even though all of the
metabolite versions of the antiretroviral drugs that are generated
in the liver might not be present in a cellular model, NPCs have
been shown to have active drug metabolism capabilities™ and
have been recognized as a good predictor model for drug
screening.46

Studies have emphasized that balancing the risks and gains of
ART has to be considered in order to maximize the positive
effects of antiretroviral treatment.'’> Nevertheless, these
concerns have not been extensively explored in regard to the
impact of ART on the biology and function of NPCs. These cells
appear to play a critical role in the biology of HIV infection, as
they are prone to HIV infection”” and their dysfunction may
contribute to cognitive decline, especially in the context of
aging.*® Hence, it was striking to observe that exposure to nearly
all ART combinations evaluated in the present study resulted in
increased ROS generation, mitochondrial dysfunction, and
accelerated NPC senescence.

Several therapeutically relevant ART combinations were
employed in the current study at the concentrations that have
been established to be clinically effective in suppressing HIV
replication. Specifically, the combination of Tenofovir and
Emtricitabine, both of which are nucleoside reverse transcriptase
inhibitors (NRTIs), is recommended as the first treatment
option in antiretroviral-naive patients. This drug combination is
marketed under the name of Truvada, and it is now approved for
pre-exposure prophylaxis (PrEP). Truvada is endorsed for
healthy people who are at high risk for HIV infection to lower
the probability of getting infected. Thus, the impact of ART on
aging, independent of HIV infection, is likely to become an
emerging problem in subjects who are prescribed ART for PrEP,
providing the rationale for the part of our studies that included
treatment with ART alone, without prior HIV infection. In
addition, the combinations of Tenofovir, Emtricitabine, and
Raltegravir (protease inhibitor) or Tenofovir, Emtricitabine,
Ritonavir, and Darunavir (integrase inhibitors) are frequent
treatment options in antiretroviral drug experienced patients.
Because virtually all HIV patients in the US are on ART and have
suppressed viral replication, ART, and not active infection, may
be the main factor contributing to their accelerated aging. Thus,
HIV replication and ART may independently stimulate
accelerated aging in infected patients.

HIV-induced dysfunction of mitochondria in various cells and
tissues has been reported in the literature.>>***° For example,
HIV gp120 and Tat proteins have been shown to influence the
oxidative metabolism and/or interfere with cell proliferation,
partially via alterations of mitochondrial functions.””*> How-
ever, to our knowledge, there is no published data that has
studied the link between mitochondrial function in HIV-
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infected and/or ART-exposed NPCs in the context of cellular
senescence. The only recently published study on mitochondrial
function and loss of proliferation of NPCs was related to the
toxicity of Efavirenz, a drug that belongs to the non-nucleoside
reverse transcriptase class of antiretrovirals.”> While Efavirenz
was not part of the ART mixtures in our experiments, the
reported data that Efavirenz reduced ATP production and
perturbed MMP aligns with the results of the present study. We
have found that all combinations of antiretrovirals used in the
current study exerted various toxic effects to NPCs. While the
mix of Tenofovir and Emtricitabine appeared to be the safest of
the drug combinations tested, it still increased generation of
ROS in NPCs and induced hyperpolarization of the
mitochondrial membrane (Figures 1 and 2). Moreover, the
combination that included Tenofovir, Emtricitabine, Ritonavir,
and Darunavir was the most toxic, affecting mitochondrial
functions to the highest degree. The combination of hyper-
polarized mitochondria with low ATP output reported in the
current study suggests reversed action of ATP synthase or,
alternatively, inhibition of complex I activity which further
decreases the oxygen consumption by subsequent complexes
and results in decreased ATP levels without altered function of
ATP synthase.>

A striking finding of the present study was reduced NPC
proliferation, combined with accelerated senescence in response
to ART. The importance of this finding stems from the fact that
NPCs are a renewable source of neuronal cells in the brain. They
can migrate to sites of oxidative stress and injury and be
incorporated into neuronal networks, replacing damaged
neurons. However, this process is not fully sustainable
throughout the life span, and exhaustion of NPCs is an
important and typical component of aging. The life-long
persistence of these cells makes them particularly susceptible
to the accumulation of cellular damage, which may lead to cell
death, senescence, or loss of regenerative function. NPCs
undergo profound changes with age, exhibiting blunted
responsiveness to tissue injury, dysregulation of proliferative
activities, and declining functional capacities, translating into
reduced effectiveness of cell replacement.” The impact of ART
on metabolic perturbations and oxidative stress of NPCs
observed in our experiments may influence NPC exhaustion,
contributing to accentuated aging and the development of
cognitive decline over time. Importantly, the presented results
indicate that ART-induced NPC senescence is preceded by
compromised mitochondrial function and that adequate
protection against mitochondrial dysfunction can attenuate
the progression of NPCs to senescence. The general link
between mitochondrial dysfunction and senescence has been
recognized in the literature, and its mechanistic intricacies are
being studied.’*>* Our observations on the impact of ART on
mitochondrial functions are consistent with a recent report in
which the combination of antiretrovirals Tenofovir, Emtricita-
bine, and Raltegravir led to decreased proliferation of NPCs via
induction of apoptosis.”” Furthermore, the increase in
senescence-associated beta-galactosidase activity observed in
the present study suggests that there may be increased lysosomal
activity in the cells. We, and others, have shown that selected
antiretroviral drugs, such as Efavirenz, can promote autoph-
agy.””®" Moreover, evidence indicates that senescence may
dysregulate mitophagy and induce accumulation of mitochon-
drial mass.”” In contrast, it has also been reported that
mitochondrial biogenesis is reduced in cells that have a low
activity of telomerase.”’ Consistent with these observations, we
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observed an apparent decrease in mitochondrial mass, as
visualized by Mitotracker as part of our SIRT3 immunofluor-
escence staining (Figure 7A).

HIV-infected individuals are likely to remain on ART for life,
emphasizing the importance of developing effective strategies to
ameliorate side effects associated with the therapy. Consistent
with this notion, we introduced a novel approach to protect
against ART-induced cell senescence by mitochondrial-targeted
delivery of antioxidant CoQy,. In addition to being a ROS
scavenger, CoQ, is also a member of the mitochondrial electron
transport chain. Hence, we hypothesized that CoQ,,, when
loaded into nanoparticles (CoQ,o-NPs) and supplemented to
dysfunctional mitochondria, may provide a bypass that
maintains proper mitochondrial function and consequently
halts progression to senescence.

The obtained results indicated the highly protective impact of
CoQ;¢-NPs on both ART-induced mitochondrial dysfunction
and NPC senescence. Interestingly, both targeted and non-
targeted mitochondrial delivery of CoQ,(-NPs protected against
ART-induced ROS generation, as measured by DCF fluo-
rescence (Figure 1). However, these results may be connected to
the limitation of the method of ROS detection used in the
present study. Specifically, DCF fluorescence detects a variety of
ROS, except superoxide radicals that are effectively produced in
the mitochondria via dysfunction of the oxidative transport
chain. Thus, targeted CoQ,,-NP delivery might have been more
efficient in antioxidant protection as compared to nontargeted
delivery; however, this protective impact was not apparent when
assessing DCF fluorescence. On the other hand, therapeutic
impact of targeted vs nontargeted delivery of CoQ,, was clearly
distinguished when assessing ART-induced NPC senescence,
providing important proof-of-concept evidence that there is a
link between mitochondrial dysfunction and accelerated NPC
senescence. While literature evidence supports antioxidant
properties of CoQy, especially in the context of mitochon-
drial-associated injury,”*° its targeted nanoparticle delivery
allowed us to decrease therapeutic levels to as low as 500 nM.
Nevertheless, it is important to note that attenuation of the
ART-induced effects was achieved only when adding CoQ; as
pretreatment.

Searching for the potential targets responsible for ART-
induced mitochondrial dysregulation prompted us to evaluate
the expression of SIRT3, a member of the sirtuin family of
proteins that is specific to mitochondria. SIRT3 is a NAD-
dependent deacetylase that was shown to be an essential part of
the mitochondrial ROS maintenance and to decelerate
senescence and aging-associated degeneration.*"® Part of
this protective effect is connected to diminishing activation of
redox-activated nuclear factor-kB (NF-«kB) and NF-xB-driven
inflammatory responses which has been shown in cardiomyo-
cytes.”” Therefore, it was important that exposure to ART
markedly decreased expression of SIRT3 in NPCs and that
mitochondria-targeted CoQ,q delivery protected against this
effect.

B CONCLUSION

The study demonstrates that exposure to ART can promote
NPC senescence by inducing cellular oxidative stress that results
in mitochondrial dysfunction. This impact can be successfully
attenuated by supplementing the antiretroviral treatment with
mitochondria-targeted delivery of CoQ,, using nanoparticles.
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