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ABSTRACT

While the advent of combination antiretroviral therapy (cART) has dramatically increased the life
expectancy of HIV-1 infected individuals, paradoxically, however, the prevalence of HIV-1-associated
neurocognitive disorders is on the rise. Based on the premise that the cytotoxic HIV-1 protein, transac-
tivator of transcription (TAT), a known activator of glial cells that is found to persist in the central
nervous system (CNS) despite cART, we sought to explore the role of defective mitophagy in HIV-1 TAT-
mediated microglial activation. Our results demonstrated that exposure of mouse primary microglia to
HIV-1 TAT resulted in cellular activation involving altered mitochondrial membrane potential that was
accompanied by accumulation of damaged mitochondria. Exposure of microglia to HIV-1 TAT resulted in
increased expression of mitophagy signaling proteins, such as PINK1, PRKN, and DNM1L, with a
concomitant increase in the formation of autophagosomes, as evidenced by increased expression of
BECN1 and MAP1LC3B-II. Intriguingly, exposure of cells to HIV-1 TAT also resulted in increased expres-
sion of SQSTM1, signifying thereby a possible blockade of the mitophagy flux, leading, in turn, to the
accumulation of mitophagosomes. Interestingly, HIV-1 TAT-mediated activation of microglia was asso-
ciated with decreased rate of extracellular acidification and mitochondrial oxygen consumption and
increased expression of proinflammatory cytokines, such as Tnf, Il1b, and Il6. HIV-1 TAT-mediated
defective mitophagy leading to microglial activation was further validated in vivo in the brains of HIV-
1 transgenic rats. In conclusion, HIV-1 TAT activates microglia by increasing mitochondrial damage via
defective mitophagy.

Abbreviations: 3-MA: 3-methyladenine; Δψm: mitochondrial membrane potential; ACTB: actin, beta;
AIF1: allograft inflammatory factor 1; ATP: adenosine triphosphate; BAF: bafilomycin A1; BECN1: beclin 1,
autophagy related; cART: combined antiretroviral therapy; CNS: central nervous system; DNM1L: dyna-
min 1 like; DMEM: Dulbecco modified Eagle medium; DAPI: 4,6-diamidino-2-phenylindole; ECAR: extra-
cellular acidification rate; FBS: fetal bovine serum; FCCP: trifluoromethoxy carbonylcyanide
phenylhydrazone; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HAND: HIV-1-associated neuro-
cognitive disorders; HIV-1 TAT: human immunodeficiency virus-1 transactivator of transcription; IL1B:
interleukin 1, beta; IL6: interleukin 6; ITGAM: integrin subunit alpha M; MAP1LC3B: microtubule-asso-
ciated protein 1 light chain 3 beta; mPMs: mouse primary microglial cells; MRC: maximal respiratory
capacity; mt-CO1: mitochondrially encoded cytochrome c oxidase; mt-ND6: mitochondrially encoded
NADH:ubiquinone oxidoreductase core subunit 6; NFKB1: nuclear factor kappa B subunit 1; NLRP3: NLR
family pyrin domain containing 3; OCR: oxygen consumption rate; PBS: phosphate-buffered saline;
PINK1: PTEN induced putative kinase 1; PRKN: parkin RBR E3 ubiquitin protein ligase; ROS: reactive
oxygen species; siRNA: small interfering RNA; SQSTM1: sequestosome 1; TNF: tumor necrosis factor
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Introduction

Recent advances in combined antiretroviral therapy (cART)
have resulted in successful control of human immunodefi-
ciency virus-1 (HIV-1) replication and transmission resulting
in significant reduction of HIV-1-associated morbidity and
mortality in infected patients. In 2016 it was estimated that
about 36.7 million people were living with HIV-1 globally, out
of which almost half of them received cART [1]. Despite the
effectiveness of cART in controlling viremia, nearly 50% of the

infected individuals continue to be afflicted with a spectrum of
neurological symptoms, including cognitive and motor dys-
function, collectively termed as HIV-1-associated neurocogni-
tive disorders (HAND) [2,3]. It is suggested that in the CNS
factors such as impaired antiretroviral penetration, neurotoxi-
city associated with antiretrovirals, persistent low-level viral
replication from virus reservoirs, release of viral proteins such
as HIV-1 transactivator of transcription (TAT) and/or cellular
factors such as the proinflammatory cytokines secreted by
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infiltrated or infected cells collectively play a role in neurode-
generation [4–7]. Among the nine HIV-1-encoded proteins,
HIV-1 TAT that is a potent viral neurotoxin has received
much attention due to its toxic effects on various CNS cells,
and has been widely suggested as an underlying factor for the
ongoing neuroinflammation associated with HIV-1 [8–11].
HIV-1 TAT is secreted by the infected cells of the CNS [12],
and can also be transported into the brain from the periphery
across the blood-brain barrier [13]. HIV-1 TAT can enter the
cells via endocytosis either through nonspecific interactions
with the cellular membrane or via interaction with specific
receptors such as integrins, LRP1 (LDL receptor related pro-
tein), FLT1/vascular endothelial growth factor receptor-1 or
chemokine receptors such as CCR2 (C-C motif chemokine
receptor 2) and CCR3 [14–18]. Several studies have reported
the presence of HIV-1 TAT protein and elevated expression of
its mRNA in the brains of HIV-1-infected patients [19,20].
Presence of HIV-1 TAT in the CNS can be attributed to the
fact that cART therapy has no effect on its expression once the
pro-viral DNA is formed [9]. HIV-1 TAT plays an essential
role in neuroinflammation by not only activating glial cells
such as the microglia [12], but also by stimulating viral replica-
tion in latently infected cells by serving as a viral growth factor
[21]. Numerous studies have demonstrated the mechanisms by
which HIV-1 TAT effects microglial function specifically via
modulation of several signaling pathways that control cyclic
adenosine monophosphate levels, intracellular Ca2+, leading in
turn, to the synthesis of potentially neurotoxic mediators such
as reactive oxygen species (ROS) and proinflammatory cyto-
kines [10,22]. The role of mitochondria in HIV-1 TAT-
mediated activation of microglia, and its sequelae of neuroin-
flammation, however, has not yet been explored.

Microglia, the predominant brain resident macrophages, play
a major role in brain tissue repair, neurogenesis, and innate
immunity. They are the key target cells for HIV-1 infection in
the CNS and have been shown to support low-level virus repli-
cation in the brain [23]. Recent studies have reported detectable
levels of HIV-1 RNA and DNA in autopsied brain samples from
cART-treated subjects [24,25]. In another study, abnormal levels
of microglial activation persist in HIV-1 infected subjects on
cART that had successful plasma viremia suppression and, that
exhibited asymptomatic neurocognitive impairment [26].
Notably, glial cells have been shown to get activated both follow-
ing HIV-1 infection and also via exposure to viral proteins
secreted from neighboring infected cells, leading to reactive
gliosis. Reactive gliosis, in turn, plays a fundamental role in
neuronal injury, one of the hallmark features of HIV-1/HIV-1
protein-mediated impairment of the CNS [27,28]. There have
been extensive reports implicating the activation of critical
upstream mediators such as NADPH oxidase family-derived
ROS, mitogen-activated protein kinases and family of NFKB1
(nuclear factor kappa B subunit 1) members in reactive micro-
gliosis, under various experimental settings [29–32].
Interestingly, mitochondrial ROS has been shown to play a
critical role in modulating the inflammatory responses in micro-
glia stimulated with lipopolysaccharides [29,33]. Mitochondrial
abnormalities with impaired metabolic capacity are associated
with various disease processes since mitochondria are the major
energy source for cellular functions [32,34,35]. While the role of

HIV-1 TAT in microglial activation has been well documented
[8,10,11,36–38], whether HIV-1 TAT mediated microglial acti-
vation involves impairment of mitochondrial function has not
yet been explored.

Mitochondria, important cellular organelles, play a central
role in adenosine triphosphate (ATP) formation via the mito-
chondrial respiratory chain, and consequently, produce exces-
sive ROS via the incomplete redox reactions, thereby
exacerbating the cellular oxidative stress burden [39–41].
Under physiological conditions, mitochondrial oxidative stress
is quenched by complex interactions with antioxidant defense
systems, which in turn, keep the cellular inflammatory responses
in check [39–41]. Under pathological conditions, however, such
as in various neurodegenerative diseases, in addition to
increasedmitochondrial ROS, mitochondrial damage and defec-
tive mitophagy have also been shown to play key roles in med-
iating disease pathogenesis [42]. Mitophagy, a selective form of
autophagy, mainly regulates mitochondrial quality control by
specifically targeting and eliminating damaged mitochondria via
a cross-talk with the autophagic machinery. Initially, the
damaged mitochondria are segregated from the healthy mito-
chondrial network via mitochondrial fission mediated by
DNM1L/Drp1 (dynamin 1 like) protein [43,44]. Subsequently,
the damaged mitochondria with altered membrane potential
impair the translocation of cytosolic PINK1 (PTEN induced
putative kinase 1) into the mitochondrial matrix, thereby leading
to stabilization of PINK1 on the outer membrane of the
damaged mitochondria. Owing to the kinase activity, the stabi-
lized PINK1 autophosphorylates and recruits PRKN/PARK2
(parkin RBR E3 ubiquitin protein ligase) onto the damaged
mitochondrial membrane. The recruited PRKN, in turn, ubiqui-
tinates mitochondrial membrane proteins, and the ubiquitinated
proteins then recruit a ubiquitin-binding autophagic receptor
protein such as SQSTM1/p62 (sequestosome 1) to engulf the
damaged mitochondria with MAP1LC3B/LC3B (microtubule
associated protein 1 light chain 3 beta) thereby resulting in
formation of the mitophagosome [45–47].

Recently, several studies have reported that inefficient
removal of dysfunctional mitochondria, due to the defective
mitophagy pathway, leads to increased cellular generation of
ROS, oxidative stress, and neuroinflammation that in turn,
underly the pathogenesis of various neurodegenerative dis-
eases [48–50]. Whether HIV-1 TAT-induced microglial acti-
vation involves mitochondrial dysfunction and defective
mitophagy, however, remains less understood. In light of
this, the present study was aimed at exploring the molecular
mechanism(s) by which HIV-1 TAT-mediates mitochondrial
dysfunction and defective mitophagy resulting in microglial
activation and neuroinflammation.

Results

HIV-1 TAT alters mitochondrial membrane potential and

initiates mitophagy in mouse primary microglial cells

(mPMs)

To determine whether exposure to HIV-1 TAT could induce
microglial mitophagy, mPMs were exposed to varying doses
of HIV-1 TAT (25, 50, 100 and 200 ng/mL) for 24 h,
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following which, the expression levels of mitophagy markers
such as PINK1, PRKN, and DNM1L were determined using
western blotting. Interestingly, following exposure of mPMs
to HIV-1 TAT the expression levels of PINK1 (Figure 1(a)),
PRKN (Figure 1(b)), and DNM1L (Figure 1(c)) were upregu-
lated in a dose-dependent manner. As shown in Figure 1(c),
in the presence of 50 ng/mL of HIV-1 TAT expression of
mitophagy marker proteins peaked significantly (P < 0.05) in
mPMs. This concentration of HIV-1 TAT was thus chosen for
the subsequent experiments. Previous reports have shown that
the circulating levels of HIV-1 TAT in serum and the cere-
brospinal fluid of HIV-1-infected patients ranges from 1 to
40 ng/mL [51,52]. Furthermore, it has been suggested that the
local extracellular concentrations of HIV-1 TAT in the CNS
could be even higher, especially in the vicinity of HIV-1
positive perivascular cells [53]. In contrast, and as expected,
mPMs exposed to heat-inactivated HIV-1 TAT (50 ng/mL)
did not show any significant effects on the mitophagy marker
proteins (Figure 1(a–c)). Next, we performed the time-course
experiments to determine the optimal time for the expression
of the above-mentioned mitophagy marker proteins in the
mPMs exposed to HIV-1 TAT (50 ng/mL) for the indicated
time points (0, 3, 6, 12, 24 and 48 h). Exposure of cells to
HIV-1 TAT resulted in significantly (P < 0.05) increased
expression of PINK1 (Figure 1(d)) and DNM1L (Figure 1(f))
starting at 6 h onwards with a sustained increase up to 24 h,
following which, there was a downregulation of the protein
expression at 48 h. As shown in Figure 1(e), the expression of
PRKN protein, conversely, was significantly (P < 0.05) upre-
gulated starting at 24 h in mPMs exposed to HIV-1 TAT
(50 ng/mL). Additionally, we also isolated both mitochondrial
as well as cytosolic fractions from HIV-1 TAT (50 ng/mL for
varying time points) exposed mPMs and assessed expression
of PINK1, DNM1L and PRKN in each of the fractions by
western blotting. As shown in Figure 1(g–l), HIV-1 TAT
exposed mPMs exhibited significant (P < 0.05) upregulation
of PINK1, DNM1L (starting at 6 h onwards) and PRKN
(starting at 24 h onwards) in both the mitochondrial as well
as cytosolic fractions.

Mitophagy is a two-step process by which the damaged
mitochondria are first primed by PINK1/PRKN proteins and
are then eliminated via the autophagic machinery. We thus
sought also to examine the expression levels of macroauto-
phagy/autophagy proteins such as BECN1/Beclin1 (beclin 1,
autophagy related), an autophagosome initiation marker,
MAP1LC3B-II, an autophagosome formation marker and
SQSTM1, an autophagy degradation marker in mPMs exposed
to HIV-1 TAT (50 ng/mL) for varying times. As shown in
Figure 2(a–c), in mPMs exposed to HIV-1 TAT there was a
significant time-dependent increase up to 48 h, in the expres-
sion levels of the autophagy markers, BECN1 (Figure 2(a)),
MAP1LC3B-II (Figure 2(b)) and SQSTM1 (Figure 2(c)).

The next step was to examine whether exposure of mPMs
to HIV-1 TAT could lead to alteration of the mitochondrial
membrane potential (Δψm). Mitochondrial Δψm is one of the
known key mediators responsible for the stabilization of
PINK1 and for the initiation of the mitophagy pathway [47].
JC-1 assay was used to determine mitochondrial Δψm in
mPMs exposed to HIV-1 TAT (50 ng/mL for 24 h). JC-1

dye when exposed to cells with healthy mitochondria forms
aggregates and emits a bright red fluorescence. Conversely,
when exposed to cells with depolarized mitochondria, the dye
disperses as a monomer and emits a green fluorescence [54].
As shown in Figure 2(d,e), control mPMs exhibited normal
mitochondrial Δψm, characterized by increased red fluores-
cence (JC-1 aggregate) with a lesser green fluorescence (JC-1
monomer). In contrast, HIV-1 TAT (50 ng/mL for 24 h)
exposed mPMs exhibited decreased Δψm, as shown by
increased shift in red to green fluorescence. In addition, we
also determined dose- and time-dependent changes in mito-
chondrial Δψm, using the JC-1 probe, in mPMs exposed to
HIV-1 TAT. As shown in Figure S1A and S1B, exposure of
mPMs to HIV-1 TAT resulted in both time- and dose-depen-
dent reduction of mitochondrial Δψm.

HIV-1 TAT-mediated decrease of mitochondrial function

and increased mitophagosome formation in mPMs

Based on the fact that exposure of mPMs to HIV-1 TAT
significantly affected the mitochondrial Δψm, we next sought
to determine the effect of HIV-1 TAT on mitochondrial
function such as extracellular acidification rate (ECAR) and
mitochondrial oxygen consumption rate (OCR). Specifically,
the ECAR is an indicator of the glycolytic activity of cells that
exhibit higher rates of proton production (anaerobic glycoly-
sis), while the OCR is an indicator of mitochondrial function
(aerobic glycolysis/oxidative phosphorylation) [55]. Herein we
assessed both OCR and ECAR, using a Seahorse XFp
Extracellular Flux Analyzer, in mPMs exposed to HIV-1
TAT (50 ng/mL) for 24 h. Intriguingly, HIV-1 TAT exposure
significantly altered both the OCR (Figure 3(a)) and ECAR
(Figure 3(b)) in mPMs, underscoring thereby the occurrence
of mitochondrial dysfunction in mPMs. Our results also
demonstrated that in mPMs exposed to HIV-1 TAT, there
was significant (P < 0.05) reduction in mitochondrial basal
respiration, ATP production, maximal respiratory capacity
(MRC), spare capacity as well as nonmitochondrial respira-
tion compared with the control mPMs (Figure 3(c)).
Interestingly, exposure of mPMs to HIV-1 TAT did not
show any significant change in the proton leak compared
with the control cells (Figure 3(c)). As a next step, we also
isolated mitochondria from the frontal cortices of both wild-
type and HIV-1 transgenic rats and performed mitochondrial
function analyses using a Seahorse XFp Extracellular Flux
Analyzer. Our findings demonstrated decreased levels of
OCR such as basal respiration, ATP production, MRC, spare
capacity, proton leak and nonmitochonadrial respiration in
mitochondria isolated from HIV-1 transgenic rats compared
with the wild-type controls, while no change was found in the
levels of ECAR between these groups (Figure S2A to S2C). We
also performed qPCR analysis to determine mitochondrial
mass by evaluating mitochondrial copy number in mPMs
exposed to varying doses of HIV-1 TAT for 24 h.
Intriguingly, there was no significant change in mitochondrial
copy number – in terms of expression of mitochondrial genes
such as mt-Co1/cox1 (mitochondrially encoded cytochrome c
oxidase I) and mt-Nd6/Nd6 (mitochondrially encoded NADH:
ubiquinone oxidoreductase core subunit 6) in mPMs exposed
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Figure 1. HIV-1 TAT initiates mitophagy in mPMs. (a–c) HIV-1 TAT dose-dependently upregulated the expression of mitophagy markers – PINK1 (a), PRKN (b), and
DNM1L (c) in mPMs. (d–f) HIV-1 TAT time-dependently upregulated the expression of mitophagy markers such as PINK1 (d), PRKN (e), and DNM1L (f) in mPMs. (g–i)
Time-dependent upregulation of the mitophagy markers – PINK1 (g), PRKN (h), and DNM1L (i) in the mitochondria isolated from mPMs exposed to HIV-1 TAT (50 ng/
mL). (j–l) Time-dependent upregulation of the mitophagy markers – PINK1 (j), PRKN (k), and DNM1L (l) in the cytosolic fractions of mPMs exposed to HIV-1 TAT
(50 ng/mL). Either ACTB (for total and cytosolic) or VDAC (for mitochondria) was probed as a protein loading control. The data are presented as mean ± SEM from 6
independent experiments. Nonparametric Kruskal-Wallis One-way ANOVA followed by the Dunn post hoc test was used to determine the statistical significance
between multiple groups. *, P < 0.05 vs. control.
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to varying doses of HIV-1 TAT for 24 h (Figure S3A and
S3B). Next, we performed transmission electron microscopy
to study the formation and accumulation of autophagic vesi-
cles containing mitochondria in mPMs exposed to HIV-1
TAT. As expected, in control mPMs we observed normal
intact, healthy mitochondrial structures. In HIV-1 TAT
exposed mPMs, however, there was the presence of several
multivesicular bodies and an apparent increase of autophago-
somes containing mitochondrial-like structures (Figure 3(d))
compared with the control mPMs.

We next sought to confirm whether there was a link between
HIV-1 TAT-mediated upregulation of mitophagy proteins and
formation of the mitophagosome in mPMs. For this mPMs were
first dually transfected with both pLV-mitoDsRed and GFP-
MAP1LC3B, following which at 24 h the cells were exposed to
either HIV-1 TAT or rotenone, a known inducer of mitophagy
[56], for another 24 h. As shown in Figure 3(e), in mPMs
exposed to HIV-1 TAT there was increased presence of
MAP1LC3B puncta throughout the mPMs and notably, these
puncta prominently colocalized with pLV-mitoDsRed, indicat-
ing the formation of mitophagosomes. The results obtained with
HIV-1 TAT were comparable to that of mPMs exposed to
rotenone (Figure 3(e)). Next, we wanted to confirm whether

the accumulation of mitophagosomes in mPMs exposed to
HIV-1 TAT was due to upregulation of mitophagy with a con-
comitant block in fusion with the lysosomes. For this, mPMs
cultured in the presence or absence of HIV-1 TAT (50 ng/mL)
were stained for bothmitochondria (MitoTracker Red) as well as
lysosomes (LysoTracker Green) to assess fusion of mitochondria
with the lysosomes. As shown in Figure S4A, in mPMs exposed
to HIV-1 TAT, there was reduced LysoTracker Green staining,
and thereby reduced colocalization of MitoTracker Red and
LysoTracker Green staining compared with the control cells. In
addition, we also performed western blotting to determine the
expression levels of LAMP2 (lysosomal associated membrane
protein 2), a well-known marker protein whose expression reg-
ulates the fusion of lysosomes with the autophagosomes [57].
Interestingly, the expression of LAMP2 was also downregulated
(both dose- and time-dependently) in mPMs exposed to HIV-1
TAT protein (Figure S4B and S4C).

HIV-1 TAT-mediated increased autophagosome formation

and decreased autophagic flux in mPMs

We next wanted to demonstrate whether the increased accu-
mulation of mitophagosomes was due to increased formation

Figure 2. HIV-1 TAT alters mitochondrial membrane potential and initiates mitophagy in mPMs. (a–c) HIV-1 TAT time-dependently upregulated the expression of
autophagy markers such as BECN1 (a), MAP1LC3B-II (b), and SQSTM1 (c) in mPMs. (d and e) HIV-1 TAT decreases mitochondrial membrane potential in mPMs. (d)
Exposure with HIV-1 TAT (50 ng/mL; 24 h) resulted in a reduction of the JC-1 dye aggregation in the mitochondria and decreased ratio of the aggregate (red) to
monomer JC-1 (green) in mPMs. Scale bar: 100 µm. (e) Quantification of JC-1 staining in mPMs exposed to HIV-1 TAT (50 ng/mL) for 24 h. The data are presented as
mean ± SEM from 6 independent experiments. Nonparametric Kruskal-Wallis One-way ANOVA followed by the Dunn post hoc test was used to determine the
statistical significance between multiple groups and Wilcoxon test was used to compare between 2 groups. *, P < 0.05 vs. control.
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Figure 3. HIV-1 TAT-mediated mitochondrial dysfunction and increased mitophagosome formation in mPMs. (a–c) HIV-1 TAT significantly impaired mitochondrial
function. (a) mitochondrial OCR and (b) ECAR were determined using a Seahorse XFp Extracellular Flux Analyzer in mPMs exposed to HIV-1 TAT (50 ng/mL) for 24 h.
(c) Bar graph showing individual mitochondrial function parameters calculated from data in panel A. The data are presented as mean ± SEM from 6 independent
experiments. The Wilcoxon test was used to compare between 2 groups. *, P < 0.05 vs. control. (d) Transmission electron microscopic images of mitochondrial
ultrastructure and mitophagosomes in mPMs exposed to HIV-1 TAT (50 ng/mL) for 24 h. N, nucleus; M, mitochondria; ER, endoplasmic reticulum; AV, autophagic
vesicle; AL, autolysosome. (e) Representative fluorescence images showing the accumulation of mitophagosomes in mPMs transfected with GFP- MAP1LC3 and pLV-
mitoDsRed followed by exposure to HIV-TAT (50 ng/mL), and in cells treated with rotenone (1 μM) for 24 h. Scale bar: 5 μm.
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of mitophagosomes and/or decreased autophagic flux. For
this, we performed MAP1LC3B turnover and SQSTM1 degra-
dation assays in mPMs exposed to HIV-1 TAT. Several stu-
dies have demonstrated that impaired autophagosome-
lysosome fusion leads to decreased autophagic clearance,
which, in turn, results in enhanced neurotoxicity [58].
Following activation of the autophagic pathway, lipidation of
MAP1LC3B-I leads to the processed form of phosphatidy-
lethanolamine-conjugated MAP1LC3B-II, which specifically
associates with the fully formed autophagosome. Expression
of MAP1LC3B-II is thus a direct measure of the autophago-
some number. The autophagic flux assay, instead, detects
whether the processed MAP1LC3B-II accumulates in the pre-
sence of bafilomycin A1 (BAF), which is a known inhibitor of
the autophagosome-lysosome fusion [59]. In the present
study, mPMs were exposed to HIV-1 TAT (50 ng/mL) for
24 h followed by treatment with or without BAF (400 nM,
saturating concentration) for 4 h prior to harvesting of cells.
As shown in Figure 4(a), no significant difference in the
accumulation of MAP1LC3B-II was observed in mPMs
exposed to HIV-1 TAT in the presence or absence of BAF.

Next, we also performed the SQSTM1 degradation assay.
SQSTM1 is a receptor protein that binds to ubiquitin and
recruits the MAP1LC3B protein to form the autophagosome
resulting in selective degradation of the autophagosome cargo.
Impaired degradation and accumulation of SQSTM1 protein
have been shown to directly correlate with the rate of autop-
hagic vesicle degradation [60]. Similar to the findings above
on MAP1LC3B-II (Figure 4(a)), there was no significant
change in the accumulation of SQSTM1 in mPMs exposed
to HIV-1 TAT in the presence or absence of BAF
(Figure 4(b)).

To further validate HIV-1 TAT mediated dysregulation
of the autophagy flux, mPMs were transfected with a
plasmid encoding the tandem fluorescent-tagged
MAP1LC3B plasmid followed by exposure to HIV-1
TAT. Following formation of the autophagosomes, this
tandem plasmid emits both red and green fluorescence
that appears as merged yellow puncta due to the coloca-
lization of mRFP and GFP-MAP1LC3B. Under acidic pH
conditions in the lysosomes, however, the GFP signal of
the tandem fluorescent-tagged MAP1LC3B fusion protein
is quenched, whereas the red fluorescence remains stable
and appears as the red puncta. Increased accumulation of
the yellow puncta is thus an indicator of impaired autop-
hagy while increased accumulation of the red puncta
indicates increased autophagy flux (Figure 4(f)). As
shown in Figure 4(c–e), mPMs transfected with the tan-
dem fluorescent-tagged MAP1LC3B reporter plasmid fol-
lowed by exposure to HIV-1 TAT (50 ng/mL) for 24 h,
exhibited a significant increase in the yellow puncta with
a concomitant decrease in the red puncta, indicating
thereby incomplete autophagosome maturation. Increased
numbers of yellow puncta were also seen in mPMs
exposed with BAF (400 nM), an autophagy flux inhibitor.
In contrast, cells exposed to an autophagy inducer, rapa-
mycin (100 nM), demonstrated increased formation of red
puncta (Figure 4(c–e)), indicating increased autophagy
flux.

Inhibition of mitophagosome initiation prevents HIV-1

TAT-mediated mitophagy signaling

Next, we sought to investigate the association between mito-
phagy and autophagy signaling in response to HIV-1 TAT. To
answer this, we used both the pharmacological blocking
approach using the autophagy inhibitors 3-methyladenine
(3-MA) and wortmannin as well as the gene silencing
approach involving transfection of cells with Becn1 siRNA
followed by exposure to HIV-1 TAT. For the former approach
mPMs were pretreated with either 5 mM of 3-MA or 100 nM
of wortmannin for 1 h, followed by exposure to HIV-1 TAT
for 24 h. At the end of the study, expression levels of mito-
phagy and autophagy markers were determined using western
blotting. As shown in Figure 5(a–f), HIV-1 TAT-mediated
induction of mitophagy markers such as PINK1 (Figure 5
(a)), PRKN (Figure 5(b)), and DNM1L (Figure 5(c)) as well
as autophagy markers, BECN1 (Figure 5(d)), MAP1LC3B-II
(Figure 5(e)), and SQSTM1 (Figure 5(f)) were significantly
(P < 0.05) inhibited in mPMs pretreated with either 3-MA or
wortmannin, which was comparable to that observed in
mPMs not exposed to HIV-1 TAT. These findings were
further validated using the gene silencing approach. Herein
mPMs were transfected with either Becn1 siRNA or scrambled
siRNA followed by exposure to HIV-1 TAT (50 ng/mL) for
24 h and assessed for expression of mitophagy and autophagy
marker proteins by western blotting. As expected, mPMs
transfected with Becn1 siRNA and exposed to HIV-1 TAT
failed to induce the mitophagy markers, PINK1 (Figure 5(g)),
PRKN (Figure 5(h)), and DNM1L (Figure 5(i)), as well as
autophagy markers, BECN1 (Figure 5(j)), MAP1LC3B-II
(Figure 5(k)), and SQSTM1 (Figure 5(l)). Cells transfected
with scrambled siRNA, however, demonstrated HIV-1 TAT-
mediated upregulation of the mitophagy and autophagy mar-
kers (Figure 5(g–l)).

Next, we wanted to validate the findings using a specific
pharmacological inhibitor of mitophagy, Mdivi-1, that acts on
DNM1L and inhibits mitochondrial fission, thereby prevent-
ing HIV-1 TAT-mediated mitophagy in mPMs. For this
mPMs were pretreated with Mdivi-1 (25 mM) for 1 h fol-
lowed by exposure of cells to HIV-1 TAT for 24 h and
assessed for expression of mitophagy and autophagy markers
by western blotting. As shown in Figure 6(a–f), in cells pre-
treated with Mdivi-1, HIV-1 TAT failed to induce both the
mitophagy markers, PINK1 (Figure 6(a)), PRKN (Figure 6
(b)), and DNM1L (Figure 6(c)) as well as the autophagy
markers, MAP1LC3B-II (Figure 6(d)), and SQSTM1
(Figure 6(e)). Intriguingly, mPMs pretreated with Mdivi-1
failed to inhibit HIV-1 TAT-mediated upregulation of
BECN1 (Figure 6(f)) protein expression, indicating thereby
that initiation of autophagy was upstream of priming of the
damaged mitochondria and that HIV-1 TAT simultaneously
induced mitochondrial priming as well as initiation of autop-
hagosome machinery. These findings were further validated
using the gene silencing approach. Cells were transfected with
either Pink1 siRNA or scrambled siRNA followed by exposure
to HIV-1 TAT (50 ng/mL) for 24 h and monitored for
expression levels of mitophagy and autophagy markers by
western blotting. As expected, similar to the pharmacological
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Figure 4. HIV-1 TAT increases autophagosome formation and decreases autophagic flux in mPMs. (a and b) Representative western blots showing the expression of
MAP1LC3B-II (a) and SQSTM1 (b) in mPMs exposed to HIV-1 TAT (50 ng/mL) for 24 h followed by treatment with 400 nM BAF, added in the last 4 h of the 24 h
treatment period. ACTB was probed as a loading control for all experiments. (c) mPMs transfected with tandem fluorescent-tagged MAP1LC3B plasmid followed by
HIV-1 TAT (50 ng/mL) and treated with rapamycin (10 nM) for 24 h. Scale bar: 5 μm. (d and e) Bar graph showing the number of autophagosomes (d) and
autolysosomes (e) in mPMs transfected with tandem fluorescent-tagged MAP1LC3B plasmid and treated with HIV-1 TAT and rapamycin for 24 h. The data are
presented as mean ± SEM from 6 independent experiments. Nonparametric Kruskal – Wallis One-way ANOVA followed by the Dunn post hoc test was used to
determine the statistical significance between multiple groups and the Wilcoxon test was used to compare between 2 groups: *, P < 0.05 vs. control.
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inhibition approach, cells transfected with Pink1 siRNA failed
to induce HIV-1 TAT-mediated upregulation of mitophagy
markers, PINK1 (Figure 6(g)), PRKN (Figure 6(h)), and
DNM1L (Figure 6(i)) as well as the autophagy markers,
MAP1LC3B-II (Figure 6(j)), and SQSTM1 (Figure 6(k)) but
failed to inhibit the autophagy initiation marker, BECN1
(Figure 6(l)).

HIV-1 TAT-mediated defective mitophagy increases

microglial activation and elevates proinflammatory

cytokines in mPMs

Having demonstrated HIV-1 TAT exposure resulted in defec-
tive mitophagy in mPMs, we next sought to explore whether
the accumulation of mitophagosomes could lead to microglial
activation by increasing the release of proinflammatory cyto-
kines, a characteristic feature of microglial activation. For this
mPMs were pretreated with either 3-MA (5 mM), wortman-
nin (100 nM) or Mdivi-1 (25 mM) for 1 h, followed by
exposure to HIV-1 TAT (50 ng/mL) for 24 h and assessed
for the expression of AIF1 (allograft inflammatory factor 1; a
marker for microglial activation), and the proinflammatory
cytokines. As shown in Figure 7(a,b), pharmacological inhibi-
tion of either autophagy or mitophagy significantly (P < 0.05)
inhibited HIV-1 TAT-mediated induction of AIF1 in mPMs.
In keeping with this, the mRNA expression of Tnf (tumor
necrosis factor), Il1b (interleukin 1 beta), and Il6 (interleukin
6) was also significantly (P < 0.05) inhibited in HIV-1 TAT-
exposed mPMs pretreated either with the inhibitors of autop-
hagy (Figure 7(c)) or mitophagy (Figure 7(d)). Similar to the
pharmacological inhibition approach, gene silencing of Becn1
and Pink1 also significantly (P < 0.05) attenuated HIV-1 TAT-
mediated induction of AIF1 protein (Figure 7(e,f)) as well as
mRNA expression of proinflammatory cytokines, such as Tnf,
Il1b, and Il6 (Figure 7(g,h)), underscoring thereby HIV-1
TAT-mediated defective mitophagy leading to accumulation
of mitophagosomes resulting ultimately in increased micro-
glial activation, as evidenced by increased expression of AIF1
and proinflammatory cytokines, in cells exposed to HIV-
1 TAT.

Silencing of pink1 and becn1 failed to prevent HIV-1 TAT-

mediated decreased energy production in mPMs

Next, we wanted to explore whether silencing of Pink1 and
Becn1 genes could alleviate mitochondrial dysfunction. Herein
mitochondrial functions such as mitochondrial OCR and
ECAR were assessed in HIV-1 TAT exposed mPMs trans-
fected with either Pink1 siRNA or Becn1 siRNA. OCR and
ECAR were determined both at baseline as well as following
sequential injections of oligomycin, carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone (FCCP), rotenone and anti-
mycin A using a Seahorse XFe96 Analyzer. Intriguingly, HIV-
1 TAT-mediated alteration in OCR (Figure 8(a,b)) and ECAR
(Figure 8(c,d)) were restored to some extent in mPMs trans-
fected with either Pink1 siRNA or Becn1 siRNA. Indeed,
exposure to HIV-1 TAT resulted in mitochondrial dysfunc-
tion as evidenced by decreased levels of basal respiration,
decreased rate of ATP production, maximal respiratory

capacity (MRC), spare capacity of the mitochondria and non-
mitochondrial respiration with a concomitant modest
increase in proton leak, compared to untreated microglia
(Figure 8(e,f)). Interestingly, knockdown of Pink1 did not
affect the basal respiration or the nonmitochondrial respira-
tion, but resulted in decreased (but statistically not significant)
ATP production rate, MRC, spare capacity of the mitochon-
dria and an increase in proton leak (Figure 8(e)), thereby
underscoring the role of PINK1 in normal mitochondrial
quality control with the involvement of mitophagy. A possible
explanation for this could be attributed to the fact that
absence of PINK1 results in defective clearance of old or
damaged mitochondria via the normal metabolic stress, lead-
ing, in turn, to the reduction of total mitochondrial capacity
in response to stress. In Pink1 siRNA-transfected mPMs, the
presence of HIV-1 TAT did not result in a further decrease in
basal respiration rate, MRC as well as spare capacity com-
pared to Pink1 siRNA-transfected cells not exposed to HIV-1
TAT. Interestingly in Pink1 siRNA-transfected cells, HIV-1
TAT did exhibit a significant reduction in the rate of ATP
production and nonmitochondrial respiration compared to
scrambled siRNA-transfected control mPMs (Figure 8(e)). In
contrast, knockdown of Becn1 was accompanied by decreased
levels (but statistically not significant) of basal respiration,
ATP production rate, MRC and spare capacity of the mito-
chondria with a modest increase in proton leak (Figure 8(f)).
In Becn1 siRNA-transfected mPMs, the presence of HIV-1
TAT resulted in a further decrease (but statistically not sig-
nificant) in basal respiration rate, ATP production rate, MRC
and spare capacity of the mitochondrial and nonmitochon-
drial respiration compared to Becn1 siRNA-transfected cells
not exposed to HIV-1 TAT. Interestingly, Becn1 siRNA-trans-
fected cells exposed to HIV-1 TAT did exhibit a significant
reduction in all these parameters compared to scrambled
siRNA-transfected control mPMs (Figure 8(f)). Overall while
silencing of Pink1 and Becn1 failed to prevent HIV-1 TAT-
mediated decreased ATP production, there still was partial
prevention of basal respiration, MRC and spare capacity.
Next, we sought to assess whether the dissipation of mito-
chondrial membrane potential was upstream or downstream
of the mitophagy process. For this, mitochondrial Δψm using
JC-1 probe was assessed in mPMs silenced for either Pink1 or
Becn1 genes followed by exposure to HIV-1 TAT (50 ng/mL)
for 24 h. Our findings demonstrated that in mPMs transfected
with either Pink1 or Becn1 siRNAs, mitochondrial Δψm in the
presence of HIV-1 TAT remained unchanged compared with
HIV-1 Tat exposed mPMs transfected with scrambled siRNA
(Figure S1C and S1D).

HIV-1 TAT increases the expression of mitophagy

markers, microglial activation and proinflammatory

cytokines in vivo

Having demonstrated HIV-1 TAT-mediated defective mito-
phagy and microglial activation, we next sought to validate
our findings in vivo using HIV-1 Transgenic (HIV-1 Tg) rats
[61]. For this 3-month-old HIV-1 Tg rats and age-matched
wild-type rats were assessed for mitophagy and autophagy
signaling. As shown in Figure 9(a–f), mitophagy markers
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Figure 5. Pharmacological and gene silencing of autophagy blocks HIV-1 TAT-mediated mitophagy. (a–f) Representative western blots showing expression of
mitophagy markers such as PINK1 (a), PRKN (b), and DNM1L (c) and autophagy markers such as BECN1 (d), MAP1LC3B-II (e), and SQSTM1 (f) in mPMs pretreated with
5 mM 3-methyladenine (3-MA) and 100 nM of wortmannin for 1 h following exposure with HIV-1 TAT (50 ng/mL) for 24 h. (g–l) Representative western blots
showing the protein expression of PINK1 (g), PRKN (h), and DNM1L (I), BECN1 (j), MAP1LC3B-II (k), and SQSTM1 (l) in mPMs transfected with Becn1 siRNA and
scrambled siRNA following exposure with HIV-1 TAT (50 ng/mL) for 24 h. ACTB was probed as a protein loading control for all experiments. The data are presented as
mean ± SEM from 6 independent experiments. Nonparametric Kruskal-Wallis One-way ANOVA followed by the Dunn post hoc test was used to determine the
statistical significance between multiple groups. P < 0.05 vs. control; #, P < 0.05 vs. HIV-1 TAT.
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Figure 6. Pharmacological and gene silencing of mitophagy blocks HIV-1 TAT-mediated mitophagy. (a–f) Representative western blots showing expression of
mitophagy markers such as PINK1 (a), PRKN (b), and DNM1L (c) and autophagy markers such as MAP1LC3-II (d), SQSTM1 (e), and BECN1(f) in mPMs pretreated with
25 μM Mdivi-1 (a mitophagy inhibitor) for 1 h following exposure with HIV-1 TAT (50 ng/mL) for 24 h. (g–l) Representative western blots showing expression of PINK1
(g), PRKN (H), and DNM1L (I), MAP1LC3B-II (j), SQSTM1 (k), and BECN1 (l) in mPMs transfected with either Pink1 siRNA or scrambled siRNA, following exposure to HIV-
1 TAT (50 ng/mL) for 24 h. ACTB was probed as a protein loading control for all experiments. Nonparametric Kruskal-Wallis One-way ANOVA followed by the Dunn
post hoc test was used to determine the statistical significance between multiple groups. P < 0.05 vs. control; #, P < 0.05 vs. HIV-1 TAT.
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Figure 7. HIV-1 TAT-mediated defective mitophagy increases microglial activation and elevates proinflammatory cytokines. (a and b) Representative western blots
showing the increased expression of AIF1, a microglial activation marker in mPMs pretreated with 5mM 3-MA and 100 nM wortmannin (a), or in cells pretreated with
25 μM Mdivi-1 (b) for 1 h following exposure to HIV-1 TAT for 24 h. (c and d) Representative western blots showing increased expression of AIF1 in mPMs transfected
with either Becn1 siRNA or scrambled siRNA (c) or with Pink1 siRNA or scrambled siRNA (d) following exposure to HIV-1 TAT for 24 h. ACTB was probed as a protein
loading control for all experiments. (e and f) Representative bar graphs showing the mRNA expression profile of proinflammatory cytokines such as Tnf, Il1b, and Il6
using qPCR in mPMs pretreated with 5 mM of 3-MA and 100 nM of wortmannin (e) or pretreated with 25 μM Mdivi-1 (f) for 1 h following exposure with HIV-1 TAT for
24 h. (g and h) Representative bar graphs showing the mRNA expression profile of proinflammatory cytokines such as Tnf, Il1b, and Il6 using qPCR in mPMs
transfected with either Becn1 siRNA and scrambled siRNA (g) or transfected with either Pink1 siRNA or scrambled siRNA (h) following exposure with HIV-1 TAT for
24 h. Gapdh was used as an internal control to normalize the gene expression for all experiments. Nonparametric Kruskal-Wallis One-way ANOVA followed by the
Dunn post hoc test was used to determine the statistical significance between multiple groups. P < 0.05 vs. control; #, P < 0.05 vs. HIV-1 TAT.
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PINK1 (Figure 9(a)), PRKN (Figure 9(b)), and DNM1L
(Figure 9(c)) as well as autophagy markers BECN1 (Figure 9
(d)), MAP1LC3B-II (Figure 9(e)) and SQSTM1 (Figure 9(f))
were significantly (P < 0.05) elevated in the frontal cortex of
HIV-1 Tg rats compared to wild-type rats. As expected HIV-1
Tg rats also showed a significantly (P < 0.05) increased mRNA
expression of the proinflammatory cytokines, such as Tnf
(Figure 9(g)), Il1b (Figure 9(h)), and Il6 (Figure 9(i)) compared
with the wild-type rats.

To further confirm the role of increased mitophagy and
autophagy in microglial activation, we next performed immu-
nofluorescence staining for mitophagy markers PINK1,
DNM1L, and MAP1LC3B-II with ITGAM/CD11b (integrin
subunit alpha M; microglial activation marker) in the HIV-1
Tg and wild-type rats. As shown in Figure 10(a–c), the inten-
sity of PINK1 (Figure 10(a)), DNM1L (Figure 10(b)) as well as
MAP1LC3B-II (Figure 10(c)) puncta formation (green) were
significantly increased in the frontal cortex of HIV-1 Tg rats
compared to the wild-type rats. Furthermore, the intensity, as
well as the number of cells expressing ITGAM (Red) was
significantly increased and also colocalized with the mito-
phagy markers (green) in HIV-1 Tg rats. These findings
thus underscore the effects of defective mitophagy in HIV-1
protein-mediated activation of microglia.

Discussion

Microglia represent a vital sentinel for the healthy central
nervous system that can get chronically activated in various
pathological neurodegenerative conditions such as Alzheimer
disease, Parkinson disease, amyotrophic lateral sclerosis and
HIV-associated neurological disorders (HAND) [62–67].
HAND is a spectrum of neurocognitive disorders ranging
from asymptomatic impairment to minor cognitive motor
disorders, that is increasing in prevalence in HIV-infected
individuals on cART [2,3]. It has been well documented that
despite the effectiveness of cART in suppressing viremia, CNS
continues to harbor viral reservoirs with persistence of low-
level virus replication [9,19,20]. This lead, in turn, to the
presence and accumulation of the early viral protein, HIV-1
TAT that is a well-recognized cytotoxic agent, contributing to
glial activation. HIV-1 TAT-mediated activation of microglia
has been shown to induce dysfunction and degeneration of
surrounding and distant neurons [11,38,68]. Indeed, the cyto-
toxic mediators such as proinflammatory cytokines, proteases
and ROS secreted by the activated microglia have all been
well-documented to cause neuronal injury, thereby promoting
progression of HAND [69]. It has also been suggested that
systemic immune activation and/or inflammation possibly via
the influx of peripheral macrophages can also contribute as a
source of HIV-1 TAT in the CNS, leading to enhanced
pathology of HAND [70].

Mitophagy is an important cellular event wherein the
depolarized or damaged mitochondria are selectively engulfed
by phagophores, precursors to autophagosomes, and subse-
quently degraded by lysosomal fusion for clearance. This
process maintains mitochondrial quality control and preserves
cellular functions [71]. Ample in vitro and in vivo evidence
implicate the role of defective mitophagy leading to increased

accumulation of ROS-generating damaged mitochondria, as
critical mediators of both immune activation and inflamma-
tion in neuropathogenesis [34,35,72,73]. Recent research has
demonstrated the role of impaired autophagy in neurons as a
correlate of neurodegeneration in HAND [74–76].
Furthermore, Macho et al. [77] have reported that in lym-
phoid cells, exposure to HIV-1 TAT leads to translocation of
the viral protein from the nucleus to the mitochondria lead-
ing, in turn, to the dissipation of the mitochondrial mem-
brane potential, increased generation of ROS and ultimately
to apoptosis [77]. Another study by Norman et al. [78] has
reported that in neurons HIV-1 TAT decreases free mito-
chondrial calcium levels, thereby interfering directly or indir-
ectly with mitochondrial function, which in turn, negatively
affects neuronal survival [78]. In line with these findings, the
present study was focused on determining the link between
HIV-1 TAT-mediated mitochondrial damage, mitophagy and
microglial activation.

In this study, we demonstrated that HIV-1 TAT mediated
activation of mPMs involved alterations in the mitochondrial
dynamics and mitophagy pathway. Our results showed that
exposure of mPMs to HIV-1 TAT significantly downregulated
the mitochondrial membrane potential and impaired mitochon-
drial function, as evidenced by increased number of depolarized
mitochondria with decreased basal and maximal respiration
rate, ATP production rate, spare capacity and the overall
decreased OCR. These results are in agreement with previous
reports demonstrating HIV-1 TAT-mediated depolarization of
mitochondria and increased ROS generation and mitochondrial
dysfunction that was accompanied with defective autophagy in
neonatal rat ventricular cardiomyocytes [79].

Our results also showed that in mPMs HIV-1 TAT signifi-
cantly upregulated the expression of mitophagy markers –

PINK1, PRKN, and DNM1L – as well as autophagic proteins –
BECN1 and MAP1LC3B-II – indicating thereby HIV-1 TAT-
mediated induction of mitophagy in mPMs. Intriguingly, assays
using mitoDsRed and GFP-MAP1LC3B plasmid overexpres-
sion, as well as transmission electron microscopy, clearly
demonstrated that upregulation of these proteins involved the
formation of mitophagosomes that was accompanied by their
accumulation in HIV-1 TAT treated mPMs. Under normal
circumstances, following mitophagy induction, mitophago-
somes are continually degraded by lysosomes via the lysosomal
fusion pathway. In mPMs exposed to HIV-1 TAT, however,
accumulation of mitophagosomes, possibly due to stress-
mediated increased induction of mitophagy, did not lead to
fusion with the lysosomes, likely due to a blockade in mitopha-
gosome maturation and/or its clearance [80]. Interestingly, our
results showed a time-dependent upregulation of SQSTM1 fol-
lowing exposure to HIV-1 TAT, suggesting thereby that while
the number of mitophagosomes increased, maturation of these
vesicles was impaired. TheMAP1LC3B turnover assay, as well as
the SQSTM1 degradation assay, also indicated blockage of the
autophagic flux as evidenced by the accumulation of
MAP1LC3B-II and SQSTM1 in HIV-1 TAT exposed mPMs.
Furthermore, the addition of the autophagosome-lysosome
fusion inhibitor, BAF to HIV-1 TAT treated mPMs failed to
cause any further increase in the expression of MAP1LC3B-II
and SQSTM1, likely due to maximal accumulation of these
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mediators by HIV-1 TAT. Overexpression of tandem fluores-
cent-tagged MAP1LC3B plasmid in HIV-1 TAT-treated mPMs
further validated this phenomenon as evidenced by increased
accumulation of autophagosomes but not autolysosomes in
these cells.

To assess the role of HIV-1 TAT-mediated mitophagy in
microglial activation, we employed both pharmacological as
well as gene silencing approaches. Our findings demonstrated
that pharmacological inhibition of autophagy using 3-MA and
wortmannin as well as specific inhibition of mitophagy using
either Mdivi-1 or gene silencing by Becn1 and Pink1 siRNA

transfections, significantly abrogated HIV-1 TAT-mediated
induction of mitophagy (evidenced by inhibition of mito-
phagy proteins) and, microglial activation (evidenced by
decreased AIF1 expression) and, neuroinflammation (evi-
denced by significant reduction in proinflammatory cyto-
kines) in HIV-1 TAT exposed mPMs. Intriguingly,
inhibiting Pink1 or DNM1L (mediators of mitochondrial
priming) had no effect on the autophagy initiator BECN1,
suggesting thereby that autophagy machinery was upstream of
the primed mitochondria. Conversely, inhibiting the initiation
of autophagy by the gene silencing approach, significantly

Figure 8. Gene silencing of Pink1 and Becn1 partially inhibited HIV-1 TAT-mediated mitochondrial dysfunction in mPMs. (a and b) Graphical representation of the
OCR measurement over time in mPMs transfected with either Pink1 siRNA and scrambled siRNA (a) or transfected with either Becn1 siRNA or scrambled siRNA (b)
following exposure to HIV-1 TAT for 24 h. (c and d) Graphical representation of the ECAR measurement over time in mPMs transfected with either Pink1 siRNA and
scrambled siRNA (c) or transfected with either Becn1 siRNA and scrambled siRNA (d) following exposure to HIV-1 TAT for 24 h. (e and F) Bar graphs showing the
relative parameters of the mitochondrial respiratory function in mPMs transfected with either Pink1 siRNA (e) or Becn1 siRNA (f) calculated from respective panel A or
panel B. The data are presented as mean ± SEM from 6 independent experiments. Nonparametric Kruskal-Wallis One-way ANOVA followed by the Dunn post hoc test
was used to determine the statistical significance between multiple groups. P < 0.05 vs. control; #, P < 0.05 vs. HIV-1 TAT. NS, not significant.
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Figure 9. HIV-1 mediated upregulation of mitophagy markers and proinflammatory cytokines in vivo. (a–f) Representative western blots showing the activation of
mitophagy markers such as PINK1 (a), PRKN (b), and DNM1L (C) and autophagy markers such as BECN1 (d), MAP1LC3B-II (e), and SQSTM1 (f) in the frontal cortex of
wild-type and HIV-1 Tg rats (n = 3). ACTB was probed as a protein loading control for all experiments. (g–i) Representative bar graphs showing the mRNA expression
profile of proinflammatory cytokines such as Tnf (g), Il1b (h), and Il6 (I) using qPCR in the frontal cortex of wild-type and HIV-1 Tg rats (n = 3). Gapdh was used as an
internal control to normalize the gene expression for all experiments. The data are presented as mean ± SEM from 3 independent experiments. An unpaired Student
t test was used to determine the statistical significance. *, P < 0.05 vs. WT.
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Figure 10. HIV-1 mediated upregulation of mitophagy markers and microglial activation in vivo. (a) Immunofluorescence staining for PINK1 (green), ITGAM, microglial
activation marker (red), and DAPI (blue) in the frontal cortices of wild-type and HIV-1 Tg rats. (b) Immunofluorescence staining for DNM1L (green), ITGAM, microglial
activation marker (red), and DAPI (blue) from frontal cortex area of wild-type and HIV-1 Tg rats. (c) Immunofluorescence staining for MAP1LC3 (green), ITGAM,
microglial activation marker (red), and DAPI (blue) from frontal cortex area of wild-type and HIV-1 Tg rats. Scale bar: 10 μm.
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inhibited PINK1- and PRKN-mediated mitophagy. These
findings are in agreement with earlier reports wherein knock-
down of BECN1 or its partner, phosphatidylinositol 3-kinase
catalytic subunit type 3 results in inhibition of PINK1 in
mitophagy pathway, thereby suggesting an interaction of
PINK1 with BECN1 [81].

We also performed mitochondrial functional analyses by
measuring OCR in mPMs transfected with either Becn1 or
Pink1 siRNA in the presence or absence of HIV-1 TAT. Our
findings demonstrated that HIV-1 TAT-mediated decline in
mitochondrial OCR was restored to some extent by gene
silencing of either Becn1 or Pink1. Intriguingly, in the absence
of HIV-1 TAT, gene silencing using either Pink1 or Becn1
siRNA led to decrease in OCR, basal respiration, maximal
respiration, spare capacity and ATP production (but statisti-
cally not significant) compared with cells transfected with
scrambled siRNA, suggesting thereby that Pink1 and Becn1
gene expression was essential for basal mitophagy, which play
critical roles in normal cellular function via the removal of
unwanted protein aggregates and damaged organelles [82].
Furthermore, it has been postulated that mutation in PINK1,
PRKN and in Parkinsonism associated deglycase complex leads
to neuronal damage due to the incomplete removal of dys-
functional mitochondria and oxidative stress – a leading cause
of autosomal inherited parkinsonism [5]. Our studies in
mPMs demonstrated that silencing Pink1 and Becn1 resulted
in abrogation of HIV-1 TAT-mediated induction of mito-
phagy, microglial activation, and secretion of inflammatory
cytokines. However, knockdown of Pink1 or Becn1 failed to
prevent HIV-1 TAT-mediated downregulation of ATP pro-
duction rate, other parameters such as basal respiration, MRC,
and spare capacity were indeed prevented in Pink1- and
Becn1-silenced mPMs. We thus infer that oxygen consump-
tion for basal respiration was independent of ATP generation.

Similar to in vitro studies, we also demonstrated upregula-
tion of mitophagy markers PINK1, PRKN and DNM1L as
well as autophagy machinery proteins BECN1, MAP1LC3B
and SQSTM1 in the frontal cortex of HIV-1 Tg rats compared
to wild-type rats. Immunofluorescence studies further vali-
dated increased expression of mitophagy markers that was
accompanied by increased microglial activation as evidenced
by upregulated expression of PINK1, DNM1L and
MAP1LC3B and ITGAM. There was increased colocalization
of mitophagy markers with ITGAM protein, thereby suggest-
ing induction of mitophagy in microglial cells of the HIV-1
Tg rats compared with the wild-type rats.

In summary, it can thus be concluded that exposure of
mPMs to HIV-1 TAT resulted in increased initiation of mito-
phagy but with a blockade in mitophagosome maturation,
suggesting thereby impaired clearance and accumulation of
mitophagosomes. Accumulation of damaged mitochondria
containing mitophagosomes eventually resulted in activation
of microglia, which in turn, contributed to neuroinflamma-
tion via secretion of proinflammatory cytokines. It is well-
recognized that cytokine production and release is an energe-
tically demanding process. Therefore, it is a conundrum as to
how HIV-1 TAT on the one hand stimulates mPMs to gen-
erate cytokines while on the other hand also induces mito-
chondrial dysfunction and decreased OCAR and ECAR. One

possible explanation for this could be that while resting
microglia utilize mitochondrial respiration (oxidative phos-
phorylation) pathway for energy production as shown for
anti-inflammatory M2 macrophages and regulatory T cells,
activated microglia utilize the glycolytic pathway for energy
generation, similar to that used by proinflammatory M1
macrophages and T cells [83].

Several lines of evidence have also implicated the role of ROS
and mitochondrial danger-associated molecular patterns such as
mitochondrial DNA that are released from the damaged mito-
chondria, in activating inflammatory pathways such as NFKB1
and the NLRP3 (NLR family pyrin domain containing 3) inflam-
masome [84,85], that underlie neurodegeneration. Our recent
findings have reported that in microglial cells, exposure to HIV-
1 TATmediates the priming and activation of the NLRP3 inflam-
masome and, that blocking of this pathway, results in abrogation
of IL1B secretion [37]. The molecular mechanism(s) underlying
the impairment of mitophagosome-lysosome fusion and poor
clearance of mitophagosomes, however, remain less understood.
Other reports have demonstrated that accumulation of HIV-1
TAT in the endolysosomes, significantly affects the morphology,
size, membrane integrity, pH and activity of several enzymes in
neurons [86], which in turn, could likely account for impaired
mitophagosome fusion with the lysosome. Our results have estab-
lished a novel link between mitochondrial dysfunction, defective
mitophagy, and microglial activation, thereby suggesting that
interventions aimed at blocking mitochondrial dynamics and/or
increasing the clearance of damaged mitochondria (Figure 11)
could provide promising therapeutic targets for abrogating HIV-
1-mediated neuroinflammation and progression of HAND.

Materials and methods

Reagents

Endotoxin-free, HIV-1 recombinant Tat (1032–10) was pur-
chased from ImmunoDX. Wortmannin (W3144), 3-MA
(M9281), Mdivi-1 (M0199), rotenone (557368), rapamycin
(R0395) and bafilomycin A1 (B1793) were purchased from
Sigma-Aldrich. Anti-PINK1 (ab23707) was purchased from
Abcam. Anti-DNM1L (611112) was obtained from BD
Biosciences. Anti-PRKN (sc-32282), anti-BECN1 (sc-11427),
Becn1 siRNA (sc-29798), Pink1 siRNA (sc-44599), and
scrambled siRNA (sc-37007) were purchased from Santa
Cruz Biotechnology. Anti-ITGAM (NB110-89474) and anti-
MAP1LC3B (NB100-2220) were purchased from Novus
Biological Company. Anti-AIF1 (019–19741) was obtained
from Wako Pure Chemical Industries, Ltd. Anti-SQSTM1
(PM045) was purchased from MBL International. Anti-
VDAC (4661S) was purchased from purchased from Cell
Signaling Technology. Peroxidase-AffiniPure goat anti-rabbit
IgG (H + L) (111–035-003) and peroxidase-conjugated
AffiniPure goat anti-mouse IgG (H + L) (115–035-003) were
from Jackson ImmunoResearch Inc.

Animals

HIV-1 Transgenic rats were created using a noninfectious
provirus expressing 7 of the 9 HIV-1 viral proteins, such as

1612 A. THANGARAJ ET AL.



Tat, Env, Rev, Nef, Vif, Vpr, and Vpu [87]. Male Sprague
Dawley (3-months old) HIV-1 transgenic rats (HIV-1, F344)
and age, background-matched controls were used in this
study. The animals were housed in clean polypropylene
cages under conditions of constant temperature and humidity,
with a 12–12 h day-night cycle, during which time they had
free access to food and water ad libitum. Animal experiments
were conducted according to the protocols approved by
University of Nebraska Medical Center and the National
Institutes of Health.

mPMs isolation

Pregnant C57BL/6N mice were purchased from Charles River
Laboratories (Wilmington, MA USA). Primary cultures of
mouse mixed glia were prepared from the cerebral cortices
of 1- to 3-d-old C57BL/6 newborn pups as described pre-
viously [88,89]. Briefly, cerebral cortices from neonatal mice
were dissected and freed of meninges. Mixed glial cultures

were prepared by mild trypsinization of cortices by 0.25%
trypsin (Invitrogen, 25300–054) followed by triturating and
passing through a 40-µm nylon mesh. Cells were centrifuged
and resuspended in Dulbecco modified Eagle medium
(DMEM; Corning Cellgro®, 10–013-CV) supplemented with
10% fetal bovine serum (FBS; Atlanta Biologicals, S11150H),
penicillin (100 U/ml)-streptomycin (100 μg/ml; Gibco,
15140122) and 0.25 ng/ml of CSF/macrophage colony-stimu-
lating factor (Millipore Sigma, GF026). About 2 × 107 cells
were plated in 75-cm2 culture flasks containing 20 mL culture
medium and were kept at 37°C in a humidified incubator
gassed with 5% CO2. Approximately 5 to 10 ml of culture
medium was added every 3rd day, after the first medium
change on the third day. After mixed glial cultures had
attained confluence (approximately 12–14 days), cultures
were subjected to shaking at 37°C at 220 g for 2 h, to promote
microglial detachment from the flasks. Detached microglia
were plated and cultured for additional 24 h for further
experimental use.

Figure 11. Schematic diagram outlining HIV-1 TAT-mediated defective mitophagy and microglial activation. Exposure of microglial to HIV-1 TAT decreases
mitochondrial membrane potential, leading in turn, to mitochondrial dysfunction, that was followed by initiation of mitophagy and mitophagosomes formation.
Exposure to HIV-1 TAT, however, blocked mitophagosome maturation, thereby leading to impaired clearance of damaged mitochondria. Accumulation of
mitophagosome due to defective mitophagy resulted in microglial activation and increased the release of proinflammatory cytokines, leading to neuroinflammation.
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Mitochondria isolation

Mitochondrial isolation from cultured mPMs was per-
formed using commercial Mitochondria Isolation Kit for
Cultured Cells (Thermo Fisher Scientific, 89874) as per
the manufacturer’s protocol. The manual isolation method
as previously described by Luso et al. was followed to
isolate mitochondria from brain tissues [90]. Briefly,
50 mg of frontal cortices from wild-type and HIV-1 trans-
genic rats were homogenized (30 strokes at 500 rpm) with
5 mL of ice-cold mitochondrial isolation buffer 1 (MIB1).
MIB1 was prepared by dissolving 210 mM D-mannitol
(Fisher Scientific, BP686500), 70 mM sucrose (Fisher
Scientific, S25590B), 5 mM HEPES (Fisher Scientific,
15630080), 1 mM EGTA (bioWORLD, 40520008–2), 0.5%
(w:v) fatty acid-free BSA (Sigma-Aldrich, A8806) in ultra-
pure distilled water at a pH of 7.2. The homogenate was
centrifuged at 800 × g for 10 min at 4°C in a swing-out
rotor. The supernatant was recentrifuged at 8000 × g for
10 min at 4°C. The resulting pellet was washed twice with
MIB1 and resuspended in a small volume of MAS1 con-
taining the appropriate respiratory substrates such as
10 mM glutamate (Sigma-Aldrich, G8415), 10 mM malate
(Sigma-Aldrich, M6413), and 10 mM succinate (Sigma-
Aldrich, S2378). MAS1 buffer was prepared by dissolving
220 mM D-mannitol, 70 mM sucrose, 10 mM KH2PO4

(Sigma-Aldrich, P9791), 5 mM MgCl2 (Sigma-Aldrich,
M1028), 2 mM HEPES, 1 mM EGTA, and 0.2% (w:v)
fatty acid-free BSA in ultrapure distilled water at a pH of
7.2. The total protein content in the isolated mitochondria
was determined by the BCA assay using the Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, 23227) accord-
ing to the manufacturer’s guidelines.

Analysis of mitochondrial membrane depolarization

Change in mitochondrial membrane potential in the mPMs
exposed to HIV-1 TAT was monitored using the JC-1
Mitochondrial Membrane Potential Assay Kit (Cayman
Chemicals, 10009172) according to the manufacturer’s
instructions. Briefly, mPMs were seeded on sterile glass cover-
slips (11 mm) placed in a 24-well plate at a density of 1 × 105

cells per well. The cells were then exposed to HIV-1 TAT
protein followed by treatment with JC-1 reagent (100 µl/ml of
medium) diluted in serum-free culture medium (1:10 dilu-
tion) and incubated for 20 min at 37°C in 5% CO2 incubator.
After that, cells were rinsed once in 1× rinsing buffer provided
in the kit. Fluorescence images were taken with a Zeiss
Observer using a Z1 inverted microscope (Carl Zeiss,
Thornwood, NY, USA) and the acquired images were ana-
lyzed using the AxioVs 40 Version 4.8.0.0 software (Carl Zeiss
MicroImaging GmbH). The fluorescence intensities of mito-
chondrial JC-1 monomers (λexcitation, 485 nm; λemission,
535 nm) and aggregates (λexcitation, 535 nm; λemission,
585 nm) were determined using a Synergy™ Mx
Monochromator-Based Multi-Mode Microplate Reader
(BioTek Instruments, Inc. Winooski, VT, USA). All experi-
ments were repeated at least 6 times.

Staining of mitophagosome formation

mPMs were seeded in a 24-well plate containing sterile glass
coverslips at a density of 5 × 104 cells per well at 37°C in a
humidified, 5% CO2 incubator. When attaining 70% conflu-
ence, the culture medium was replaced with Opti-MEM® I
Reduced Serum Medium (Life Technologies, 31985070) and
cells were transfected with the GFP-MAP1LC3B (a gift from
Karla Kirkegaard; Addgene, 11546) [91]. and pLV-mitoDsRed
plasmid (a gift from Pantelis Tsoulfas; Addgene, 44386) [86].
using Lipofectamine® 2000 Reagent (Invitrogen, 12566014)
according to the manufacturer’s protocol. After 6 to 8 h the
culture medium was replaced with DMEM supplemented with
10% heat-inactivated FBS. After 24 h, transfected mouse pri-
mary microglia cells were then exposed to HIV-1 TAT (50 ng/
ml) and as a positive control, rotenone (1 μM) for 24 h. At the
end of the experiment, cells were washed 3 times with phos-
phate-buffered saline (PBS; Hyclone Laboratories, SH3025801)
at room temperature and fixed with 4% paraformaldehyde in
PBS for 15 min at room temperature and followed by 3 times
PBS wash. The coverslips were then mounted onto glass slides
with ProLong Gold Antifade Reagent with 4,6-Diamidino-2-
phenylindole (DAPI; Molecular Probes, P36935). Fluorescence
images were taken with a Zeiss Observer using a Z1 inverted
microscope, and the acquired images were analyzed for colo-
calization of red and green puncta using the Axio Vs 40
Version 4.8.0.0 software. All experiments were repeated at
least 6 times.

Mitotracker red and Lysotracker green staining

mPMs were seeded onto sterile glass coverslips (11 mm; den-
sity of 1 × 105 cells per coverslip) that were placed in a 24-well
plate. The cells were then exposed to HIV-1 TAT (50 ng/mL)
or rotenone (1 μM) for 24 h. Prior to harvest, mPMs were
washed with phenol-free media and stained with 50 nM of
MitoTracker™ Red FM (Thermo Fisher Scientific, M22425)
and 50 nM LysoTracker™ Green DND-26 (Thermo Fisher
Scientific, L7526) for 30 min at 37°C in 5% CO2 incubator.
After that, cells were rinsed, and fluorescent images taken
with a Zeiss Observer using a Z1 inverted microscope (Carl
Zeiss, Thornwood, NY, USA).

Analyses of autophagosome formation and maturation

mPMs were seeded in a 24-well plate containing sterile glass
coverslips at a density of 5 × 104 cells per well at 37°C in a
humidified, 5% CO2 incubator. Cells were transfected with the
tandem fluorescent-tagged MAP1LC3B plasmid (ptfLC3; a
gift from Tamotsu Yoshimori; Addgene, 21074) [92]. using
Lipofectamine® 2000 Reagent according to the manufacturer’s
protocol. After 6 to 8 h, the culture medium was replaced with
DMEM supplemented with 10% heat-inactivated FBS. After
24 h, transfected mouse primary microglia were exposed to
HIV-1 TAT (50 ng/ml) and rapamycin (100 nM), a known
autophagy inducer, for 24 h and BAF (400 nM), a known
autophagosome-lysosome fusion inhibitor for 4 h before to
the end of experimental period. Fluorescence images were
taken with a Zeiss Observer using a Z1 inverted microscope
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(Carl Zeiss, Thornwood, NY, USA). Fluorescence images were
analyzed by ImageJ software, the accumulation of autophago-
somes (the number of colocalized red and green fluorescence
dots) and autolysosomes (the number of red fluorescence
dots). The percentages of cells with RFP-MAP1LC3B or
RFP-GFP-MAP1LC3B dots were counted in 6 random non-
overlapping fields. All experiments were repeated 6 times.

Transmission electron microscopy

mPMs were seeded in 12-well plates containing sterile glass
coverslips at a density of 5 × 104 cells/well and placed over-
night in a humidified, 5% CO2 incubator at 37°C. After over-
night starvation, cells were exposed to HIV-1 TAT (50 ng/ml)
for 24 h. Next, the cells were washed with PBS twice and
flooded with EM grade glutaraldehyde fixative buffer (con-
taining 2% glutaraldehyde, 2% paraformaldehyde, 0.1M caco-
dylate) for 30 min at room temperature. Samples were stored
at 4°C until processing for electron microscopy. The images
were taken with a FEI Tecnai G2 Spirit transmission electron
microscope (FEI, Houston, TX, USA).

MAP1LC3B turnover and SQSTM1 degradation assays

mPMs were seeded in a 6-well plate at a density of 5 × 105

cells/well and cultured in a humidified, 5% CO2 incubator at
37°C. After overnight starvation, cells were exposed to HIV-1
TAT (50 ng/ml) for 24 h and followed by exposure with
400 nM BAF, which was added in the last 4 h of the 24 h
treatment period. At the end of experimental period, cells
were harvested and used for western blotting analysis. All
experiments were repeated at least 6 times.

SiRNA transfection

mPMs were transfected either with Becn1 or Pink1 siRNAs.
Briefly, mPMs were seeded into 6-well plate at a density of
5 × 105 cells/well and cultured in a humidified, 5% CO2

incubator at 37°C. On the next day, the culture medium was
replaced with Opti-MEM® I Reduced Serum Medium.
Meanwhile, the individual targeted siRNA and scrambled
siRNA (120 pmol/ml) and Lipofectamine® 2000 (3 µl/ml)
were incubated separately with Opti-MEM® I Reduced
Serum Medium for 5 min at room temperature. After incuba-
tion, both individually targeted siRNAs and Lipofectamine®
2000 mix were mixed and subsequently, incubated at room
temperature for another 20 min, mixed liquids were gently
added to the culture medium. After 6 to 8 h the culture
medium was replaced with DMEM supplemented with 10%
heat-inactivated FBS. The transfected mouse primary micro-
glia cells were then exposed to HIV-1 TAT (50 ng/ml) for
24 h, and transfection efficiency was analyzed by western
blotting. All experiments were repeated at least 6 times.

Western blotting

At the end of each experiment, mPMs were harvested and lysed
using the RIPA buffer supplemented with protease inhibitor

cocktail (Thermo Fisher Scientific, 78429) and phosphatase
inhibitor cocktail (Thermo Fisher Scientific, 78426). Cell lysates
were centrifuged at 12000 g for 15 min at 4°C. The supernatant
thus obtained was used for immunoblotting analysis. The pro-
tein concentration of each sample was determined by a BCA
assay using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, 23227) according to the manufacturer’s guidelines.
Immunoblotting analyses were performed to determine the
relative expression levels of proteins such as PINK1, PRKN,
DNM1L, BECN1, MAP1LC3B-II, SQSTM1, and AIF1. Briefly,
equal amounts of soluble proteins (10 μg) were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis fol-
lowing which they were transferred to a polyvinylidene fluoride
membrane. Blotted membranes were blocked with 5% nonfat
dry milk in 1× TTBS buffer (1.21 g Tris [Fisher Scientific,
BP152-5], 8.77 g NaCl [Fisher Scientific, BP358-212], 500 μL
Tween-20 [Fisher Scientific, BP337-500], pH 7.6 for 1 L) for 1 h
at room temperature followed by an overnight incubation with
the indicated primary antibodies at 4°C. Immunoreactive bands
were identified using Super Signal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific,
34078). ACTB (actin beta) was used as an internal control.
The intensity of each band was measured using ImageJ analysis
software [93], and the data are presented as a relative fold
change. All experiments were repeated at least 6 times.

Real-time qPCR

Total RNA was extracted from the mPMs and the brain tissues
using Quick-RNATM MicroPrep kit (Zymo Research, R1051) as
per the manufacturer’s protocol. Column purified, total RNA was
then reverse transcribed into cDNA using a Verso cDNA
Synthesis Kit (Thermo Fisher Scientific, AB-1453/B), according
to the manufacturer’s instructions. Reverse transcribed RNA was
then successively analyzed by 7500 Fast Real-Time PCR System
(Applied Biosystems, Grand Island, NY) using the RT2 SYBR
Green Fluor qPCR Mastermix (Qiagen, 330510). The amplifica-
tion protocol comprised 1 cycle at 95°C for 3 min followed by 40
cycles at 95°C for 20 s, 60°C for 30 s, and then 72°C for 30 s, using
relevant mouse primer sequences, such as Tnf forward 5′-
CAGCCTCTTCTCCTTCCTGAT-3′, Tnf reverse 5′-GCCAGA
GGGCTGATTAGAGA-3′, Il1b forward 5′-TACCTGTCCTGC
GTGTTGAA-3′, Il1b reverse 5′-TCTTTGGGTAATTTTTGGG
ATCT-3′, Il6 forward 5′-GATGAGTACAAAAGTCCTGA
TCCA-3′, Il6 reverse 5′-CTGCAGCCACTGGTTCTGT-3′,
Gapdh (glyceraldehyde-3-phosphate dehydrogenase) forward 5′-
GGCACCCAGCACAATGAA-3′, Gapdh reverse 5′-GCCGAT
CCACACGGAGTACT-3′ and rat primer sequences, such as Tnf
forward 5′-CAGCCTCTTCTCCTTCCTGAT-3′, Tnf reverse 5′-
GCCAGAGGGCTGATTAGAGA-3′, Il1b forward 5′- GCACAG
TTCCCCAACTGGTA-3′, Il1b reverse 5′- ACACGGGTTCCA
TGGTGAAG-3′, Il6 forward 5′- GGACCAAGACCATCCA
ACTCA-3′, Il6 reverse 5′-CCACAGTGAGGAATGTCCACA-3′,
Gapdh forward 5′- TGCACCACCAACTGCTTAGC-3′, Gapdh
reverse 5′- ATGCCAGTGAGCTTCCCGTT-3′ Normalization
was done with Gapdh, as an internal control. Each reaction was
carried out in triplicate, and 6 independent experiments were run.
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The fold change in expression was then obtained by the 2−ΔΔCT

method.

Immunohistochemistry

Formalin-fixed, paraffin-embedded frontal cortex tissue sec-
tions from WT and HIV-1 Tg rats, were baked overnight at
55°C. The sections were deparaffinized in xylene and rehy-
drated in a graded series of alcohol. Next, the slides were
boiled in Tris-EDTA buffer (pH 9) for approximately
20 min for efficient antigen retrieval. Slides were blocked in
10% goat serum (Fisher Scientific, NC9270494) in PBS at
room temperature for 2 h. The slides were incubated with
respective primary antibodies, such as anti-PINK1 or anti-
PRKN and microglial marker anti-ITGAM at 4ºC overnight.
Secondary Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen,
A-11008) or Alexa Fluor 594 goat anti-mouse (Invitrogen,
A-11032) was added for 2 h, followed by mounting with
ProLong Gold Antifade Reagent with DAPI. Fluorescent
images were taken with a Zeiss Observer using a Z1 inverted
microscope (Carl Zeiss, Thornwood, NY, USA) and the
acquired images were analyzed for colocalization of red and
green puncta using the Axio Vs 40 Version 4.8.0.0 software
(Carl Zeiss MicroImaging GmbH). All experiments were
repeated at least 3 times.

Analysis of mitochondrial function

The mitochondrial functions in terms of OCR and ECAR
were measured using a Seahorse XFp Extracellular Flux
Analyzer or Seahorse XFe96 Analyzer (Seahorse Bioscience,
Billerica, MA, USA). MPMs were seeded in the density of
2 × 105 cells/ml in Seahorse XFp or XFe96 cell culture plates
and incubated at 37°C and 5% CO2 overnight. Next day, the
cells were exposed to HIV-1 TAT (50 ng/ml) for 24 h.
Meanwhile, a ‘Flux Pak’ cartridge (containing O2 and H+

sensitive fluorophores) was hydrated in an XF Calibrant solu-
tion (200 µl) and placed in non-CO2 overnight at 37°C. The
following day, culture media was removed and washed with
XF Assay medium (bicarbonate-free DMEM [Sigma-Aldrich,
102352]; supplemented with 10 mM glucose [Sigma-Aldrich,
G7528], 2 mM pyruvate [Fisher Scientific, SH3023901], and
2 mM L-glutamine [Fisher Scientific, 25030081). Then 180 µl
of XF assay medium was added to each well and incubated at
37°C in a non-CO2 incubator for degassing. For analyzing
mitochondrial function from isolated mitochondria, mito-
chondria (10 μg/well) was diluted in 180 μL/well of MAS1
buffer and seeded in Seahorse XFp or XFe96 cell culture
plates, followed by centrifugation at 2000 × g for 20 min at
4ºC. Following the Seahorse MitoStress Test® metabolic pro-
filing protocol, mitochondrial complex inhibitor solutions
were prepared according to manufacturer’s protocol and
loaded into the hydrated Flux Pak as such: Port A: 20 μl
oligomycin A ([stock] = 10 μM), Port B: 22 μl FCCP
([stock] = 20 μM), and Port C: 25 μl rotenone–antimycin A
cocktail ([stock] = 10 μM). The Flux Pak was calibrated for
20 min in Seahorse XFp Extracellular Flux Analyzer. OCR and
ECAR values were analyzed in the degassed cell culture plates
using Mito Stress Test protocol. Analysis of data was done

using the Seahorse Wave 2.2.0 software package (Seahorse
Bioscience).

Analysis of mitochondrial DNA copy number

mPMs were seeded onto 6-well plates at a density of 5 × 105 cells/
well and placed overnight in a humidified, 5% CO2 incubator at
37°C. After overnight starvation, cells were exposed to varying
doses of HIV-1 TAT for 24 h. Next, the cells were washed with
PBS and genomic DNA isolated using Quick-DNA™Miniprep Kit
(Zymo Research, D3025). Mitochondrial DNA copy number was
measured by comparing the relative levels of mitochondrial DNA
with nuclear DNA copy number. Using qPCR, the mitochondrial
DNA amplicons were determined from 2 distinct segments of the
mitochondrial DNA genes: 1) gene encoded on the heavy strand
i.e. mt-Co1, forward 5′-CCACTTCGCCATCATATTCGTAGG-
3′ and reverse 5′-TCTGAGTAGCGTCGTGGTATTCC-3′; and 2)
gene encoded on the light strand i.e. mt-Nd6, forward 5′-
TCACCCAGCTACCACCATCATTC-3′; reverse 5′-
CACTGAGGAGTACCCAGAGACTTG-3′. Actb (actin beta)
was used as a nuclear amplicon as well as the internal control,
forward 5′-GCAGGAGTACGATGAGTCCG-3′; reverse 5′-
ACGCAGCTCAGTAACAGTCC-3′. Each reaction was carried
out in triplicate, and 6 independent experiments were run. The
fold change in expression was then obtained by the 2−ΔΔCT

method.

Statistical analysis

The values are expressed as mean± SEM. Nonparametric
Kruskal-Wallis One-way ANOVA followed by the Dunn
post hoc test was used to compare the multiple experimental
groups, and the Wilcoxon matched-pairs signed rank test was
used to compare between 2 groups. For the in vivo experi-
ments, the unpaired Student t test was used for comparing
between 2 groups. All the statistical analyses were assessed
using the GraphPad Prism software (Version 6.01). Values
were considered statistically significant when P < 0.05.
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