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Fig. 7 (See legend on next page.)
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from glutamate excitotoxicity mediated death [43].
Under HIV infected conditions, this regulation is disrupted
leading to excessive accumulation of glutamate in synaptic
clefts. Here, we checked the effect of mortalin on astrocyte
mediated neuronal death induced by Tat. Extracellular glu-
tamate levels in Tat transfected PDA were found to be sig-
nificantly increased (approximately 30%) (Fig.8a), whereas
it showed marked reduction in the cotransfected group. To
assess indirect neuronal death, neurons supplemented by
conditioned media from transfected astrocytes were ana-
lyzed for in situ cell death using a highly sensitive apoptosis
detection assay, the TUNEL assay. TUNEL assay revealed
approximately 3-fold increase in neuronal death upon treat-
ment with Tat transfected astrocyte conditioned media
(ACM) as compared to control (Fig.8b, c). The neurons
cotreated with Tat and mortalin supernatant were success-
fully rescued from astrocyticmediated neuronal death in-
duced by Tat. To determine the effect of Tat and mortalin
on neurite outgrowth, the neurons were treated with ACM
for 24 h. Neurons were stained with Map2, and neurite
length was measured. Significant reduction in neurite
length was observed in Tat treated neurons and cotreated
neurons showed increase neurite outgrowth (Fig.8d, e).
The increased extracellularATP activates further down-
stream signalling and also increase the neuronal death, and
we next detected the indirect release of extracellular ATP
in ACM treated neurons and found it to be significantly re-
duced in cotransfected group, compared to HIV-1 Tat or
empty vector (Fig.8f).

Endogenous mortalin levels are reduced in brains of HIV-
1-infected patients
To validate our in vitro findings, we examined the levels
of mortalin in human autopsy samples of HIV-1 patients
who did not have any other opportunistic disease at the
time of death. Immunohistochemistry (IHC) revealed se-
vere downregulation of mortalin in the HIV-1 positive
sections, compared to their age-matched non-HIV-1
controls in the frontal region of the brain (Fig.9a, b).
IHC was also performed in the hippocampal sections of
HIV-1 positive and age-matched control individuals
which corroborated the above findings (data not shown).

Discussion
Although cART has successfully reduced the viral load
to undetectable level and also increase the life expect-
ancy of the HIV infected patients, but it has not com-
pletely cured the AIDS patients, as HIV-1 continues to
thrive in certain niche areas where cART cannot access
the viruses. While HIV can cross the Blood-Brain Bar-
rier, cART drugs are unable to do so, making the brain a
“safe haven” for HIV-1. Not surprisingly, more than 50%
of HIV-1-infected patients develop HIV-1 associated
neurological disorder despite being treated with cART.

Amongst other HIV-1 proteins, HIV-1 Tat causes neuro-
inflammation and neurodegeneration. Tat initiates a de-
structive cycle in the brain involving collapse of
mitochondrial permeability and high calcium influx, leading
to excitotoxicity [15, 43, 44]. These pathological events in
the brain are facilitated through infecting the astroglia and
microglia cells which continuously harbor the virus for
long-term and are critically affected by Tat. Unlike other
HIV viral proteins, Tat is detected in the CSF of HIV-1 pa-
tients on cART, and reveal its detrimental role in brain
cells. In Tat mediated neuronaldamage, astrocytes emerged
as a mediator in inducing direct and indirect death of brain
cells. During HIV infection, the infected cells, including as-
trocytes, release viral proteins such as Tat and Nef, and
other neurotoxins which perturbs the neuro-glia interaction
and leads to dysregulated neural circuits, synaptic damage,
and dendritic loss.

While several host factors aggravate or diminish HIV-
1 mediated effects in the body, we focused our study on
mortalin, a member of the heat shock protein 70
(HSP70) family. Recent studies have shown that HSP70
expression was inversely correlated with viral replication
[45], indicating that this could play an important role in
the progression and prevention of the disease manifest-
ation. HIV-1 was also found to decrease the levels of
HSP70, and this is also corroborated by our study. Inter-
estingly, our data suggest that mortalin interaction with
HIV-1 Tat leads to degradation of the latter, thus critic-
ally neutralizing the effects of HIV-1 Tat on the host.

Earlier research has shown the downregulation of
mortalin in the autopsy samples of Parkinson’s patients
[30]. The transgenic AD-mouse model system also

(See figure on previous page.)
Fig. 7 Assessment of ROS production and activation of NF-kB-p65. a) Percentage change showing levels of ROS in PDA post 24 h transfection
with indicated plasmids (n=4). b) Percentage change showing the levels of total NF-kB-p65 in post transfected PDA (n = 5). c) Representative
change in the expression of phosphorylated-NF-kB-p65 in all transfected PDA groups is represented in the graph (n=5). d) Representative western
blot showing change in expression of NF-kB-p65 and phosphorylated NF-kB-p65 in transfected PDA (n=5). GAPDH was used as the loading
control. e) Percentage change of the cytoplasmic fraction in PDA post 24 h transfection showing the levels of Nf-kB-p65 (n = 4). f) Expression
levels of cytoplasmic Nf-kB-p65 were evaluated by represented western blots. GAPDH was used as the internal control (n=4). g) Percentage
change of the nuclear fraction in PDA post 24h transfection showing the levels of Nf-kB-p65 (n=4). h) Expression levels of nuclear Nf-kB-p65 were
evaluated by represented western blots.Total histone3 was used as the internal control (n =4). All data represent mean ± standard deviation from
independent experiments (n stands for number of independent experiment), *p< 0.05, with respect to control, #p< 0.05, ##p< 0.005 with respect
to HIV-1 Tat and cotransfected group (PC stands for plasmid control, and PC+PC is used as plasmid control in cotransfected cells)
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Fig. 8 Assessment of astrocytic mediated neuronal damage. a) Percentage change in the extracellular release of glutamate in transfected PDA (n = 4).
b) Immunofluorescence images of neurons post 24 h of treatment with astrocytic condition media (ACM) transfected for 24 h, stained with TUNEL
(red dots), and counterstained with DAPI for nuclei identification, Scale bar indicates 50 μm. c) The TUNEL positive cells were counted from five
random fields from each set and divided by the total number of cell in the respective field, and fold change represents the TUNEL positive neurons
treated with ACM (n=3). d) Immunofluorescence images of neurons post 24 h of treatment with astrocytic condition media of transfected PDA,
neurons were labelled with anti-MAP2 antibody in red for the detection of neurite outgrowth and counterstain with DAPI for nuclei identificatiom,
Scale bar is 50 μm. e) Change in the neurites length in treated neurons with ACM was determined using imageJ, and five images were randomly
selected from each treatment set (n = 3). f) Fold change showing extracellular ATP release in treated neurons with ACM after 24 h of transfection with
various plasmids (indicated in different colors, shown in key). Color shades represent black blocks which are for plasmid control (PC), dark grey which
are HIV-1 Tat, white blocks which are overexpressed mortalin, and light grey which are cotransfectd with mortalin and HIV-1 Tat (n = 3). All data
represents mean ± standard devitaion, from independent experiments (n stands for number of independent experiment), *p< 0.05, **p< 0.005 with
respect to control, #p< 0.05, ##p< 0.005 with respect to HIV-1 Tat and cotransfected group (PC stands for plasmid control, and PC+PC is used as
plasmid control in cotransfected cells)

Priyanka et al. Journal of Neuroinflammation         (2020) 17:276 Page 16 of 20



correlated the reduction of mortalin with AD diseased
patients [32]. In contrast, overexpression of mortalin in
the AD model system successfully reduced the mito-
chondrial fragmentation and cell death. However, the ef-
forts to correlate the progression of disease with the
expression of mortalin remained inconclusive [46]. We
hence decided to undertake this study to understand if
mortalin has any role in HIV-1 neuropathogenesis.

Our data demonstrated mortalin levels to be downreg-
ulated both in autopsy sections of HIV-1 seropositive
patients and in Tat transfected astrocytes. This suggests
the viral defence mechanism affects the expression of
mortalin, which might in turn intrude the HIV replica-
tion. However, cotransfection of mortalin with HIV-1
Tat showed that Tat is degraded in the presence of ex-
cess mortalin, strongly suggesting that the stoichiometric
ratio of both these proteins in the cells determine
whether the effects of HIV-1 Tat or mortalin will be pre-
dominant over the other. Moreover, cotransfection of
mutated Tat with mortalin does not downregulates the
expression of Tat (FigS.4). This suggest mortalin-specific
binding with wild-type Tat-B only.

Basal expression of mortalin in cell helps in maintain-
ing mitochondrial integrity, import and export of the
various protein from in and out to the mitochondria,
and also participates in protein folding. Induction of
mortalin expression in mild stress condition offers pro-
tection against oxidative stress and ischemic injury to
cell as an adaptive response, whereas the highly elevated

levels of mortalin in cancer cell promote cell survival by
inhibiting the p53 function [34, 47]. These contrasting
conditions of cell explain the stoichiometry of mortalin.
Here, in our study as well, the upregulation of mortalin
reduces the Tat expression, thus indirectly preventing
Tat mediated cell death.

In most of our results (Fig.4a, Fig.6a, and Fig.7a), we
found that overexpression of mortalin alone led to de-
cline in mitochondrial membrane potential and increase
in proinflammatory cytokines at 24 h. However, when
we examined the ultrastructure of mitochondria and
mitochondrial fragmentation assay, we did not notice
any damage to the mitochondria.

A cell-based functional knockdown screen study found
mortalin to be a critical regulator of mitochondrial dy-
namics. Knockdown of mortalin led to mitochondrial
loss in neuronal synapses. Similar effects were also re-
ported in HIV-1 Tat infected cells, in which profound
mitochondrial fragmentation, dysregulated fusion, and
fission machinery were noticed in neurons [16, 48].
Knockdown of mortalin in PDA also shows significant
downregulation in mitochondrial membrane potential
(FigS.3.b) and also affects the mitochondrial length and
mitochondrial morphology significantly (FigS.3.c, d).

Mitochondria have also been reported to play a major
role in neuronal survival by various mechanisms, such as
calcium homeostasis, control in ROS production, and en-
ergy production in the form of ATP. Thus, we focused on
the effect of mortalin in controlling the damage to

Fig. 9 Endogenous mortalin is severely reduced in autopsy samples of HIV-1 positive adult brain sections. a) Representative
immunohistochemical image of frontal cortex region of adult human brain sections showing expression of mortain (dark brown cells). Section
stained in right panel is from a HIV-1 positive individual and left panel is an age matched control, lower panels are the magnified views of
indicated regions (n=3). b) Bar graph representd the fold change of mortalin in frontal cortex region of controls and HIV-1 infected individuals.
The data represents from three age-matched controls and HIV-1-infected brain sections. Data represented as mean ± Standard Deviation. **P<
0.005 as compared with control
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