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Abstract
Current evidence suggests that mild cerebrovascular changes could induce neurodegeneration and contribute to HIV-asso-
ciated neurocognitive disease (HAND) in HIV patients. We investigated both the quantitative and qualitative impact of HIV 
infection on brain microvessels, especially on hippocampal microvessels, which are crucial for optimal O2 supply, and thus 
for maintaining memory and cognitive abilities. The results obtained using cultured human brain microvascular endothelial 
cells (HBMEC) were reproduced using a suitable mouse model and autopsied human HIV hippocampus. In HBMEC, we 
found significantly higher oxidative stress-dependent apoptotic cell loss following 5 h of treatment of GST-Tat (1 µg/ml) 
compared to GST (1 µg/ml) control. We noticed complete recovery of HBMEC cells after 24 h of GST-Tat treatment, due 
to temporal degradation or inactivation of GST-Tat. Interestingly, we found a sustained increase in mitochondrial oxidative 
DNA damage marker 8-OHdG, as well as an increase in hypoxia-inducible factor hypoxia-inducible factor-1α (HIF-1α). In 
our mouse studies, upon short-term injection of GST-Tat, we found the loss of small microvessels (mostly capillaries) and 
vascular endothelial growth factor (VEGF), but not large microvessels (arterioles and venules) in the hippocampus. In addi-
tion to capillary loss, in the post-mortem HIV-infected human hippocampus, we observed large microvessels with increased 
wall cells and perivascular tissue degeneration. Together, our data show a crucial role of Tat in inducing HIF-1α-dependent 
inhibition of mitochondrial transcriptional factor A (TFAM) and dilated perivascular space. Thus, our results further define 
the underlying molecular mechanism promoting mild cerebrovascular disease, neuropathy, and HAND pathogenesis in HIV 
patients.

Keywords  Mitochondria · Oxidative stress · VEGF · HIF-1α · Tat

Introduction

Neuropathy and mild HIV-associated neurological disorder 
(HAND) remain a problem that is frequently found in the 
brains of long-term-treated people living with HIV/AIDS 
(PLWHA) [1]. There is increased recognition that cardio-
vascular disease and stroke are becoming a complex health 
problem in PLWHA [2, 3]. Current data suggest that stroke 

may be a coincidence of long-term-treated PLWHA [3–5]. 
The incidence of cerebrovascular change is also increased 
in both age and young PLWHA [4, 6, 7]. Certain anti-HIV 
drugs can also result in vascular damage and confer addi-
tional pathogenesis [8, 9]. Mild cerebrovascular disease or 
cerebral small vascular disease (e.g., microinfarct, micro-
bleed) in the brain was found to contribute more signifi-
cantly to HAND than was previously believed [4]. However, 
the underlying mechanisms are not clearly defined [6].

HIV infection to the brain is associated with capillary 
rarefaction (reduced blood flow and oxygen delivery [10]. 
In general, cerebral rarefaction of capillaries and terminal 
arterioles and microvascular (MV) damage (blood–brain 
barrier [BBB] malfunction, arteriolar change, perivascu-
lar space dilation, etc.) result in reduced microcirculation 
and hypoxia, leading to microinfarcts in the brain, and are 
often attributed to pathologies such as neurodegeneration, 
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hypertension, and aging [11–14]. Cerebral MV rarefaction 
and damage are also associated with aging and Alzhei-
mer’s disease [15–17]. In addition, current data suggest that 
perivascular space dilation is another marker of increased 
risk for cognitive decline and dementia [18, 19].

The hippocampus, one of the most well-studied brain 
structures, is widely believed to be involved in learning and 
memory. Increasing evidence indicates that HIV-1-infected 
individuals with cognitive deficits show impairment of struc-
ture and function within the hippocampus as well as the 
circuitry between the hippocampus and prefrontal cortex, 
which plays a central role in cognitive control [20, 21]. Hip-
pocampal microvascular dysfunction and hypoperfusion, 
e.g., by hypertension and aging, can induce hippocampal 
impairment and neurocognitive disorders [13, 22]. How-
ever, to our knowledge, the effect of HIV on hippocampal 
microvessels and function has never been studied.

HIV-1 Tat (trans-activator of transcription) is a regula-
tory protein encoded by the tat gene that enhances viral 
transcription [23–27]. Tat is secreted into the extracellular 
micro-environment by HIV-infected cells [28–31]. In the 
circulation, Tat is suggested to act as a proto cytokine, mod-
ulating the functions of several cells including endothelial 
cells [32]. Circulating Tat alters BBB permeability in the 
capillaries [33, 34]. Tat exhibits a dual function regarding 
survival regulation, exhibiting either endothelial cell prolif-
eration or apoptosis depending on the micro-environment 
conditions [32, 35–37].

Normal O2 level (normoxia) activates prolyl hydroxylases 
(PHD) that promote pVHL-dependent hypoxia-inducible 
factor-1α (HIF-1α) degradation [38, 39]. Under hypoxia, the 
activity of PHDs is inhibited by low O2 levels and HIF1-α 
is upregulated and stabilized [40–42]. Although HIF-1 is 
the major transcription factor responsible for the specific 
induction of genes in hypoxia, HIF-1 can also be activated 
by cytokines, hormones, and nitric oxide (NO) [43]. The 
HIF-1α forms a heterodimer with HIF-1β to function as a 
transcription factor resulting in the upregulation of VEGF 
and VEGFR2 [44]. Activation of VEGF induces the down-
stream tyrosine kinase signal pathway, Src/Akt, the serine/
threonine kinase signal through protein kinase C (PKC), 
and extracellular signal-regulated kinase (ERK1/2) path-
ways. ERK1/2 subsequently phosphorylates and activates a 
coactivator P300/CREB binding protein (CBP), resulting in 
vascular cell proliferation [45, 46].

The embryonic lethal, abnormal vision, Drosophila 
(ELAV)–like or human antigen (Hu) family proteins can 
specifically bind with AU-rich (ARE) sequence in the 
3′-untranslated region (3′-UTR) of mRNA. PKC activates 
the mRNA stabilizing protein, the Hu family proteins, 
which results in the nuclear export of mRNA and Hu to the 
cytoplasm [47–49]. HIF-1α, MnSOD, and VEGF mRNAs 
have multiple ARE sequences. The HuR protein binds and 

prevents HIF-1α, MnSOD, and VEGF mRNA degradation, 
thus enhancing protein synthesis in vascular endothelial cells 
and their proliferation [50–55].

The hippocampus is crucial for memory, executive func-
tion, and learning in the neurocognitive network. Due to 
continuous synaptic loss, the volume of the hippocampus 
reduces with age [56]. The deterioration of hippocampal 
function plays a crucial role during certain neurocognitive 
impairments. Insufficient oxygen supply is one of the fac-
tors that contributes to hippocampal atrophy, which further 
accelerates under certain pathologies, including upon HIV 
infection [57]. The brain microvascular network is com-
prised of capillaries, arterioles, and venules, all of which 
retain, although to a different extent, BBB properties [58]. 
The effect of HIV on the microvascular network and on the 
brain oxygen supply and function has not been clearly under-
stood. Moreover, the loss of microvessels in the hippocam-
pus due to HIV infection has never or rarely been studied. 
The present study, therefore, investigated the effect of HIV 
on micro vessels in the hippocampus.

Materials and Methods

Cell Culture

Human brain microvascular endothelial (HBMEC) cells 
(Neuromics, Edina, MN, USA or ScienCell Research Labo-
ratories, Carlsbad, CA, USA) at subculture passage 2–5 were 
grown on fibronectin-coated glass slides or wells plated. 
Cultured cells were maintained in endothelial medium (Sci-
enCell) supplemented with the endothelial cell growth sup-
plement (ECGS, ScienCell) and 5% fetal calf serum. After 
subculture, the cultured medium was used at < 0.5 cm above 
the apical surface of cultured cells without fresh culture 
medium change to allow cultured cells to initiate prolifera-
tion and subsequently activate HBMEC cell mature (single 
layer of squamous cells) because of the depletion of ECGS 
and fetal calf serum. Whenever necessary, a culture medium 
was added to cultured cells in small amounts each time only 
to prevent cell death (due to the low level of essential nutri-
ents and growth factor) but not to keep the cells in the pro-
liferation phase (multiple layers of spindle-shaped cells).

Measurement of Superoxide in Cultured Endothelial 
Cells

The specific probe hydroethidine (Thermo Fisher Scientific, 
Grand Island, NY, USA) was used to measure changes in 
cellular superoxide (O2•−) production[59]. The reaction 
between O2•− and non-fluorescent hydroethidine gener-
ates a highly specific red fluorescent product 2-hydroxy-
ethidium. In biological systems, another red fluorescent 
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product ethidium is also formed, usually at a much higher 
concentration than 2-hydroxyethidium[60]. Cultured cells, 
grown on glass slides (4 independent experiments per 
group), were incubated with hydroethidine (2 µg/ml) at 
room temperature for 15–20 min and then fixed with 4% 
paraformaldehyde. Increased O2•− production was quanti-
fied at 488 nm/ > 510 nm (excitation/emission). For confocal 
microscopy studies, the cultured cells were fixed with 4% 
paraformaldehyde at room temperature for 15–20 min and 
stored in phosphate buffer saline at 4

Cell Proliferation Assay

Cells were seeded at a concentration of 1 × 104 or 1 × 105 
cells per well in 96-well plates with a total media volume 
of 100 µl. Cells were treated with different doses of GST 
or GST-Tat for 72 h. Later, 20 µl per well of CellTiter 96® 
Aqueous One Solution Reagent was added to the plate and 
incubated at 37 °C for 4 h in a humidified, 5% CO2 incuba-
tor. Absorbance was recorded at 490 nm using a 96-well 
plate reader.

PKCε Knockdown in Cultured Human Neurons

PKCε knockdown was performed using 100 nM of three 
target-specific 19–25 nucleotide PKCε si-RNA constructs 
(sc-36251), purchased from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA, USA). For negative control, a scrambled 
si-RNA (sc-37007) was used. Transfection was performed 
using Lipofectamine RNAimax, per the manufacturer’s 
instructions (Invitrogen, Carlsbad, CA, USA). After 6 h, 
the medium was changed, and fresh media was added. PKC 
downregulation was assessed 72 h after transfection [59, 61].

Western Blot Analysis

Cells were harvested in homogenizing buffer (HB) contain-
ing 10 mM Tris–Cl (pH 7.4), 1 mM PMSF (phenylmethyl-
sulfonylfluoride), 1 mM EGTA, 1 mM EDTA, 50 mM NaF, 
and 20 µM leupeptin and were lysed by sonication. The 
homogenate was centrifuged at 100,000 Å ~ g for 15 min 
at 4 °C to obtain the cytosolic fraction (soluble) and mem-
brane (particulate). The pellet was resuspended in the HB 
by sonication. HB used for whole-cell protein isolation from 
cultured cells containing 1% Triton X-100. Protein concen-
tration was measured using the Bradford Protein Assay kit 
(Pierce, Rockford, IL, USA). Following quantification, 20 µg 
of protein from each sample was subjected to SDS-PAGE 
analysis in a 4–20% gradient Tris–glycine polyacrylamide 
gel (Invitrogen, Carlsbad, CA, USA). The separated pro-
tein was then transferred to a nitrocellulose membrane. The 
membrane was blocked with 3% BSA and incubated with 
primary antibodies overnight at 4 °C. Primary antibodies 

were anti-HIF-1α (rabbit polyclonal IgG; 1:250; Novus Bio-
logical, Centennial, CO); anti-TFAM (rabbit polyclonal IgG, 
1:500; Invitrogen, Carlsbad, CA); anti-VEGF (rabbit poly-
clonal IgG; 1:500; Invitrogen); anti-PKCε (rabbit polyclonal 
IgG; 1:100; Novus Biological); anti-MnSOD (rabbit poly-
clonal IgG; 1:4,000; MilliporeSigma); and anti-β-Actin IgG 
(mouse monoclonal IgG; 1:25,000; MilliporeSigma or rabbit 
polyclonal IgG; 1:25,000; Novus Biological). After incu-
bation, the blot was washed 3 × with TBS-T (Tris-buffered 
saline-0.1% Tween 20) and further incubated with alkaline 
phosphatase-conjugated secondary antibody at 1:10,000 
dilution for 45 min. The membrane was finally washed 
3 × with TBS-T and developed using the 1-step NBTBCIP 
substrate (Pierce, Rockford, IL, USA). The blot was imaged 
in ImageQuant RTECL (GE Life Sciences, Piscataway, 
NJ), and densitometric quantification was performed using 
ImageJ software. For quantifying the expression of a protein, 
the densitometric value for the protein of interest was nor-
malized against β-actin (loading control). The results were 
reproduced at least three times.

Generation of VSV‑G Pseudotyped Lentiviral Vector 
Generation and Infection

Human Embryonic Kidney 293 cells (HEK 293 or 293 T) 
were cultured with Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 4.5 g/l glucose and L-glu-
tamine (Lonza, Walkersville, MD, USA); 10% fetal bovine 
serum (Gibco, Waltham, MA, USA); and 1 U/mL penicillin/
streptavidin (Gibco, Waltham, MA, USA). Cells were grown 
to 70–80% confluency and washed with Opti-MEMs Glu-
taMAX reduced serum media (Gibco, Waltham, MA, USA) 
before transfection. Transfection with Lipofectamine 3000 
(Invitrogen, Waltham, MA, USA) was carried out accord-
ing to the manufacturer’s protocol. Briefly, 35 µl of Lipo-
fectamine 3000 reagent was diluted in 500 µl Opti-MEM. 
In a separate tube, 18 µg of plasmid DNA mixture (4 µg 
pMD.G, 3 µg pCMVΔ8.9.1, 3 µg pMDL-g/p-RRE, 1 µg 
pRSV-Rev, and 7 µg of either pHR’P-H13LTat or pHR’P-
WtTat, to generate pseudotyped HIV viruses either express-
ing mutated H13L Tat or Wild Tat, respectively) and 35 µl 
of P3000 reagent were diluted in 500 µl Opti-MEM. The 
two separated dilutions were mixed and allowed to incu-
bate at room temperature for 10 min to form the lipid-DNA 
complex, which was then added to the cells. Three to 5 h 
following the addition of the transfection cocktail, a DMEM 
culture medium was added to the cells. The virus-containing 
cell supernatant was collected at 48 and 72 h post-trans-
fection. For infecting the HBMEC cell with lentivirus (4 
independent experiments per group), the cells were incu-
bated with supernatant for 1 h, and later the same volume of 
cell culture medium was added to the cells. The infectivity 
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was confirmed after 48 h by performing western for Tat 
expression.

Animal Brain Tissue Preparation

Nine mice were deeply anesthetized with sodium pento-
barbital (120 mg/kg body weight, i.p.). Animals were per-
fused through the heart with cold phosphate-buffered saline 
(PBS) for less than 4 min to wash out the blood and sub-
sequently with 4% paraformaldehyde in PBS. Brains were 
then removed, postfixed for 20 min, and stored in PBS at 
4 °C. The hippocampi were sectioned with a cryostat, and 4 
hippocampal Sects. (10 µm thickness) were selected every 
400–600 µm (for each mouse) and 600–900 µm (for each 
rat) and processed free-floating for immunohistochemistry 
and cytochemistry.

Human Brain Tissue Preparation

All patients (or relatives/representatives who had the power 
of attorney) signed informed consent forms. The present 
work was carried out in accordance with the Code of Ethics 
of the World Medical Association (Declaration of Helsinki) 
for experiments involving humans [62]. Autopsied brains 
(4 control and 2 HIV subjects) were fixed in 10% forma-
lin. Human hippocampal samples were processed for par-
affin embedding. Paraffin-embedded Sects. (10 µm) were 
mounted on glass slides and deparaffinized with xylene (2 
times; 5 min each) and 100% ethanol for 5 min. Tissue sec-
tions were then rehydrated with graded alcohol. For antigen 
retrieval of human autopsies, deparaffinized hippocampal 
sections were incubated in 10 mM citrate buffer pH 6.0 
added with 0.05% Tween at 95 °C for 30 min.

Immunohistochemistry, Cytochemistry, 
and Confocal Microscopy

Tissue specimens were treated with PBS containing 5% nor-
mal goat serum and 0.5% Triton X-100 for 30 min at room 
temperature to block non-specific protein binding sites. Tis-
sue samples were then incubated with primary antibodies 
diluted in PBS containing 2.5% normal goat serum and 0.5% 
Triton X-100 overnight at 4 °C, but human tissue was incu-
bated at 4 °C for 2–3 days and at room temperature for 24 h. 
Primary antibodies were anti-8-OHdG (mouse monoclonal 
IgG; 1:100; Genox, Torrance, CA); anti-cleaved caspase 3 
(rabbit polyclonal IgG; 1:100; Cell Signaling Tech, Danvers, 
MA); anti-HIF-1α (rabbit polyclonal IgG; 1:500; Novus 
Biological); anti-TFAM (rabbit polyclonal IgG, 1:500; 
Invitrogen); anti-PKCε (rabbit polyclonal IgG; 1:100; Mil-
liporeSigma); anti-MnSOD (rabbit polyclonal IgG; 1:100; 
MilliporeSigma); anti-VEGF (rabbit polyclonal IgG; 1:50; 
MilliporeSigma); anti-ERK1/2 (mouse monoclonal IgG; 

1:500; Invitrogen); anti-HuR (mouse monoclonal IgG; 
1:500; Invitrogen); and/or anti-OGG1 (rabbit polyclonal 
IgG; 1:250; Protein Tech, Rosemont, IL). Specimens were 
then incubated with Alexa Fluor 568 horse anti-mouse or 
Alexa 488 anti-rabbit (1:1,000; Thermo Fisher Scientific) in 
PBS + 0.5% Triton X-100 for 1 h at room temperature. For 
blood vessel staining, rodent tissue sections were incubated 
with DyLight fluor 594-conjugated Lycopersicon escu-
lentum (tomato) lectin (Vector Laboratories, Burlingame, 
CA, 1:50) at room temperature for 3 h. After each lectin 
and/or antibody incubation, the samples were washed with 
PBS + 0.5% Triton X-100 3 times (each time for a period 
of 5 min). Sections were mounted with VECTASHIELD 
mounting medium containing DAPI (Vector Laboratories) 
or with Polong Glass antifade mountant with NucBlue stain 
(Thermo Fisher Scientific). For negative controls, primary 
or secondary antibody was replaced with protein with no 
antigenicity against the tested antibody.

Hippocampal slices were oriented with a Zeiss Axio 
Observer Z1 microscope equipped with a 710 confocal 
scanning system using the 10 × objective lens in the DAPI 
channel (for staining nuclei). The random CA1 area that 
appeared immediately after switching to the higher mag-
nification lens, either 63X or 100 × Plan-APO Chromat oil 
immersion objectives (1.4 NA), was imaged for appropriate 
fluorescence (e.g., Alexa 488 and/or 568). Confocal images 
of hippocampal sections were acquired in line scan mode 
with a pinhole of approximately 1.00 Airy unit, and averaged 
data from several images were reported. At least 5 images 
were randomly collected from each sample and were quan-
tified with the ImageJ program (http://​rsb.​info.​nih.​gov/​ij/). 
For fluorescence intensity, data were normalized to DAPI. 
Control data were set at 100%, and all other experiment data 
were defined as % of their controls.

Statistical Analyses

Data with two experimental groups were analyzed with Stu-
dent’s t-test. For experiments with three or more groups, data 
with a significant overall difference among the groups as 
demonstrated by ANOVA were further analyzed by Tukey’s 
multiple comparisons. The confidence level was set at 95% 
(α = 0.05).

Results

Tat Enhances HBMEC Cell Death by Stimulating 
Superoxide Production

The HBMEC cells, at 95% confluence, were treated with 
either glutathione S-transferase (GST) or GST-Tat. Cell 
nuclei were stained with 4′,6-diamidino-2-phenylindole 
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(DAPI) and counted from the confocal micrographs 
(Fig. 1A). The time-dependent study of GST or GST-Tat 
at 1 µg/ml (Fig. 1B) showed that while GST had no effect, 
GST-Tat induced an early decrease in cell density at 2.5 
(p < 0.05) and 5 (p < 0.001) h. However, HBMEC cell den-
sity was recovered after 24 h once GST-Tat became inac-
tive due to either degradation or oxidization. Accordingly, 
after 72 h of GST-Tat treatment, we observed over-prolif-
eration of HBMEC cells (Fig. 1B). Interestingly, the treat-
ment of GST-Tat for 72 h induced an over-proliferation 
of HBMEC cells compared to GST treatment (p < 0.001), 
indicating the triggering of a compensatory mechanism 
to revive the system. However, dose-dependent effects 

of Tat on cell density and proliferation were not propor-
tional. At 72 h, we noted profound over-proliferation of 
HBMEC cells at 1 µg/ml, but relatively less at 4 µg/ml and 
8 µg/ml (Fig. 1C, D). These results suggest a significant 
depletion of cells due to higher Tat amount and result-
ant slower recovery. Fluorescence imaging of ethidium 
was used to determine O2•− levels (Fig. 1D). Intracellular 
O2•− level was gradually increased (p < 0.001) at 2.5 and 
5 h and decreased at 24 h (p < 0.001, compared to at 5 h) 
but still higher (p < 0.01) than the unstimulated control 
at 0 h (Fig. 1E). Both GST and GST-Tat at 1 µg/ml were 
therefore used in later experiments.

Fig. 1   Tat induces early strong 
oxidative stress and cell loss, 
followed by a gradual decrease 
in oxidative stress and over-
proliferation of human brain 
microvascular endothelial cell 
(HBMEC). Cultured cells were 
treated with GST or GST-Tat 
both at 0, 1, 4, or 8 µg/ml before 
harvested at 4 or 24 or 72 h. A 
For cell density, nuclei were 
stained with DAPI, imaged 
with confocal microscopy, and 
counted in 100 µm2 areas. B 
Time-dependent effect of GST 
and GST-tat, both at 1 µg/ml, 
on cell density. Concentration-
dependent effect of GST-Tat 
on C cell density and D cell 
proliferation assay after 72-h 
treatment. E To evaluate oxida-
tive stress, cells were loaded 
with non-fluorescent dihydro-
ethidium (2 µg/ml for 10 min), 
which was oxidized with 
superoxide (O2•−) to fluores-
cent oxyethidium and imaged 
with a confocal fluorescence 
microscope. F A slow increase 
in O2

•− was maximal at 5 h 
before recovery. Data are % of 
according to control cells that 
were treated parallel to treated 
cells without GST or GST-Tat 
for 24 or 48 h (sham treatment) 
and represented at 100% at 0 h. 
Data are mean ± SE (n = 22–30 
random areas or n = 79–216 
random cells from 3–6 inde-
pendent experiments per group). 
Asterisks indicate significant 
differences compared with con-
trols. Asterisks over the lines 
indicate significant differences 
between groups. *, p < .05; **, 
p < .01; ***, p < .001; ANOVA 
and Tukey multiple comparison
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Tat Stimulates HBMEC Apoptosis by Inducing 
Oxidative Stress and DNA Damage

The interaction of hydroxyl radical (HO), the most toxic 
reactive oxygen species (ROS), with the nucleoside, such 
as deoxyguanosine, leads to the formation of 8-hydroxy-
2′-deoxyguanosine (8-OHdG). The 8-OHdG undergoes 
keto-enol tautomerism, which favors the oxidized product 
8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG). In the 
scientific literature, 8-OHdG and 8-oxodG are used for the 
same compound [63]. Using double immunohistochemis-
try of the oxidative DNA damage marker 8-OHdG and the 
mitochondria-specific protein mitofilin (Fig. 2A), GST-Tat 
increased 8-OHdG in the mitochondria at 5 h (p < 0.05) 
and 24 h (p < 0.001) and in nuclei only at 5 h (p < 0.001) 
(Fig. 2B, C), suggesting local oxidative stress within mito-
chondria that are the main source of O2

•− is sustained up 
to 24 h. The result further supports that the Tat-dependent 
increase in O2

•− level is sufficient to induce strong oxidative 
stress and damage mitochondrial and nuclear DNAs.

Caspases, or cysteine-dependent aspartate specific pro-
teases, are a family of enzymes crucial for initiating and 
executing apoptosis within the cell. In endothelial cells dur-
ing ischemic stroke, caspase 3 (32 kDa molecular weight) is 
cleaved into several small fragments and thus activated upon 
the initiation of apoptosis [64]. Western blot and/or immu-
nohistochemistry of the apoptosis marker cleaved caspase 3 
was used with an antibody that selectively detects cleaved 
fragments of caspase 3 (10-21 kDa). Immunohistochemis-
try revealed the GST-tat-dependent increase (p < 0.001) in 
cleaved caspase 3 was seen in both cytoplasm and nuclei 
of HBMEC cells after GST-Tat treatment for 5 h (Fig. 2D, 
E). Western blot analysis showed that GST-Tat incubation 
increased (p < 0.01) large subunits of cleaved caspase 3 
at 5 h (Fig. 2F, G) that returned to the basal level at 24 h 
(Fig. 2G).

Antioxidants Prevent the Tat‑Dependent Apoptosis 
and Subsequent Compensatory Over‑proliferation 
of Surviving HBMEC Cell

In order to validate the direct impact of Tat-induced super-
oxide in promoting HBMEC cell death/apoptosis, we 
assessed the impact of the superoxide scavenger N-acetyl 
cysteine (Nac) and a cell-permeable superoxide dismutase 
mimetic Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin 
(MnTMPyP). Using immunocytochemistry, we found that at 
5 h after treatment, Nac prevented the increase in the oxida-
tive DNA damage marker in the mitochondria (p < 0.05) and 
nucleus of an HBMEC cell (p < 0.001, Fig. 2B, C). Nac also 
protected the presence of apoptotic marker cleaved caspase 
3 in both the cytoplasm and nucleus (p < 0.001, Fig. 2E). In 
Fig. 2G, western blot studies showed that at 5 h, the cleaved 

caspase 3 level in cells treated with GST-Tat in the presence 
of Nac or MnTMPyP for 5 h was not significantly different 
from that in the unstimulated cells. At 72 h after GST-Tat 
treatment, Nac and MnTMPyP prevented (p < 0.001) the 
Tat-dependent increase in cell density (Fig. 2H). Thus, the 
results confirm that Tat induces HBMEC cells apoptosis by 
promoting oxidative stress, which leads to DNA damage and 
cell loss. However, once Tat is degraded/oxidized, HBMEC 
cells recover and achieve cell proliferation rate.

Tat Increases Hypoxia‑Inducible Factor‑1α (HIF‑1α) 
Stability that Inhibits Mitochondrial Transcription 
Factor A (TFAM) Expression

GST-Tat, but not GST, treatment for 24 h increased the total 
HIF-1α level in cultured HBMEC cells, determined by the 
western blots (Fig. 3A, B). Immunohistochemistry showed 
that HIF-1α increased in both cytoplasms (p < 0.001) and 
nuclei (p < 0.05) of HBMEC cells (Fig. 3C, D). We fur-
ther studied the effect of Tat on the downstream HIF-1α 
cascade on mitochondrial transcription factor A (TFAM) 
that is inhibited by HIF-1α [42]. The western blot analysis 
showed that the total TFAM protein in GST-Tat-treated cell 
cultures was not statistically different from the GST-treated 
and control cell cultures (Fig. 3E, F). GST-Tat increased 
(p < 0.01) nuclear TFAM compared to GST (Fig. 3G, H). 
To study the effect of HIF-1α on TFAM, we used the PHD 
inhibitor dimethyloxalylglysine (DMOG) that increases the 
stability of HIF-1α [65]. Accordingly, we found rapid degra-
dation of TFAM upon DMOG treatment in both nucleus and 
cytoplasm (p < 0.001; Fig. 3G, H). These data indicate that 
although a mild increase in HIF-1α has no effect on TFAM, 
the DMOG-activated increase in HIF-1α stability (presum-
ably high HIF-1α level) decreases the TFAM expression in 
HBMEC cells.

Tat Activates VEGF and VEGF Receptor 2 (VEGFR‑2) 
Related Proliferation of Surviving Cells

VEGF is involved in angiogenesis (the growth of existing 
blood vessels). Although VEGF binds to both VEGF receptors 
(VEGFR)-1 and -2, only VEGFR-2 appears to mediate almost 
all the known cellular responses to VEGF [66]. After 24 h 
of treatment, western blots showed that GST-Tat significantly 
increased VEGF (p < 0.05) compared to the GST-treated 
cells, although not different from the control cells (Fig. 4A, 
B). Immunohistochemistry (Fig. 4C) also demonstrated that 
GST-Tat increased (p < 0.05) cytoplasmic and nuclear VEGF 
(Fig. 4D). Cytoplasmic and nuclear VEGF in cells treated with 
both Tat and DMOG was lower (p < 0.001) than those acti-
vated with Tat alone (Fig. 4D). Taken together, data suggest 
that the proliferation of surviving cells after the Tat-induced 
apoptosis of HBMEC cells is associated with the upregulation 
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Fig. 2   Tat induces early apoptosis associated with oxidative DNA 
damage in mitochondria and nuclei of HBMEC cells. Cells cultured 
(> 95% confluence) were treated with GST or GST-Tat at 1  µg/ml 
in the presence or absence of the superoxide scavenger Nac (3 mM 
with 15  h pretreated before incubation together with GST-Tat) or 
the membrane-permeable superoxide dismutase mimetic MnTMPyP 
(25  µM with 45  min pretreatment) compared to untreated control 
cells. A Immunohistochemistry of the oxidative DNA damage marker 
8-OHdG in B mitochondria, colocalized with the mitochondria 
marker mitofilin, and C nuclei. N, nucleus. D, E Immunohistochemis-
try of the apoptotic marker cleaved caspase 3. F, G Western blot anal-
ysis of the apoptotic marker cleaved caspase 3, the active fragments 
of caspase 3. H HBMEC cell density after 72-h treatment. Nac and/

or MnTMPyP inhibited an increase oxidative DNA damage and apop-
tosis at 5 h and prevented the over-proliferation of HBMEC cells at 
72 h after the GST-Tat treatment. B, C, E, G Data are % of according 
control cells that were treated parallel to treated cells without GST 
or GST-Tat for 5 or 24 h (sham treatment) and represented at 100% 
at 0 h. Data are mean ± SE; asterisks indicate significant differences 
compared with controls, and asterisks over the lines indicate signifi-
cant differences between groups. *, p < .05; **, p < .01; ***, p < .001; 
ANOVA and Tukey multiple comparison (n = 79–216 random cells 
or 30 random areas from 3–4 independent experiments per group) or 
paired T-test (n = 3 independent experiments per group for western 
blot)
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of VEGF. The DMOG-dependent increase in HIF-1α stability, 
presumably resulting in higher HIF-1α, can decrease TFAM 
(Fig. 3G, H) and VEGF (Fig. 4C, D) expression.

We then studied the physiological effect of VEGF on 
HBMEC cell density after the 72-h treatment of GST-Tat 
(Fig. 4E). The VEGFR-2 inhibitor SU-1498 significantly sup-
pressed (p < 0.001) the Tat-dependent increase in HBMEC cell 
density (Fig. 4E). The results indicate that transient Tat treat-
ment induces cell apoptosis; however, a compensatory mecha-
nism takes over during prolonged Tat treatment and increases 
VEGF expression and cell proliferation through stimulation of 
the VEGFR2 receptor.

Tat Increases Protein Kinase C Epsilon (PKCε), 
Extracellular Signal–Regulated Kinase 1/2 (ERK1/2), 
and Cell Proliferation Pathway

Subsequently, we investigated Tat effect on the down-
stream VEGFR-2 pathway, involving phospholipase 
C (PLC)/diacylglycerol (DAG)/PKC/ERK1/2 and on 
cell proliferation [45, 46, 67]. We found a significant 
(p < 0.05) increase in PKCε levels with GST-Tat treat-
ment after 24 h compared to the unstimulated control and 
GST-treated cells (Fig. 5A, B). In support of these find-
ings, we also noted upregulation of ERK1/2 expression 

Fig. 3   Tat increases hypoxia-
inducible factor-1α (HIF-1α) 
but decreases mitochondrial 
transcription factor A (TFAM) 
in surviving HBMEC cells. 
Cultured cells were treated with 
GST or GST-Tat both at 1 µg/
ml for 24 h in the presence or 
absence of the PHD inhibitor 
dimethyloxalylglysine (DMOG, 
0.3 mM with 4 h pretreatment), 
compared to untreated control. 
DMOG was used to increase 
the stability of HIF-1α (Heikal 
et al., 2018). A, B Western blot 
analysis and C, D immunohisto-
chemistry imaged with confocal 
microscopy of HIF-1α. E, F 
Western blot analysis and G, 
H immunohistochemistry of 
TFAM. Data are mean ± SE; 
asterisks over bars indicate 
significant differences compared 
with controls, and asterisks over 
the lines indicate significant 
differences between groups. *, 
p < .05; ***, p < .001; ANOVA 
and Tukey multiple comparison 
(n = 72–195 cells from 3 inde-
pendent experiments per group 
for immunohistochemistry) or 
paired T-test (n = 3 independ-
ent experiments per group for 
western blot)
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in both cytoplasm and nuclei (Fig. 5C, D). However, as 
expected upon PKCε knockdown (KD) by transfection of 
small interfering (si), RNA reduced (p < 0.001) ERK1/2 
to the basal level in the cytoplasm (Fig. 5E). At 72 h after 
GST-Tat treatment, the over-proliferation of HBMEC cells 
was suppressed (p < 0.001) with PKCε KD or with the 
ERK inhibitor FR180204 (Fig. 5I). The results indicate 
that the Tat-dependent VEGF induction is associated with 
the stimulation of VEGFR-2 receptor molecular cascade, 
involving PKCε and ERK1/2 and resultant cell prolifera-
tion. Incubation of the ERK inhibitor FR180204 alone 
(without GST-Tat) increased the number of HBMEC 
cells. The result suggests that FR180204 inhibits cyto-
solic ERK1/2 that can potentiate the catalytic activity 
of some pro-apoptotic protein, such as dead associated 
protein (DAP) kinase under normal cell aging[68]. By 
contrast, under sudden apoptotic attack by Tat, FR180204 
may inhibit the nuclear ERK1/2-dependent cell over-pro-
liferation [68].

An Increase in PKCε‑Dependent mRNA Stabilizing 
HuR Protein During HBMEC Cell Proliferation After 
Tat Treatment

PKC activates the mRNA stabilizing protein ELAV-like pro-
tein Hu, which can bind to AU-rich elements in 3′-untrans-
lated regions of HIF-1α, MnSOD, and VEGF mRNAs 
and enhances their mRNA translation [52, 53, 55]. PKCε 
has also been shown to stimulate cardiovascular endothe-
lial cell proliferation and angiogenesis [69, 70]. To inves-
tigate whether PKCε can activate HuR that can bind and 
chaperone the mRNA from the nucleus to the cytoplasm, 
immunohistochemistry was used to study the export of 
HuR from the nucleus to the cytoplasm (Fig. 5F). At 24 h of 
treatment, GST-Tat decreased (p < 0.001) the nuclear HuR 
level, indicating the nuclear export of HuR to the cytoplasm 
(Fig. 5F, G). PKCε KD reduced the basal PKCε-dependent 
nuclear export HuR, resulting in an increased nuclear HuR 
level (Fig.  5H). At 72-h incubation, the Tat-dependent 

Fig. 4   Tat-dependent over-proliferation of surviving HBMEC cells 
associated with an increase in VEGF expression and inhibited by the 
VEGF receptor (VEGFR-2) blocker. Cultured cells were treated with 
GST or GST-Tat at 1 µg/ml in the presence or absence of the PHD 
inhibitor dimethyloxalylglysine (DMOG, 0.3  mM with 4  h pretreat-
ment) or the VEGFR-2 blocker SU-1498 (20 µM with 1 h pretreat-
ment), compared to untreated control. A, B Western blot analysis 
and C, D immunohistochemistry imaged with confocal microscopy 
of VEGF after 24-h treatment. E HBMEC cell density at 72 h after 
treatment. GST-Tat prevented a GST-dependent decrease in VEGF, 

indicating that Tat increased VEGF expression. The VEGFR-2 
blocker SU-1498 abolished the Tat-dependent cell over-proliferation. 
Data are mean ± SE; asterisks over bars indicate significant differ-
ences as compared with controls, and asterisks over the lines indicate 
significant differences between groups. *, p < .05; **, p < .01; ***, 
p < .001; ANOVA and Tukey multiple comparison (n = 3 129–222 
cells or 30 random areas from 4 independent experiments per group) 
or paired T-test (n = 3 independent experiments per group for western 
blot)
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Fig. 5   Tat-induced HBMEC cell overgrowth is associated with 
PKCε-dependent activation of ERK1/2 and the mRNA-stabilizing 
protein. Cultured cells were treated with GST or GST-Tat both at 
1 µg/ml for 24 or 72 h in the presence or absence of the HuR block-
ers dihydrotanshinone-I (DHTS, 10  µM with 30  min pretreatment); 
CMLD-2 (35  µM with 30  min pretreatment); or the ERK inhibitor 
(5 µM with 30 min pretreatment), compared to untreated control. In 
other experiments, the effect of PKCε knockdown (KD) was studied 
in cells transfected with and without si-RNA for 5–6 h and cultured 
for 72 h (in the absence of GST and GST-Tat at all stages). A West-
ern blot analysis showed that B Tat significantly increased PKCε after 
24-h treatment. C Immunohistochemistry was used to demonstrate D 
an increase in ERK1/2 in the cytoplasm and nuclei after 24-h treat-

ment and E an effect of PKCε KD on ERK1/2 expression. F Immu-
nohistochemistry was used to study effect of G GST-Tat and H PKCε 
KD on the nuclear export of the mRNA-stabilizing protein HuR. 
I Effect of PKCε KD and the ERK1/2 inhibitor FR 180,204 and J 
effect of DHTS and CMLD-2 to interfere with the binding of HuR 
to the ARE-binding site on mRNA on Tat-dependent cell over-pro-
liferation at 72 h, using DAPI staining. Data are mean ± SE; asterisks 
over bars indicate significant differences compared with controls, 
and asterisks over the lines indicate significant differences between 
groups. *, p < .05; **, p < .001; ***, p < .001; ANOVA and Tukey 
multiple comparison (n = 165–220 cells or 20–30 random areas from 
3 independent experiments per group) or paired T-test (n = 3 inde-
pendent experiments per group for western blot)
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over-proliferation of HBMEC cells was suppressed 
(p < 0.001) with dihydrotanshinone-I (DHTS) and CMLD-2 
that interfered with the binding of HuR to the ARE-binding 
site on mRNA (Fig. 5J). The results suggest that Tat-induced 
PKCε activation plays a crucial role in promoting HuR-
dependent over-proliferation of HBMEC cells.

An Increase in Mitochondrial MnSOD Expression 
in Proliferating HBMEC Cells After Tat Treatment

We noted that even after 24 h of GST-Tat treatment, the 
increase in the oxidative DNA damage marker 8-OHdG was 
sustained (p < 0.001) in mitochondria (Fig. 2B). To extend 
these findings, we treated the cells with GST-Tat, and after 
24 h, immunohistochemistry (p < 0.001) and western blots 
(p < 0.01) revealed an increase in mitochondrial MnSOD 
(Fig. 6A–D). The results suggest the increase in mitochon-
drial MnSOD in response to the strong oxidative DNA dam-
age in the mitochondria after 24-h Tat treatment, as shown 
in Fig. 2B, D.

Infection of Lentivirus Carrying Tat Gene Induces 
Oxidative Stress and HBMEC Cell Loss

To further confirm our data, we endogenously expressed Tat 
protein in HBMEC cells using lentiviral vectors express-
ing either fully functional wild-type Tat or partially active 
mutated Tat (H13L). The according control cells were not 
infected with the virus, and results are presented as % of 
control (Fig. 7). Hydroethidine (Fig. 7A) was used to deter-
mine changes in O2•− production and cell density. No sig-
nificant change was observed at 5 h after infection. At 72 h 

after infection, both WT Tat and mutated H13L Tat viruses 
increased (p < 0.05) intracellular O2•− level and decreased 
(p < 0.001) cell density (Fig. 7B, C). Immunohistochemistry 
(Fig. 7D) showed a temporary increase (p < 0.01) in 8-OHdG 
in the cytoplasm, indicating the oxidative DNA damage in 
the mitochondria, at 5 h after both WT and H13L Tat virus 
infection. Mitochondria can produce O2

•− at both sites of 
the inner mitochondrial membrane into the mitochondrial 
matrix and release out of the mitochondria [71]. The results 
suggest that WT Tat and H13L Tat induce excessive intram-
itochondrial O2

•− production that damages mitochondrial 
DNA without increased cytosolic oxidative stress outside 
the mitochondria at 5 h after infection. Continuous release 
of WT Tat or H13L Tat for 72 h results in cytosolic oxidative 
stress and decreases cell density, although HBMEC cells can 
prevent the mitochondrial oxidative DNA damage.

Tat Reduces VEGF and Capillaries in Mouse 
Hippocampus

Mice were injected peritoneally with GST or GST-Tat in 
normal saline (every day for 12 injections in total) com-
pared to control injected with normal saline without GST 
and GST-Tat. Vascular endothelial were stained at room 
temperature for 3 h with the DyLight Fluor 594-conju-
gated Lycopersicon esculentum (tomato) lectin (Vector 
Laboratories, Burlingame, CA, 1:50). The area of tomato 
lectin–stained MV area in the random hippocampal CA1 
stratum radiatum areas was not different among GST-Tat, 
GST, and unstimulated control mice (Fig. 8A, B). Because 
a capillary is 4 µm in diameter [72], microvessels were 
divided into 2 groups: small microvessels (< 4 µm diameter, 

Fig. 6   Tat associated with 
an increase in mitochondrial 
MnSOD in survival HBMEC 
cells. Cells were treated with 
GST or GST-Tat both at 1 µg/ml 
for 24 h, compared to untreated 
controls. A, B Immunohisto-
chemistry and C, D western 
blot analysis of mitochondrial 
MnSOD. Data are mean ± SE; 
*, p < .05; **, p < .01; ***, 
p < .001, ANOVA and Tukey 
multiple comparison (n = 62–97 
cells from 3–4 independent 
experiments per group) or 
paired T-test (n = 3 independent 
experiments per group for west-
ern blot). Asterisk(s) over the 
data bar is/are compared with 
the control, and asterisks over a 
line are compared with those 2 
data bars between the line
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presumably capillaries) and large microvessels (> 4 µm 
diameter, mostly arterioles and venules). The percentage 
of small and large microvessels in the total microvessels 
was calculated (Fig. 8C). GST-Tat reduced the number of 
small microvessels (p < 0.05) and their VEGF (p < 0.05) but 
relatively increased the number of large microvessels with-
out any effect on the VEGF (p < 0.05, Fig. 8C–E). GST and 
GST-Tat had no effect on the number of MV wall cells or 
the perivascular space (Fig. 8F, G). The results suggest that 
although Tat does not change the area density of microves-
sels in the hippocampus, repeated injection of Tat induces 
the loss of capillaries or small microvessels but increases 
the number of large microvessels without morphological 
alteration.

Capillary Loss and Change in Large Microvessels 
in Autopsied Human HIV Hippocampus

Morphological MV changes in the hippocampal CA1 stra-
tum radiatum were studied in the HIV autopsies, compared 
to age- and sex-matched control (AC) autopsies (Fig. 9A). 
The microvessels were divided into 4 groups based on their 
sizes: < 10, 10–20, 20–40, and > 40 µm diameter. The capil-
lary diameter in humans is less than 8–10 µm in diameter; 

the small microvessels (< 10 µm diameter) are mostly capil-
lary [72]. The AC control hippocampi consisted of a high 
number of small microvessels rather than large microves-
sels, while the HIV hippocampi had a low number of 
small microvessels with a relatively high number of larger 
microvessels (Fig. 9B). An increase in the number of MV 
wall cells (p < 0.05) and enlargement of perivascular (Vir-
chow-Robin) space (p < 0.001) were seen in the large, but 
not small, HIV microvessels (Fig. 9C, D).

Mild Oxidative Stress and Capillary Loss 
Are Associated with a Potent Increase 
in HIF‑1α‑Dependent Inhibition of TFAM, MnSOD, 
and VEGF Expression in the HIV Hippocampus

Immunohistochemistry and confocal microscopy were used 
to study molecular cell signals in the MV wall cells corre-
lated with MV morphology change of different MV diam-
eter groups in the autopsied HIV hippocampi, compared 
with AC controls. In the capillaries or small microvessels 
(< 10 µm diameter), an increase in nuclear HIF-1α stabil-
ity (p < 0.05, Fig. 10A–C) was associated with a reduction 
(p < 0.05) in cytoplasmic TFAM, a key activator of mito-
chondrial transcription as well as mitochondrial genome 

Fig. 7   Viral expression of Tat 
induces oxidative stress and 
HBMEC cell loss. Cultured 
HBMEC cells were infected 
with lentivirus carrying either 
wild-type Tat or mutant (H13L) 
Tat gene, the uninfected cells 
were used as control. A Cul-
tured cells were incubated with 
hydroethidium (2 µg/ml for 
10 min) and imaged with a con-
focal fluorescence microscope 
to determine B O2

•− level and 
C cell density. D, E Immuno-
histochemistry of the oxidative 
DNA damage marker 8-OHdG. 
Data (mean ± SE) were from 
111 HBMEC cells infected with 
H13L Tat virus and 90 HBMEC 
cells infected with WT Tat virus 
as % of control HBMEC cells 
uninfected (108 cells) from 3 
independent experiments per 
grouAsterisks indicate signifi-
cant differences as compared 
with controls. Asterisks over 
the lines indicate significant 
differences between groups. 
*, p < .05; **, p < .01; ***, 
p < .001; ANOVA and Tukey 
multiple comparison
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replication (p < 0.001, Fig. 10D, E). Cytoplasmic VEGF 
(p < 0.05, Fig. 10H–J) and its molecular target PKCε, but 
not ERK1/2, were decreased (p < 0.001, Fig. 11A–D). Mito-
chondrial MnSOD was decreased (p < 0.05, Fig. 10F, G) 
without a rise in the oxidative DNA damage marker 8-OHdG 
(Fig. 11E–G), suggesting mild oxidative stress. The results 
suggest that the capillary loss in the human HIV hippocam-
pus (Fig. 9B) is associated with increased HIF-1α that sup-
presses the mitochondrial transcription TFAM, leading to a 
decrease in MnSOD, mild oxidative stress, and decreased 
VEGF and PKCε. This change is similar to the short-term 
effect of Tat injection in the mice as shown in Fig. 8D, E.

Strong Oxidative Stress and Perivascular 
Degeneration in 10–20 Diameter Microvessels 
Are Associated with a Weak Increase 
in HIF‑1α‑Dependent Inhibition of TFAM in the HIV 
Hippocampus

An increase in the oxidative DNA damage marker 8-OHdG 
(p < 0.05, Fig.  11F, G) without a change in MnSOD 
(Fig. 10F, G) indicated strong oxidative stress in 10–20 µm 
microvessels. An increase in nuclear HIF-1α (p < 0.01, 
Fig. 10C) and a decrease in TFAM (p < 0.001, Fig. 10E) in 
10–20 µm diameter microvessels were weaker than those in 

Fig. 8   Tat treatment associated with the loss of small diameter 
microvessels and VEGF in mouse hippocampus. Mice were injected 
peritoneally with GST or GST-Tat (0.12  µg/kg) in normal saline (5 
times a week, 12 injections in total), compared to control injected 
with normal saline without GST and GST-Tat. A Vascular endothe-
lia were stained at room temperature for 3 h with the DyLight fluor 
594-conjugated Lycopersicon esculentum (tomato) lectin (Vector 
Laboratories, Burlingame, CA, 1:50). B The percentage of micro-
vascular (MV) area per 134.95 × 134.95  µm.2. C % distribution of 

small or large microvessels in the overall microvessels. D Immuno-
histochemistry of E cytoplasmic VEGF in the small microvessels 
(< 4 µm diameter; mainly capillaries) and large microvessels (> 4 µm 
diameter; arterioles and venules). F The number of MV wall cells 
per 100 µm perimeter and G perivascular space/MV area ratio. Data 
(mean ± SE) from 21 control, 25 GST, and 17 Tat microvessels or 30 
control, 47 GST, and 27 VEGF-stained cells from 3 mice per grouAs-
terisks over bars indicate significant differences compared with con-
trols. *, p < .05; paired T-test
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capillaries (< 10 µm diameter microvessels). An increase 
in nuclear VEGF was seen (p < 0.05, Fig. 10J). The results 
suggest that strong oxidative stress, a weak HIF-1α increase, 
and increased VEGF are associated with the beginning of 
perivascular space dilation in 10–20 diameter microvessels 
(Fig. 9D).

A Decline in Strong Oxidative Stress and HIF-1α-
Dependent Inhibition of TFAM but a Rise of the VEGF Sig-
nal via PKCε, MnSOD, and ERK1/2 Are Associated with 
Increased MV Wall Cells in 20–40 and  > 40 µm Diameter 
Microvessels in the HIV Hippocampus.

The DNA damage induced by ROS involves base modi-
fication, base loss, and DNA single-strand breaks, which 
are usually repaired by the base excision repair (BER) path-
way. The human 8-oxoguanine glycosylase 1 (OGG1) is the 
primary enzyme in the BER pathway, responsible for the 
excision of 8-oxodG or 8-OHdG to prevent further lesion 
in the DNA[73, 74]). Change in OGG1 was also investi-
gated. Compared to 10–20 µm diameter microvessels, the 
increased HIF-1α in the nucleus (p < 0.01, Fig. 10C) and 
VEGF in the cytoplasm and nucleus (p < 0.01, Fig. 10I, J) 
declined, while the decrease in cytoplasmic TFAM (p < 0.01, 
Fig. 10E) was slowly conversed in 20–40 µm and/or > 40 µm 
diameter microvessels. A gradual increase in cytoplasmic 
PKCε (p < 0.01, Fig.  11B); nuclear ERK1/2 (p < 0.01, 
Fig. 11D); mitochondrial MnSOD (p < 0.001, Fig. 10G); 
and cytoplasmic OGG1 (p < 0.001, Fig. 11I) is inversely 
correlated with a decline in the cytoplasmic and nuclear 
oxidative DNA damage marker 8-OHdG in 20–40 µm and/
or > 40 µm diameter microvessels (Fig. 11G). The oxidative 

DNA repair OGG1 is increased (p < 0.05) in the nuclei of 
all MV groups (Fig. 11J). These data suggest that the trans-
formation of microvessels from 20–40 to > 40 µm diameter 
is associated with the increase in the downstream VEGF 
signals involving PKCε, MnSOD, and ERK1/2. That may 
result in a sustained increase in MV wall cells (Fig. 9C), 
although oxidative stress is at a low or normal level.

Discussion

The present study supports the hypothesis that upon infec-
tion, HIV induces excessive chronic inflammation that can 
lead to oxidative stress, cell dysfunction, and cell death; 
however, later compensatory mechanisms become acti-
vated and promote recovery and even over-proliferation 
of endothelial cells [75]. Notably, this compensatory 
process quantitatively is quite efficient in generating new 
blood capillaries but qualitatively not that efficient. There-
fore, the number of large microvessels increases, but lost 
smaller microvessels at 10 µm diameter (capillaries) and 
10–20 µm diameter (presumably small arterioles) never 
fully recovered. Consequently, many capillaries among 
all vasculature in the brain and anatomical sites that are 
highly dependent on these capillaries for blood and O2 
supply, such as the brain, are greatly impacted upon HIV 
infection. Hence, even after effective HIV control by ART, 
HIV patients succumb to neurocognitive impairments 
roughly 10 years earlier than uninfected counterparts [1]. 
Our results also confirm the dual role of Tat on either 

Fig. 9   A decrease in small 
microvessels but an increase 
in large microvessels with 
increased MV wall cells and 
perivascular space dilation 
in HIV hippocampal autop-
sies. A Confocal microscopy 
of microvessels was used to 
determine B % distribution of 
microvessels at different diame-
ter groups in the total microves-
sels, C the number of MV wall 
cells per 100 µm perimeter, and 
E perivascular space/MV area 
ratio. Data (mean ± SE) from 
192 control microvessels from 
4 age/sex-matched control (AC) 
subjects and 117 HIV microves-
sels from 2 HIV sub. Asterisks 
over bars indicate significant 
differences as compared with 
controls. *, p < .05; **, p < .01; 
***, p < .001; paired T-test
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vascular endothelial apoptosis or proliferation regarding 
survival regulation [32, 35–37]. We demonstrated that 
GST-Tat injection induced the loss of VEGF and small 
microvessels (capillaries) in the mouse hippocampus. We 
further demonstrated in the human HIV hippocampus that 
the loss of small microvessels was associated with mild 
oxidative stress and a decrease in HIF-1α, VEGF, TFAM, 
and PKCε. In the 10–20 µm diameter microvessels with 
dilated perivascular space, a sustained increase in strong 
oxidative stress and HIF-1α is associated with an increase 
in VEGF. In the 20–40 and > 40 µm diameter microves-
sels, the oxidative stress, HIF-1α, and VEGF declined, 
whereas a gradual surge in PKCε, ERK1/2, and MnSOD 

was associated with an increase in the number of large 
microvessels with over-proliferation of MV wall cells.

The experiment in cultured cells, Tat protein–induced 
mitochondrial oxidative damage apoptosis, resulted in a 
decrease in cell density at 5 h after treatment. During the 
decay of Tat protein in the cultured medium, the compen-
satory system was active and even overshoots resulting in 
over-proliferation of HBMEC cells at 72 h. Continuous 
releasing of Tat protein in HBMEC infected with lentivirus 
carrying Tat gene induced mitochondrial oxidative damage 
at 5 h but mild oxidative stress and decreased HBMEC cell 
density at 72 h. In mice, repeated injection of Tat 12 times 
induced capillary loss in the CA1 hippocampus stratum 

Fig. 10   Hypoxia-inducible 
factor-1α (HIF-1α) is increased 
in small microvessels but 
decreased in large microvessels, 
while a decrease in mitochon-
drial transcriptional factor A 
and VEGF in small microves-
sels is inversely increased in 
large microvessels in HIV 
hippocampal autopsies. Immu-
nohistochemistry of A–C cyto-
plasmic and nuclear HIF-1α, 
D, E cytoplasmic TFAM, F, 
G mitochondrial MnSOD, and 
H–J cytoplasmic and nuclear 
VEGF. Data (mean ± SE) from 
62–205 MV cells from 4 age/
sex-matched control (AC) and 
196–260 MV cells from 2 HIV 
patients. Asterisks over bars 
indicate significant differ-
ences compared with controls. 
*, p < .05; **, p < .01; ***, 
p < .001; paired T-test
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radiatum without any change in large microvessel mor-
phology. The change in capillaries and large microvessels 
in the HIV autopsy may reflect the effect of VEGF against 
the long-term HIV infection and/or long-term therapeutic 
effect in PLWHAs.

Our data may reflect pathogenesis of MV enlargement 
from capillaries to large microvessels. These microves-
sels have a morphology similar to microvascular dysplasia, 
which is atypical hyperplasia with an increase in the num-
bers of immature cells (with different size and morphol-
ogy). An increase in local angiogenic factors (e.g., growth 
factors such as VEGF) and inflammation (cytokines and 

chemokines) can turn capillaries and/or small arterioles 
into microvascular dysplasia [76, 77].

The possibility of distinct pathogenesis in small microves-
sels (capillaries) and large microvessels (arterioles and/or 
venules) could not be ruled out. Hyperplastic arterioloscle-
rosis is mostly correlated to severe (malignant) hypertension 
with markedly thickened walls due to cell proliferation and 
infiltration of lymphocytes in the tunica intima and concen-
tric ring of smooth muscles in the thickened tunica media. 
Unlike an increase in cells with the same size and shape 
in hyperplastic arteriolosclerosis, microvascular dysplasia 
is comprised of hyperplastic cells with different sizes and 

Fig. 11   A decrease in PKCε 
in small microvessels but an 
increase in PKCε, ERK1/2, 
oxidative DNA damage marker 
8-OHdG, and the oxidative 
DNA damage repair OGG1 
in large microvessels in HIV 
hippocampal autopsies. Immu-
nohistochemistry of A, B cyto-
plasmic PKCε, C, D nuclear 
ERK1/2, E–G the oxidative 
DNA damage marker 8-OHdG, 
and H–J the oxidative DNA 
repair OGG1. Data (mean ± SE) 
from 62–205 MV cells from 4 
age/sex-matched control (AC) 
and 196–260 MV cells from 2 
HIV patients. Asterisks over 
bars indicate significant differ-
ences compared with controls. 
*, p < .05; **, p < .01; ***, 
p < .001; paired T-test
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shapes. The present results may suggest that HIV induces 
capillary loss but enlarges normal arterioles to hyperplastic 
arteriolosclerosis.

The present study demonstrates that HIV may activate 
early aging in capillaries (< 10 µm diameter in humans). 
Vascular endothelial dysfunction and capillary loss are 
currently considered to be a primary phenotype of normal 
human aging and Alzheimer’s disease (AD) [13, 16, 78–82]. 
During the aging process, the activity of sirtuin1 (SIRT1) 
in the nucleus is reduced, which decreases pVHL levels and 
subsequently stabilizes HIF-1α. Activated HIF-1α reduces 
c-Myc that targets genes regulating processes required for 
cell growth including rRNA transcription and processing, 
ribosomal protein transcription and translation, and transla-
tion initiation [83]. The reduction of c-Myc activity may 
elicit the loss of VEGF and small microvessels [84, 85].

HuR protein prevents HIF-1α, MnSOD, and VEGF 
mRNA degradation and enhances HIF-1α, MnSOD, and 
VEGF protein synthesis in vascular endothelial cells 
[50–55]. The downstream VEGF molecular target PKCε was 
also decreased in < 10 and 10–20 µm diameter microves-
sels. It is likely that the HIV-induced inflammation activates 
HIF-1α [43]. HIF-1α subsequently reduces TFAM, which 
is required for replication, transcription, and maintenance 
of mitochondrial biogenesis. HIF-1α also inhibits PGC-1β 
activity, resulting in the downregulation of mitochondrial 
genes and MnSOD [42, 83]. Decreased PKCε expression 
during aging [86] may result in the reduction of the mRNA 
stabilizing protein Hu on SIRT1 and MnSOD expression 
[87, 88]. The decrease in MnSOD results in mitochondria-
induced oxidative damage and mitochondrial dysfunction, 
leading to ROS production and inflicting further oxidative 
injury to the mitochondria and/or nucleus [89, 90].

The present study verifies that Tat activates apoptosis 
in HBMEC cells. This is in agreement with previous stud-
ies’ findings that Tat-induced apoptosis in HBMEC cells 
is involved in endoplasmic reticulum stress and mitochon-
drial dysfunction [40, 91]. Mitochondrial oxidative damage 
activates cytochrome C oxidase/caspase/apoptosis and a 
decrease in cell density [92, 93]. Under healthy condition, 
the direct cell-to-cell contact activates notch receptors 1 that 
suppresses VEGFR-2 activity [40]. Apoptotic cells reduce 
the cell-to-cell contact and notch receptors, resulting in an 
increase in VEGFR-2 sensitivity in surviving cells, over-
proliferation of endothelial cells, exaggerated wound repair, 
vascular wall thickening (arteriolosclerosis), and endothe-
lial dysregulation [92, 93]. Apoptosis can upregulate VEGF 
autocrine via Akt-dependent cell signal [44].

Increased HIF-1α stability in the nuclei of 10–20 µm 
diameter microvessels was associated with a rise of VEGF 
expression in 10–20 and 20–40 µm diameter microvessels 
(Figs. 10F and 11A, B). The HIF-1α forms a heterodimer 
with HIF-1β to function as a transcription factor resulting 

in an overshoot of VEGF [94] and subsequent increase in 
the number of 20–40 µm diameter microvessels with the 
over-proliferation of MV wall cells (Fig. 9A, C). The present 
study showed that an increase in the diameter of microves-
sels is correlated with the decline of HIF-1α-dependent 
inhibition of TFAM and a temporal increase in VEGF. Dur-
ing the proliferation of surviving HBMEC cells after 24-h 
treatment of Tat, the study showed that the HIF-1α activa-
tor DMOG decreased TFAM and VEGF (Fig. 3), indicating 
the gradual decline of HIF-1α and the recovery of HIF-1α 
inhibition of TFAM expression that regulated VEGF trans-
lation. Our results support the dual function of HIF-1α on 
VEGF expression: (1) high HIF-1α stabilization may inhibit 
the c-Myc-dependent VEGF expression rather than activate 
HIF-1α/HIF-1β-dependent VEGF expression, resulting in 
VEGF reduction, (2) weak HIF-1α stabilization may elicit 
HIF-1β-α/HIF-1-dependent VEGF expression rather than 
the c-Myc-dependent VEGF expression, leading to an 
increase in VEGF expression.

The present study demonstrates that the downstream 
molecular targets of VEGFR-2 receptors on PKCε, MnSOD, 
and ERK1/2 were active in the large > 20 µm diameter 
microvessels without a sustained increase in VEGF. The data 
suggest that VEGFR-2 receptors are hyperactive. Although 
TFAM expression is inhibited by HIF-1α in the small 
microvessels [42, 83], the TFAM is not different between 
HIV and control microvessels larger than 40 µm diameter, 
possibly due to the recovery of strong oxidative DNA dam-
age and associated with an increase in MnSOD. The data 
are in agreement with cultured HBMEC cells that after 24 h 
of treatment, TFAM in GST-Tat-treated cells was not differ-
ent from control cells. As shown in the HBMEC cells, it is 
likely that PKCε/HuR/MnSOD and PKCε/VEGF cascades 
enhance MV cell over-proliferation and enlargement, result-
ing in the decline of perivascular space/MV area ratio versus 
an increase in MV diameter (Fig. 9D).

Proper functioning of the brain is dependent on the 
integrity of the cerebral vasculature. Cardiovascular and 
cerebrovascular diseases increasingly afflict PLWHAs in 
the contemporary era of cART [3, 95, 96]. The degree of 
involvement of the heart and extracranial vessels and the 
consequent location of tissue pathology may vary consider-
ably. In the present study, we demonstrated that HIV pro-
motes the thickening of the arteriolar wall. Arteriolar wall 
thickening (arteriolosclerosis), characterized as a prominent 
feature of small vessel disease, is one of the first changes to 
occur during the natural history of cerebrovascular pathol-
ogy [97].

Circulating gp120 and Tat alter BBB permeability in the 
capillaries [6, 33, 34, 98]. In the present study, we demon-
strate that HIV increases hypoxia and HIF-α that inhibits 
TFAM expression in the capillaries (< 10 µm diameter) and 
the adjacent arterioles (10–20 µm diameter). This suggests 
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that HIV inhibits brain functioning by restricting proper 
oxygen supply. Moreover, TFAM inhibition by HIV results 
in restricted replication and transcription of mitochondria 
DNA, besides distortion of the homeostatic balance of mito-
chondrial metabolism and biogenesis of MnSOD [99]. A 
decrease in MNSOD results in oxidative stress that degrades 
and activates autophagy of the tight junction protein zonula 
occludens-1 (ZO-1) and basal membrane in the BBB of 
microvessels [100, 101]. HIV also directly damages BBB 
pericytes [33]. These may result in the reduction of astro-
cyte-vascular coupling, retraction of astrocytic endfeet, and 
disruption of the neurovascular unit.

Previous studies showed that HIV-1 Tat exposure is suf-
ficient to destabilize BBB integrity and to increase the pres-
ence of activated, phagocytic, perivascular macrophages, 
and microglia [34, 102]. This may result in perivascular 
space dilation around arterioles, as shown in the present 
study. The consequences of these microvascular changes and 
perivascular degeneration are lacunar infarcts, cortical and 
subcortical microinfarcts, microbleeds, and diffuse white 
matter disease, which involves oligodendrocytic malfunc-
tion, myelin loss, and axonal abnormalities [97].

18F-fluorodeoxyglucose positron emission tomography 
(18F -FDG-PET) and/or arterial spin-labeling MRI (ASL-
MRI) are used to detect cerebral hypoperfusion and hypo-
metabolism for several neurological diseases, including 
mild cognitive impairment, early-onset Alzheimer’s disease, 
and HAND [103–105]. Arterial spin-labeling MRI, with a 
cheaper cost than PET and does not involve radioactive, 
showed reasonable test characteristics in HIV-associated 
neurocognitive disorder (hypoperfusion of bilateral tem-
poral, parietal, and occipital brain regions) from healthy 
controls and participants with mild cognitive impairment 
[105]. In general, thickening of the arteriolar wall (arteriolo-
sclerosis) can reduce blood flow in the capillaries, resulting 
in hypoperfusion and then cortical and subcortical micro-
infarcts, which appear to be the most robust substrates of 
cognitive impairment [106–108]. Future research is required 
to prove whether the arteriolosclerosis, perivascular space 
dilation, and/or microinfarcts, determined by, e.g., high-
resolution MRI of angiography, can be a marker for HAND.

The present study demonstrates that HIV can activate the 
pathogenesis of microvessels, including capillary loss, large 
MV wall change, and perivascular space dilation. Perivas-
cular space enlargement is an emerging marker of cerebral 
small vessel disease that is associated with cognitive decline, 
depression, increased mortality, and disability in stroke 
patients [55, 109]. An increase in cells in the MV walls 
(microvascular dysplasia) and perivascular space dilation 
may induce BBB dysfunction. Aging and heart and blood 
vessel disease are the risks for thickening of cerebral athero-
sclerosis and arteriosclerosis, which cause focal ischemia 
and infarcts in the brain, which are related to dementia[77, 

79, 110–113]. During the disease process in cases such as 
brain trauma, ischemia, or inflammation, microvascular dys-
plasia is greatly increased [76]. Addition of HIV and other 
risks for cerebrovascular damage may reduce cerebral blood 
flow, which can induce perivascular change and cerebrovas-
cular disease (microinfarcts and infarcts) that correlates with 
global decline in cognitive performance and dementia [16, 
112, 113], leading to ischemic stroke in HIV.
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