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Abstract

In this study, we sought to investigate how concomitant hyperglycemia influences the impact of
combination antiretroviral therapy on blood-brain barrier (BBB) endothelial function.
Immortalized human brain microvascular endothelial cell line (hCMEC/D3) was exposed to
azidothymidine (AZT; a nucleoside reverse transcriptase inhibitor) and/or indinavir (IND; protease
inhibitor) in normal glycemic (5.5mM) or hyperglycemic (HG; 25mM) media containing D-
glucose for 24-72h. Cellular reactive oxygen species (ROS) and mitochondria-specific superoxide
levels were assayed in addition to membrane potential to determine the extent of mitochondrial
dysfunction. Nrf2 expression was analyzed by immunofluorescence. Our results indicated a
significant increase in BBB endothelial toxicity (decreased ATP) by HG and AZT+IND with
progression of time (24-72h). Concurrent HG and antiviral drug combination synergistically
elevated BBB endothelial ROS induced by either condition alone. Further, HG and AZT+IND
mutually interact to elicit a pronounced increase in mitochondrial superoxide levels post 24h (vs.
either condition alone or controls). In addition, HG and AZT+IND complemented each other to
induce potential loss of mitochondrial membrane potential. While HG or AZT+IND alone for 24h
increased Nrf2 nuclear distribution, co-exposure conditions induced a potential loss of Nrf2
expression/nuclear translocation in BBB endothelium. In summary, our data strongly suggest that
antiretroviral drug combination potentially interacts with concomitant HG and triggers
exacerbated mitochondrial dysfunction and BBB endothelial toxicity, possibly through
dysregulation of Nrf2 signaling. Thus, this study warrants the critical need for safety evaluation
and monitoring of neurovascular complications of HAART regimens in HIV-infected diabetic
patient cohort.
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1. Introduction

While the initiation of highly active antiretroviral drug therapy (HAART) has dramatically
improved the treatment and survival rates in HIV infected patients, emerging evidence
indicates a trajectory of HAART-associated adverse events predisposing this population to
increased risk of diabetes and cardiovascular disorders (Chastain et al., 2015; Dagogo-Jack,
2008; Kalra et al., 2011). Particularly, metabolic complications and onset of diabetes are
strongly evident in patients treated with HAART regimen containing protease inhibitors (PI)
such as indinavir (Lee et al., 2004) and/or azidothymidine, a nucleoside reverse transcriptase
inhibitor (NRTI) (De et al., 2008; Karamchand et al., 2016). In addition, long-term HAART
worsens the prognosis of HIV-associated neurocognitive disorders with increased CNS
infestation of immune cells and ensuing neuronal damage (Langford et al., 2002).

Overarching evidence has provided extensive mechanistic basis for HAART-associated
vascular complications at various sites (Blas-Garcia et al., 2011). For instance,
azidothymidine (AZT) and indinavir (IND) significantly impaired mitochondrial function
and cellular bioenergetics leading to profound endothelial dysfunction in periphery (Barbaro
and lacobellis, 2009; Hebert et al., 2004). Increased endothelial oxidative stress through
escalated generation of reactive oxygen/nitrogen species (ROS/RNS) was shown as potential
molecular mechanism critical to antiretroviral drug-induced mitochondrial toxicity and
vascular pathogenesis (Baliga et al., 2004; Barbaro and lacobellis, 2009; Jiang et al., 2007).
For example, HAART induced decline in mitochondrial membrane potential correlated with
increased endothelial ROS generation (Jiang et al., 2007).

Recent studies also highlighted the deleterious impact of these antiretroviral drugs on the
functional integrity of blood-brain barrier (BBB), a dynamic neuroprotective barrier
primarily constituted by brain microvascular endothelium in cellular (Fiala et al., 2004;
Manda et al., 2011) and animal models (Dasuri et al., 2016). In fact, AZT and IND
combination at high doses significantly decreased the stringency of endothelial barrier with
increased paracellular permeability to dextrans (Manda et al., 2011). BBB dysfunction is
widely recognized as a potential mechanism in the etiology of various CNS disorders
including HIV encephalitis and its ramifications (Sajja et al., 2016). Given the increasing
evidence of BBB disruption in clinical and experimental diabetes, downstream to endothelial
oxidative injury and mitochondrial dysfunction (Allen and Bayraktutan, 2009; Prasad et al.,
2014), we hypothesized that HAART regimen containing Pl and NRTI would elicit
exacerbated BBB endothelial toxicity in diabetic subjects. Thus, our objective was to assess
the impact of concomitant hyperglycemia and antiretroviral drug combination (AZT and
IND) on BBB endothelial redox homeostasis and mitochondrial function.
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2. Materials and methods

2.1.Cell culture

Immortalized human cerebrovascular endothelial cell line (hCMEC/D3) was used in this
study as an /n vitromodel of human BBB (Manda et al., 2011; Toth et al., 2014). Cell
monolayers (p28-31) were cultured in buffered endothelial basal media containing 5% FBS,
antibiotics and all supplements provided in EGM™ 2MV BulletKit (Lonza), as described
previously (Sajja et al., 2015). Media was replaced every 2 days and cells were maintained
in treatment media (basal media with 1% human serum and antibiotics) overnight prior to
treatment exposure.

2.2.Drug Treatment

Confluent cell monolayers were exposed to AZT (5 or 10uM), IND (6 or 12uM) or AZT
(5uM) and IND (6uM) combination in normal (NG) or hyperglycemic (HG) media
containing 5.5mM or 25mM D-glucose, respectively, for 24-72h. These drug concentrations
are relevant to observed steady state therapeutic plasma levels in patients receiving HAART
(Jiang et al., 2007; Wang et al., 2009) and AZT+IND combination for the indicated time
intervals was based on previous reports (Hebert et al., 2004; Wang et al., 2009).

2.3.Cell viability

The effects of treatment on cell viability (metabolically active cells) were determined by
CellTiter-Glo® 2.0 assay (Promega) as per the manufacturer’s instructions. Briefly,
following 24-72h treatment, cells were added the reagent to determine the ATP levels by
luminescence using Synergy 2 Multimode microplate reader (BioTek).

2.4.Total cellular ROS measurement by Flow Cytometry

Following various treatment conditions for 24h, cells cultured in 6-well plates were washed
and incubated with a cell permeable and florescent probe, dichlorodihydrofluorescein
diacetate (Ho-DCFDA; 10uM) in cell medium for another 30 mins at 37 °C. Cells were
washed and collected in cold PBS and analyzed by Flow Cytometer (Accuri C6) as
mentioned earlier (Fofaria et al., 2014).

2.5.MitoSOX Red Assay

To measure mitochondria-specific superoxide generation, hCMEC/D3 monolayers were
exposed to various treatment conditions for 24h. Following a wash, cells were incubated
with 5uM of MitoSOX Red reagent (ThermoFisher Scientific) for 15min and subsequently
washed with ice-cold PBS and florescence was determined by BioTek Synergy2 Multimode
microplate reader. The fluorescence was normalized per unit pg of protein as quantified by
BCA method (Sajja et al., 2015).

2.6.Mitochondrial membrane potential (A¥'m) measurement

To assess the mitochondrial function, cells were incubated with lipophilic cationic dye, JC-1
(2uM), for 15min at 37 °C following treatment, according to the manufacturer’s instructions
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(ThermoFisher Scientific). Red (aggregates) to green (monomer) florescence ratio was
measured using BioTek Synergy2 Multimode microplate reader.

2.7.Immunofluorescence

Following treatment, cells were fixed with 10% formalin and permeabilized with 0.2% triton
x-100 in PBS (Sajja et al., 2015). After blocking with 10% goat serum, cells were incubated
with rabbit anti-Nrf2 (Santa Cruz) overnight at 4°C followed by 1h incubation with Alexa
Fluor 555-secondary antibody. Cells were mounted with DAPI in Prolonged Gold Anti-fade
reagent (Invitrogen). Images were captured with EVOS digital inverted fluorescence
microscope at 40x magnitude and analysed by Image J software (https://imagej.nih.gov/ij/
download.html).

2.8.Statistical analysis

3. Results

Data were expressed as mean + SEM and analyzed by one-way ANOVA followed by
Dunnet’s post hoc test using GraphPad Prism 6.07. For statistical significance, p value was
set to less than 0.05.

3.1.Concomitant exposure to hyperglycemia and AZT+IND potentiates BBB endothelial

toxicity

As shown in Fig. 1, 24h or 72h exposure to AZT (5uM) or/and IND (6uM) in NG did not
affect the cell viability (population of metabolically active cells) as indicated by ATP levels
(compared to control). Similarly, HG alone did not significantly influence the cell viability
at 24 or 72h when compared to respective controls (Fig. 1). However, there was a marked
decline (by 25-30%) in viable cell population following 72h exposure to drug combination
or HG when compared to their effects at 24h (Figs. 1A and 1B). Importantly, AZT+IND
combination in presence of HG significantly decreased the endothelial viability with
progression of time at 72h (vs. control or either condition alone; Fig. 1B). Based on these
cell viability studies, we chose the 24h duration of exposure in further experiments.

3.2.HG and antiretroviral drug combination exacerbate BBB endothelial oxidative stress

response

Total ROS levels were measured by Flow cytometry to assess the extent of oxidative stress
(and damage) in hCMEC/D3 cells by various treatment conditions. One-way ANOVA
revealed a significant main effect of the treatment on endothelial ROS generation (Fig. 2).
AZT (5uM) and IND (6uM) combination significantly elevated BBB endothelial ROS levels
represented by mean florescence intensity of oxidized DCF (p<0.05 vs. control; Fig 2).
Similarly, HG alone induced significant oxidative stress load in hCMEC/D3 cells post 24h
exposure (p<0.05 vs. control). Further analysis indicated that concomitant exposure to HG
and antiretroviral drug combination additively up-regulated ROS generation (oxidative
stress) in BBB endothelial cells (p<0.05 vs. AZT+IND or HG alone; p<0.01 vs control).
Thus, our data show synergistic and mutual interactions between HG and antiretroviral drug
combination leading to a significant increase in endothelial oxidative stress and possible
BBB dysfunction.
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3.3.HG and AZT+IND aggravate BBB endothelial mitochondrial dysfunction

We next determined the mutual effects of HG and AZT+IND combination on mitochondria-
specific superoxide (ROS) generation in hCMEC/D3 cell monolayers using the MitoSOX
Red assay. As shown in Fig. 3A, one-way ANOVA revealed a significant effect of treatment
on mitochondrial ROS production. Further post foc analysis suggested that concomitant
exposure to HG and AZT+IND elicited a significant surge in mitochondrial superoxide
production in BBB endothelial cells (p<0.05 vs. control or either treatment condition)
implicating a substantial increase in oxidative stress and mitochondrial damage. This was
further evident by a potential loss of A¥'m (or alternatively an increase in mitochondrial
depolarization), a strong measure of mitochondrial function (bioenergetics) in cells exposed
simultaneously to HG and antiretroviral drug combination (p<0.01 vs. control and p<0.05
vs. HG or AZT+IND). However, individual exposures to AZT, IND or HG alone did not
significantly affect the A¥'m (compared to control). Thus, our data implicate that
antiretroviral drugs in presence of existing hyperglycemia would have detrimental effects on
the mitochondrial function leading to BBB endothelial toxicity.

3.4.HG and AZT+IND synergistically downregulate BBB endothelial Nrf2 expression

NF-E2 related factor (Nrf2) is a ubiquitously expressed redox-sensitive transcription factor
responsible for activating the antioxidant response element genes to protect the cell against
oxidative stress and inflammation (Alfieri et al., 2011; Holmstrom et al., 2013). As shown in
Fig. 3C, immunofluorescent analysis revealed that 24h treatment with HG or AZT+IND
significantly increases Nrf2 expression and nuclear translocation in BBB endothelium.
Interestingly, we observed a pronounced downregulation of Nrf2 expression and nuclear
localization following concomitant exposure to HG and AZT+IND. These data suggest that
the antiretroviral drug combination under HG conditions potentially impairs the BBB
endothelial redox hemostasis by suppressing Nrf2-mediated antioxidant responses, thus
explaining the mechanistic basis for increased endothelial oxidative stress shown in Fig. 2.

4. Discussion

Although, existing clinical studies indicate an increased onset and prevalence of diabetes in
HIV infected patients receiving HAART chronically, the impact of antiviral drug
combination on vascular endothelium in diabetic subjects is largely unknown. In addition,
the detrimental effects of AZT and IND combination on BBB endothelial function are
relatively less studied despite the significant evidence showing an escalation of oxidative/
inflammatory stress by these drugs leading to vascular endothelial dysfunction in periphery
(Blas-Garcia et al., 2011). Thus, our results provide unprecedented evidence that
combination of AZT and IND potentially interacts with HG to induce an aggravated BBB
endothelial oxidative stress and mitochondrial toxicity, potential mechanisms of endothelial
dysfunction and loss of BBB integrity (Freeman and Keller, 2012; Sajja et al., 2016).

Previously, it was reported that AZT alone or in combination with IND at higher
concentrations significantly increased tight junction (TJ) disruption at endothelial cell-cell
contacts in congruent with decreased trans-endothelial electrical resistance (Fiala et al.,
2004). In a subsequent study, Manda and colleagues demonstrated that AZT and IND
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combination significantly elevated BBB permeability to dextrans (and reduction in TEER)
across hCMEC/D3 monolayers, possibly though increased ROS and loss of mitochondrial
membrane potential (Manda et al., 2011). Further, recent findings from our group indicate a
significant disruption of ZO-1 bands at endothelial cell-cell contents and marked increase in
BBB permeability following HG exposure (Sajja et al., 2014). In this line, our data implicate
that HG complements AZT and IND combination (or vice versa) resulting in an exacerbated
BBB disruption. Also it should be noted that indinavir was shown to promote umbilical vein
microvascular endothelial cell proliferation (HUVEC) through the release of
endothelin-1(Hebert et al., 2004). Therefore, increased ATP by IND alone post 72h exposure
we observed in our study (Fig. 1) can be explained by similar mechanism where indinavir
promotes angiogenesis and therefore cell proliferation in BBB microvascular endothelial
cells. However, this hypothesis needs to be verified in further studies

It should also be noted that the onset of significant endothelial oxidative load and
mitochondrial dysfunction as reported by Manda et al was observed at much higher
concentrations of AZT+IND combination (50-200uM) (Manda et al., 2011), that may not be
clinically feasible (Jiang et al., 2007; Wang et al., 2009). However, lower therapeutically
relevant concentrations of AZT and IND combination alone independent of HG failed to
elicit BBB endothelial toxicity and alter cell metabolism (Manda et al., 2011), thus
supporting our data shown in Figs. 1-3. It is also reasonable to assume that HG may sensitize
the BBB endothelium to antiretroviral drug induced toxicity through profound mitochondrial
dysfunction and redox imbalance.

Oxidative stress and mitochondrial dysfunction are shown to have crucial role in HAART
induced endothelial dysfunction and vascular complications (Blas-Garcia et al., 2011; Jiang
et al., 2007; Mondal et al., 2004; Wang et al., 2009). Interestingly, IND alone or in HAART
potentiated endothelial inflammatory stress manifested by increased expression of
endothelial adhesion molecules and monocyte recruitment (Mondal et al., 2004). In
corroboration with these findings, we observed that AZT and IND combination (or HG
alone) for 24h significantly increased total cellular oxidative stress in hCMEC/D3 cells (Fig.
2). However, either condition did not affect mitochondrial ROS production (Fig. 3). It is
plausible that the lack of effects of AZT or/and IND including HG could be due to transient
nature (instability) of mitochondrial ROS and inclusion of shorter time frames (4-8h) could
possibly elucidate drug-induced changes in mitochondrial ROS (Jiang et al., 2007).
Nevertheless, our data suggest that HG exposure concomitant with AZT+IND exacerbates
mitochondrial superoxide levels and membrane depolarization with potential alterations in
cell metabolism.

We previously demonstrated that Nrf2, a master regulator of constitutive and inducible
expression of cellular anti-oxidant gene networks, is critical for BBB integrity and function
(Sajja et al., 2015). In this context, we studied the impact of antiretroviral drug combination
in presence or absence of HG on Nrf2 expression and its nuclear distribution in BBB
endothelial cells. While treatment with either condition increased the nuclear localization of
Nrf2 that implicates an ensuing activation of antioxidant responses, AZT+IND co-exposure
with HG potentially suppressed Nrf2 expression and nuclear translocation in BBB
endothelium (see Fig. 3C). Importantly, the synergistic deficit in BBB Nrf2 signaling
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strongly correlated with increased cellular oxidative stress (ROS generation; Fig. 2) and
mitochondrial dysfunction (Fig. 3A & B) induced by antiretroviral drug combination with
accompanying HG. Alternatively, augmentation of Nrf2 nuclear localization by AZT+IND
or HG could be explained as a plausible mechanism leading to an increased ATP generation
by these conditions post 24h (see Fig. 1). Given the pivotal role of Nrf2 in mitochondrial
function and cellular bioenergetics (Dinkova-Kostova and Abramov, 2015), our results
suggest that impaired endothelial Nrf2 signaling could be a potential mechanism that
underlies the exacerbated BBB toxicity by AZT+IND in presence of HG.

5. Conclusions

In summary, concomitant HG and antiretroviral drug combination (AZT+IND)
synergistically or additively interact to induce an exacerbated BBB endothelial dysfunction
that involves significant down-regulation of Nrf2 expression/nuclear translocation leading to
an increased oxidative stress and mitochondrial toxicity. Thus, our data suggest that use of
HAART regimen containing Pl and NRTIs in HIV-infected diabetic subjects could pose a
significant clinical challenge due to increased progression and pathogenesis of neurovascular
and cognitive disorders that ensue BBB disruption.
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Concomitant exposure to HG and antiretroviral drug combination synergistically increases
BBB endothelial toxicity. h\CMEC/D3 cells were exposed to AZT (5uM) or/and IND (6uM)
in NG or HG media for 24-72h and cell viability was determined by ATP luminescence (see
Methods). Data were expressed as mean + SEM (% control). **p<0.01 vs. control and
#p<0.05 vs. AZT+IND or HG. The corresponding treatment conditions were shown below
for each bar graph. N=5-6 biological replicates.
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Figure 2.

Combined exposure to HG and antiretroviral drugs combination exacerbates BBB
endothelial oxidative stress. Total cellular ROS levels were determined by flow cytometry in
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hCMEC/D3 cells post 24h exposure to NG or HG media containing AZT or/and IND. The
bar graph represents the data (expressed as mean + SEM of the mean florescence intensity,
MFI) shown in the histograms. *p<0.05 and **p<0.01 vs. control; #p<0.05 vs. HG or AZT
+IND. N=3 biological replicates.
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Figure 3.
Effects of concomitant exposure to HG and antiretroviral drug combination on

mitochondrial function and Nrf2 expression in BBB endothelial cells. 24h exposure to HG
and AZT+IND combination significantly increases mitochondrial superoxide (ROS) content
as measured by MitoSOX Red (A) and impair the mitochondrial membrane potential
assayed by the ratio of JC-dye red aggregates to green monomers (% control) in hCMEC/D3
cells (B). The mitochondrial superoxide content was further normalized to the protein
content. (C) Immunofluorescence analysis of Nrf2 expression and nuclear localization with
images captured at 40x (scale = 100um). Data were expressed as mean = SEM. *p<0.05 vs
HG or AZT+IND alone; #p<0.05 and ##p<0.01 vs. control. N=5-6 biological replicates. For
immunofluorescence experiments, N=3 biological replicates.
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