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Abstract

HIV-1 infected individuals are living longer but experiencing a prevalence rate of over 50% for
HIV-1 associated neurocognitive disorders (HAND) for which no effective treatment is available.
Viral and cellular factors secreted by HIV-1 infected cells leads to neuronal injury and HIV-1 Tat
continues to be implicated in the pathogenesis of HAND. Here we tested the hypothesis that
creatine protected against HIV-1 Tat-induced neuronal injury by preventing mitochondrial
bioenergetic crisis and/or redox catastrophe. Creatine blocked HIV-1 Taty_7o-induced increases in
neuron cell death and synaptic area loss. Creatine protected against HIV-1 Tat-induced decreases
in ATP. Creatine and creatine plus HIV-1 Tat increased cellular levels of creatine, and creatine
plus HIV-1 Tat further decreased ratios of phosphocreatine to creatine observed with creatine or
HIV-1 Tat treatments alone. Additionally, creatine protected against HIV-1 Tat-induced
mitochondrial hypopolarization and HIV-1 Tat-induced mitochondrial permeability transition pore
opening. Thus, creatine may be a useful adjunctive therapy against HAND.
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Introduction

HIV-1 infection is a major global health problem, with greater than 40 million people
worldwide infected [1]. Although antiretroviral therapies (ART) have increased the life span
of HIV-1 infected individuals, these people are now experiencing a prevalence rate of over
50% for HIV-1 associated neurocognitive disorders (HAND) [2]. Clinically, HAND
represents a set of conditions including asymptomatic neurocognitive impairment, mild
neurocognitive disorder, and to a lesser extent in the ART era, HIV-1 associated dementia
[3]. Currently the underlying mechanisms for HAND pathogenesis are not fully understood
and no effective treatment is available. It is known that HIV-1 does not infect neurons and

"Please address correspondence to: Jonathan D. Geiger, Ph.D., Chester Fritz Distinguished Professor, Department of Basic Biomedical
Sciences, University of North Dakota School of Medicine and Health Sciences, 504 Hamline St., Grand Forks, North Dakota 58203,
(701) 777-2183 (P), (701) 777-0387 (F), jonathan.geiger@med.und.edu.

Conflict of Interest: The authors declare no conflict of interest



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stevens et al.

Page 2

that HIV-1 associated neurodegenerative pathology is not proportional to viral load [4].
Thus, neuronal injury as occurs in HAND results from viral and cellular factors released
from bystander HIV-1 infected cells such as infected glia [5].

Among those viral and cellular factors, HIV-1 transactivator of transcription protein (HIV-1
Tat) continues to be implicated in the pathogenesis of HAND [6-13]. HIV-1 is present in
brains of HIV-1 infected individuals and levels stay elevated in the cerebrospinal fluid of
people living with HIV-1 infection and/or acquired immunodeficiency syndrome even when
their viral levels are immeasurable because of effective treatment with ART [14]. Others and
we have shown that HIV-1 Tat disturbs neuronal calcium homeostasis [6, 15], induces
mitochondrial dysfunction as determined by changes in levels of reactive oxygen species,
ATP, and mitochondrial membrane polarization [7, 16-20], disrupts synaptic integrity [21,
22], and promotes neuronal cell death [8, 23].

Creatine, a normal component of meat-based diets that is produced endogenously and
ingested as a dietary supplement, is present at high levels in brain [24]. Creatine is
neuroprotective and in model systems has been shown to protect against Parkinson’s disease
[25], Huntington’s disease [27], Alzheimer’s disease [28], and amyotrophic lateral sclerosis
[29]. Mechanistically, the neuroprotective properties of creatine appear to be related mostly
to stabilizing cellular energy levels by increasing mitochondrial bioenergetics and reducing
free radical damage by decreasing mitochondrial redox catastrophe [26].

In the present study, we determined the extent to which creatine protects against HIV-1 Tat-
induced neuronal injury in primary cultured neurons. We demonstrated that longer-term
treatments with creatine protected against HIV-1 Tat-induced decreases in synaptic proteins
and increases in neuronal cell death, and at shorter treatment intervals protected against
changes in mitochondrial bioenergetics and redox phenomena. Thus, creatine may be a
useful adjunctive therapy against HAND.

Material and Methods

Primary cortical neuron culture

Primary cultures of mouse cerebral cortical neurons were prepared using a protocol
approved by the University of North Dakota Animal Care and Use Committee adherent with
the Guide for the Care and Use of Laboratory Animals (NIH publication number 80-23).
E-16 pups were removed aseptically from pregnant C57BL/6 mice (Charles River
Laboratories), brains were isolated and placed into ice-cold sterile phosphate-buffered saline
(PBS) containing 5.5 mM glucose, 1 uM ethylenediaminetetraacetic acid (EDTA) and 1 uM
ethylene glycol tetraacetic acid (EGTA), and meninges were removed. Cerebral cortices
were dissected, placed in fresh ice-cold buffer, minced and incubated for 15 minutes at 37°C
with 5 ml of trypsin-EDTA (Gibco). Trypsin was de-activated by adding the tissue to 5 ml
of heat-inactivated fetal bovine serum (Atlanta Biologicals) for 1 min at room temperature.
The tissue was added to 10 ml of Neurobasal media (Gibco) containing B-27 supplement
(Gibco), 0.5 mM L-glutamine, and antibiotic/antimycotic (Sigma) containing penicillin (100
units), streptomycin (0.10 mg) and amphotericin B (0.25 pg) and was triturated through a 5
ml pipette. Dissociated cells were seeded into uncoated 96-well plates (Nunc, Roskilide,
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Denmark) or glass bottom 35 mm culture dishes (Matek, Ashland, MA, USA) coated
previously with poly-D-lysine. After 10-14 days in culture, cells which were found typically
to be >95% neurons were taken for experimentation.

Purified (>95%) recombinant HIV-1 Tatq_7, protein from clade B was produced from the tat
gene encoding for the first exon as described [30]. A deletion mutant of HIV-1 Tat was
produced as described [31]; the sequence encoding amino acids 31-61 of HIV-1 Tat (mutant
Tat) previously shown to contain the neurotoxic epitope [32] was removed. Both HIV-1
Tatq.7o and mutant Tat were obtained as gifts from Dr. Avindra Nath (NINDS). Low protein
retention pipette tips and micro-centrifuge tubes were used to reduce the loss of HIV-1 Tat
due to its adherent properties. At the time of experimental treatments, Neurobasal media was
replaced with Locke’s buffer containing 156 mM NacCl, 5.6 mM KCI, 2 mM CaCl,, 1 mM
MgCly,, 3.6 mM NaHCOg3, 5 mM glucose, and 5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) in sterile water (pH 7.2) and all assays were
conducted using Locke’s buffer. HIV-1 Tat once thawed was never re-frozen for later use
due to degradation caused by repeat cycles of freezing and thawing. Care was also taken not
to mix HIV-1 Tat vigorously to minimize oxygenation and inactivation.

Adenine nucleotides, creatine and phosphocreatine

Cell viability

ATP, ADP, AMP, creatine and phosphocreatine levels were measured by high-performance
liquid chromatography (HPLC) as described [33, 34]. Four hours after experimental
treatments were applied, buffer was removed, cultures were washed three-times with ice-
cold PBS, and cells were lyzed and proteins were precipitated with 2% trichloroacetic acid
(Supelco) and three freeze/thaw cycles. A small amount of the lysate was removed for
protein analysis (Bio-Rad). Lysate was added to an equal amount of dichloromethane and
tri-octylamine (775:225 v:v) and samples were shaken vigorously. Aliquots (30 pl) of the
aqueous phase were injected onto a LC-18-T HPLC column (Supelco) and compounds of
interest were separated using a mobile phase of 0.1M KH,POy4 run isocratically at a rate of 1
ml/minute. Adenine nucleotides, creatine and phosphocreatine levels were measured
spectrophotometrically at an absorbance of 254 nm for nucleotides and 210 nm for creatine
and phosphocreatine. Data were measured as integrated areas under the peaks and were
identified based on retention time and sample spiking. Adenlyate energy charge was

[ATP]+%[ADP])/([ATP]+[ADP]+[AMP])'

calculated using the formula (

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and trypan blue
exclusion assays were conducted in 96-well plates to determine neuronal cell death [35, 36].
For the MTT assay, thiazolyl blue tetrazolium bromide (MTT, 5 mg/ml, Sigma) diluted in
Neurobasal media without phenol red was added to neuronal cultures 24 h after treatments
and incubated at 37°C and 5% CO5 for 3 h. Volumes of 0.1 N HCI in isopropanol equal to
that of the media were added to solubilize purple formazan crystals. Absorbance was
measured at 570 nm using a SpectraMax Plus 384 plate-reader (Molecular Devices). Each
experiment was conducted in triplicate and experiments were repeated at least four times
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using different batches of cultured cells. For trypan blue exclusion, media was removed
from cell cultures 24 h after treatments, 50 pl trypan blue (0.2%) diluted in PBS was added,
and after 5 min at room temperature the total number of cells and the number of cells
lacking trypan blue were counted; data on dead cells were expressed as a percentage of total
cells. Each experiment was conducted in triplicate and experiments were repeated at least
four times using different batches of cultured cells.

Mitochondrial membrane potential

Mitochondrial membrane potential was determined 4 h after treatments in cells grown on
glass bottom 35 mm culture dishes by removing culture media, replacing the media with 2
ml PBS containing 1.0 pg/ml of the cationic duel emission dye
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) (Molecular Probes), and incubating
cells at 37°C and 5% CO», for 25 min. After incubation, cells were washed two-times with
media at 37°C and fluorescence was measured using a Zeiss Axiovert 200M microscope
system at excitation/emission wavelengths of 485/530 nm for the monomer and 535/570 nm
for the J-aggregate. Fluorescence was quantified for each cell using average pixel intensity
of both J-aggregate and JC-1 monomers using Image-J software (NIH). JC-1 is a lipophilic
cationic dye that selectively enters the mitochondria and reversibly changes color. JC-1
aggregates at regions of high membrane potential and remains as a monomer in regions of
low membrane potential. Data (average pixel intensity) were normalized to the ratio of J-
aggregate/J-monomer in untreated control cultures (ratios for controls were set to a value of
1). Each experiment was conducted in duplicate and experiments were repeated at least four
times using different batches of neurons.

Mitochondrial permeability transition pore

Mitochondrial permeability transition pore opening was determined fluorometrically [37,
38]. Following treatment of cells for 4 h, cultures were washed in 2 ml Locke’s buffer and
incubated in 2 ml Locke’s buffer containing calcein-AM (1 uM) and cobalt chloride (1 mM)
for 20 min at 37°C. Cells were washed with 2 ml Locke’s buffer and fluorescence was
measured with a Zeiss Axiovert 200M microscope at an excitation wavelength of 488 nm
and an emission wavelength of 525 nm. Following de-esterification, calcein fluorescence
was visible in mitochondria, and cobalt chloride that quenches the fluorescence only enters
intact mitochondria when mitochondrial permeability transition pores are open.
Fluorescence was quantified using average pixel intensity using Image-J software and data
were expressed as cells with open pores as a percentage of total cells. Each experiment was
conducted in duplicate using 35 mm glass-bottomed plates and was repeated at least four
times using different batches of cultured cells.

Reactive oxygen species

Levels of reactive oxygen species were measured in 96-well plates using the fluorescent dye
dichloro-dihydrofluorecein diacetate (HoDCFDA), a cell membrane permeable dye that
fluoresces in the presence of hydrogen peroxide, peroxyl radicals, peroxynitrite anions, and
nitric oxide. Following treatment of cells for 4 h, culture media was replaced with 50 ml
PBS containing 20 uM H,DCFDA and cells were incubated at 37°C and 5% CO, for 45
minutes. Cells were washed once with 50 ml PBS and fluorescence was determined using a
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SpectraMax Plus 384 plate-reader (Molecular Devices). Each experiment was conducted in
triplicate and experiments were repeated at least 4-times using different batches of cultured
cells.

Immunoblotting

Neurons were lysed with RIPA buffer (Pierce) containing protease inhibitor cocktail
(Sigma). After centrifugation (14,000 x g for 10 min at 4°C), supernatants were collected,
and protein concentrations were determined with a DC protein assay (Bio-Rad). Equal
amounts of proteins (10 pg) were separated by SDS-PAGE (12% gel), and following
transfer, polyvinylidene difluoride membranes (Millipore) were incubated overnight at 4°C
with anti-synaptophysin (1:1000, Sigma), and anti-p-actin (1:10000, mouse monoclonal,
Abcam) antibody was used as a gel loading control. The blots were developed with
enhanced chemiluminescence, and bands were visualized and analyzed by LabWorks 4.5
software on a BioSpectrum® imaging System (UVP). Quantification was performed by
densitometry and the results were analyzed as total integrated densitometric volume values
(arbitrary units).

Statistical analysis

All data were reported as means and SEM. Statistical comparisons were made using one-
way analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparison post
hoc tests, unless indicated otherwise. Statistically significant differences were set at p <
0.05.

Results

Tat, but not mutant Tat, causes neuronal cell death

Previously, Tat;.7», but not Taty_7» missing amino acids 31-61 (mutant Tat), was found to be
neurotoxic [16, 34, 39-42]. To control for possible non-specific effects of Tat, parallel
experiments were performed throughout these studies with equivalent concentrations of
Tatq1_.72 and mutant-Tat. Primary cultures of mouse cerebral cortical neurons treated for 24
hours with Tat;.7, and mutant Tat at concentrations ranging from 10 pM to 400 nM. We
found statistically significant increases in neuronal cell death by Tat;_7, treatment at 100 nM
(10.8% + 1.6) and 400 nM (17.1% =+ 1.9), but not by mutant-Tat as determined by trypan
blue exclusion (Figure 1A) and MTT assay (data not shown). Because of findings that Tat
affects mitochondrial function and MTT assays reflect cell viability and mitochondrial
function, trypan blue exclusion was used in all subsequent experiments for determination of
cell viability. Time profile studies for Tat-induced neuronal death established that Tat;.7, at
100 nM increased significantly (Figure 1B) levels of neuronal cell death to comparable
levels at incubation intervals of 24 (12.6% = 1.6) and 48 h (12.6% = 1.7). Accordingly, all
subsequent studies on cell viability used Tat;_7» at a concentration of 100 nM and
incubations of 24 h.

Creatine protects against Tat-induced neuronal cell death

To test for creatine protection against Tatq_7o-induced neuronal cell death, neurons were
treated with 100 nM Tat;.7o for 24 h in the absence or presence of creatine at 1, 3, 5, and 20
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mM. In these studies, Tat increased significantly (p < 0.01) neuronal cell death from control
levels of 4.2 £ 0.5 % to 12.7 £ 1.1 %. Creatine, at a concentration of 3 mM, significantly
(p<0.05) reduced levels of Tat-induced neuronal cell death to 6.4 + 0.5 % (Figure. 2). The
neuroprotective effect afforded by creatine, however, was lost at the higher concentration
(Figure. 2). Levels of neuronal cell death following incubations with 100 nM mutant Tat
were indistinguishable from control levels (data not shown).

Creatine protects against Tat-induced loss of synaptic proteins

To test for creatine protection against Tatq_7o-induced synaptic dysfunction, neurons were
treated with 100 nM Tat;_7o for 24 h in the absence or presence of creatine at 3 mM, and
protein levels of synaptophysin, a synaptic area marker, were determined by
immunoblotting. In these studies, Tat decreased significantly (p < 0.05) protein levels of
synaptophysin from control levels of 100 + 25.9 % to 42 £+ 9.4 %. Creatine, at a
concentration of 3 mM, blocked significantly (p<0.05) Tat-induced decreases in protein
levels of synaptophysin (Figure. 3). Levels of synaptophysin following incubations with 100
nM mutant Tat were indistinguishable from control levels (data not shown).

Effects of Tat and creatine on levels of adenine nucleotides and phosphocreatine

To determine underlying mechanism(s) responsible for the neurotoxic actions of Tat;_7o and
the neuroprotective effects of creatine, we measured, at a time period (4 h) that precedes the
neurotoxic effects, levels of adenine nucleotides (ATP, ADP, and AMP), creatine, and
phosphocreatine. Creatine (3 mM) treatment for 4 h increased significantly (p<0.01) levels
of ATP from control levels of 10.3 £ 0.3 to 13.6 + 0.6 nmol/mg protein (Figure. 4A). After
treatment with Tat;.7, (100 nM, 4h), ATP levels were decreased significantly (p<0.05) to
7.3 £ 0.6 nmol/mg protein. Co-application of 3 mM creatine with 100 nM Tat;_7, for 4 h
protected against Tat-induced decreases in ATP levels and returned levels to near control
values of 10.0 = 0.8 nmol/mg protein. A similar, but statistically non-significant pattern of
changes to levels of ADP (Figure. 4B) and AMP (Figure. 4C) was observed for these same
treatment groups. When the data for nucleotide levels were calculated to determine
adenylate energy charge (Figure. 4D) or the ratio of ATP/ADP (Figure. 4E), no statistically
significant differences were observed between control and treated cells.

We next determined the effects of Tat and/or creatine on cellular levels of creatine and its
associated source of tissue energetics, phosphocreatine. Incubation of cells with creatine (3
mM for 4 h) resulted in statistically significant (p<0.01) increases in cellular levels of
creatine from control levels of 62.3 £ 3.2 nmol/mg protein to 86.2 + 5.0 nmol/mg protein
(Figure. 5A). Tissue levels of creatine were not significantly changed when cells were
treated with 100 nM Tat (64.9 = 3.4 nmol/mg protein) or with 100 nM mutant-Tat (60.0 +
4.8 nmol/mg protein). Co-application of creatine with Tat resulted in statistically significant
(p<0.001) increases over controls in levels of creatine to 98.0 £ 4.4 nmol/mg protein
(Figure. 5A). Levels of phosphocreatine were not affected significantly by any of the
treatments (Figure. 5B). The ratio of phosphocreatine to creatine (Figure. 5) of 1.19 + 0.07
in controls was decreased significantly to 0.99 + 0.04 by Tat (p<0.05), to 0.78 £ 0.02 by
creatine (p<0.01) and to 0.72 + 0.07 by creatine plus Tat (p<0.001). Co-application of
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creatine with Tat decreased the phosphocreatine/creatine ratio to a level significantly
(p<0.05) less than that observed with Tat alone.

Creatine protects against Tat-induced decreases in mitochondrial membrane potential

Because HIV-1 Tat has been shown to affect mitochondrial function [16, 17, 43-45] and
because creatine has been shown to have neuroprotective actions through mitochondrial
mechanisms [16, 46, 47], we next examined mitochondrial mechanisms related to redox
catastrophe. Tat (100 nM, 4 h) decreased significantly (p<0.001) the ratio of JC-1 aggregate
to monomer by about 36 % (Figure. 6). This Tat-induced hypopolarization of mitochondria
was blocked completely (p<0.001) with co-application of creatine (Figure 6). Creatine and
mutant-Tat alone had no significant effects on mitochondrial membrane potential.

Creatine protects against Tat-induced increases in the opening of mitochondrial
permeability transition pores

Treatment of cultured neurons with 100 nM Tat caused a significant (p<0.01) increase in the
percentage of cells with open mitochondrial permeability transition pores (Figure. 7). Co-
application of creatine (3 mM) with Tat resulted in a statistically significant (p<0.05)
decrease in the number of cells with mitochondrial permeability transition pore opening
compared to cells treated with Tat alone (Figure. 7). Mutant-Tat and creatine alone had no
significant effects on mitochondrial permeability transition pore opening.

Effects of Tat and creatine on levels of reactive oxygen species

Tat (100 nM) increased significantly (p<0.01) reactive oxygen species to levels similar to
those observed with the positive control used, hydrogen peroxide (Figure. 8). Creatine (3
mM) did not itself significantly affect levels of reactive oxygen species nor did creatine
significantly reduce Tat-induced increases in levels of reactive oxygen species. Mutant-Tat
(100 nM) produced statistically significant (p<0.05) increases in levels of reactive oxygen
species similar to those of cells treated with Tat;.75.

Discussion

The present study was focused to determine the extent to which creatine protects against
HIV-1 Tat-induced neurotoxicity and the involvement of mitochondria in this
neuroprotection. The major findings of the present study were that creatine protected against
HIV-1 Tat-induced neuronal cell death and synaptic dysfunction. Creatine also protected
against HIV-1 Tat-induced decreases in ATP levels, depolarization of mitochondrial
membrane potentials, and mitochondrial permeability pore opening. These findings provide
further evidence for the involvement of mitochondria in the effects of HIV-1 Tat on neurons
and show an ability of creatine to protect against these effects.

HIV-1 does not productively infect neurons, but neuronal injury represents a key
pathological feature of HAND. Others and we have demonstrated the critical role of HIV-1
viral products and pro-inflammatory mediators released from productively infected glia in
the pathogenesis of HAND [5]. One HIV-1 viral product that is neurotoxic at nanomolar
concentrations is HIV-1 Tat, an RNA binding protein essential for viral replication [5, 17,
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48]. HIV-1 Tat is released from infected glial cells within the CNS and it can be transported
across the blood-brain barrier [49]. Importantly, HIVV-1 Tat levels stay elevated in the CSF
of people living with HIV-1/AIDS even when their viral levels are immeasurable because of
effective treatment with ART [14]. In addition to its ability to induce neuroinflammation,
others and we have demonstrated that HI\V-1 Tat has direct neurotoxic effects [6, 8, 16, 23,
32, 40, 50].

Although the mechanisms are still being investigated, mitochondria have been implicated in
the deleterious effects of HIV-1 Tat on neurons [62,63]. Such HIV-1 Tat-induced
mitochondria dysfunction is evidenced by alterations in bioenergetics [17], mitochondrial
membrane potential [17, 39], reactive oxygen species [17, 39, 51], mitochondrial
permeability transition pore opening [16], mitochondrial calcium levels [62, 63], and
caspase activation [16, 52]. Such mitochondrial dysfunction might result from HIV-1 Tat-
induced disruption of calcium homeostasis [6, 7, 16, 53-59], because elevated intracellular
calcium levels leads to mitochondrial damage [60].

We found that HIV-1 Tat;_7, opened mitochondrial permeability transition pores in cultured
cortical neurons. Opening of the mitochondrial permeability transition pore results in rapid
decreases in proton gradients across the inner mitochondrial membrane, and this may
explain our observations that HIV-1 Tat;.7, decreases mitochondrial membrane potential,
decreases cellular levels of ATP, and increases production of reactive oxygen species; all of
which may result in neuronal injury through the release of pro-apoptotic factors such as
cytochrome c, apoptosis inducing factor, and caspases [61]. However, others have shown
that Tat can lead to mitochondrial hyperpolarization [17, 62, 63]. Although it is not clear
what leads to such discrepancy, clearly there were many differences between how the
studies were conducted; rat instead of mouse neurons were used, anti-oxidant free media and
lower (typically 8 nM) concentrations of HIV-1 Tat were used, transient responses in
minutes following Tat treatment rather than hours were measured, and Neurobasal or
Leibovitz’s L15 media instead of Locke’s buffer was used. Nevertheless, similar to our
findings, HIV-1 Tat was reported to cause mitochondrial hypopolarization [43, 64—66] and
the loss of mitochondrial membrane potential [67]. In the present study, HIV-1 Tat
decreased significantly levels of intracellular ATP. These decreases may have been due to
hypopolarization of mitochondrial membrane potentials, loss of proton gradients across
mitochondrial membranes, and reduced ATP synthase activity. However, the inability of
HIV-1 Tat to induce changes in either the adenylate energy charge or ATP/ADP ratios
suggests that the effects of HIV-1 Tat on cellular bioenergetics might be rather mild.

A promising agent that protects mitochondria function and exerts neuroprotection is
creatine, a readily available dietary supplement that is present at high levels in brain [24].
Mechanistically, the neuroprotective properties of creatine appear to be related mostly to
stabilizing mitochondrial bioenergetics and preventing mitochondrial redox catastrophe. In
terms of stabilizing mitochondrial bioenergetics, creatine can be phosphorylated to yield
phosphocreatine and the production of ATP. For the prevention of redox catastrophe,
creatine can reduce the production of reactive oxygen species by acting as a free-radical
scavenger [46] and preventing the opening of mitochondrial permeability transition pores
[47, 68, 69].
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Given robust protective effects of creatine on mitochondria, the present study tested our
hypothesis that creatine protects against HIV-1 Tat induced neuronal injury. We
demonstrated that creatine, at pharmacologically relevant concentrations increased levels of
creatine in neurons and protected against HIV-1 Tat-induced synaptic dysfunction and
neuronal cell death. Neurons have limited ability to synthesize creatine endogenously and
most intraneuronal creatine results from extra-neuronal uptake [70]. This might help explain
our findings that exogenously added creatine protected against HIV-1 Tat-induced decreases
in ATP levels as well as HIV-1 Tat-induced mitochondrial bioenergetic crisis and redox
catastrophe. This might be of relevance to the HIV-1 infected population because creatine
levels are decreased in brain of HIV-1 positive individuals [71, 72]. Although we did not
observe statistically significant changes in levels of phosphocreatine itself we did observe
statistically significant changes in phosphocreatine: creatine ratios most likely because of the
observed increases in intraneuronal creatine. These findings suggest that the creatine/
phosphocreatine system may have played a role in buffering HIVV-1 Tat-induced changes in
high-energy phosphates.

Although creatine can act as a direct antioxidant by quenching superoxide anions, hydrogen
peroxide and peroxynitrite [46], we did not observe any protective effects of creatine against
HIV-1 Tat-induced increases in reactive oxygen species. Indeed, we observed statistically
significant increases in reactive oxygen species with HIV-1 Tat and the deletion mutant of
HIV-1 Tat. However, we caution against the interpretation that oxidative stress in not
involved in HIV-1 Tat-induced neuronal injury or against the ability of creatine to act as an
antioxidant because we studied this only at a single 4 h post-treatment time point.

Taken together, we demonstrated that creatine protected against HIV-1 Tat-induced
neuronal injury. The mechanisms underlying creatine’s neuroprotective effects appeared to
be through stabilization of mitochondrial membrane potential and keeping closed
permeability transition pores. In this manner, creatine would prevent redox catastrophe and
the resulting injury. However, the very tight and “U”-shaped dose-response relationship
observed here and by others studying the neuroprotective effects of creatine in model
systems of neurodegenerative diseases [26, 27, 29] highlights the therapeutic challenge of
possibly using creatine to prevent or lessen the severity of HAND.
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Figure 1.
Tatq_7» concentration- and time-dependently increased cortical neuron cell death. (A)

Treatment of neurons with Taty_75, but not mutant-Tat;_7,, at concentrations of 100 and 400
nM significantly increased neuronal cell death as determined with trypan blue exclusion. (B)
Tat at a concentration of 100 nM produced time-dependent increases in neuronal cell death;
statistically significant increases were observed with 24 and 48 h incubations. Experiments
(both Figures 1A and 1B) were performed in triplicate, repeated at least four times with
different batches of cultured cells, and results were expressed as numbers of non-viable cells
relative to total cells (*p < 0.05, ** p < 0.01, ***p < 0.001 versus untreated controls).
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Figure 2.
Creatine concentration-dependently protected against Tat-induced neuronal cell death.

Statistically significant (p<0.01) increases in neuronal cell death were observed with
treatments of 100 nM Tat for 24 h as determined by trypan blue exclusion assay.
Statistically significant (p<0.05) protection against Tat-induced neuronal cell death was
observed with 3 mM creatine. Experiments were performed in triplicate, repeated at least
four times with different batches of cultured cells, and results were expressed as numbers of
non-viable cells relative to total cells (** p < 0.01 Tat versus control).
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Creatine protects against Tat-induced loss of synaptic proteins. Immunoblotting showed that
HIV-1 Taty_72 (100 nM) treatment for 24 hours decreased significantly (p<0.05, n=4) protein
levels of synaptophysin in primary cultured neurons, and such an effect was blocked by

creatine (3 mM) treatment (p<0.05, n=4)
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Figure 4.
Effects of Tat, mutant-Tat, and creatine on levels of adenine nucleotides. (A) Compared

with controls, creatine (Cr, 3 mM) increased significantly (p<0.01), and Tat (100 nM) but
not mutant-Tat (mTat, 100 nM) decreased significantly (p<0.05) levels of ATP in cortical
neurons. Creatine (3 mM) co-applied with Tat (100 nM) significantly (p<0.05) protected
against Tat-induced decreases in levels of ATP. (B, C) Statistically non-significant changes
to ADP (B) and AMP (C) were observed following treatments with Tat, mutant-Tat and
creatine. (D, E) No statistically significant differences were observed for treatments with
Tat, mutant-Tat and creatine on (D) adenylate energy charge ((JATP] + 1/2[ADP])/([ATP] +
[ADP] + [AMP]) or (E) levels of ATP/ADP (* p < 0.05, ** p < 0.01 versus control).
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Figureb.
Effects of Tat, mutant-Tat and creatine on levels of creatine and phosphocreatine. (A)

Creatine (Cr, 3 mM) application resulted in significantly increased cellular levels of creatine
in the absence (p<0.01) or presence of Tat (p<0.001). Tat and mutant-Tat (mTat) at
concentrations of 100 nM did not significantly affect levels of creatine. (B) Treatment of
cortical neurons with creatine, Tat and mutant-Tat did not produce statistically significant
changes in levels of phosphocreatine (PCr). (C) Ratios of phosphocreatine to creatine were
decreased significantly by creatine (Cr, p<0.01), Tat (p<0.05), and creatine plus Tat
(p<0.001). Co-application of creatine and Tat decreased significantly (p<0.001) the ratio of
phosphocreatine to creatine to a level significantly (p<0.05) less than that observed with Tat
alone (* p <0.05, ** p < 0.01, *** p < 0.001 versus control).
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Effects of Tat, mutant-Tat and creatine on mitochondrial membrane potential as determined
with the fluorescent dye JC-1. Tat (100 nM), but not mutant-Tat (mTat, 100 nM), decreased
significantly (p<0.001) mitochondrial membrane potential. Creatine (Cr, 3 mM) did not

affect mitochondrial membrane potential, but creatine (3 mM) co-applied with Tat (100 nM)
significantly (p<0.001) blocked Tat-induced mitochondrial hypopolarization (*** p < 0.001

versus control).
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Effects of Tat, mutant-Tat and creatine on opening of mitochondrial permeability transition
pores. Tat (100 nM), but not mutant Tat (mTat, 100 nM), increased significantly (p<0.01)
the percentage of cells with opening of mitochondrial permeability transition pores. Creatine
(Cr, 3 mM) did not affect pore opening but creatine (3 mM) when co-applied with Tat (100
nM) significantly (p<0.05) blocked Tat-induced mitochondrial permeability transition pore

opening (** p < 0.01 versus control).
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Effects of Tat, mutant-Tat, and creatine on formation of reactive oxygen species. Tat (100
nM), creatine (3 mM) plus Tat (100 nM), mutant-Tat (100 nM) and the positive control
hydrogen peroxide (H,O,, 500 mM) significantly increased reactive oxygen species.
Creatine (3 mM) did not block Tat-induced increases in levels of reactive oxygen species (*

p <0.05, ** p<0.01, *** p < 0.001 versus control).
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