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Abstract

The double epidemic of substance abuse and HIV infection is a multifaceted problem To investigate mechanistic
clues to the effects of substance abuse on infected individuals we preformed quantitative proteomic profiling of
plasma in a methamphetamine treated nonhuman primate model for AIDS. A nontargeted quantitative
approach identified extracellular superoxide dismutase to be significantly upregulated by SIV and metham-
phetamine treatment, and targeted studies revealed an increase in expression in the antixoidant glutathione
S-transferase, thus pointing to a compensatory response to increased oxidative stress in methamphetamine-
treated animals.

Methamphetamine (METH) abuse is a significant co-
factor in human immunodeficiency virus (HIV) infec-

tion throughout the world.1 Both HIV and METH affect the
central nervous system (CNS) and induce neuronal dysfunc-
tion and CNS pathology in the subcortical region of the
brain.2,3 Many of the mechanisms and sites of damage re-
sulting fromMETH converge with those in HIV-induced CNS
damage; however, the nature of this interaction is not clear.
A critical gap in the field of HIV/METH comorbidity is the
identification of reliable molecular markers that will provide
valuable insights into mechanisms of pathogenesis.

Given the difficulty in sampling the brain, most studies
aimed at identifying biomarkers focus on using biofluids such
as cerebrospinal fluid (CSF), plasma, and urine.4 In the current
study, we hypothesized that the effects of METH could be
exhibited throughout the body, and that proteomic profiling
of plasma would yield clues to the effects of METH on HIV
infection. To assess this in a controlled fashion, we utilized the
simian immune deficiency virus (SIV)/rhesus monkey (Ma-
caca mulatta) model of HIV pathogenesis and METH admin-
istration. All animal experiments were performed under
IACUC approval and following NIH/USDA guidelines.

Our subjects consisted of rhesus monkeys that were in-
fected with an in vivo serial passage derivative of SIV-
mac2515,6 and developed a stable viremia, as determined by
bDNA testing of EDTA-anticoagulated plasma. At 19 weeks
postinfection (pi) six monkeys had equivalent set point viral

loads (average! standard deviation, 5.33! 0.11 log10 viral
genome equivalents per ml plasma). One group of three then
received control vehicle (phosphate-buffered saline, PBS) in-
jections whereas the other receivedMETH (Sigma-Aldrich, St.
Louis, MO), which was administered intramuscularly via
a dose-escalation protocol to enable chronic administration.7

The escalating dose regimen of METH continued for 5 weeks,
reaching a final dose of 25mg/kg a week, which was main-
tained for an additional 18 weeks. This level mimics that used
by human METH abusers.8 At 42 weeks pi (23 weeks of
METH administration) the plasma viral load did not differ
between the groups (5.60! 0.26 and 5.66! 1.07 for PBS and
METH, respectively), and animals sacrificed and specimens
taken for studies of the effects of METH on SIV infection,
including plasma for the proteomic studies here. At this stage
of infection, animals were still relatively healthy, but with
alterations in immune cells, astrocyte activation, and brain
viral load noted as presented elsewhere.9

Immunodepletion of relatively abundant proteins was
performed to allow the identification of less plentiful pro-
teins. High and medium abundant serum proteins were re-
moved by immunodepletion using the IgY/SuperMix liquid
chromatography columns (Genway Bio, San Diego, CA)
connected linearly using an Akta Purifier FPLC (GE Health
Care, Uppsala, Sweden). The flowthrough fraction was con-
centrated using Amicon Ultra-15 centrifugal filters (Millipore,
Billerica,MA), the protein concentrationmeasured using BCA
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(Pierce, Rockford, IL), and bovine serum albumin was used as
a standard.

The procedure of isobaric tag for relative and absolute
quantitation (iTRAQ) labeling followed bymass spectrometry
(MS) was employed to quantitatively analyze immuno-
depleted plasma. A 7-plex approach was employed (using the
8-plex iTRAQ kit, Applied Biosystems, Foster City, CA)
wherein the non-METH samples were labeled with 113, 114,
115, METH-treated samples were labeled with 116, 117, and
118, and a reference pool containing all the six samples was
labeled with 121. Samples were then combined and subjected
to individual off-line cleanup and fractionation using a
strong cation-exchange cartridge followed by reverse-phase
liquid chromatography electrospray ionization tandem mass
spectrometry analysis on an LTQ linear ion trap (Thermo
Scientific, Waltham, MA) run in a pulsed-Q-dissociation/
collision-induced dissociation hybrid mode. Data were
searched against the UniProtKB/Swiss-Prot Release 57.13 of
January 19, 2010 using the primates taxonomywith theMascot
2.2 search engine (Matrix Science Limited, UK). Settings for
the MS and database search were previously described.10

We identified a total of 110 proteins, of which 83 proteins
had iTRAQ ratios for at least one animal (Supplementary
Table 1; Supplementary Data are available online at www
.liebertonline.com/aid) and 65 proteins with ratios for all
six animals. For initial identification of potential candidate
proteins statistical analysis was performed on the proteins
quantified in all six animals to identify differentially ex-
pressed proteins between the two groups. We found four
proteins to be altered by SIV/METH (compared to SIV/PBS)
treatment, all of them increased: extracellular superoxide
dismutase (EC-SOD), complement factor I (CFI), IgG lambda
chain, and mannan binding lectin serine protease 2 (MASP2)
(Table 1). Given its importance as an antioxidant enzyme
against reactive oxygen species (ROS) and particularly super-
oxide anion radicals, we focused on EC-SOD.

To validate the proteomic data, we next performed
Western blot analysis as previously described,10 using anti-
EC-SOD (1:500 dilution Santa Cruz), followed by secondary
antibody (1:10,000 dilution of HRP-conjugated antigoat
IgG; GE Healthcare, Little Chalfont, UK), and development
with a 1:1 solution of Super Signal West Pico Chemilumi-
nescent Substrate and Luminol/Enhancer (Thermo Fisher
Scientific, Rockford, IL). Western blot analysis indeed
confirmed the upregulation of EC-SOD in these samples
(Fig. 1A).

This interesting observation led us to perform a targeted
multiplexed bead-based assay that comprised a number of
damaging and protective factors (HumanMAP, Rules Based
Medicine Inc., Austin, TX). Profiling of the plasma samples

identified glutathione S-transferase (GST), an enzyme that
effectively scavenges free radicals during oxidative stress, to
be significantly upregulated in the METH-treated (compared
to the PBS-treated) SIV-infected monkeys (Fig. 1B).

Table 1. Differential Expression of Plasma Proteins After METH Administrationa

Protein identified iTRAQ ratio SIVþPBS iTRAQ ratio SIVþMETH Average fold change p-value

IgG lambda chain 0.722! 0.126 2.119! 0.120 þ2.93 0.001
Extracellular superoxide dismutase 0.707! 0.022 1.729! 0.281 þ2.45 0.022
Complement factor I 0.543! 0.095 1.243! 0.197 þ2.29 0.033
Mannan-binding lectin serine protease 2 0.930! 0.069 1.610! 0.129 þ1.73 0.010

aThe average iTRAQ ratios (! standard error of mean) from the control and METH-administered monkeys were used to compute the fold
changes and significance (as determined by an unpaired Student’s t-test).

FIG. 1. Antioxidant proteins are increased in plasma in
METH-treated animals. (A) Western blot analysis using anti-
EC-SOD antibody on immunodepleted plasmas from the six
monkeys used in the study (top). Loading was confirmed by
Ponceau S staining of membranes and data were normalized
to a band expressed equally in all samples (below, indicated
by an asterisk). The averages of the normalized values of EC-
SOD expression from the six monkeys from the two groups
before and after METH treatment are shown as bar graphs
(bottom). (B) Immunoassay revealed a significant increase in
GST in METH-treated animals. Data are represented as
mean! SEM. An unpaired t-test was used to assess the data
for statistical significance.
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These data point to activation of defense mechanisms to
oxidative stress. In a study on a different drug of abuse
(morphine) on SIV-infected monkeys, oxidative stress and
defenses were also examined.11,12 Although the experimental
protocol differed (animals were administered morphine be-
fore inoculation with a mixture of viral strains that rapidly
depletes CD4þ T cells), interesting comparisons can be made
in chronic infection at a similar pi time point (48 weeks). The
morphine-dependent animals had increased plasma mal-
ondialdehyde, a marker of lipid peroxidation, and decreased
catalase, an antioxidant enzyme that breaks down hydrogen
peroxide. Plasma superoxide dismutase (which is predomi-
nantly EC-SOD), although not different between the groups
at this time point, manifested a rise due to morphine given
before infection, which then dropped with SIV infection.
Additional studies at earlier time points revealed similar
changes in other markers for oxidative stress (an increase in
8-isoprostane) and protective mechanisms (a decrease in
glutathione) in the presence ofmorphine. Intriguingly in these
studies, an increased rate of rapid progression to simian AIDS
was found in the morphine-treated animals. Together, these
data suggest that administration ofmorphine during infection
results in loss of the protective antioxidant activity, whereas
it is augmented by METH.

Our studies identified the circulating antioxidant EC-SOD
to be significantly upregulated after METH administration in
the context of SIV infection. Excessive production of ROS
associated with oxidative stress can overwhelm antioxidant
systems and lead to cellular damage. Earlier studies have
shown that METH can cause oxidative stress by increasing
ROS production.13–15 A potent role for oxidative mechanisms
in METH toxicity is confirmed by reports that antioxidants
such as vitamin C, N-acetyl-l-cysteine, selenium, and mela-
tonin protect against METH-induced destruction of dopa-
mingeric terminals.16–19 Furthermore, CuZn-SOD transgenic
mice that have higher CuZn-SOD activity are less prone to
METH-induced damage on dopaminergic terminals.15,20,21

Although not specific to METH, in HIV-infected intravenous
drug abusers an increase in nitrosative stress was found on
CSF proteins.22

Another key antioxidant we identified to be upregulated
after SIV/METH treatment is GST, which aids in metabo-
lizing byproducts of oxidative stress.23 Together with the
upregulation of EC-SOD, this suggests that in the SIV/
METH-treated animals there is an upregulation of the anti-
oxidant system, reflecting compensatory responses to
increased oxidative stress. Therefore, the observed increase
in the antioxidants is likely protective in nature.

Our study also identified increases in MASP-224,25 and
CFI,26 which are proteases associated with the lectin and al-
ternative pathways of the complement system, respectively.
MASP-2 alone is sufficient to trigger complement activation
through the lectin pathway, whereas CFI is a key negative
regulator of the alternative pathway. No significant changes
in other complement proteins were observed in our un-
targeted (where no change was found in complement com-
ponents C1r, C1s, C2, C5, C8a, C8g, or C9) or targeted (C3)
proteomics. Taken together, the effects on the complement
system may be balanced to yield no net effect on complement
activation.

Although this study focused on plasma, the combined ac-
tions of SIV/METH likely affect other compartments includ-

ing the brain. Whereas we find an increase in the defense
systems to oxidative stress in the plasma, in other organ
systems or perhaps with increased time such defense mech-
anisms may be overwhelmed. The contrast between mor-
phine, where there is a reduction in such defensemechanisms,
and METH, where they are increased, is intriguing, but the
experimental conditions were quite distinct between these
experiments in terms of timing of drug administration and
viral inoculum. Additional studies to understand how ex-
trinsic factors such as drugs of abuse increase or decrease host
defenses are important in the now prolonged time course of
HIV infection.
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