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ABSTRACT
HIV-1-infected opiate abusers often exhibit an accelerated form of HIV-1-associated dementia and enhanced neurological dysfunction.

Productive HIV-1 infection of microglia and perivascular macrophages and the resultant secretion of neurotoxic molecules by these cells

contribute to this phenomenon. In order to understand the role of morphine in this process, we performed a genome-wide association study at

the micro RNA (miRNA) and protein levels in human monocyte-derived macrophages (h-mdms). A total of 26 differentially expressed miRNA

were identified (P< 0.01), of which hsa-miR-15b and hsa-miR-181b had the greatest increase and decrease in expression levels, respectively.

Computational analysis predicted fibroblast growth factor-2 (FGF-2) as the strongest target gene for hsa-miR15b. Of note, we observed a

decrease in FGF-2 protein expression in response to morphine. Both hsa-miR-15b and hsa-miR-181b have several predicted gene targets

involved in inflammation and T-cell activation pathways. In this context, we observed induction of MCP-2 and IL-6 by morphine. Moreover,

proteomic analysis revealed the induction of mitochondrial superoxide dismutase in response to morphine treatment. HIV-1 infection did not

induce mitochondrial superoxide dismutase. Collectively, these observations demonstrate that morphine induces inflammation and

oxidative stress in h-mdms thereby contributing to expansion of HIV-1 CNS reservoir expansion and disease progression. Of note,

differentially expressed miRNAs (hsa-miR-15b and 181-b) may have a potential role in regulating these processes. J. Cell. Biochem.

110: 834–845, 2010. � 2010 Wiley-Liss, Inc.
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O piate abuse has the potential to destabilize neuronal

functions and in human immunodeficiency virus-1 (HIV-

1)-infected individuals might lead to an accelerated form of HIV-1-

associated dementia (HAD). Not surprisingly, HIV-1-infected

individuals that abuse opiates exhibit more severe neuropathology

at autopsy [Bell et al., 2006]. Importantly however, the molecular

biology underlying these clinical observations needs elucidation.

Our current understanding of HIV-1 neuropathogenesis suggests

that key features include infiltration of macrophages into the CNS,

formation of microglial nodules and multinucleated giant cells,

astrocyte activation, and neuronal loss, particularly in the

hippocampus and basal ganglia. In addition, evidence also suggests

dysregulation of synaptodendritic communication among neurons

in the absence of cell death [Ellis et al., 2007]. Since productive viral

replication occurs in perivascular macrophages and inmicroglia, the

ultimate effects on the functioning of neurons is mediated by viral

proteins and neurotoxins secreted from these infected cells

[Gonzalez-Scarano and Martin-Garcia, 2005; Hauser et al., 2007].

A strong relationship seems to exist between opiate usage and

HIV-1 neuropathogenesis, as the former correlates with the severity

of the CNS disease in heroin-abusing cohorts [Bokhari et al., 2009].

Heroin is a semi-synthetic ester of morphine and exerts its effect by

converting to morphine in the brain [Rook et al., 2006]. Hence,

morphine is the drug of choice to study HIV-1 neuropathogenesis in

opiate-abusing cohorts. Opiates promote HIV-1 propagation in

immune cells while suppressing immune functions. Immunomo-

dulatory activities of opiates also include inhibition of antibody

responses, induction of chemotaxis in mononuclear cells, alteration
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of macrophage functions, and modulation of cytokine production

[Bussiere et al., 1993; Rojavin et al., 1993; Ho et al., 2003]. Of note,

chronic opioid drug exposure often leads to altered patterns of gene

activation and increased oxidative stress which might eventually

lead to synaptodendritic miscommunications and neuronal injury

[Turchan-Cholewo et al., 2006; Ellis et al., 2007]. Generation of

reactive oxygen species (ROS) can lead to oxidation of proteins and

DNA, peroxidation of lipids, and eventually cell death [Hsiao et al.,

2009]. A consequence of the production of ROS involves induction

of pro-inflammatory cytokine biosynthesis suggesting complex

interplay between CNS inflammation and oxidative stress [Turchan-

Cholewo et al., 2009].

Genome-wide association studies enable identification of

unknown biochemical pathways involved in clinical observations.

Such studies also aid in generating molecular tools by which these

pathways might be elucidated. Additionally, simultaneous analysis

at the micro RNA (miRNA) and protein levels provides unique

insights towards developing potential small interfering RNA or

miRNA-based therapeutic moieties that could abrogate the

associated pathologies. Few studies have performed proteomic

analysis associated with morphine or HIV-1 infection [Ricardo-

Dukelow et al., 2007; Yang et al., 2007; Li et al., 2009]. A recent

study performed miRNA-based analysis to identify role of hsa-mir-

23b in regulation of the m-opioid receptor [Wu et al., 2009]. None of

the studies thus far have simultaneously performed genome-wide

miRNA and protein level analysis. In this study, we focused our

attention on human monocyte-derived macrophages (h-mdms) and

their response during exposure to morphine and infection with HIV-

1. We utilized miRNA microarray and 2D gel electrophoresis based

analyses to determine differential expression and deduce potential

correlations and unique features associated with morphine exposure

or HIV-1 associated insults.

MATERIALS AND METHODS

ISOLATION AND DIFFERENTIATION OF HUMAN

MONOCYTE-DERIVED MACROPHAGES

h-mdms were generated by differentiation of peripheral blood

mononuclear cells (PBMCs) obtained from healthy, HIV-1 serone-

gative donors as previously described with several modifications

[Dave and Pomerantz, 2004]. Dynabeads1 CD8 (Invitrogen,

Carlsbad, CA) were utilized to deplete CD8þ T cells from PBMCs

according to the manufacturer’s instructions. CD8-PBMCs

(5� 106 cells in 10 cm petri dishes) were allowed to adhere and

differentiate into h-mdms for 7–10 days prior to any treatment.

CD8-PBMCs were differentiated in DMEM containing 10% heat-

inactivated FBS, 10% heat-inactivated horse serum, 2mM L-

glutamine, 50U penicillin G/ml, 50mg streptomycin/ml, 0.5 ng

granulocyte-macrophage colony stimulating factor/ml, and 0.5 ng

macrophage colony stimulating factor/ml. Additional fresh media

was added at 2- to 3-day intervals. At the end of differentiation,

adherent h-mdms were washed three times in the differentiation

media and cultured in Optimem I serum-free medium (Invitrogen).

h-mdms were infected with HIV-1 isolates, YU-2 or JR-FL

(MOI¼ 0.1 pg p24/cell) for 2 h [National Institute of Health AIDS

Research and Reference Reagent Program, Division of AIDS, NIAID,

NIH. pYU-2 (Catalog #1350; Contributor: Dr. B. Hahn & Dr. G.M.

Shaw) JR-FL (Catalog #: 395; Contributor: Dr. I.S.Y. Chen)]. After

2 h, cells were washed extensively with PBS to remove input virus.

h-mdms were cultured in DMEM containing 10% heat-inactivated

FBS for 5 dpi [Dave and Pomerantz, 2004]. h-mdms were treated

with morphine (Sigma–Aldrich, St. Louis, MO) in Optimem I reduced

serum medium (Invitrogen).

miRNA ANALYSIS

Total RNA was extracted from h-mdms at the end of the treatment

with mirVanaTM miRNA isolation kit according to manufacturer’s

instructions (Ambion, Austin, TX). In order to obtain a representa-

tive profile of miRNA expression, h-mdms were isolated from three

individual donors and were treated with 0.1mMmorphine for 1 and

24 h. Total RNA was isolated from these h-mdms at the end of 1 and

24 h treatments along with those from control, to ensure detection of

early and late expressing miRNAs. Equivalent amounts of total RNA

from both 1 and 24 h samples from the three donors was pooled

(4� 3¼ 12mg) to eliminate differences between the donors. miRNA

extraction and miRNA hybridization were performed at LC Sciences

(Houston, TX). miRNA from control and morphine-treated h-mdms

was labeled either with Cy3 or Cy5, respectively. LabeledmiRNAwas

hybridized to an array with probe content from Release 12.0 of the

miRBase sequence database that included 856 mature human

miRNAs. Cy3/Cy5 signal ratios were determined to identify

differentially expressed miRNAs. A four probe repeat system was

utilized to perform statistical analysis. Each miRNA probe was

spotted four times on the array and as a result four columns were

generated on the heat map.

miRNA GENE TARGET PREDICTION

Web-based tools at the miRDB website (http://www.mirdb.org) in

conjunction with the Panther database (http://www.pantherdb.org)

of compiled pathways were utilized to identify potential pathways

and target genes through which miRNAs (differentially expressed in

response to morphine) might intersect. The MirTarget2 prediction

tool assigned a score to each of the gene targets in the range from 50

to 100 (with a score of 100 being the most likely gene target for the

miRNA). A predicted target with score >80 is most likely to be

bonafide, while targets with scores <60 require additional evidence

to be considered valid [Thomas et al., 2003; Wang, 2008; Wang and

El Naqa, 2008].

WESTERN BLOT ANALYSIS

Cell-free culture supernatants were obtained from control h-mdms,

h-mdms treated for 24 h with 0.1mM morphine and 0.1mM

morphine plus 1mM naloxone (Sigma–Aldrich). In addition, cell-

free culture supernatants were obtained from HIV-1 YU-2-infected

h-mdms (5 dpi) along with those treated with 0.1mM morphine and

0.1mM morphine plus 1.0mM naloxone (Sigma–Aldrich). Super-

natants were concentrated 25� on Amicon Ultra-15 Centrifugal

filter device (with 3,000 molecular weight cut-off) according to

manufacturer’s instructions (Millipore, Billerica, MA). Concentrated

supernatants were subjected to Western blot analysis and probed

with a monoclonal anti-fibroblast growth factor-2 (FGF-2) antibody

(Calbiochem, San Diego, CA) at a concentration of 0.1mg/ml in 5%
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skimmed milk for 1 h. Blots were washed extensively with PBS

containing 0.1% Tween-20 (Sigma–Aldrich) and subsequently

probed with goat-anti mouse horse-radish peroxidase conjugated

secondary antibody at a concentration of 4 ng/ml (Thermo

Scientific, Rockford, IL). Enhanced chemiluminescent plus detection

kit (GE healthcare, Piscataway, NJ) was utilized to detect the

secondary antibody. Band intensities were determined with the aid

of Quantity One 1D analysis software (Biorad, Hercules, CA) and

were normalized with protein concentration in the concentrated

supernatants.

CYTOKINE ARRAY

Uninfected and HIV-1-infected h-mdms (5 dpi) were incubated in

Optimem-I reduced serum medium (Invitrogen) for 48 h. Subse-

quently, they were treated with 0.1mM morphine for 24 h and cell-

free culture supernatants were obtained from morphine-treated and

control h-mdms for cytokine array analysis. Culture supernatants

(1ml) were utilized to probe a human cytokine antibody array

(AAH-CYT3) according to manufacturer’s instructions (RayBiotech,

Norcross, GA).

TWO-DIMENSIONAL GEL ELECTROPHORESIS AND

MALDI-TOF MS ANALYSIS

Control h-mdms, HIV-1 YU-2-infected and morphine-treated h-

mdms were washed three times with cold PBS. Cells were harvested

by scraping in cold PBS and the resultant cell-suspension was

centrifuged at 1,200 rpm at 48C to pellet cells. Protein extraction, gel

electrophoresis and MALDI-TOF MS analysis was performed at the

Proteomics Core (Temple University). Briefly, protein extracts were

prepared by lysing cells in 2D buffer containing 8M urea, 2%

CHAPS, 40mM Tris, 60mM DTT, and 1� protease inhibitor cocktail

(Roche Applied Sciences, Indianapolis, IN). For the first dimension,

proteins were resolved in an immobilized pH gradient ranging pI 4–

7 or 6–10. For the second dimension, proteins were resolved on 10–

14% SDS–PAGE. Resolved proteins in the 2D gels were stained with

Sypro-Ruby fluorescent stain. Fluorescence images were captured

with FLA-5000 Fluor Imager and the images were analyzed by

PDQuest Software Version 8.0. Spots were detected by the software

and the images were manually edited to remove artifacts and correct

mismatches. Individual spot volumes were calculated by density/

area integration. Gels were run in duplicate and to eliminate gel-to-

gel variation, individual spot volumes for each gel were normalized

relative to total valid spot volume of that gel. Normalized spot

volume was utilized to determine differential expression. Select

differentially expressed spots were excised using an Xcise

automated robotic system followed by identification of in-gel

tryptic digested peptides by MALDI-TOF MS analysis [Duan et al.,

2008].

STATISTICAL ANALYSIS

Statistically significant differences between control and test groups

were determined by Student’s t-tests. P-values of �0.05 were

considered statistically significant.

RESULTS

A genome-wide analysis of miRNA expression associated with

morphine treatment of h-mdms was performed to identify gene

targets and biochemical pathways with the objective of under-

standing HIV-1 neuropathogenesis in opioid-abusing cohorts. These

investigations were supplemented by analysis of select proteins

including growth factors (FGF-2) and pro-inflammatory cytokines

that may be regulated as a result of miRNAs that were differentially

expressed in response to morphine or guanine nucleotide-binding

protein couple receptor (GPCR) signaling pathways. In order to

compare the response of h-mdms to morphine or HIV-1 infection,

cytokine and FGF-2 expression, and proteomics studies were

performed.

Fluorescence intensity of normalized signal from Cy5 or Cy3

labeled probes hybridized to the array was calculated and a heat-

map was generated to determine differential miRNA expression

(Fig. 1A). Approximately, 26 miRNAs exhibited differential

expression with log2 values �0.6 range (P< 0.01; Fig. 1B). Of

these 26 miRNAs, 12 miRNAs were up-regulated. Signal strengths of

these differentially expressed miRNAs were compared with log2
ratios to identify miRNA that had both maximal change in

expression level and high abundance. Based on this analysis, we

identified hsa-miR-15b and hsa-miR-638 with a log2 ratio of 0.48

and �0.6, respectively. In addition, we identified hsa-miR181b

which showed the strongest down-regulation in morphine-treated

h-mdms with log2 ratio of �0.66 (Fig. 1C).

A bioinformatics approach was utilized to identify gene targets

and associated biochemical pathways that might be regulated by

hsa-miR-15b, hsa-miR-181b, and hsa-miR-638 that may explain

accelerated disease progression in opioid abusing cohorts. The

miRDB database predicted 600 gene targets for hsa-miR15b of

which 105 genes targets had a score >80. The highest score (100)

was associated with FGF-2. hsa-miR-15b was predicted to bind at

four locations in the 30-UTR (1113, 5066, 5599, and 5640). The core

sequence (50-AGCAGCAC-30) was conserved at all the four identified
locations in the 30-UTR. We identified 936 gene targets for hsa-miR-

181b of which 185 gene targets had a score >80. Of note, tumor

necrosis factor-alpha (TNF-a) is a gene target for hsa-miR181b as

well as related miRNAs hsa-miR181a–d. As compared with hsa-

miR-15b, hsa-miR-638 had only six predicted gene targets. Gene

targets identified for hsa-miR-638, cyclin G2 (score 72), and

transcription elongation regulator 1-like factor (score 65) were

predicted to have an involvement in p53 and platelet-derived

growth factor (PDGF) signaling pathways (Table I).

To identify metabolic pathways and biological processes that

might be regulated by hsa-miR-15b and hsa-miR-181b through

intersection with target genes (score >80), we performed an

alternate search utilizing the miRDB and Panther databases.

Pathways with the greatest potential for regulation by hsa-miR-

15b include the p53 and Wnt signaling pathways, T-cell activation

pathway and most importantly chemokine and cytokine mediated

inflammation pathways. These pathways were also identified for

hsa-miR-181b; however, the target genes were different. For

example in the p53 pathway, CDC25A (Cell division cycle homolog
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A) is a target for hsa-miR-15b, while ataxia telangiectasia mutated

(ATM) is targeted by hsa-miR181b. In addition, G-protein,

transforming growth factor-beta (TGF-b), and cadherin signaling

pathways were also identified as potentially regulated by hsa-miR-

181b. Of note, several members of the protocadherin-a family that

participate in the Cadherin signaling pathway were predicted as

target genes for hsa-miR-181b (Table I).

As FGF-2 was predicted to be a strongest gene target for hsa-miR-

15b, we performed Western blot analysis of cell-free h-mdm culture

supernatants to correlate their expression in response to morphine

treatment. In addition, FGF-2 secretion was quantified during HIV-1

infection alone or in combination with morphine treatment. For this

analysis, cell-free h-mdm culture supernatants that had been

subjected to equivalent concentration (25�) were utilized. FGF-2

Fig. 1. Morphine treatment of h-mdms induces differential miRNA expression. miRNA isolated from morphine-treated and control h-mdms were labeled with Cy5 or Cy3,

respectively. A: Labeled miRNA were hybridized simultaneously to a miRNA array (Sanger Version 12.0) to detect morphine-induced differential miRNA expression. The majority

of the differentially expressed miRNAs had <0.5-fold change in expression level as compared to control. The outer lines along the median indicate a 0.5-fold change in

expression levels. B: A total of 26 different miRNAs with P-values �0.01 were identified to exhibit differential expression. The heat-map of these miRNAs is depicted on the

right side. Green signal on the heat-map indicates a decrease in miRNA expression and red signal indicates an increase in miRNA expression level as compared to control (range:

�2.0 to þ2.0). C: Eight of these 26 miRNAs had a log2 ratio �0.05 and P-values �0.01.
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levels were decreased to 85% and 66% of control in cell-free culture

supernatants frommorphine-treated h-mdms and morphine-treated

h-mdms infected with HIV-1, respectively. These effects seem to be

mediated through the m-opioid receptor, as naloxone was able to

reverse the morphine-induced decrease only in the absence of HIV-1

infection. In HIV-1-infected h-mdms treated with morphine,

naloxone increased the secretion of FGF-2 from 66% to 82% of

control suggesting additional mechanisms might affect hsa-miR-

15b expression and FGF-2 secretion during HIV-1 infection (Fig. 2).

Several gene targets identified from the miRNA analysis

suggested potential miRNA mediated regulation of the pro-

inflammatory cytokines and chemokines. In order to quantitate

secretion of pro-inflammatory cytokines and chemokines from

h-mdms upon treatment with morphine, we utilized a human

cytokine antibody array. We also analyzed changes in secretion of

these molecules from HIV-1 JR-FL-infected h-mdms alone or in

combination with morphine treatment as inflammation is an

important aspect of HIV-1 neuropathogenesis. Both, morphine-

treatment and HIV-1 JR-FL infection of h-mdms induced secretion

of monocyte chemoattractant protein 2 (MCP-2) and interleukin 6

(IL-6; Fig. 3). MCP-2 secretion was increased 2.6 (P-value¼ 0.003)

and 2.8 (P-value¼ 0.0001) fold over control in morphine-treated

and HIV-1 JR-FL-infected h-mdms, respectively. The differences in

MCP-2 secretion from morphine-treated or HIV-1-infected h-mdms

were statistically insignificant (P-value¼ 0.322). When h-mdms

were treated with morphine during HIV-1 JR-FL infection, MCP-2

secretion was increased 1.9-fold over control and was significantly

less than the increase triggered by individual treatment

conditions (P-value¼ 0.002). IL-6 secretion was increased

3.3 (P-value¼ 0.0005) and 2.7 (P-value¼ 0.011) fold over control

in morphine-treated and HIV-1 JR-FL-infected h-mdms, respec-

tively. The differences in IL-6 secretion from morphine-treated or

HIV-1-infected h-mdms were statistically insignificant (P-value

�0.05). When h-mdms were treated with morphine during HIV-1

JR-FL infection, IL-6 secretion was increased 3.3-fold over control

and was similar to the increases triggered by individual treatment

conditions (P-value �0.05). TNF-a secretion was not detected in

culture supernatants from control, morphine-treated or HIV-1-

infected h-mdms. While TNF-a was not detected in this analysis, it

should be noted that 50 pg/ml of TNF-a was detected during HIV-1

YU-2 infection of h-mdms by ELISA.

Both morphine treatment and HIV-1 infection altered expression

of select proteins. Hence, in order to identify changes in overall

protein expression associated with morphine treatment or HIV-1

infection, we performed 2D gel analysis of proteins isolated from

control, morphine-treated and HIV-1 YU-2-infected h-mdms

(Fig. 4). Densitometric analysis of proteins resolved on 2D gels

was performed to determine qualitative and quantitative changes in

protein expression. Both morphine treatment and HIV-1 infection

decreased protein expression with the latter having a greater effect.

As compared to control h-mdms, 48% and 57% of different protein

spots had decreased signal intensity in morphine-treated and HIV-1

YU-2-infected h-mdms, respectively. A stronger decrease in overall

protein expression as a result of HIV-1 YU-2 infection was reflected

Fig. 2. Morphine treatment of h-mdms decreases secretion of FGF-2. Cell-free culture supernatants were concentrated to equivalent volumes (25�) on ultra-filtration

membranes (cut-off: 3,000 kDa). Concentrated cell-free culture supernatants from uninfected and HIV-1 YU-2-infected h-mdms at 5 dpi were either treated with 0.1M

morphine or 0.1M morphine and 1.0M naloxone for a duration of 24 h. These concentrated cell-free supernatants along with the same from untreated controls were subjected

to Western blot analysis. Image-quantitation of the blot suggests FGF-2 secretion was decreased to 85% and 66% in response to morphine treatment and morphine treatment

during HIV-1 infection, respectively. Signal intensities depicted were normalized with protein concentration and compared as % of control.
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in the number of protein spots that had a >0.5-fold decrease. The

number of proteins with>0.5-fold decrease as compared to control,

was 2 and 9 (P-value �0.05) for morphine- and HIV-1 YU-2-

infected h-mdms, respectively. The number of proteins with >0.5-

fold increase as compared to control, was 3 and 9 (P-value �0.05)

for morphine-treated and HIV-1 YU-2-infected h-mdms, respec-

tively (Supplementary Figs. 1 and 2).

A select group of proteins that exhibited differential expression

between morphine-treated and HIV-1 YU-2-infected h-mdms were

identified by MALDI-TOF MS analysis (Fig. 5A,B). Mitochondrial

superoxide dismutase (spot 9; Fig. 4) was not detected in control or

HIV-1 YU-2 infected h-mdms. It was specifically induced during

morphine treatment. Similarly, galectin-3 (Gal-3) was not detected

during HIV-1 infection. Gal-3 expression was not increased

significantly in response to morphine treatment (1.15-fold over

control; P-value¼ 0.47). Macrophage capping protein (spot 1;

Fig. 4) expression was decreased by 0.3-fold over control (P-

value¼ 0.02) in HIV-1-infected h-mdms. Morphine did not alter

expression of macrophage capping protein (P-value¼ 0.93). Both

morphine treatment and HIV-1 infection decreased expression of

tripeptidyl-peptidase I (spot 2; Fig. 4) by 0.68 and 0.27-fold over

control, respectively. However, the decrease was statistically

significant only in the case of HIV-1 infection (P-value¼ 0.03).

Similar decrease in expression levels were observed for cystatin B

(spot 10; Fig. 4). Both morphine treatment and HIV-1 infection

decreased expression of cystatin B (spot 10; Fig. 4) by 0.65 and 0.43-

fold over control, respectively. However, the decrease was

statistically significant only in the case of HIV-1 infection

(P-value¼ 0.04). Expression of fatty acid-binding protein (spot 4;

Fig. 4) was increased 1.21-fold over control by morphine and

decreased by 0.43-fold over control during HIV-1 infection.

However, the change in expression levels was significant only

during HIV-1 infection (P-value¼ 0.02).

DISCUSSION

These data demonstrate the potential mechanisms through which

HIV-1 disease progression may accelerate in opioid abusing

individuals. In this study, morphine treatment of h-mdms lead to

differential miRNA and protein expression that potentially impacts

key inflammation and oxidative stress processes that lead to

expansion of the HIV-1 viral reservoir in the CNS. Differentially

expressed miRNAs, hsa-miR-15b and hsa-miR-181b have several

targets in the pro-inflammatory pathways. Of note, FGF-2 is likely

to be targeted by hsa-miR-15b (score¼ 100). FGF-2 secretion

was down-regulated by morphine and the hsa-miR-15b was

up-regulated under similar treatment conditions. Pro-inflammatory

Fig. 3. Morphine-induced secretion of inflammatory cytokines and chemokines. A: Cell-free culture supernatants from morphine-treated, HIV-1 JR-FL-infected, HIV-1 JR-

FL-infected plus morphine-treated or control h-mdms were subjected to an inflammatory chemokine and cytokine antibody array analysis. B: Quantification of signal intensities

revealed that morphine treatment and HIV-1 infection of increased secretion of MCP-2 and IL-6. A cumulative effect was not observed when HIV-1-infected h-mdms were

treated with morphine. Increase in PDGF-BB secretion was not statistically significant. No induction of TNF-a was observed in this array analysis.
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response including the induction of MCP-2 and IL-6 secretion

similar to that observed during HIV-1 infection, was also observed

upon morphine treatment of h-mdms revealing commonality of

some pathways, while induction of mitochondrial superoxide

dismutase reflects on unique aspects of morphine-induced meta-

bolic changes in CNS.

The molecular mechanisms that lead to differential miRNA

expression in response to morphine in h-mdms are not known.

However, recent studies elucidating regulation of miRNA pathways

provide some insights. Morphine-induced differential miRNA

expression may be the result of activation of biochemical pathways

that sense environmental stress cues. For example, mitogen-

activated protein kinase/extracellular signal-regulated kinase

(MAPK/ERK) pathway phosphorylates the HIV TAR RNA-binding

protein (TRBP). TRBP and DICER are essential components of the

miRNA generating machinery. Phosphorylation of TRBP stabilizes

these complexes and enhances miRNA production [Paroo et al.,

2009]. MAPK may also regulate activity of argonaute-2 (Ago2)

protein by phosphorylation. Together these molecules can transduce

environmental cues to affect stability and abundance of miRNAs.

Morphine-induced differential miRNA expression may also be the

result of specific regulation of individual miRNAs. Such specificity

Fig. 4. Morphine treatment of h-mdms induces differential protein expression. Protein extracts from control h-mdms, morphine-treated and HIV-1 YU-2-infected h-mdms

were subjected to 2D gel electrophoresis. Proteins were resolved in first dimension by isoelectric focusing at pI 4–7 and 6–9. Signal intensities of resolved protein spots from

morphine-treated and HIV-1 YU-2-infected h-mdms was compared to the same from control h-mdms. The 3D plot on the top row shows change in protein expression from

within the square in the pI 4–7 gel electrophoresis. Both morphine and HIV-1 infection decrease intensity of spot 1. In addition, spot 2 was induced by morphine treatment and

spot 3 was induced in response to HIV-1 YU-2 infection. The 3D plot in the bottom row shows changes in protein expression from within the square in the pI 6–9 gel

electrophoresis. Spot 9 was induced only in response to morphine treatment.
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may be imparted when RNA polymerase II or III are utilized for

transcription of primary miRNAs (pri-miRNAs). Another pathway

that regulates expression of specific miRNAs is TGF-b. TGF-b

facilitates interaction of SMAD proteins with one of the RNA

helicases (p68) in the large Drosha complex [Winter et al., 2009]. It is

highly probable that both the MAPK/ERK and TGF-b pathways are

involved in regulation differential miRNA expression in response to

morphine treatment of h-mdms as both these biochemical pathways

are known to be triggered by GPCR signaling resulting from

interaction of morphine with the m-opioid receptor [Happel et al.,

2008; Chen and Sommer, 2009] (Fig. 6).

Morphine-induced pro-inflammatory response in h-mdms might

be regulated by MAPK and TGF-b as has been demonstrated in

human monocytes [Mahajan et al., 2005; Happel et al., 2008]. The

role of chemokines and cytokines in the context of inflammation of

CNS during HIV-1 infection has been extensively studied [Avison

et al., 2004; Kaul, 2008]. Both, MCP-2 and IL-6 have been reported

to be secreted in response to HIV-1 infection of microglia in the CNS

[Schwartz et al., 2000; Wang and Gabuzda, 2006]. However, the role

of these two proteins is yet to be elucidated in context of potential

pro-inflammatory responses resulting from morphine treatment of

h-mdms or microglia. Cross-talk between MCP-2, IL-6, and other

proinflammatory cytokines and chemokines can potentially lead to

expansion of HIV-1 reservoir in CNS [Williams et al., 2009]. Absence

of TNF-a induction appears as an unusual anomaly, as it is known to

play a crucial role in HIV-1 neuropathogenesis [Huang et al., 2005;

Yu et al., 2007; Zheng et al., 2008]. Studies in U937, a human

monocytic cell line and in activated mouse peritoneal macrophages

suggested secretion of TNF-a [Peng et al., 2000; Sawaya et al.,

2008]. Even so, TNF-a was not detected in cell-free culture

supernatants of morphine-treated h-mdms, while it was detected in

cell-free supernatants of HIV-1-infected and phorbol 12-myristate

13-acetate (PMA)-treated h-mdms. In addition, we did not observe

activation of nuclear factor kappa B (NFkB).

Morphine could potentially compromise the integrity of the

blood–brain barrier with chronic usage by decreasing secretion of

FGF-2. Direct evidence of the effect of morphine on the integrity of

blood barrier is lacking. Existing data suggests that in mice chronic

administration of heroin might impede tumor growth. In androgen-

responsive SC115 carcinoma cells, opioid peptides inhibited cell

growth, while FGF-2 induced proliferation of these cells [Jiang et al.,

1993]. In another study with human umbilical vein endothelial cells,

FGF-2 was shown to mediate angioprotection against HIV-1 gp120

toxicity [Langford et al., 2005]. Hence, decrease in FGF-2 levels

might have potential implications for HIV-1 neuropathogenesis in

HIV-1-infected opiate abusers by permitting increased viral traffic

into CNS. In addition, FGF-2 is an important component of neuron–

microglia cross-talk, allowing the latter to exert protective

influences [Figueiredo et al., 2008]. It is possible that chronic

usage of morphine or heroin deteriorates the ability of microglia to

protect neurons and might provide a potential explanation of the

often observed neuronal loss in HIV-1-infected drug abusers

[Langford et al., 2004].

Mitochondrial oxidative stress and free radical production is

often observed in microglial cells treated with morphine [Raut and

Ratka, 2009; Turchan-Cholewo et al., 2009]. Generation of nitric

oxide is an important feature of this oxidative stress [Stefano et al.,

2001]. Additionally, production of superoxide ions has also been

observed [Sharp et al., 1985; Stoll-Keller et al., 1997]. Morphine has

been reported to inhibit PMA-induced monocyte macrophage

conversion with superoxide ions playing a crucial role. In this study,

superoxide dismutase both inhibited the PMA induced change in

monocyte phenotype as well as attenuated the effect of morphine

[Hatsukari et al., 2006]. Apart from the current study, induction of

mitochondrial superoxide dismutase has thus far not been observed

Fig. 5. Mitochondrial superoxide dismutase was induced by morphine treat-

ment of h-mdms. Differentially expressed protein spots were identified by

MALDI-TOF MS analysis. A: Majority of these protein spots were suppressed as

a result of HIV-1 YU-2 infection. Identity of 6 of the 15 spots was successfully

confirmed by MALDI-TOF MS analysis. B: Only 1 of these 6 spots was

specifically induced by morphine and was identified as mitochondrial super-

oxide dismutase.
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in h-mdms, human macrophages or microglia. However, induction

of the mitochondrial superoxide dismutase was observed in a study

in mice and was associated with blocking development of opiate-

induced antinociceptive tolerance [Muscoli et al., 2007]. Addition-

ally, potential for interplay between oxidative stress and cytokine

regulation exists, suggesting complex underlying mechanisms

associated with how h-mdms and microglia might respond to

morphine [Turchan-Cholewo et al., 2009]. Exclusive induction of

the mitochondrial superoxide dismutase is not surprising. In fact,

HIV-1 Tat has been shown to suppress expression of the same

isoform in HeLa cells [Flores et al., 1993].

In this study, we observed a down-regulation of Gal-3 expression

in response to only HIV-1 YU-2 infection of h-mdms. Gal-3 is a

b-galactosidase-binding protein, which has been previously shown

to function as an anti-apoptotic protein in anaplastic carcinoma

cells. In this study, expression of Gal-3 was inversely correlated with

p53 expression [Lavra et al., 2009]. Morphine did not alter Gal-3

expression and we never observed apoptosis in morphine-treated h-

mdms. Perhaps Gal-3 protects morphine-treated h-mdms from

apoptosis. Gal-3 has also been shown to play a role in the morphine-

induced impairment of innate immune response in a Pneumococcal

pneumonia mice model. Gal-3 secretion was greatly diminished in

cell-free fractions of bronchoalveolar lavage fluid at 4 h after

infection inmorphine-treated mice. Levels were similar to placebo at

later time-points. Significantly, no change in Gal-3 expression was

observed in the cell fraction of bronchoalveolar lavage fluid [Wang

et al., 2005]. Hence it is possible that Gal-3 has a role in protecting

morphine-treated h-mdms from apoptosis and at the same time

impairs innate immune response. In the context of HIV-1 infection,

several cell types transfected with a tat expression vector had

an increase in Gal-3 expression [Fogel et al., 1999]. In addition,

microarray analysis of lymphatic tissue from HIV-1-infected

individuals suggested increased expression of Gal-3 correlates with

transition from acute to asymptomatic phase. We did not observe an

increase in Gal-3 expression in HIV-1-infected h-mdms. Perhaps

alteration in Gal-3 expression in response to HIV-1 infection is

dependent on cell type and kinetics.

Genome-wide association studies provide insights into unknown

aspects of a biological phenomenon and aid in validating previously

described observations. In the context of HIV-1 neuropathogenesis

and morphine this study presents a unique perspective. Novel

association was observed at miRNA and protein level for hsa-miR-

15b and FGF-2. Several potential means to intersect in inflammation

pathways through miRNAs hsa-miR-15b and hsa-miR-181b were

identified. Our analysis also indicates commonality of processes as

reflected in induction of MCP-2 and IL-6 and divergence as in

induction of mitochondrial superoxide dismutase. As well, at the

whole genome proteomics level, the overall changes induced via

morphine were subtle compared with HIV-1 YU-2 infection. Further

studies would aid in determining the actual target and quantify the

Fig. 6. Mechanisms through which morphine contributes to expansion of HIV-1 reservoir in CNS. Interaction of morphine with them-opioid receptor is known to trigger GPCR

signaling pathways that can regulate miRNA expression, pro-inflammatory response and oxidative stress. Each of these biochemical responses induced by morphine may lead to

expansion of the HIV-1 viral reservoir in the CNS and explain the accelerated disease progression in opioid abusing cohorts.
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biological consequence of the observed differential expression.

Identification of miRNA with potential ability to regulate these

biochemical pathways presents a unique opportunity to dissect

underlying molecular mechanisms and unravel potential clinical

applications.
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