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Abstract 

Currently 34 million people live with human immunodeficiency virus (HIV) infection. 

Although the lifespan of HIV patients has been prolonged by highly active antiretroviral 

treatment, the prevalence of HIV-associated neurocognitive disorders (HANDs) is 

increasing. Oxidative stress and inflammation in the central nervous system (CNS) are 

major causes of HANDs, and concurrent drug abuse may accelerate the progression of 

symptoms. This dissertation aims to study HIV-induced changes in antioxidants, 

oxidative stress, and inflammation in the CNS, assess the effects of concurrent 

methamphetamine (Meth) exposure, and evaluate the protective effect of dietary 

supplementation of bamboo Phyllostachys edulis extract (BEX). This study centered on 

the most abundant antioxidant in the brain - glutathione (GSH). The changes of GSH 

metabolism and GSH-dependent antioxidant enzymes were measured in cerebrospinal 

fluid (CSF) of human cohorts with HIV infection and/or uses of Meth, and in the brain 

tissues of HIV-1 model transgenic  rats (HIV-1Tg expressing 7 HIV viral proteins) with 

or without Meth exposure. HIV infection resulted in elevated gamma-glutamyl 

transpeptidase (GGT) activity, GSH depletion and a several-fold increase in lipid 

peroxidation in human CSF. Compared to HIV infection, use of Meth resulted in less 

severe oxidative stress, which may be partially explained by the upregulation of 

glutathione peroxidase (GPx) and GSH in the CSF. Meth did not interact with HIV in 

modulating the redox changes in the CSF. In HIV-1Tg rats, redox and inflammatory 

changes were observed in the brain in a region-specific manner, with little synergy from 

Meth exposure. The thalamus was highlighted by its high GSH content and systematic 

upregulation of GSH biosynthesis and GSH-dependent antioxidant enzymes in the HIV-
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1Tg rats. On the other hand, neuroinflammation markers, such as glial fibrillary acidic 

protein (GFAP) and p65, were increased in the hippocampus of the transgenic rats, and 

such changes were effectively normalized by dietary supplementation of BEX. In 

summary, this dissertation documents the significance of GSH and GSH-dependent 

antioxidant enzymes in regulating the redox status of CNS, and the potential anti-

neuroinflammatory effects of BEX in the context of HIV infection. 
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1.1 Overview of HIV 

1.1.1 Prevalence of HIV 

According to world health organization (WHO), currently 34 million people are living 

with human immunodeficiency virus (HIV) infection in the world, and over 1.1 million 

of them are in the United States (US). Since the first case of acquired immunodeficiency 

syndrome (AIDS) caused by HIV was reported in the US in June 1981, a significant 

amount of investigation has been carried out on HIV pathogenesis, medication, 

prevention, care, and education. Due to improved treatment in the US, the death caused 

by AIDS has dropped from over 50,000 in 1995 to about 15,000 in 2010, and the median 

age at death has increased from 36 years in 1987 to 48 years in 2009 [1]. However, even 

with improved prevention strategies, there are still approximately 50,000 people newly 

infected with HIV each year in the US. 

1.1.2 Biological facts of HIV infection 

HIV is a lentivirus of the Retroviridae family with single-strand RNA and a long 

incubation period. It usually takes several years to develop AIDS after HIV infection. 

There are two types of HIV, HIV-1 and HIV-2. The HIV-1 infection is common, and 

HIV-2 infection is mainly found in West Africa. Several clades of HIV-1 with different 

geographic distributions have been identified. The dominant subtype of HIV-1 in 

America is clade B.  

HIV virus can live in blood, semen, vaginal secretions, and breast milk of infected 

individuals, and it can be spread through sexual contact, blood contamination, maternal-

fetal transmission, and breastfeeding [2]. In the early stage of HIV infection, patients 

experience flu-like symptoms, and more severe symptoms, such as rapid weight loss, 

recurring fever, pneumonia, and memory loss can develop at later stage.  

HIV has 9 genes. Three are structural and play roles in building new viral particles: 
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group-specific antigen (gag), polymerase (pol), and envelope protein (env).  The other six 

genes regulate viral infection and replication, and they are viral infectivity factor (vif), 

viral protein R (vpr), trans-activator of transcription (tat), regulator of virion expression 

(rev), viral protein unique (vpu), and negative factor (nef). Once a virus enters the host 

cell, the viral surface protein glycoprotein 120 (gp120, surface subunit of Env) binds to 

cluster of differentiation 4 (CD4) and undergoes a conformational transition that expose 

binding sites for the co-receptor C-C chemokine receptor 5 (CCR5) or C-X-C chemokine 

receptor 4 (CXCR4). This triggers conformation rearrangement of glycoprotein 41 (gp41, 

subunit of Env) which inserts its fusion peptide into the plasma membrane of target cell 

and initiates fusion. When the viral core is released into the host cell, its genomic RNA is 

reverse transcribed by viral reverse transcriptase and generates a preintegration complex 

which is compromised of viral DNA and integrase. Then, the preintegration complex is 

transported into nucleus and integrates into the DNA of host cell. Using integrated 

proviral DNA as template and host Pol II RNA polymerase, viral mRNA is replicated 

during host DNA transcription. The viral mRNA is then translated to Gag and Gag-Pol 

polyproteins, which initiate viral assembly at host cell membrane. Assembly continues 

with the recruitment of newly synthesized Gag and Gap-Pol polyproteins to the 

membrane. Eventually, the membrane around the nascent particle fuses and releases non-

infectious virus particle. The virus matures by cleavage of Gag and Gag-Pol by viral 

protease, generating the conical capsid, and activating HIV-1 enzymes [2]. 

Frequent mutations occurring in viral replication genes can result in antibody-resistant 

variants, which are either more difficult to kill or replicate faster.  Besides mutation, HIV 

accessory proteins also help HIV evade the host immune system through interfering with 

cell surface protein expression (such as MHC, CD4, Fas) or cell cycles of host cells. The 

increase of viral number eventually causes the death of the host cell, through direct 

disruption of cell survival, inducing apoptosis, and signaling to CD8 killer cells.  

The major target of HIV is CD4+ T cells. Monocytes also host HIV, and are believed to 

be the reservoir for long-term HIV persistence and, importantly, carry the virus to the 
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brain.  

1.1.3 Current treatment and limitation 

Due to the lack of an effective vaccine, antiviral drugs are currently the most common 

treatment for HIV infection. There are 7 classes of antiretroviral agents: 1) entry 

inhibitors, which impede the membrane fusion of virus and cells by impairing the HR1-

HR2 interaction of Env proteins, such as enfuvirtide (ENF); 2) chemokine receptor 

antagonists, which block the interaction of gp120 and CCR5, such as maraviroc (MVC); 

3) non-nucleoside reverse transcriptase inhibitors, which noncompetitively bind to 

reverse transcriptase, such as nevirapine (NVP); 4) integrase inhibitors, which have high 

affinity for the viral integrase, such as raltegravir (RAL); 5) nucleoside reverse 

transcriptase inhibitors, which inhibit the viral DNA elongation, such as zidovudine 

(AZT); 6) protease inhibitors, which bind to the active site of HIV protease and therefore 

block the processing of gag and pol precursor polyproteins, such as tipranavir (TPV); and 

7) maturation inhibitors, which interrupt viral assembly, such as bevirimat (BVM) [3,4,5]. 

As a consequence of development of mutation-induced drug resistance, single drug 

administration can become less effective over time, and therefore the highly active 

antiretroviral therapy (HAART) combines three or four antiretroviral drugs. However, the 

blood-brain-barrier (BBB) has poor permeability to the antiviral drugs, and HIV 

replication in the brain is not effectively suppressed. Therefore, HIV-related neurological 

disorders remain as a major clinical challenge.  

1.1.4 Entry of HIV to the brain 

HIV can be transported to the brain by monocytes within a few days after the initial 

infection [6]. After infiltrating the BBB and entering the brain, the monocytes 

differentiate into brain resident macrophages [7] and spread virus to neighboring glial 

cells and neurons. HIV may also enter the brain as cell-free viral particle that can cross 

the BBB, through infected endothelial cells that release the virus into the brain, or 

through infected CD4+ T cells that transport the virus to astrocytes through the 
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virological synapse [6,8]. The pathways for entry of HIV to the brain are summarized in 

Figure 1.1. In the brain, viral replication mainly occurs in infected macrophages and 

microglia. The activated microglia/macrophages and brain microvascular endothelial 

cells release chemokines that recruit more lymphocytes and monocytes to the brain. The 

chronic release of HIV proteins and cytokines can impair the function of neurons and 

astrocytes and induce apoptosis.  

1.1.5 HIV-associated neurocognitive disorders 

Viral toxicity in the brain can cause HIV-associated neurocognitive diseases (HANDs), 

which are associated with shrinkage of white matter, break down of the BBB, astrocyte 

apoptosis, neuronal loss [9] and synaptodendritic simplification (such as significant loss 

of synapses, decreased numbers of dendritic branches, and retraction of dendritic spines) 

[10]. Based on the severity of symptoms, HANDs can be categorized into three classes by 

standardized measures of dysfunction: (1) asymptomatic neurocognitive impairment 

(ANI), where mild cognitive impairment is present but does not interfere with daily 

function, occurs in about 30% of HIV-infected individuals; (2) mild neurocognitive 

disorder (MND), in which mild cognitive impairment causes some interference in daily 

activities, occurs in 20-30% of HIV-infected individuals; and (3) HIV-1 associated 

dementia (HAD), characterized by severe neurocognitive impairment, emotional 

disturbance and motor abnormalities causing marked interference in daily function, 

occurs in 2-8% of HIV-infected individuals [4,11,12]. The severity of HANDs correlates 

with CD4+ T cell count and age [13], and the progression of HAD correlates with the 

densities of pyramidal neurons [14] and microglial, and apoptosis of astrocytes [9,15]. 

Before application of HAART, the HIV replication in the brain was mainly found within 

the basal ganglia, brain stem, and deep white matter [16,17]. The active viral replication 

is shifted to the hippocampus and the adjacent parts of entorhinal and temporal cortex 

after HAART treatment [18].  HAART has decreased the incidence of HAD from 6.6% 

in 1989 to 1% in 2001 [18], and decreased the total incidence of HANDs by about 75% 
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[4].  Due, in part,  to the inefficient penetration of the antiretroviral drugs through the 

BBB [19,20,21], the reversal of HANDs by HAART is slow [22] and incomplete [23], 

and the overall prevalence of HANDs remains 15%-50% in the HIV patients [4].  

1.1.6 HIV-induced inflammation in the center nervous system (CNS) 

Neuroinflammation is one of the major causes of HANDs. Once HIV-infected 

CD14+/CD16+ monocytes migrate to the brain, they can release viral proteins, which 

activate glial cells and induce the release of chemokines. Tat and gp120 can both induce 

the release of tumor necrosis factor  (TNF), interleukin 1β (IL1β), interleukin 6 (IL6), 

monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1 

(MIP-1), MIP-1β, and Tat can also induce the release of transforming growth factor β 

(TGFβ), IL-8, interferon gamma-induced protein 10 (IP-10), and chemokine c-c motif 

ligand 5 (CCL5) [18]. Some of the chemokines, such as MCP-1 and fractalkine 

(CX3CL1), can further recruit HIV-infected or non-infected monocytes into the brain, 

and the recruited monocytes or macrophages can, in turn, release more chemokines, 

forming a vicious circle. In fact, accumulation of monocytes and macrophages is one of 

the hallmarks of HANDs. Increased MCP-1 levels have been detected in both 

macrophages and astrocytes under HIV infection [24]. In the cerebrospinal fluid (CSF), 

the level of MCP-1 is related to viral load and the severity of neurocognitive impairment 

[18]. CX3CL1 is constitutively expressed in neurons and is upregulated by inflammatory 

stimuli in the CNS. CX3CL1 receptor is expressed on many types of cells, including T 

cell, neurons and astrocytes.  

Increased inflammation in the basal ganglia and mid-frontal cortex in the brain of HIV-

infected individuals has been detected by magnetic resonance spectroscopy (MRS) using 

choline/ creatine and myoinositol/ creatine as biomarkers. However, no further progress 

of inflammation has been observed in more severe cases of HANDs, implicating that the 

inflammation may have reached a plateau in the brain in the early stages of the infection. 

On the other hand, a marker of neuronal damage has been found to increase significantly 



7 
 

in the basal ganglia and front white matter in severe HANDs subjects [25], suggesting 

that there are other factors contributing to the severity of HANDs, such as oxidative 

stress.  

1.1.7 HIV-induced oxidative stress in the CNS 

HIV induces oxidative stress through activation of macrophage, microglia and astrocytes 

[26].  HIV proteins that are released from infected glia also induce oxidative stress in 

neurons [27,28]. In CSF or some brain regions of HIV-infected patients, levels of 

antioxidants such as glutathione (GSH) [29], glutathione peroxidase (GPx), Cu/Zn 

superoxide dismutase (SOD) [30], ascorbic acid [31] and vitamin E [32] have been found 

reduced, while oxidants or oxidative stress markers such as 4-hydroxynonenal (HNE) 

[32,33], ceramide [32,33], sphingomyelin [32,33], and protein carbonyls [34] are elevated.  

Similarly, in the animals challenged by HIV viral proteins, lower levels of GSH and total 

SOD, but higher levels of hydroxyl radical and malondialdehyde (MDA), were found in 

the brain [35]. 

Viral proteins induce oxidative stress through different mechanisms in different types of 

cells. In microglia, HIV-1 entry has been linked to the binding of gp120 to chemokine 

receptors and subsequent increase in intracellular calcium concentration, which further 

upregulates the release of chemokines. On the other hand, Tat can elevate the expression 

of TNF, which increases inducible nitric oxide synthetase (iNOS) expression and 

subsequently nitric oxide (NO) accumulation. In astrocytes, Tat can induce NO 

generation, and gp120 can inhibit glutamate re-uptake and cause glutamate accumulation 

in the extracellular environment. The increased concentration of extracellular glutamate 

inhibits cysteine uptake by neurons, leading to impeded generation of GSH and, 

eventually, GSH depletion. Extracellular glutamate can also over-stimulate glutamate 

receptors on neurons, leading to increase of intracellular calcium that impairs 

mitochondria function through depolarization of mitochondrial membrane potential and 

generation of free radicals, such as superoxide. Although HIV does not infect neurons, 
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the HIV proteins and cytokines released from infected glia can damage the neurons by 

increasing intracellular calcium concentration, causing oxidative stress and initiating 

apoptosis [6]. An example of HIV-induced oxidative stress in the neuron is graphed in 

Figure 1.2. 

1.1.8 Rodent models for HAND studies 

The infection of HIV is species-specific. It is therefore a challenge to establish an ideal 

animal model to mimic the HIV infection in human. HIV is genetically close to simian 

immunodeficiency virus (SIV). Many African monkeys and apes are natural hosts for 

SIV, and they generally do not develop the disease as a consequence of infection [36]. In 

contrast, SIV-infected Asian macaques closely resemble the HIV infection in human [37]. 

However, the cost of this model is high and the end-organ damage is different from that 

observed in the HIV-infected humans [38]. Although HIV does not infect rodents, 

various techniques have been applied to establish HIV rodent models due to the low cost 

and easy management of rodents, and well-established methods for manipulating the 

rodent genome. Transgenic and humanized rodents are the major models used in current 

HIV studies.  

Humanized mouse models have reconstituted human immune system by engrafting 

human tissue to severe combined immunodeficiency (scid) mice which do not have 

functional T cells and B cells due to a mutation in the protein kinase catalytic subunit 

(PRKDC) [37]. Injection of HIV-1 or HIV-infected human cells can infect implanted 

human tissue in the animals. However, the success rate of engraftment in scid mice is low. 

To overcome this, NOD/scid mice were developed. These mice were generated by 

crossing scid mice and non-obese diabetic (NOD) mice, and they have low host natural 

killer cells and improved efficiency of engraftment. To study the HIV infection in the 

brain, huPBL-HIVE mouse model was developed. In this model, the reconstituted human 

immune system is achieved by transplanting human peripheral blood lymphocytes (PBLs) 

to NOD/scid mice, and HIV-1 infected human monocytes-derived macrophages (MDMs) 
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are injected into the basal ganglia of the brain. This model is useful for studying innate 

and adaptive immunity in HANDs progression and resolution [39], but not for long-term 

study due to the short lifespan caused by the high rate of thymic lymphomas in these 

mice [37,38]. Another limitation of using humanized mice is that the mice cannot be bred 

and each humanized mouse need to be generated by surgical engraftment of human tissue, 

which increases technical challenge and cost [37]. In contrast, transgenic rodents can be 

bred and maintained at low cost. 

The transgenic mouse models established to date express individual HIV-1 subgenomic 

fragments including gp120, Tat, Vpr, Nef, and LTR. Viral protein-induced toxicities in 

the brain have been reported in HIV-1gp120, HIV-1Tat, and HIV-1Vpr transgenic mice 

[38]. Rodents expressing full-length HIV-1 proviral DNA with or without modification 

have also been established. Viral proteins were detectable in the brain and these animals 

showed impaired brain function [38]. Each of these models can replicate some aspects of 

the pathogeneses of human HIV infection, but the viral proteins are expressed in atypical 

tissues due to the promoter regulation of the viral genes [40].  

In 2001, the HIV-1 transgenic (HIV-1Tg) rat model was established in the Bryant lab at 

the University of Maryland. The genome of the HIV-1Tg rats carries HIV-1 pNL4-3 

provirus DNA with functional deletion of Gag and Pol (Figure 1.3). The rest of the viral 

proteins are expressed in the HIV-1 Tg rats, and they are: Vpr, Env, Nef, Vif, Vpu, Rev 

and Tat. These rats have circulating gp120 in the blood and efficient viral mRNA 

expression in many tissues, including lymph nodes, spleen, thymus, and brain [40]. This 

model recapitulates many key features of human AIDS, such as muscle wasting, cataracts, 

immune deficiencies, respiratory difficulty and HIV-associated neurological 

abnormalities [40,41,42,43,44]. Neuronal loss, reactive gliosis [40], and impaired spatial 

learning ability [45] were also reported. Due to the low level of viral protein expression 

in the brain, this is a useful model for studying the pathogenesis of HANDs in patients 

with controlled viral replication as a result of HAART. However, this model lacks human 
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immune system, and therefore cannot be used for studying viral replication and spread, 

nor testing antiretroviral drugs.  

1.2 Glutathione as a key redox regulator 

1.2.1 Reactive oxygen species and antioxidants 

Molecules with ability to gain electrons from other reactants are oxidants and the 

substrates donate electrons are reductants. The reactions of electrons transfer between 

oxidants and reductants are called redox (reduction-oxidation reaction). Reactive oxygen 

species (ROS) are oxidants contain oxygen and have high reactive activity. There are 

radical ROS, such as superoxide anion (O2
●-

), hydroxyl (HO
●
), peroxyl (RO2

●
), alkoxyl 

(RO
●
), and nonradical ROS, such as hydrogen peroxide (H2O2). At physiological level, 

ROS function as signaling molecules regulating cell proliferation, differentiation, host 

defenses, apoptosis, blood clotting, and gene expression. However, over-production of 

ROS can damage cells and induce cell death. The major source of ROS is the electron 

transport chain in the mitochondria. Other sources include dehydrogenation in 

peroxisomes and a variety of cytosolic enzyme systems, such as monooxygenase and 

NADPH oxidase (NOX) [46]. A number of external stimuli, such as UV light and 

radiation, can also trigger ROS production in the cells.  

Antioxidants are reductants with protective functions of cellular impairment induced by 

oxidation. Antioxidants can be small molecules, such as glutathione (GSH), ascorbic acid, 

α-tocopherol and flavonoids; or they can be enzymes, such as glutathione peroxidase 

(GPx), thioredoxin, catalase, and SOD. Both ROS and antioxidants are important for cell 

survival. Under normal physiological conditions, the generation of ROS and antioxidants 

is balanced to maintain cell function. When ROS accumulate and cannot be efficiently 

reduced by antioxidants, they can damage DNA, proteins, and lipids and cause oxidative 

stress, which is involved in many diseases, such as cancer, cardiovascular disease and 

neurodegenerative disorders.  
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1.2.2 Glutathione-centered antioxidant system 

Glutathione (L-γ-glutamyl-L-cysteinylglycine) is the most abundant nonprotein thiol in 

eukaryotic cells. It plays important roles in antioxidant defense, DNA synthesis, 

apoptosis and cell proliferation. It can function as a reducing substrate for antioxidant 

enzymes or it can directly conjugate oxidants [47].  There are two forms of GSH, reduced 

GSH (rGSH) and oxidized GSH (GSSG). When functioning as an antioxidant, rGSH is 

oxidized to GSSG. GSSG can be reduced to rGSH by glutathione reductase (GR) (Figure 

1.4).  The ratio of rGSH/GSSG is a commonly used redox marker.  

Glutamylcysteine synthetase (GCS) is the rate-limiting factor for GSH biosynthesis. This 

enzyme catalyzes the ligation of glutamate and cysteine, the first and rate-limiting step in 

the de novo synthesis of GSH [48]. GSH synthesis is completed by glutathione synthetase 

(GS), which catalyzes ligation of glycine to gamma-glutamylcysteine. GSH is 

synthesized in the cells and can be transported by multidrug resistance proteins (MRP) to 

the extracellular space, where gamma-glutamyltransferase (GGT) catalyzes the rate-

limiting step of GSH catabolism.  Degraded GSH releases cysteine which can be 

transported back to the cells by the excitatory amino acid carrier 1 (EAAC1), or oxidized 

to cystine and then transported into the cells through the membrane protein 

cystine/glutamate antiporter system xc- [49]. In cells, cystine can be reduced to cysteine 

for next cycle of GSH synthesis [50]. As a cofactor for enzymes, GSH is used for 

glutathione peroxidase (GPx) to reduce lipid peroxides and hydrogen peroxide; for 

glutaredoxin to reduce protein disulfide bonds; and for glutathione-S-transferase to 

conjugate oxidized molecules, such as 4-hydroxynonenal (HNE). The summary of GSH 

metabolism pathways is shown in Figure 1.5. 

GCS is a holoenzyme consisting of a catalytic heavy chain (GCS-HC) and a modulatory 

light chain (GCS-LC).  GCS-HC possesses the catalytic activity and is also the site of 

GSH feedback inhibition. When bound with GCS-LC, GCS-HC has reduced feedback 

inhibition by GSH and an increase in the affinity for glutamate. Oxidant stimulation 
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increases gene and protein expressions of both subunits [51], and HNE-induced 

upregulation of GCS mRNAs through Nrf2 and JNK pathways [52]. Oxidative stress can 

also post-translationally regulate GCS activity [53].  

GGT is the only enzyme known that can break the γ-glutamyl bond in GSH, GSH 

conjugates, and GSSG. Inhibition of GGT activity results in increased extracellular GSH 

and decreased intracellular GSH, suggesting its importance for thiol metabolism. In 

response to oxidative stress, GGT mRNA is upregulated [54]. However, GGT can 

become a pro-oxidant as well, as accumulation of its product cysteinylglycine can 

generate hydroxyl radical from superoxide through the Fenton reaction [55]. In humans, 

there are at least seven GGT genes or pseudogenes [56]. In rodents, GGT is a single copy 

gene with multiple promoters, which control GGT expression in different tissues and 

developmental stages. HNE has been reported to upregulate gene expression of some 

GGT isoforms through ERK1/2, Nrf2 and c-JUN pathways [57,58].  

HNE is a byproduct of lipid peroxidation, and is relatively stable in vivo. At low relative 

concentrations (1μM or lower), HNE regulates cell proliferation and differentiation, but 

at high concentrations it is toxic to the cell. HNE is considered a key mediator of 

oxidative stress damage [54]. HNE can be removed from cells through reduction by 

aldehyde reductase, oxidation by adehyde dehydrogenase, or conjugation by GSH [54]. 

Depending upon cell types, up to 70% of HNE can be removed by GSH [59]. GSH 

conjugates HNE spontaneously or through GST.  

1.2.3 Glutathione metabolism in the brain 

GSH is the most abundant endogenous antioxidant in the brain. The concentration of 

GSH in the brain is in a range of 1 to 3 mM, depending on cell type, age, and brain region 

[60]. Lower GSH concentrations areobserved in neurons and younger animals, and higher 

concentrations in astrocytes and older animals [61]. The intracellular GSH concentration 

is much higher than the extracellular concentration (e.g. in the CSF), partially due to 

rapid GSH degradation by GGT outside of the cells. In the brain, mRNAs of GGT1, 
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GGT5, GGT6 and GGT7 have been detected. Among them, GGT7 had the highest 

expression level and was only found in the nervous system [62]. The GGT activity is 

concentrated in the choroid plexus and the expression of GGT is high in glia cells but low 

in neurons [56].   

MRPs transport GSH, GSSG, and GSH conjugates from inside to outside of the cells. 

There are at least 9 isoforms of MRPs, and their exact locations and functions are yet to 

be determined. mRNAs of MRP1, 2, 3, 4, and 5 have been found in rat brain [63]. 

However, only MRP1 and MRP2 showed GSH-related transport function[63]. MRP1 was 

found to be expressed in neurons, astrocytes and microglia, and MRP2 expression was 

not detectable in microglia nor astrocytes, and its expression in neurons is not clear [63] 

Both neurons and astrocytes can take up cysteine and cystine for GSH synthesis. Cysteine 

uptake is mediated by EAAC1, a member of the EAAT family. Although EAAT1, 

EAAT2 and EAAC1 can all transport cysteine, only EAAC1 transports cysteine with 

high affinity [64]. EAAT1 and 2 are primarily located on astrocytes, while EAAC1 is 

located on neurons. EAAC1 can take up nearly 90% of free extracellular cysteine. 

Knockout of EAAC1 results in a 30-40% decrease of GSH content in mouse brain. Use 

of cystine for GSH synthesis is much higher in the astrocytes than in the neurons [65]. 

Cysteinylglycine is also used for GSH synthesis, but the transporter of this dipeptide is 

not clear [60]. The availability of cysteine is limited in neurons, and co-culture of neurons 

with astrocytes enhances GSH synthesis in the neurons. Therefore astrocytes seem to 

supply cysteine for neuronal GSH synthesis [60]. 

1.2.4 HIV-induced changes in GSH metabolism 

In the 1980’s, HIV-associated GSH depletion was found for plasma, lung epithelial lining 

fluid and peripheral blood mononuclear cells [66,67]. Decreases in GSH content in CD4+ 

and CD8+ T cells in HIV patients were reported shortly thereafter [68]. A change in GSH 

levels in the CNS of HIV patients was not documented until 1995 [29]. Using cell culture 
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and animal models, HIV viral proteins have been found to induce changes of GSH and 

GSH-related enzymes [35,69,70,71].  

1.3 Modulatory factors of neurological outcomes of HIV infection 

1.3.1 Methamphetamine 

1.3.1.1 Methamphetamine and HIV infection 

Methamphetamine (Meth) is a CNS stimulant with a high potential for addiction. More 

than 26 million people worldwide use Meth, a population larger than users of heroin and 

cocaine combined, mainly due to the relatively low cost and long-lasting stimulatory 

effects of this substance [72,73]. In 2005, an estimated 10.4 million persons aged 12 and 

older in the U.S. had used Meth at least once in their lifetime [74]. In 2011, more than 

400,000 (0.2% of US population) people were current Meth users which is much lower 

than the peak year 2007 (731,000 persons) [75]. 

Injection drug use (including Meth) contributes 7.4% of new HIV infection in the US in 

2011 [76]. Multiple studies have demonstrated the contribution of drug abuse to the risk 

of HIV infection [77,78,79,80,81,82,83]. These studies also showed an association 

between Meth abuse and the spread of HIV through both shared use of contaminated 

needles and a culture of risky sexual behavior. On the other hand, people with HIV 

infection tend to use Meth for stimulation and “self-medication” of negative feelings [84]. 

The convergence of HIV infection and Meth abuse has thus unfortunately exposed a 

seemingly increasing segment of population to the additive symptoms of the two diseases, 

especially their synergistic deleterious impacts on the CNS. 

1.3.1.2 Impacts of Methamphetamine on the CNS  

Regardless of the route of Meth exposure, this drug can cross the BBB and increase the 

release of neurotransmitter dopamine (DA) in the striatum, resulting in euphoria [85]. 

Long-term Meth use can result in decreases of DA and serotonin (5HT) neurons, tyrosine 
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hydroxylase activity, and DA uptake sites [86], which cause mental symptoms such as 

paranoia, hallucinations, anxiety, and irritability [87,88]. DA is synthesized in the 

cytoplasm and transported into the synaptic vesicle at the expense of a proton gradient in 

this compartment. As a highly lipophilic drug, Meth rapidly enters the terminal through 

the dopamine transporter (DAT) on dopaminergic neurons or through diffusion. It then 

enters the vesicle collapsing the proton gradient and redistributing DA into the cytoplasm 

[89,90]. Excess DA in the cytoplasm is then shuttled out into the synapse by reverse 

transport through the DAT [91]. 

When released from the synaptic vesicles into the cytoplasm, DA is subjected to auto-

oxidation and enzymatic degradation, which result in the formation of hydrogen peroxide 

(H2O2) and superoxide [92,93,94,95]. Via the Fenton reaction, H2O2 can form hydroxyl 

radicals (HO
.-
), the most reactive free radical currently known [96]. Meth also increases 

the extracellular concentration of glutamate [97], which activates nitric oxide synthase 

(NOS) and increases the production of nitric oxide [98] and subsequently peroxynitrite, 

resulting in the inhibition of the mitochondrial electron transport chain (ETC) [99,100] at 

the site of complex II [101], which in turn increases the production of superoxide. The 

co-incident release of superoxide and nitric oxide results in a vicious circle of 

peroxynitrite formation. Consequently, increased oxidative stress within the 

dopaminergic terminal has been reported on exposure to Meth [102,103,104]. Rodent 

models have demonstrated that Meth administration increased lipid peroxidation, 3-

nitrotyrosine formation, and the production of hydroxyl radicals in the striatum [87,105]. 

Increased activities of antioxidant enzymes such as GPx and SOD, are also reported in 

the brain of animals treated with Meth [106,107]. Meth-induced changes on GSH are 

region- and time-dependent [106,108]. Several studies have shown that administration of 

antioxidants protects against dopaminergic toxicity following Meth exposure 

[87,109,110,111,112,113]. 
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1.3.1.3 Synergistic effects of Meth abuse and HIV infection on the CNS 

HIV-infected individuals using drugs suffer from more severe encephalitis and rapid 

neurological progression of the disease compared to those who do not abuse drugs 

[114,115,116]. Use of Meth not only can increase HIV viral load in vitro and in vivo 

[117], but also increase inflammation and oxidative stress in the brain [85,118]. In Meth 

users, HIV caused greater neuronal injury and cognitive impairment compared with 

nondrug abusers [119]. Proton magnetic resonance spectroscopy (MRS) showed additive 

effects of Meth on glial activation and neuronal injury in HIV-infected/Meth using 

patients compared to non-Meth using patients [120]. Post-mortem analysis of brains from 

HIV-infected/Meth using patients also showed increased neuronal injury and dendritic 

loss in the frontal cortex compared to the non-Meth using patients [121]. Animal studies 

demonstrated that Tat and Meth interact in the rat striatum, causing a synergistic 

neurotoxicity to the dopaminergic system [122,123]. In vitro studies on neurons and 

hippocampal cell lines revealed Tat and Meth synergistically increase mitochondrial 

dysfunction and oxidative stress, which can be attenuated by antioxidants [123,124]. The 

mechanism of the synergistic effects between Meth and HIV is not fully revealed, but 

have been partially attributed to the synergistic damage of DA terminals, increase of 

extracellular glutamate [119], and the fact that Meth promotes retroviral replication 

[125,126]. 

1.3.2 Complementary and alternative medicine (CAM) in HIV treatment 

1.3.2.1 Use of CAM in the United States 

CAM employs practices and products not generally used in conventional medicine 

(western or allopathic medicine) to prevent and treat diseases and to improve health. A 

National Health Interview Survey (NHIS) carried out in 2007 reported that ~38% of 

adults in the United States used CAM, and $14.9 billion was spent on nonvitamin, 

nonmineral natural products (the most used CAM therapy), which is equivalent to ~1/3 of 

total out-of-pocket spending on prescription drugs ($47.6 billion) [127]. People choose 
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CAM because they prefer holistic treatment, want to avoid side effects associated with 

prescription drugs, are dissatisfied with conventional medicine, due to cultural beliefs, 

ease of access, convenience, or for financial reasons [128].  

1.3.2.2 Dietary supplement and natural products in HIV treatment 

Although HAART can effectively suppress HIV replication, the prevalence of drug-

resistant viral variants is increasing [129,130,131]. Most of the drugs also have side 

effects and associate with relatively high costs. Therefore, in addition to the development 

of new antiretroviral drugs, some scientists also direct their efforts to explore alternative 

treatments of HIV.  

HIV infection is associated with low food intake and high energy expenditure, which 

results in nutrient imbalance, further compromised immune system, and increased risk of 

death [132]. Supplementation of micronutrients such as selenium [133], vitamins A [134], 

E, and C [135] have been found beneficial to HIV patients. 

Potential applications of compounds isolated from natural products have also been tested 

for HIV treatment. For example, it has been reported that palmitic acid extracted from 

brown algae (Sargassum fusiforme) can inhibit HIV fusion [136], guanidine alkaloids 

isolated from sea sponge (Crambe crambe) can inhibit Nef activity [137], and 

epicatechins isolated from green tea can protect neurons from HIV viral protein-induced 

toxicity [138]. Use of CAM in HIV treatment is a relatively new research field, and the 

possibilities are yet to be fully explored. 

1.4 Aims of this study 

The aims of this study were to investigate the redox and inflammatory changes induced 

by HIV infection in the CNS, and to test whether these changes can be aggravated by 

concurrent use of Meth, or ameliorated by natural product application.  To achieve these 

purposes, we have used cerebrospinal fluids collected from human cohorts to evaluate the 
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redox changes caused by HIV infection and use of Meth in the extracellular environment 

of the CNS. We have also employed HIV-1 transgenic rats with Meth exposure to 

simulate the pathogenic factors in the human subjects and to analyze the redox and 

inflammatory changes in different regions of the brain. As GSH is the most abundant 

antioxidant in the brain and is highly responsive to oxidative challenges, the GSH-

centered metabolic and antioxidant systems have been used in our study as redox 

indicators. The thalamus has caught our special attention due to its high content of GSH. 

At the end of the study, we supplemented the diet of the HIV-1 transgenic rats with an 

extract from bamboo Phyllostachys edulis, and evaluated the anti-neuroinflammatory 

effects of this natural product.
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Figure 1.1. HIV invasion in the brain. ① HIV enters the brain through infected monocytes. The infected monocytes infiltrate the blood-brain-

barrier (BBB) and differentiate to macrophages. ② Cell-free HIV particles cross the BBB. ③ Infected brain microvascular endothelial cells 

release HIV particles in the brain. ④ Astrocytes take up HIV particles from infected CD4+ T cells and release them to the brain parenchyma. The 

activated glia cells release chemokines and reactive oxygen species (ROS) that cause damages to the neurons. 
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Figure 1.2. An example of HIV-induced oxidative stress in the brain. HIV-infected macrophages release tumor necrosis factor α 

(TNFα) which can induce glutamate (Glu) release from astrocytes and inhibit Glu uptake by astrocytes. Increased extracellular Glu 

over stimulates N-methyl- D-aspartate (NMDA) receptor and induced calcium (Ca
2+

) influx to the neuron. Increased intracellular Ca
2+

 

damages mitochondrial function through Ca
2+

 overtake and induces generation of superoxide (O2
●-

). Increased intracellular Ca
2+

 also 

increases expression of nitric oxide synthase (NOS) which leads to increase level of nitric oxide (NO). The reaction of NO and O2
●-

 

generates even more toxic reactive oxygen species (ROS) peroxynitrite (ONOO
-
). 
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Figure 1.3. The HIV provirus DNA structure inserted in the genome of the HIV-1 transgenic rats. gag, group-specific antigen; 

pol, polymerase; env, envelope proteins; vif, viral infectivity factor; vpr, viral protein R; tat, trans-activator of transcription; rev, 

regulator of virion expression; vpu, viral protein unique; nef, negative factor. 

 
Modified from HIV molecular immunology 2009 

 

 

 



Figure 1.4. Structures of reduced and oxidized glutathione and the redox reactions 

converting the two forms. Glutathione (GSH) is constituted by glutamate (Glu), 

cysteine (Cys) and glycine (Gly). Two molecules of reduced GSH are used for hydrogen 

peroxide (H2O2) reduction catalyzed by glutathione peroxidase (GPx), and generate one 

molecule of oxidized GSH (GSSG). GSSG can be reduced by glutathione reductase (GR) 

with hydrogen donated from NADPH.  
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Figure 1.5. The pathway of glutathione metabolism. GSH, glutathione; GSSG, 

oxidized GSH; MRP, multidrug resistance proteins; GGT, gamma-glutamyl transferase; 

Glu, glutamate; CysGly, cysteinylglycine; Cys, cysteine; Gly, glycine; GCS, 

glutamylcysteine synthetase; GS, glutathione synthetase; GR, glutathione reductase; GPx, 

glutathione peroxidase; Glrx, glutaredoxin; GST, glutathione-S-transferase; HNE, 4-

hydroxynonenal. 
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Chapter 2 

Differential Effects of HIV Infection and Methamphetamine Abuse on Glutathione 

Metabolism and Oxidative Stress in Human Cerebrospinal Fluid 
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2.1 Background 

Despite the application of HAART, the incidence of HANDs in HIV-infected population 

in the United States remains up to 50% [4,139], suggesting the CNS is under significant 

stress, including oxidative stress, even with antiviral drug treatment. Meth exposure has 

been reported to increase HIV replication both in vitro and in vivo [117]. For example, 

Meth can increase HIV Long terminal repeat (LTR) activity and nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB) expression, with the later regulates 

TNFα expression. Both HIV LTR and TNFα can enhance HIV replication in macrophage 

[117]. Meth also induces oxidative stress in the brain [140,141]. The concurrence of HIV 

infection and abuse of Meth may facilitate the development of neurocognitive disorders 

through increased oxidative stress, as shown in cultured neurons [123,124] and in mouse 

brain [142]. 

GSH was found decreased in the plasma and T cells of HIV-infected HAART-naïve 

patients [67,68]. Although HAART improved the rGSH/GSSG ratio [143], lower GSH 

levels in plasma and lymphocyte cells were consistently observed in HIV patients with 

antiretroviral treatments [66,67,68,143,144]. Furthermore, antiretroviral drugs such as 

zidovudine (AZT) and indinavir (IDV) have been reported to cause GSH depletion at 

high concentrations [145,146,147]. Although GSH is the most abundant antioxidant in 

the brain, HIV-induced changes of GSH and GSH-dependent antioxidant enzymes in the 

CNS have not been fully studied.  

Meth exposure also affects GSH status in the brain, and these effects are dose-, time- and 

cell type-dependent [106,108]. Whether the concurrence of HIV and Meth can 

interactively regulate the GSH system in the CNS has not been investigated. 

The aim of this study was to delineate both separate and combined influences of HIV 

infection and Meth abuse on GSH metabolism, GSH-centered antioxidant enzyme 

activity, and oxidative stress in the cerebrospinal fluid (CSF). 
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2.2 Materials and Methods 

2.2.1 Research participants 

The study protocol was approved by the Institutional Review Board (IRB) of the 

University of Hawai‘i. One hundred and twenty-three participants were carefully 

evaluated to ensure they fulfilled the study criteria prior to subject enrollment. The 

participants were separated into 4 groups: (1) HIV group, HIV-infected individuals who 

have not used Meth in their life time, n=34; (2) HIV+Meth group, HIV seropositive 

individuals who used Meth, N=23; (3) Meth group, HIV seronegative individuals who 

used Meth, N=25; and (4) Control group, HIV seronegative individuals who have not 

used Meth in their life time, N=41. For Meth users, their last use of Meth was to be 

within 6 months prior to the lumbar puncture for CSF sample collection. The 

demographics and clinical evaluations of the study subjects are listed in Table 2.1.  

2.2.2 Specimen Collection and Processing  

CSF was collected from research subjects via lumbar puncture using a 22-gauge sprotte 

needle. A 20µL aliquot was used for cell counting in a hemocytometer. The samples were 

kept on ice and quickly centrifuged at 400 x g for 10 minutes at 4C to remove any 

contaminating cells. The CSF supernatant was transferred into fresh Eppendorf tubes and 

further centrifuged at 1000 x g for 10 minutes at 4C to remove any cellular debris. The 

CSF samples were aliquoted and then stored at -80C untill the assays were conducted.   

2.2.3 Chemicals and instruments 

All chemicals used in this study were purchased from Sigma (St. Louis, MO) unless 

otherwise noted. The concentration tubes (cut-off size = 3kDa) were purchased from 

Millipore (Amicon Ultra-0.5, Billerica, MA). The spectrophotometers used in the 

colorimetric and fluorescent assays were SpectraMax 340 (for GSH and HNE-His assays) 

and SpectraMax M3 (for GGT and GPx assays) from Molecular Devices (Sunnyvale, 

CA).  
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2.2.4 GSH assay 

This assay is based on the colorigenic reaction between GSH and 5,5'-dithiobis-2-

nitrobenzoic acid (DTNB) [148]. The pH of CSF samples was adjusted to 7.6 using 1N 

HCl and stored at -80C until use. To measure GSH, 30 μl of sample was added into a 

final mix (50 μl) containing: 0.5 mM DTNB, 5 U/ml GR, and 125 M NADPH in 50 mM 

phosphate buffer with 5 mM EDTA (pH 7.4). Absorbance at 412 nm was recorded using 

a spectrophotometer for 5 min, and the reaction rates were compared to a standard curve 

obtained from GSSG. The assay was carried out in triplicate. 

2.2.5 GGT activity assay 

The GGT activity assay was based on a published method [149] with modification. 

Briefly, CSF samples were centrifuged in concentration tubes until the volume decreased 

by 7 times. For each reaction, 8 l concentrated CSF sample was added to 36 l reagent 

solution which consisted of five volumes of L-gamma-glutamyl-p-nitroanilide (GPNA) 

(6.8 mM, pH 8.2) and one volume of Gly-Gly (344.5 mM pH 8.2). The absorbance at 410 

nm was measured for 1 h at 37°C. One unit of activity was defined as a consumption of 1 

mol of GPNA per minute calculated from the expression (Vmax * Vt/Vs)/ (0.0088* D), 

where Vt is the total volume of reaction solution in microliters, Vs is the sample volume 

in microliters, 0.0088 M
-1

cm
-1

 is the extinction coefficient for GPNA at 410 nm, and D 

is the reaction solution depth in wells in centimeters. Each sample was measured in 

triplicate. 

2.2.6 GPx activity assay 

The GPx activity assay was modified from a previous publication [150]. CSF samples 

were concentrated as described above. Six μl concentrated sample and 4 μl buffer were 

added to a mixture (18μl) containing 5mM GSH, 5g/ml GR, and 0.26mM NADPH in 50 

mM potassium phosphate buffer with 5 mM EDTA (pH 7.4), followed by incubation at 

37°C for 3 min. The reaction was initiated by adding 2 l of 6 mM tert-

butylhydroperoxide. The absorbance at 340 nm was recorded for 10 min at 37°C. One 
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unit of enzyme activity was defined as a consumption of 1 mol of NADPH per minute 

calculated from the expression (Vmax * Vt/Vs)/ (0.0062* D), where 0.0062 M
-1

cm
-1

 is 

the extinction coefficient for NADPH at 340 nm. Each sample was measured in triplicate. 

2.2.7 Lipid peroxidation assay 

The concentration of histidine-conjugated HNE (HNE-His) in the CSF samples was 

measured using ELISA kits from Cell Biolabs (San Diego, CA).  

2.2.8 Statistical analysis 

Statistical analysis was performed using SAS Enterprise 4.3 (SAS Institute Inc, Cary, NC, 

USA). Concentration of GSH, HNE, and activity of GGT were log-transformed to yield 

normally distributed data for further analyses. T-test was performed to compare the 

difference of means between the groups. A one-way ANCOVA was performed with age 

as a co-variable to compare the results of GPx and log transformed HNE, GSH and GGT 

among the control, HIV, Meth and HIV+Meth groups. Covarying for age, post hoc 

Bonferroni multiple comparisons were performed on results showing significance in 

ANCOVA (p<0.05). A two-way ANCOVA was also performed, with HIV and Meth 

status as independent variables and age as a co-variable. Relationships between 

continuous variables were examined using Pearson correlations. The significance 

difference between the slopes was performed by ANCOVA. 

2.3 Results 

2.3.1 Study subject characterization 

As shown in Table 2.1, the range of age and distribution of gender were comparable 

among the 4 groups, but the ethnicity and race distributions were significantly different.  

In addition, Meth group showed the least educational attainment, and HIV+Meth group 

showed the lowest estimated verbal IQ. All the groups with HIV infection and/or Meth 

use had higher symptoms of depression than Control group. The severity of HIV 

infection was similar in the 2 HIV seropositive groups, as accessed by duration of HIV 
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infection, CD4 cells, viral load and demential scale. However, HIV+Meth group had 

lower Nadir CD4 cells than HIV group. The portion of subjects received antiretroviral 

medication in the 2 HIV seropositive groups was similar. The amount and duration of 

Meth use were similar in the 2 Meth-use groups. Since nicotine and alcohol use can 

induce oxidative stress, we also compared use of them among the four groups and no 

differences were found.  

2.3.2 GSH, GSH-related enzymes and HNE levels in the CSF 

2.3.2.1 HNE Concentration 

Table 2.2 lists both original and log-transformed HNE measurements in the CSF. Figure 

2.1A shows that HIV infection, not Meth use, is associated with significant elevation of 

HNE concentration (p<0.0001, two-way ANCOVA). Compared with the control group, 

the value of log10HNE was 45% higher in the HIV group (p<0.0001, Bonferroni post hoc) 

and 39% higher in the HIV+Meth group (p<0.0001, Bonferroni post hoc). These 

correspond to 3.5-fold and 2.25-fold increases from the control group, respectively, when 

the original data in Table 2.2 are compared. Likewise, the value of log10HNE was 41% 

higher in HIV group (p<0.0001, Bonferroni post hoc) and 34% higher in HIV+Meth 

group (p=0.0004, Bonferroni post hoc) when compared with Meth group. These translate 

to 3-fold and 1.9-fold increases compared to the Meth group, respectively, when the 

original data in Table 2.2 are used in the calculation. In contrast, the HNE level in the 

Meth group was similar to that in the control group.  

2.3.2.2 GSH Concentration 

Figure 2.1B shows HIV infection was significantly associated with lower GSH 

concentrations in CSF (p=0.0021, two-way ANCOVA). The value of log10GSH in the 

HIV group was 6.7% lower than control group (p=0.04, t-test) and 12% lower than Meth 

group (p=0.004, Bonferroni post hoc). Log10GSH level was 10% lower in the HIV+Meth 

group compared to Meth group (p=0.01, t-test). These translate to -34%, -49%, and -40%, 

respectively, when the original measurements in Table 2.2 are used for the comparisons. 
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The original data also showed 30% increase of GSH in Meth group compared with 

control group (P=0.16, t-test).  

2.3.2.3 GGT activity 

As shown in Figure 2.1C, GGT activity in the CSF was also significantly affected by 

HIV infection (p=0.0018, two-way ANCOVA). Compared to control group, Log10GGT 

value was 8.5% higher in HIV group (p=0.02, t-test) and 11% higher in HIV+Meth group 

(p=0.01, Bonferroni post hoc). HIV+Meth also showed 9% higher Log10GGT value 

compared with Meth group (p=0.01, t-test). These equal to +32%, +37%, and +27%, 

respectively, when the original data in Table 2.2 are used for the comparisons.  

2.3.2.4 GPx activity 

Figure 2.1D shows that Meth use had significant effect on GPx activity in the CSF 

(p=0.001, two-way ANCOVA). GPx activity in the Meth and HIV+Meth groups is 23% 

higher than control group (p=0.009 and p=0.04, respectively, Bonferroni post hoc) and 12% 

higher than HIV group (p=0.08 and p=0.1, respectively, t-test). 

2.3.3 Correlations between age and CSF GGT activity 

Figure 2.2 shows correlations between age and CSF GGT activity in the 4 study groups. 

Both control group and HIV group showed significant correlation with age (p=0.0015 

and p=0.01, respectively, Pearson correlation) and Meth group showed a trend of 

correlation with p=0.06. No correlation between age and GGT activity was found in the 

HIV+Meth group. When all the subjects were combined, age and GGT activity showed a 

strong correlation with p<0.0001 (Pearson correlation).  

2.3.4 Correlations among GSH, GSH-related enzymes and HNE in the CSF 

2.3.4.1 Correlations between HNE and GSH 

An increase in HNE concentration can upregulate the gene expression of GCS [51], 

which can potentially enhance GSH de novo biosynthesis. To test if this transcriptional 
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regulation affects GSH metabolism in the CSF, the concentrations of HNE and GSH were 

plotted (Figure 2.3A).  Level of HNE was found positively correlated with GSH 

concentration in the control group (p=0.03, Pearson correlation) and Meth group (p=0.05, 

Pearson correlation) but not in the 2 HIV seropositive groups. The slopes of the 

regression lines in the HIV group and HIV+Meth group were significantly different from 

that of control group (p=0.04 and p=0.02, respectively, ANCOVA). Likewise, the slope 

of the regression line in the Meth group was significantly different from those in HIV 

group (p=0.04, ANCOVA) and HIV+Meth group (p=0.03, ANCOVA). 

2.3.4.2 Correlations between GPx and HNE 

GPx reduces lipid peroxidation and therefore can decrease the generation of HNE. To test 

the relationship between GPx activity and level of HNE in the CSF, these two parameters 

were plotted (Figure 2.3B). HIV+Meth group showed a significantly negative correlation 

between GPx activity and HNE level (p=0.01, Pearson correlation) and HIV group 

showed a trend of correlation (p=0.06, Pearson correlation).  The slope of the regression 

line in control group was significantly different from those in HIV+Meth group 

(p=0.0045, ANCOVA) and HIV group (p=0.02, ANCOVA). 

2.3.4.3 Correlations between GGT and GSH 

GGT catabolizes GSH for amino acid recycle. The correlations between CSF GGT 

activity and GSH concentration are shown in Figure 2.3C. Meth group showed a negative 

correlation between GGT activity and GSH concentration (p=0.02, Pearson correlation). 

With the four groups combined, GGT and GSH showed a significant negative correlation 

(p=0.05, Pearson correlation).  

2.3.4.4 Correlations between GGT and GPx 

As shown in Figure 2.3D, all four groups showed significant positive correlations 

between CSF GGT activity and GPx activity (p=0.02 for control group, p=0.0001 for 

HIV group, p=0.004 for Meth group and p=0.02 for HIV+Meth group, Pearson 

correlation). No differences were found among the slopes of the regression lines in the 
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four groups. A stronger positive correlation between GGT and GPx was found when all 

four groups were combined (p<0.0001, Pearson correlation). 

2.4 Discussion 

This study, with a two-by-two design, demonstrated differential effects of HIV infection 

and use of Meth on GSH metabolism and oxidative stress in the CSF. Higher levels of 

GGT activity and lipid peroxidation, and lower GSH concentration were found in the 

CSF of the HIV and HIV+Meth groups, with HIV as the causative factor. Decreased 

GSH content and elevated lipid peroxidation have been reported in the CNS of HIV 

patients [29,32,33,34], and our results confirmed these findings. Meanwhile higher GPx 

activity was found in the Meth and HIV+Meth groups, with Meth as the causative factor. 

GGT activity was found positively correlated with age in three groups but the HIV+Meth 

group; negatively correlated with GSH content in the Meth group, and positively 

correlated with GPx activity in all four groups. GPx activity tended to negatively 

correlate with HNE under HIV seropositive conditions (HIV and HIV+Meth), while HNE 

positively correlated with GSH under HIV seronegative conditions (Control and Meth). 

No significant interactive effects between HIV and Meth were observed in this study. 

2.4.1 Changes of GGT activity and its effect on GSH 

GGT plays an important role in sustaining GSH homeostasis [151,152]. It breaks down 

GSH and GSH conjugates and then recycles cysteine for intracellular GSH de novo 

synthesis. Increased GGT activities were found in the plasma under many diseased 

conditions, including liver diseases, cardiovascular disease, cancer, and type 2 diabetes 

[153,154,155,156]. In the CSF, higher GGT activity also related with certain brain 

diseases [157,158]. In patients with HIV infection with and without antiretroviral therapy, 

higher GGT activity was found in the periphery [159,160]. Antiretroviral drug 

Nevirapine (NVP), a non-nucleoside reverse transcriptase inhibitor drug, was reported to 

induce GGT activity elevation in the blood [161]. As NVP can penetrate the blood-brain-

barrier, it may upregulate GGT activity in the CNS [161]. The influences of Meth use on 

GGT activity in both CNS and the periphery have not been sufficiently studied.  
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Alterations of GGT activity are associated with oxidative stress. GGT deficiency can 

decrease intracellular GSH de novo synthesis by limiting cysteine/cystine supply to the 

cells, which can eventually lead to oxidative stress [162,163]. Whereas elevated GGT 

activity can increase the catabolism of extracellular GSH, produce a surplus of 

cysteinylglycine and generate hydroxyl radical (∙OH) through Fenton reaction, which can 

also result in oxidative stress [55]. Increase of HNE through lipid peroxidation can 

further upregulate GGT expression forming a vicious circle [58,164]. Consistent with the 

aforementioned relationships, higher GGT and HNE, along with lower GSH levels were 

found in the CSF of the HIV seropositive subjects (HIV and HIV+Meth) in this study. 

The hypothetical links among these changes are illustrated in Figure 2.4A. It is noticeable 

that no significant correlations were found between GGT/GSH and GSH/HNE in these 

patients, which contrasts with the correlations found in Meth groups (Figure 2.3, A and 

C). This implies that in the presence of HIV infection, (1) elevated GGT activity may not 

be the only factor causing GSH depletion in the CSF; and (2) due to certain mechanistic 

defect(s), the extracellular environment of the CNS may not be able to upregulate GSH in 

response to increased lipid peroxidation, which contributes to the resultant oxidative 

stress.  

2.4.2 HIV infection and GSH metabolism 

The GSH concentration in the CSF can also be affected by the rates of intracellular GSH 

synthesis and GSH efflux. However, these two aspects of GSH metabolism have not been 

fully studied in the context of HIV infection and the available reports are controversial. 

For example, one study reported decreased peripheral release and clearance of GSH in 

HIV patients [165]; but another study documented increased GSH efflux from cultured 

rat primary astrocytes through multidrug resistant protein 1 (MRP1) upregulation when 

exposed to gp120 [166]. Furthermore, when the activity of GCS, the rate-limiting enzyme 

in GSH synthesis, was measured in the livers of SIV infected macaques [167] and Tat 

transgenic mice [168], controversial results were obtained. The controversies in these 

reports may be caused by (1) different regulations of GSH metabolism in the periphery 

and in the CNS, and (2) different levels of stress from systemic viral infection verse 

single viral protein expression. Antiviral drugs may also affect GSH metabolism in the 
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CNS. AZT, a nucleoside reverse transcriptase inhibitor drug has been documented to 

damage mitochondria and induce oxidative stress [145], and in vitro studies showed high 

doses of AZT resulted in GSH depletion [146,147]. Notably, the concentration used in 

these studies were 50 to 200 times higher than that of clinical use (1M), and the authors 

claimed that high dose/short time AZT experimental exposure was comparable to low 

dose/long time AZT clinical treatment. 

2.4.3 Changes of GPx activity 

GPx reduces hydrogen peroxide and lipid peroxides, while using GSH as a cofactor.  

GPx3 is the major isoform in the CSF. Decreased GPx activity in the CSF has been found 

in HIV patients with neurocognitive symptoms but not in asymptomatic patients [30]. In 

our study, the average GPx activity in the CSF of the HIV group was slightly (+10%) but 

not significantly increased compared with the control group, and GPx activity negatively 

correlated with HNE in both HIV and HIV+Meth groups, implicating GPx has a 

significant role in preventing HNE formation under HIV seropositive conditions, most 

likely through reducing lipid peroxides. However, the function of GPx may be 

compromised in these patients by the concurrent GSH depletion.  

Acute Meth exposure has been reported to affect GSH concentration in the brain tissues 

in a time-dependent manner. For example, in mouse brain, GSH was upregulated 2-6 

hours after Meth injection [106,108], but normalized after 24 hours [108]. Both increases 

and decreases in GPx activity in the brain tissues upon Meth exposure have been reported 

[106,169,170]. However, Meth-induced increases of HNE in the brain tissues were 

consistent among the reports [106,169,170]. In our study, use of Meth increased GPx 

activity in the CSF in both Meth and HIV+Meth groups. GSH and HNE were found 

moderately increased in the CSF of the Meth group compared to the control (+30% for 

GSH and +12.5% for HNE), and positive correlations between GSH and HNE were 

found in both Meth and control groups. These changes implicate that (1) use of Meth 

alone did not compromise the GSH upregulation in response to HNE formation, which 

can facilitate the conjugation of excessive HNE either directly by GSH or through GST 

catalysis; and (2) higher GPx activity supported by elevated GSH concentration (albeit 
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moderate) can effectively reduce lipid peroxides. Collectively, the GSH-centered 

antioxidant system has a significant role in ameliorating oxidative stress in the CSF upon 

Meth exposure, and the hypothetical pathway is outlined in Figure 2.4B. 

2.4.4 Correlations between GGT/GPx and GGT/age 

In our study, strong positive correlations between GGT and GPx activities in the CSF 

were observed in all groups, and GGT activity was found to increase with age in all but 

the HIV+Meth group. Such correlations have not been reported before. The underlying 

mechanism of the simultaneous changes of GGT and GPx is not clear and warrants 

further investigation.  

2.5 Conclusion 

In summary, this study documented differential effects of HIV infection and use of Meth 

on GSH metabolism and oxidative stress in the CSF in humans, analyzed intrinsic links 

among the changes of the measured parameters, and implicated the significance of the 

GSH-centered antioxidant system in relieving oxidative stress in the extracellular 

environment of the CNS during HIV infection and Meth exposure.  
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Table 2.1 Demographic and clinical characteristics of the study subjects. 

 

Group/Variable 
Control 

(n=41) 

Meth 

(n=25) 

HIV 

(n=34) 

HIV+Meth 

(n=23) 

p value 

ANOVA, 

T and X
2
 

Age 39.7 ± 2.0 39.1 ± 2.0 41.8 ± 1.9 43.0 ± 1.6 0.54 

Sex (Male/Female) 
 37 (90%)/ 

4 (10%) 

22 (88%)/ 

3 (12%) 

32 (94%)/ 

2 (6%) 

22 (96%)/ 

1 (4%) 
0.73 

Ethnicity (Hispanic/Non-

Hispanic) 

1 (2%) /  

40 (98%) 

4 (16%) /  

21 (84%)  

5 (15%) /  

29 (85%) 

7 (30%) / 

 16 (70%)  
0.019 

Race: 

American Indian/Native Alaskan 

Asian 

African American/Black 

Native Hawaiian/Pacific Islander 

White 

Mixed 

 

1 (2%) 

8 (20%) 

1 (2%) 

3 (7%) 

22 (54%) 

6 (15%) 

 

0 (0%) 

6 (24%) 

0 (0%) 

5 (20%) 

5 (20%) 

9 (36%) 

 

1 (3%) 

4 (12%) 

2 (6%) 

0 (0%) 

18 (53%) 

9 (26%) 

 

0 (0%) 

7 (30%) 

3 (13%) 

2 (9%) 

5 (22%) 

6 (26%) 

0.032 

Education 14.3 ± 0.3 12.2 ± 0.2 13.8 ± 0.4 13.4 ± 0.5 0.002 

Estimated Verbal IQ (WTAR) 105.8 ± 2.8 100.1 ± 2.7 107.0 ± 2.4 94.8 ± 3.3 0.026 

CES-Depression Scale  6.2 ± 1.0 15.2 ± 2.0 17.8 ± 1.7 17.7 ± 2.9 <0.0001 

Clinical Variables 

HIV Duration (months)   
199.1 ± 

16.8 

177.1 ± 

18.9 
0.40 

CD4 (cells/mL)   
433.1 ± 

38.1 

367.0 ± 

46.7 
0.28 

Nadir CD4 (cells/mL)   
212.9 ± 

29.0 

109.4 ± 

23.8 
0.015 

HIV Viral Load (log cp/mL)   2.8 ± 0.3 2.6 ± 0.3 0.64 

HIV Dementia Scale (0-16)   14.4 ± 0.3 13.4 ± 0.7 0.15 

Karnofsky Scale (0-100)   92.1 ± 1.5 90.9 ± 1.4 0.59 

CSF WBCs (cells/mm
3
) 4.6 ± 2.4 13.3 ± 10.4 1.8 ± 0.6 31.5 ± 25.6 0.24 

CSF Glucose (mg/dL) 60.9 ±1.0 60.9 ± 1.2 61.2 ± 3.3 62.0 ± 1.9 0.99 

HIV Medication (yes/no)   
28 (82%)/ 

6 (18%) 

21 (91%)/ 

2 (9%) 
0.57 

Methamphetamine use 

Daily average Meth use (g)  1.0 ± 0.21  1.0 ± 0.15 0.91 

Total lifetime Meth use (g)  3751 ± 892  2877 ± 595 0.42 

Duration of Meth use (months)  188 ± 20  196 ± 26 0.81 

Total days of abstinence  107 ± 19  71 ± 12 0.13 

Other Drug use 

Nicotine (yes/no) 
30 (73%)/ 

11 (27%) 

19 (76%)/ 

6 (24%) 

24 (71%)/ 

10 (29%) 

12 (52%)/ 

11 (48%) 
0.26 

Alcohol (yes/no) 
37 (90%)/ 

4 (10%) 

23 (92%)/ 

2 (8%) 

28 (82%)/ 

6 (18%) 

18 (78%)/ 

5 (22%) 
0.41 
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Table 2.2. Concentrations of 4-hydroxynonenal (HNE), glutathione (GSH), and activities of gamma-glutamyltransferase (GGT) 

and glutathione peroxidase (GPx) in the cerebral spinal fluid (CSF) samples.  

 Mean(±SEM) One-way ANCOVA* Two-way ANCOVA * 

 Control (n=41) HIV (n=34) Meth (n=25) HIV+Meth (n=23) Groups Age HIV Meth HIVxMeth Age 

Original data 

HNE (f.i.) 0.08(±0.01) 0.36(±0.06) 0.09(±0.01) 0.26(±0.05) <0.0001 0.78 <0.0001 0.32 0.16 0.71 

GSH (nM) 161.96(±20.08) 106.57(±11.01) 210.10(±27.69) 126.63(±17.70) 0.0054 0.41 0.0015 0.09 0.50 0.41 

GGT (U/ul) 15.30(±0.73) 20.24(±1.70) 16.44(±1.12) 20.89(±1.27) 0.0033 <0.0001 0.0006 0.53 0.64 <0.0001 

GPx (U/ul) 0.43(±0.02) 0.47(±0.03) 0.53(±0.02) 0.53(±0.03) 0.0044 0.10 0.66 0.001 0.28 0.1 

Log transformed data 

Log10HNE -1.17(±0.04) -0.64(±0.08) -1.08(±0.04) -0.71(±0.07) <0.0001 0.54 <0.0001 0.82 0.17 0.54 

Log10GSH 2.1 (±0.05) 1.96(±0.05) 2.23(±0.06) 2.02(±0.06) 0.0056 0.41 0.0021 0.06 0.55 0.41 

Log10GGT 1.17(±0.02) 1.27(±0.04) 1.19(±0.03) 1.3(±0.03) 0.0083 <0.0001 0.0018 0.31 0.94 <0.0001 

*Covarying for age; f.i., fluorescence intensity.  
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Figure 2.1. A graphical presentation of Table 2.2.  This figure shows HNE 

concentration (A), GSH concentration (B), GGT activity (C), and GPx activity (D) in the 

CSF of control (n=41), HIV (n=34), Meth (n=25) and HIV+Meth (n=23) groups. Values 

of PHIV and PMeth were calculated from two-way ANOVA. * p<0.05; ** p<0.01; *** 

p<0.0001, Bonferroni multiple comparison test. Both two-way ANOVA and Bonferroni 

post-hoc tests covaried for age. 
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Figure 2.2. Correlations between age and GGT activity in the CSF. Pearson 

correlation was used to test the correlation and ANCOVA was used to test difference 

between slopes of the regression lines (i.e. interaction-p). Age was covaried in all the 

tests. n.s., non-significant. 
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Control: r=0.50, P=0.0015 

HIV: r=0.49, P=0.01 

Meth: r=0.40, P=0.06 

HIV+Meth: r=0.01, p=0.95 

Interaction-p=n.s. 

All: r=0.42, P<0.0001 
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Figure 2.3. Correlations among GSH concentration, HNE concentration, GGT 

activity, and GPx activity in the CSF samples. (A) Correlations between HNE and 

GSH; (B) correlations between GPx and HNE; (C) correlations between GGT and GSH, 

and (D) correlations between GGT and GPx. Pearson correlation was used to test the 

correlation and ANCOVA was used to test difference between slopes of the regression 

lines (i.e. interaction-p). Age was covaried in all the tests. 
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A 

Control: r=0.26, p=0.13; HIV: r=-0.39, p=0.06 

Meth: r=-0.25, p=0.26; HIV+Meth: r=-0.52, p=0.01 

Interaction-p=0.008 

Control: r=0.34, p=0.03; HIV: r=-0.03, p=0.89 

Meth: r=0.39, p=0.05; HIV+Meth: r=-0.20, p=0.36 

Interaction-p=0.02 

B 

Control: r=0.39, p=0.02; HIV: r=0.68, p=0.0001 

Meth: r=0.59, p=0.004; HIV+Meth: r=0.47, p=0.02 

Interaction-p=n.s.; All: r=0.54, p<0.0001 

 

D C 

Control: r=-0.03, p=0.84; HIV: r=--0.02, p=0.94 

Meth: r=-0.49, p=0.02; HIV+Meth: r=-0.19, p=0.39 

Interaction-p=n.s.; All: r=-0.19, p=0.05 
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Figure 2.4. Hypothetical links between GSH metabolism and oxidative stress in the 

CSF under the conditions of HIV infection and Meth exposure. (A) Links between 

increased GSH catabolism and increased oxidative stress in the CSF of patients with HIV 

infection. (B) Contributions of increased GSH and GPx to the amelioration of oxidative 

stress in the CSF upon Meth exposure. Red arrows indicate changes observed in this 

study. 
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Chapter 3 

Regional Variations of Glutathione Metabolism and Oxidative Stress in the Brain of 

HIV-1 Transgenic Rats With and Without Methamphetamine Administration 

 

  



43 
 

3.1 Background 

In Chapter 2, we have studied the changes of GSH metabolism and oxidative stress in the 

CSF of human cohorts with HIV infection, Meth use, or the concurrence of both 

conditions, and demonstrated HIV- and Meth-induced changes in the extracellular 

environment in the CNS. In this chapter, we employ the HIV-1 Tg rat model to 

investigate how HIV viral protein expression and Meth exposure affect the GSH-centered 

antioxidant system and oxidative stress in different brain regions, and if these two factors 

have interactive effects. This study was carried out in collaboration with Dr. Linda Chang 

at the Department of Medicine, JABSOM, UH, and with Dr. Sulie Chang at Seton Hall 

University, NJ.  Rats at a relatively young age (3 months, in contrast to the older rats used 

in the studies reported in Chapter 4) were used in the experiment, and the brain regions 

studied included thalamus, striatum, hippocampus, cortex (frontal and other), and 

cerebellum.   

3.2 Animal and Methods 

3.2.1 Animals 

Eight (8) HIV-1 NL4-3 gag/pol transgenic rats (HIV-1Tg) and 8 genetic background 

control Fisher 344 (F344) rats were purchased from Harlan Inc. (Indianapolis, IN) at the 

age of 4 weeks. The animals were housed at the Laboratory Animal Services facility of 

Seton Hall University, NJ. The rats were maintained on a 12-h light/dark schedule. Food 

and water were accessible ad libitum throughout the experiment.  All procedures were 

carried out in accordance with the guidance of the Seton Hall University Institutional 

Animal Care and Use Committee. At age 13 weeks, the rats were separated into 4 groups 

with 4 rats in each group based on their genotypes and received injections: (i) Control 

group, F344 rats received a single intraperitoneal (i.p.) saline injection (2 ml saline per kg 

body weight) per day for 6 consecutive days; (ii) Meth group, F344 rats received a single 

Meth i.p. injection (2.5 mg Meth in 2 ml/kg body weight saline) per day for 6 consecutive 

days; (iii) HIV group, HIV-1Tg rats with saline i.p. injection, same dose and schedule as 

the Control group; (iv) HIV+Meth group, HIV-1Tg rats with Meth i.p. injection, same 

dose and schedule as the Meth group. The dose of Meth was used to obtain behavior 
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sensitization [171].  The rats were sacrificed by decapitation approximately 24 h 

following the last Meth administration. 

3.2.2 Sample preparation 

The brains were excised and immediately stored at -80C.  Prior to the assays, the brain 

samples were further dissected into 6 regions: cortex ("frontal" and the remainder which 

we called "other"), striatum, thalamus, hippocampus, and cerebellum. Soluble 

proteins/peptides were extracted by sonicating a suitable amount of tissue in cold PBS on 

ice.  The samples were then centrifuged at 18,000 x g for 10 min at 4C.  The 

supernatants were collected, and the protein concentrations were measured using 

Bradford assay (BioRad, Hercules, CA). The processed samples were stored at -80C.  

3.2.3 Chemicals and instruments 

All chemicals used in this study were purchased from Sigma (St. Louis, MO) unless 

otherwise noted. The spectrophotometers used in the colorimetric and fluorescent assays 

were SpectraMax 340 (for GSH, ABTS, FRAP, GCS, and HNE-His assays) or 

SpectraMax M3 (for GGT, GPx, Glrx, and GST assays) from Molecular Devices 

(Sunnyvale, CA).  Protein electrophoresis system was from BioRad (Hercules, CA), and 

the western blot imaging was carried out using an Odyssey Infrared Imaging System, and 

Odyssey Application Software Version 3.0 (Li-Cor Biosciences, Lincoln, NE).  Real-time 

PCR was carried out using a Lightcycler 480 II (Roche Applied Science, Indianapolis, 

IN). 

3.2.4 Total GSH assay 

This measurement quantitated a colorigenic reaction between GSH and 5,5'-dithiobis-2-

nitrobenzoic acid (DTNB) [148].  Oxidized GSH (GSSG) was used to establish a 

standard curve, and the result was further normalized against sample protein 

concentration.  

All assays in this study were carried out in triplicate unless noted otherwise. 
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3.2.5 ABTS assay 

This assay measured the ability of the samples to scavenge the 2,2’-azino-bis (3-

ethylbenzthiazoline- 6-sulfonic acid) (ABTS) radical as previously described [150]. 6-

hydroxy- 2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was used as a standard 

and the results were expressed as Trolox equivalent antioxidant capacity (TEAC). The 

result was further normalized against protein concentration. 

3.2.6 FRAP assay 

Ferric reducing antioxidant power  (FRAP) assay measured the reducing ability of the 

samples to ferric ion at pH 3.6 [172]. Trolox was used as a standard. The result was 

further normalized against protein concentration. 

3.2.7 Real-time PCR 

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA). cDNA was 

synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, 

CA). The quantitative real-time PCR (qPCR) primers were designed using an online tool 

provided by Roche Applied Science. The qPCR was performed in quadruplicate using 

Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen). The primer sequences of 

the housekeeping genes were: GAPDH forward: tgggaagctggtcatcaac, reverse: 

gcatcaccccatttgatgtt; 28S forward: tgcagatcatgctgtttaagaac, reverse: ggacctgctccccagatt; 

HPRT forward: ctcctcagaccgcttttcc, reverse: tcataacctggttcatcatcactaa. The primer 

sequences of the target genes were:  GCS-HC forward: cgatgttcttgaaactctgcaa, reverse: 

ctggtctccagagggttgg; GCS-LC forward: ctgactcacaatgacccaaaag, reverse: 

gatgctttcttgaagagcttcct; GS forward: gctggacaacgagcgagt, reverse: gctgcttctcatcctgcaa; 

GGT7 forward: tggcccaataggactgctaa, reverse: tccctggctgtaccgagtt; GR forward: 

ttcctcatgagaaccagatcc, reverse: tgaaagaacccatcactggtta; GPx1 forward: 

acagtccaccgtgtatgcctt, reverse: ctcttcattcttgccattctcctg; GPx4 forward: 

tctgtgtaaatggggacgatgc, reverse: tctctatcacctggggctcctc; Glrx3 forward: 

ccacagtgtgtacagatgaacg, reverse: agcttcggcttccagctt. The relative abundance of a target 
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gene was normalized to a housekeeping gene using the ratio of 2 
Cp housekeeping

 / 2 
Cp target

, 

where Cp is the value of crossing point.  

3.2.8 GCS activity assay 

This assay measured the amount of gamma-glutamylcysteine (GC) synthesized from L-

glutamate and cysteine during a fix period of time, as indicated by a fluorescent signal 

derived from 2,3-naphthalenedicarboxaldehyde (NDA) and serine in the presence of 

thiols [173]. The fluorescence intensities were measured at 472 ex/ 528 em.  

3.2.9 GGT activity assay 

This assay measured the rate of transferring the glutamyl residue from L-gamma-

glutamyl-p-nitroanilide (GPNA) to glycine-glycine [149]. One unit of activity was 

defined as consumption of 1 mol of GPNA per minute calculated from the expression 

(Vmax * Vt/Vs)/ (0.0088* D), where Vt is the total volume of reaction solution in 

microliters, Vs is the sample volume in microliters, 0.0088 M
-1

cm
-1

 is the extinction 

coefficient for GPNA at 410 nm, and D is the reaction solution depth in wells in 

centimeters.  

3.2.10 GR activity assay 

GR was measured using a commercial kit from Cayman Chemical (Ann Arbor, MI, 

Catalog number 703202). The rate of absorbance decrease of NADPH at 340 nm was 

used as an indicator for GR activity.  

3.2.11 Glrx activity assay 

This assay measured the disulfide reduction in bis(2-hydroxyethyl) disulfide (HED) 

catalyzed by the samples in the presence of GSH and NADPH [174].  One unit of activity 

was defined as a consumption of 1 mol of NADPH per minute calculated from the 

expression (Vmax * Vt/Vs)/(0.0062* D), where 0.0062 M
-1

cm
-1

 is the extinction 

coefficient for NADPH at 340 nm. 
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3.2.12 GST activity assay 

This assay measured the conjugation rate of GSH to 1-chloro-2,4-dinitrobenzene (CDNB) 

[175]. One unit of activity was defined as a consumption of 1 mol of CDNB per minute 

calculated from the expression (Vmax * Vt/Vs)/(0.0096* D), where 0.0096 M
-1

cm
-1

 is 

the extinction coefficient for glutathione-dinitrobenzene conjugate (GS-DNB) at 340 nm.  

3.2.13 GPx activity assay 

This assay measured the reduction rate of tert-butyl hydroperoxide catalyzed by the 

samples upon the oxidation of GSH and NADPH [150]. One unit of enzyme activity was 

defined as a consumption of 1 mol of NADPH per minute calculated from the 

expression (Vmax * Vt/Vs)/ (0.0062* D), where 0.0062 M
-1

cm
-1

 is the extinction 

coefficient for NADPH at 340 nm.  

3.2.14 xCT Western Blot 

Proteins in the tissue lysates were separated electrophoretically in 4-20% SDS-PAGE 

gels (Bio-Rad, 567-1094), and transferred overnight to Immobilon PVDF transfer 

membranes (Millipore, Billerica, MA, IPFL00010). The membranes were blocked with 

blocking buffer (Li-Cor, 927-40000) for at least 1 hour before incubated in primary 

antibody solutions (0.3% PBST and blocking buffer, 1:1). After washing 3 times with 0.3% 

1x PBST (10 min each wash), the membranes were incubated in secondary antibody 

solutions and washed 3 times with PBST before scanning. The primary antibodies were 

rabbit anti-xCT (1:500 dilution, Abcam ab93030) and mouse anti-beta-actin (1:20,000 

dilution, Li-Cor, 926-42212), and the secondary antibodies were anti-rabbit secondary 

antibody (1:10,000 dilution, Li-Cor, 926-32211) and anti-mouse secondary antibody 

(1:20,000 dilution, Li-Cor 926-68020). The membranes were scanned using an Odyssey 

Infrared Imaging System (Li-Cor, Lincoln, NE) and the densitometric analysis was 

performed using Odyssey Application Software Version 3.0. 
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3.2.15 Lipid peroxidation assay 

Histidine-conjugated HNE (HNE-His) is a major HNE conjugates [176]. Its content was 

measured using an ELISA kit from Cell Biolabs (San Diego, CA).  

3.2.16 Statistical analysis 

Prism 5.0a (GraphPad Software Inc., La Jolla, CA) was used for statistical analyses. 

Two-way ANOVA was used to evaluate the effects of HIV transgenesis, Meth injection, 

and their possible interaction. Differences among the means were analyzed using (1) two-

way ANOVA followed by Bonferroni post-test, or (2) one-way ANOVA followed by 

post-hoc Tukey’s multiple comparison test or Student t-test. But non-parametric Mann 

Whitney test was used to compare the means of ratios in Table 3 and Figure 2. P < 0.05 

was considered statistically significant in all tests. 

3.3 Results 

3.3.1 Regional variation of total antioxidant capacities in six brain regions 

To assess antioxidant distribution throughout the brain, we measured total GSH content 

and total antioxidant capacity (TAC) in the six brain regions of the 4 groups of rats.  TAC 

is a concept established about two decades ago to quantify the total amount of substances 

with free radical-scavenging or reducing abilities in biological samples without 

distinguishing the contributions from individual compounds. In this study, we employed 

two methods to measure antioxidant potential of different categories of molecules. The 

ABTS method measures the radical scavenging ability of proteins, peptides (including 

GSH), and other small molecules at a physiological pH value (7.4), while FRAP 

measures the reducing ability of non-protein small molecules (such as ascorbic acid) at 

pH 3.6, and this low pH inactivates the antioxidant function of thiols (such as GSH). 

3.3.1.1 ABTS assay for total antioxidant capacity  

As shown in Table 3.1, the baseline ABTS reading was 1-2 fold higher in the thalamus 

than in the other brain regions of the Control group (p=0.0001, one-way ANOVA, 
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Tukey’s post hoc), and similar differences were observed in the other 3 groups of rats 

(p<0.0001 in HIV-1 Tg group, p=0.0028 in Meth group, and p<0.0001 in HIV-1+Meth 

group, one-way ANOVA). Two-way ANOVA shows HIV-1Tg decreased the ABTS 

reading in the hippocampus (p=0.013). A significant difference in the cerebellum 

between the Meth group and the HIV-1Tg+Meth group was also detected.  

3.3.1.2 FRAP assay for total antioxidant capacity 

Table 3.1 shows that the FRAP readings of the six brain regions in each group of rats 

were significantly different (One-way ANOVA). In the Control group, the FRAP 

readings were ~2 folds higher in the other cortex and the cerebellum than the rest of the 

brain regions (p<0.0001, one-way ANOVA, Tukey’s post hoc). Meth seemed to affect 

the FRAP readings in several brain regions. For example, Meth injection in F344 rats 

increased FRAP in cerebellum (+106% Meth vs. Control, p=0.055, t-test) and frontal 

cortex (+29% Meth vs. Control, p=0.04; t-test), but decreased the reading in striatum (-

37%, Meth vs. Control, p=0.04, t-test). The effect of Meth injection in F344 rats was 

different than that in the HIV-1Tg rats in frontal cortex (-26%, HIV+Meth vs. Meth, 

p=0.05, t-test) and in other cortex (+33%, HIV+Meth vs. Meth, p=0.03, t-test). 

3.3.2 Changes of GSH-centered antioxidant defense  

3.3.2.1 Regional variations of total brain GSH in the 4 groups of rats 

Similar to the ABTS result in Table 3.1, the baseline concentration of total GSH was over 

1-2 folds higher in the thalamus than in the other regions of the Control F344 rats 

(p<0.0001, one-way ANOVA, Table 3.2). The changes of GSH in the thalamus, striatum, 

and frontal cortex are listed in Table 3.2, and further illustrated in Figure 3.1 for 

convenient comparison. In the thalamus, HIV-1Tg rats had significantly lower GSH 

levels than the F344 rats (pHIV=0.0011, two-way ANOVA), 31% lower in HIV-1Tg and 

46% lower in HIV-1Tg+Meth than in their controls.  Similarly, HIV-1Tg rats, regardless 

of Meth status, had lower GSH levels in the striatum (pHIV=0.045, two-way ANOVA). 

Meth injection increased GSH content in the striatum (pMeth=0.019, two-way ANOVA), 

particularly in F344 rats (+37%, Meth vs. Control, p=0.05, t-test). The GSH contents in 
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the cortex (frontal and other), hippocampus, and cerebellum did not show significant 

differences among the four groups.  

3.3.2.2 Transcriptional responses of GSH-related genes and viral protein genes in the 

thalamus and striatum  

To further evaluate the responses of enzymes to the changes of GSH contents in the 

thalamus and striatum, the mRNA levels of genes involved in GSH biosynthesis (GCS-

HC, GCS-LC, GS), catabolism (GGT7), recycling (GR), and antioxidant function (GPx1, 

GPx4, Glrx3) were measured. Three housekeeping genes (HPRT, GAPDH, and 28S) 

were tested, and the expression levels of HPRT were found consistent among the four 

groups, and therefore it was used to normalize the relative expression levels of the target 

genes (Figure 3.2). The gene expression levels of multiple isoforms of GGT and Glrx 

have been screened in rat brain tissues in a pilot study, the mRNA levels of GGT7 and 

Glrx3 were found to be the highest in each family of the enzymes (data not shown), and 

therefore these two isoforms were selected in this part of the study. In order to assess the 

potential impact of Meth exposure on HIV-1 viral protein gene expression, the mRNA 

levels of Tat and gp120, the two viral proteins most commonly recognized as causative 

factors of oxidative stress, were measured in the thalamus and striatum.  

As shown in Table 3.3, in the thalamus, HIV-1Tg significantly upregulated the 

expression of genes involved in GSH metabolism, such as GCS-HC, GS, and GGT7 

(two-way ANOVA). Interestingly, Meth injection in F344 rats seemed to decrease the 

expression of the genes in this category, while Meth exposure of HIV-1Tg rats appeared 

to have the opposite effect (except for GGT7). Consequently, the mRNA levels of GCS-

HC, GCS-LC and GS were 2-4 folds higher in the HIV-1Tg+Meth group compared with 

the Meth group. However, in the striatum, neither HIV-1Tg nor Meth injection caused 

any significant changes in the expression of these genes. 

Quantification of the mRNA levels of Tat and gp120 in the HIV-1Tg and HIV-1Tg+Meth 

groups showed Meth had no significant regulatory effect of the expression of these 2 viral 

protein genes in both thalamus and striatum. 
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3.3.2.3 Activities of GSH-related enzymes 

In addition to gene transcription, the activities of the aforementioned enzymes were also 

measured in thalamus and striatum. For comparison, we also included frontal cortex in 

this part of the study as a brain region in which the GSH content did not change in 

response to HIV-1Tg or Meth. As shown in Table 3.4, HIV-1Tg did not affect the activity 

of GCS and GGT in any of the 3 brain regions, which is in contrast to the upregulated 

gene expression of GCS-HC and GGT7 in the thalamus. Meth was associated with 

marked elevation of the GCS activity in the F344 rats (+88% Meth vs. Control, p=0.03, t-

test) and even greater elevation in the HIV-1Tg rats (+224% HIV-1Tg+Meth vs. HIV-

1Tg, p<0.0001, t-test), leading to an interactive effect between HIV-1Tg and Meth 

(Pmeth<0.0001, Pinteraction=0.02, two-way ANOVA). Conversely, Meth injections resulted 

in decreased GCS activities in both striatum (Pmeth=0.0002, two-way ANOVA) and 

frontal cortex (Pmeth<0.0001, two-way ANOVA). In the frontal cortex, Meth increased the 

activity of GGT (Pmeth=0.044, two-way ANOVA), while in thalamus, an interactive effect 

was found for GGT activity, which was elevated in the HIV-1Tg rats (+36%, vs. Control) 

but normalized in the HIV-1Tg+Meth rats (PInteraction=0.014, two-way ANOVA). 

As a key enzyme catalyzing GSH recycling, the activity of GR was decreased by both 

HIV-1Tg and Meth in the thalamus (PHIV=0.042, Pmeth=0.011, two-way ANOVA), but 

was increased by Meth in the striatum (Pmeth=0.0002, two-way ANOVA).  No significant 

change of GR activity was found in the frontal cortex. 

Among the GSH-dependent antioxidant enzymes, the activity of Glrx was found 

significantly influenced by HIV-1Tg, Meth, or both in the 3 brain regions. In the striatum, 

the Glrx activity was upregulated by Meth (+89%, Meth vs. Control, p=0.0001, t-test; 

+82% HIV-1Tg+Meth vs. HIV-1Tg, p<0.0001, t-test, PMeth<0.0001, two-way ANOVA). 

In thalamus and frontal cortex, Meth and HIV-1Tg interactively regulated Glrx activities. 

In the frontal cortex, both HIV-1Tg and Meth rats had decreased Glrx activity (-24%, 

Meth vs. Control, p=0.002, t-test; -38%, HIV-1Tg vs. Control, p<0.0001, t-test), but 

converging of the 2 factors did not result in further activity reduction (-30%, HIV-

1Tg+Meth vs. Control, p=0.002, t-test); in the thalamus, Meth increased the Glrx activity 
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(+44%, Meth vs. Control, p=0.001, t-test), but the concurrence of HIV-1Tg and Meth 

normalized the activity level. Changes in GPx and GST activities were only found in 

striatum: Meth decreased GPx activity (PMeth=0.001, two-way ANOVA) and HIV-1Tg 

decreased GST activity (PHIV-1Tg=0.016, two-way ANOVA). 

3.3.2.4 Protein expression of xCT  

Another rate-limiting factor in GSH de novo biosynthesis is the supply of cysteine, which 

can be derived from dipeptide cystine that is transported into the cells through system xc-. 

The activity of system xc- is determined by the catalytic chain xCT. Therefore the protein 

expression of xCT was measured using western blotting (Figure 3.3). In the thalamus, 

Meth-treated F344 rats showed significantly lower amount of xCT protein compared to 

the control group (-22%, p=0.01, t-test) and the HIV-1Tg+Meth group (-19%, p=0.03, t-

test), and the difference almost reached significance compared to the HIV-1Tg group (-

19%, P=0.057). In the frontal cortex, the amount of xCT protein decreased in all 3 

experimental groups compared to the Control group, and two-way ANOVA showed that 

Meth exposure contributed to some of these decreases (PMeth=0.0002).  Interestingly, 

interactions between HIV-1Tg and Meth were found in both thalamus and frontal cortex 

(thalamus, Pinteraction=0.0114; frontal cortex, Pinteraction=0.018, two-way ANOVA). In the 

striatum, no significant difference was found between Control and HIV-1Tg+Meth rats; 

however, comparisons with the Meth and HIV-1Tg rats were not performed in this region 

due to the fewer sample sizes available. 

3.3.3 Lipid peroxidation  

HNE-His concentration was measured in the thalamus, striatum, and frontal cortex 

(Figure 3.4).  In both thalamus and frontal cortex, HNE-His levels were higher in the 

Meth-treated rats than in the Control group (thalamus: +33%, p=0.005; frontal cortex: 

+52%, p=0.003; t-test) and in HIV-1Tg group (thalamus: +44%, p=0.016; frontal cortex: 

+60%, p=0.01, t-test). Since Meth exposure also led to higher HNE-His levels in the 

HIV-1Tg+Meth rats (+45% vs. HIV-1Tg, p=0.024, t-test) in the frontal cortex, a stronger 

Meth effect was observed in this brain region (Pmeth=0.0002, two-way ANOVA) than in 



53 
 

thalamus (Pmeth=0.0122, two-way ANOVA).  No significant changes in the HNE-His 

level were found in the striatum.  

3.4 Discussion 

This study focused on the intrinsic changes of GSH-centered antioxidants and oxidative 

stress caused by Meth exposure and HIV-1Tg in rat brain. The main findings included: 

HIV-1Tg rats showed decreased GSH content in both thalamus and striatum suggesting 

decreased antioxidant defense. Their thalamus upregulated the expression of genes 

involved in GSH metabolism, but not the activity levels of these enzymes, indicating the 

lack of compensation at this time point.  In contrast, Meth-exposed rats showed 

compensatory increase of GSH concentration and altered activities of GSH-centered 

enzymes only in the striatum.  Meth exposure also regulated the activities of GSH-related 

enzymes, inhibited xCT protein expression, and increased lipid peroxidation in the 

thalamus and frontal cortex.  

3.4.1 GSH content in different brain regions  

In this study, the highest GSH content and the ABTS radical scavenging ability were 

found in thalamus, which were 1-2 folds higher than the other five brain regions. 

Similarly, a HPLC study on human brain tissues also reported the highest GSH level in 

the thalamus among 7 brain regions [177], but the differences were marginal, which  

contrasts with the several-fold differences in our study. Contrary to our findings, a NMR 

study reported that GSH content in the thalamus of Sprague–Dawley rats (5-6 months) 

was comparable to the levels in 4 other brain regions [178]. These variable findings of 

GSH levels in the thalamus relative to the other brain regions may be due to differences 

in species, strain, age of the study subjects, or a combination of these factors. 

3.4.2 GSH and HIV 

The lower GSH levels in both thalamus and striatum of the HIV-1Tg rats may be due to 

oxidative stress caused by the neurotoxic viral proteins.  Similarly, intravenous injections 

of Tat and gp120 resulted in GSH depletion in the whole brain in mice [179].  In the 
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thalamus, this GSH depletion was associated with upregulation of the genes involved in 

GSH metabolism, such as GCS-HC, GS, and GGT7, which reflects an ongoing 

compensatory response to the depletion in this brain region. However, similar decrease of 

GSH in the striatum did not cause any transcriptional changes in these genes. This 

difference may implicate the relative importance of the GSH system in different regions 

of the brain.  Additionally, in HIV-infected human macrophages, GSH along with the 

mRNA levels of GCS-HC, GCS-LC, GS, and GGT1 decreased [180], suggesting 

potentially different regulatory mechanisms in these peripheral cells than in the CNS in 

response to HIV-1 mediated GSH depletion.  

A previous study measured the mRNA levels of Tat, gp120, nef, and vif in 6 brain 

regions (hypothalamus, striatum, hippocampus, cerebellum, prefrontal cortex, and the 

remainder parts of cortex) of 2-3-month old HIV-1Tg rats, and the gene expression levels 

were found varied across these regions [181]. Tat and gp120, the two most commonly 

known oxidative viral proteins, seemed to have the highest expression level in the 

cerebellum, but a moderate expression level in the striatum. Our study showed that in 

HIV-1Tg rats of a similar age, the GSH content did not change in the cerebellum, but 

significantly decreased in the striatum. This contrast implicates the regulation of GSH 

metabolism is region specific in the context of HIV-1Tg, but is not directly correlated 

with the gene expression levels of viral proteins. Although in cultured bone marrow 

microvascular endothelia cells (BMEC), Tat was reported to dose-dependently decrease 

GSH concentration [12485413]. The complicity of the study system and the correlation 

between gene and protein expressions of viral proteins may partially explain the varied 

findings in different studies. 

3.4.3 HIV and oxidative stress 

HIV-1Tg rats not only showed GSH depletion in the thalamus and striatum, but also 

showed decreased activities of GR (thalamus), GST (striatum), and Glrx (frontal cortex). 

However, no changes of lipid peroxidation were found in these samples.  The apparent 

lack of oxidative stress in these brain regions of the HIV-1Tg rats contrasts with previous 

reports of oxidative stress caused by HIV infection or viral protein treatment 
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[32,33,34,179]. This discrepancy indicates that viral infection, endogenous viral protein 

expression, and exogenous viral protein injection may lead to different pathogeneses. 

Moreover, since the HIV-1Tg rats were born with viral protein expression, systemic 

adaptation to the long-term stress may have been developed. The consumption (therefore 

depletion) of GSH per se may have contributed to the removal of oxidants. Furthermore, 

the compromised GSH-centered antioxidant system may be compensated by the 

upregulation of other antioxidants, such as SOD, catalase, or non-protein small molecules. 

3.4.4 GSH recycling in thalamus 

In addition to the high GSH content, thalamus also showed high GGT and GR activities 

in comparison to striatum and frontal cortex (Table 3.4), which are essential in supporting 

GSH recycling through extracellular catabolism and intracellular reduction. Notably both 

HIV-1Tg and Meth caused decreases in GR activity in thalamus, suggesting that lowered 

rates of GSH recycling may limit the utilization of GSH in thalamus in the context of 

HIV-1Tg and Meth, and the two factors also seem to have an additive effect in inhibiting 

thalamus GR activity. 

3.4.5 GSH and Meth  

Although the low dose and repeated Meth administration in this study did not affect the 

gene expression of GCS-HC and GCS-LC, it significantly increased the activity of GCS 

in the thalamus, and decreased it in striatum and frontal cortex, suggesting that Meth 

regulates GCS activity at translational and/or post-translational levels.  Meth also affected 

Glrx activities in these three brain regions. Elevated Glrx in thalamus and striatum of 

Meth rats suggests that this small redox enzyme may have an important role in 

neuroprotection during Meth exposure, potentially through maintaining mitochondrial 

integrity or activating NFkappaB survival pathway [182,183,184].  However, the activity 

of Glrx in the frontal cortex was decreased by both HIV-1Tg and Meth, which suggest 

that the frontal brain region may have less capacity to respond and therefore be more 

vulnerable to oxidative stress caused by both HIV and Meth.  
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3.4.6 Meth and striatum 

Meth-mediated neurotoxicity [25] and oxidative stress [185] in striatum have been 

reported previously. In the present study, after the low dose and repetitive Meth 

administration, increased lipid peroxidation was found in the thalamus and frontal cortex 

but not in the striatum. Instead, the striatum of Meth rats showed compensatory increases 

of GSH concentration, and GR and Glrx activities, implicating the importance of the 

GSH-centered antioxidants in this brain region. Similarly, when male C57BL/6 mice 

were treated with a single intraperitoneal dose of Meth (10 mg/kg body weight), the GSH 

content in the striatum increased in 3 h, but normalized to baseline level in 24 h [106].  

Furthermore, when the same dose of Meth was administered to adult male Sprague-

Dawley rats over an 8 h period at 2-h intervals, the GSH content in the striatum increased 

in 2 h and normalized in 24 h [140]. The brain samples in the present study were 

harvested approximately 24 h after the last Meth injection, but the low dose chronic 

treatment (2.5 mg/kg body weight/day for 6 days) differs from the high dose acute 

treatment in previous reports. Multiple time point sampling will be needed to fully 

elucidate the temporal profile of Meth-induced GSH changes in the striatum, and to 

understand if the decreased GCS activity observed in our study reflects a negative 

feedback response to the elevated GSH concentration [53]. 

3.4.7. Transporters involved in GSH metabolism 

Brain cells take up cystine through the membrane protein cystine/glutamate antiporter 

system xc-, which consists of a light catalytic chain (xCT) and a heavy regulatory chain 

(4F2) [49].  In the CNS, xCT is considered as the determinant protein for the system xc- 

activity [49].  Increased expression of xCT is considered as a response to oxidative stress 

[186]. However, in the present study, in spite of higher lipid peroxidation levels in 

thalamus and frontal cortex in the Meth-exposed rats, the xCT protein was downregulated 

in these two regions, suggesting a lack of compensatory regulation.  

Although the expression of xCT subunit is critical to the system xc- activity [49], the 

cellular uptake of cystine is collectively determined by several factors.  For example, as a 
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membrane protein, the trafficking of xCT to the cell membrane determines the efficiency 

of cystine transport [64].  Moreover, the gradient between the high intracellular and low 

extracellular glutamate concentrations is the driving force for cystine import [49]. 

Increased extracellular glutamate, such as that caused by HIV-mediated blockage of 

glutamate reuptake, can lead to system xc- dysfunction, deplete intracellular glutathione 

and result in nerve cell death [187].  The function of system xc- is also associated with 

the excitatory amino acid transporters (EAAT), which clean up extracellular glutamate 

and help maintain the intra- and extra-cellular glutamate gradient [49]. In fact, cysteine 

can be directly transported into neurons by excitatory amino acid carrier 1 (EAAC1, a 

member of the EAAT), and this process is competed by extracellular glutamate [188]. 

The function of EAAT may be inhibited by HIV or gp120 [189].  Meth-treatment also 

may increase extracellular glutamate concentration [106,108], and how this affects GSH 

metabolism has not been studied. 

3.4.8 Limitations of the present study 

Glutathione metabolism in the brain is a complex network involving interactions between 

astrocytes and neurons [61]. The investigation methods used in the present study did not 

distinguish cell types in the brain tissues. Future work employing immunohistochemical 

staining to localize and quantify target proteins may lead to a better understanding of the 

cellular mechanisms at play.  

Since this study focused on the GSH-related antioxidant system, the changes of other 

antioxidants, such as SOD and catalase, were not investigated. In a nonhuman primate 

study, the combination of SIV and Meth was found to increase the protein concentrations 

of both GST and extracellular SOD in plasma compared to SIV treatment alone [190]. 

The alterations of the non-GSH-related enzymes may have significant roles in preventing 

HIV- and Meth-induced oxidative stress.  

3.5 Conclusion 

This study demonstrated region-specific responses of GSH-centered antioxidants and 

oxidative stress in rat brain to endogenous HIV viral protein expression and Meth 
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exposure.  Among the brain regions studied, thalamus showed the highest baseline GSH 

concentration, potentially higher GSH recycling rates, and transcriptional responses to 

GSH depletion caused by HIV-1Tg.  Both HIV-1Tg and Meth resulted in decreased GR 

activity in thalamus, and decreased Glrx activity in frontal cortex. Increased GR and Glrx 

activities synergized with increased GSH concentration might have partially prevented 

Meth-induced oxidative stress in striatum. Interactive effects between Meth and HIV-1Tg 

were observed in thalamus on the activities of GCS and GGT, and in thalamus and frontal 

cortex on Glrx activity and xCT protein expression. 
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Table 3.1. Effects of HIV-1 transgenesis (HIV-1Tg) and methamphetamine (Meth) on total antioxidant capacities measured by 

the ABTS and FRAP methods in six brain regions. Control, F344 rats with saline injection; Meth, F344 rats with Meth injection; 

HIV-1Tg, HIV-1Tg rats with saline injection; HIV-1Tg+Meth, HIV-1Tg rats with Meth infection. Four rats per group, mean (SD). 

Unit = μmol trolox equivalent antioxidant capacity per gram protein.  

ABTS 
Mean (SD) Two-way ANOVA 

Control Meth HIV-1Tg HIV-1Tg +Meth HIV-1Tg Meth Interaction 

Thalamus 422.12 (145.23)
*
 474.36 (248.22)  494.03 (121.12)  504.00 (174.09)  n.s. n.s. n.s. 

Striatum 133.09 (14.61) 127.85 (35.82) 126.61 (16.84) 132.74 (33.44) n.s. n.s. n.s. 

Cortex (frontal) 140.80 (12.55) 155.76 (21.03) 136.86 (2.80) 133.71 (11.24) n.s. n.s. n.s. 

Cortex (other) 225.95 (48.60) 214.77 (62.04) 193.01 (31.14) 205.48 (51.83) n.s. n.s. n.s. 

Hippocampus 151.43 (52.76) 178.05 (29.23) 112.10 (31.51)
b
 114.48 (19.07)

b
 P=0.013 n.s. n.s. 

Cerebellum 217.01 (56.26) 194.71 (20.65) 238.14 (29.64) 234.39 (22.41)
b
 n.s. n.s. n.s. 

One-way ANOVA P=0.0001 P=0.0028 P<0.0001 P<0.0001    

 

 

FRAP 
Mean (SD) Two-way ANOVA 

Control Meth HIV-1Tg HIV-1Tg +Meth HIV-1Tg Meth Interaction 

Thalamus 13.84 (3.20) 12.27 (3.70) 16.45 (2.97) 11.00 (4.58) n.s. n.s. n.s. 

Striatum 16.18 (2.61) 10.17 (3.40)
a
 12.39 (2.63) 13.28 (4.83) n.s. n.s. n.s. 

Cortex (frontal) 17.52 (3.40) 22.54 (1.92)
a
 20.63 (2.36) 16.80 (2.08)

b
 n.s. n.s. P=0.0041 

Cortex (other) 31.50 (10.58)
*
 24.07 (3.70) 31.45 (3.71)

b
 32.13 (4.11)

b
 n.s. n.s. n.s. 

Hippocampus 12.18 (2.49) 16.99 (4.41) 15.37 (3.73) 13.93 (2.59) n.s. n.s. n.s. 

Cerebellum 33.97 (4.40)
*
 70.06 (30.03) 30.67 (12.74) 36.17 (21.05) n.s. n.s. n.s. 

One-way ANOVA P<0.0001 P<0.0001 P=0.0006 P=0.0033    
a
 compared to the same region of Control group; 

b
 compared to the same region of Meth group; 

c
 compared to the same region of HIV-1Tg group; 

*
 compared to all the other brain regions in the Control group; n.s., non-significant; P<0.05, one-way ANOVA post hoc or Student t-test.  

.
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Table 3.2. Effects of HIV-1 transgenesis and methamphetamine on total glutathione content in six brain regions. N=4 / group, 

mean (SD). Unit=mol per g protein. 

 Mean (SD) Two-way ANOVA 

 Control Meth HIV-1Tg HIV-1Tg +Meth HIV-1Tg Meth Interaction 

Thalamus 21.62 (5.40)
*
 25.76 (4.58) 14.92 (4.35)

b
 14.01 (2.44)

b
 P=0.001 n.s. n.s. 

Striatum 8.65 (1.72) 11.89 (2.03)
a
 7.24 (1.75)

b
 9.10 (1.97) P=0.045 P=0.019 n.s. 

Cortex (frontal) 8.76 (1.64) 10.07 (2.20) 9.77 (2.36) 8.37 (1.20) n.s. n.s. n.s. 

Cortex (other) 6.82 (1.03) 5.65 (1.36) 6.36 (1.28) 6.34 (1.39) n.s. n.s. n.s. 

Hippocampus 6.20 (2.09) 5.17 (1.16) 4.81 (0.76) 4.39 (0.79) n.s. n.s. n.s. 

Cerebellum 5.89 (0.41) 6.48 (0.70) 6.15 (0.94) 6.41 (0.43) n.s. n.s. n.s. 

One-way ANOVA P<0.0001 P<0.0001 P<0.0001 P<0.0001    

a
 compared to the same region of Control group; 

b
 compared to the same region of Meth group;

 *
 compared to all the other regions of the Control 

group; n.s., non-significant; P<0.05, one-way ANOVA post hoc or Student t-test. 
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Table 3.3. Regulatory effects of HIV transgenesis and methamphetamine on gene expression of enzymes involved in GSH 

metabolism and function, and viral protein Tat and gp120 in the thalamus and the striatum. The results were calculated using 

HPRT as a housekeeping gene. Mean (SD), n=4/group, unit = relative abundance compared to HPRT. 

  Mean (SD) Two-way ANOVA 

  Control Meth HIV-1Tg HIV-1Tg +Meth HIV-1Tg Meth Interaction 

T
h

a
la

m
u

s 

Enzymes involved in GSH metabolism 

GCS-HC 0.22 (0.093) 0.11 (0.052) 0.32 (0.17) 0.38 (0.13)
b
 P=0.014 n.s n.s 

GCS-LC 0.24 (0.031) 0.12 (0.041) 0.19 (0.053) 0.37 (0.25)
b
 n.s n.s n.s 

GS 0.055 (0.045) 0.034 (0.018) 0.11 (0.039) 0.17 (0.14)
b
 P=0.049 n.s n.s 

GGT7 0.48 (0.31) 0.20 (0.11) 1.17 (0.66) 0.88 (0.27) P=0.0091 n.s n.s 

Enzymes that use or recycle GSH 

GR 0.036 (0.01) 0.032 (0.006) 0.030 (0.009) 0.041(0.019) n.s n.s n.s 

GPx1 0.061 (0.015) 0.047 (0.013) 0.040 (0.02) 0.042 (0.018) n.s n.s n.s 

GPx4 1.36 (0.18) 1.09 (0.18) 1.37 (0.57) 1.06 (0.3) n.s n.s n.s 

Glrx3 0.88 (0.21) 0.70 (0.39) 1.0 (0.24) 0.79 (0.54) n.s n.s n.s 

HIV proteins 

Tat - - 0.032 (0.01) 0.026 (0.017)    

gp120 - - 0.051 (0.015) 0.042 (0.033)    

S
tr

ia
tu

m
 

Enzymes involved in GSH metabolism 

GCS-HC 0.32 (0.06) 0.29 (0.035) 0.27 (0.035) 0.35 (0.09) n.s n.s n.s 

GCS-LC 0.26 (0.07) 0.24 (0.046) 0.24 (0.019) 0.25 (0.051) n.s n.s n.s 

GS 0.071 (0.016) 0.07 (0.014) 0.057 (0.011) 0.063 (0.027) n.s n.s n.s 

GGT7 0.61 (0.10) 0.50 (0.026) 0.57 (0.01)
b
 0.5 (0.22) n.s n.s n.s 

Enzymes that use or recycle GSH 

GR 0.025 (0.015) 0.047 (0.023) 0.046 (0.029) 0.041 (0.008) n.s n.s n.s 

GPx1 0.005 (0.002) 0.011 (0.008) 0.005 (0.002) 0.006 (0.003) n.s n.s n.s 

GPx4 2.30 (0.92) 2.10 (0.87) 2.11 (0.52) 2.51 (1.23) n.s n.s n.s 

Glrx3 0.92 (0.16) 0.68 (0.19) 0.88 (0.23) 0.85 (0.37) n.s n.s n.s 

HIV proteins 

Tat - - 0.028 (0.021) 0.04 (0.026)    

gp120 - - 0.044 (0.043) 0.054 (0.03)    
a
 compared to Control; 

b
 compared to Meth; P<0.05, one-way ANOVA post hoc or Mann Whitney Test. n.s., non-significant 
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Table 3.4. Activities of enzymes involved in GSH metabolism, use, and recycling in the thalamus, striatum and frontal cortex 

of F344 and HIV-1Tg rats with and without methamphetamine. Mean (SD), N=4/group. Units: GCS, fluorescent intensity; the 

others, U per g protein. 

  Mean (SD) Two-way ANOVA 

  Control Meth HIV-1Tg HIV-1Tg +Meth HIV-1Tg Meth Interaction 

T
h

a
la

m
u

s 

Enzymes involved in GSH metabolism 

GCS 1.64 (0.66) 3.09 (0.81)
a
 1.37 (0.33)

b
 4.44 (0.51)

a,b,c
 n.s. P<0.0001 P=0.020 

GGT 68.20 (9.68) 75.40 (10.24) 92.80 (14.12)
a
 68.25 (9.16)

c
 n.s. n.s. P=0.014 

Enzymes that use or recycle GSH 

GR 0.49 (0.10) 0.39 (0.03) 0.36 (0.06) 0.30 (0.03)
a,c

 P=0.042 P=0.011 n.s. 

GPx 3.48 (0.91) 2.30 (1.23) 2.92 (1.21) 2.12 (0.60) n.s. n.s. n.s. 

Glrx 9.04 (1.29) 12.98 (0.58)
a,
 10.21 (1.53)

b
 8.63 (1.16)

b
 P=0.020 n.s. P=0.0006 

GST 12.19 (1.82) 9.98 (2.26) 11.13 (1.51) 11.13 (1.25) n.s. n.s. n.s. 

S
tr

ia
tu

m
 

Enzymes involved in GSH metabolism 

GCS 8.12 (0.63) 5.14 (2.10) 9.73 (0.61)
a,b

 4.46 (1.09)
a,c

 n.s. P=0.0002 n.s. 

GGT 30.14 (2.99) 29.50 (2.75) 29.28 (4.24) 29.80 (10.48) n.s. n.s. n.s. 

Enzymes that use or recycle GSH 

GR 0.066 (0.010) 0.144 (0.019)
a
 0.060 (0.031)

b
 0.090 (0.045) n.s. P=0.009 n.s. 

GPx 2.31 (0.37) 1.73 (0.22)
a
 2.13 (0.23) 1.44 (0.19)

a,c
 n.s. P=0.001 n.s. 

Glrx 5.05 (0.14) 9.54 (0.70)
a
 5.28 (0.60)

b
 9.61 (0.09)

a,c
 n.s. P<0.0001 n.s. 

GST 5.47 (0.49) 5.61 (0.65) 4.56 (0.31) 4.49 (0.90) P=0.016 n.s. n.s. 

F
ro

n
ta

l 
C

o
rt

ex
 

Enzymes involved in GSH metabolism 

GCS 1.83 (0.10) 0.53 (0.50)
a
 1.77 (0.19)

b
 0.54 (0.16)

a,c
 n.s. P<0.0001 n.s. 

GGT 26.16 (6.10) 37.49 (10.75) 22.93 (3.82)
b
 28.16 (7.01) n.s. P=0.044 n.s. 

Enzymes that use or recycle GSH 

GR 0.16 (0.016) 0.20 (0.055) 0.14 (0.023) 0.17 (0.053) n.s. n.s. n.s. 

GPx 10.54 (1.08) 10.02 (0.64) 9.44 (0.68) 9.81 (1.92) n.s. n.s. n.s. 

Glrx 10.79 (0.73) 8.32 (0.60)
a
 6.71 (0.33)

a,b
 7.56 (0.07)

a,b,c
 P<0.0001 P=0.007 P<0.0001 

GST 8.10 (0.87) 8.21 (0.90) 8.03 (0.55) 8.21 (0.54) n.s. n.s. n.s. 
a
 compared to Control; 

b
 compared to Meth; 

c 
compared to HIV-1Tg; P<0.05, one-way ANOVA post hoc or Student t-test. 
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Figure 3.1. Glutathione levels in the thalamus (A), striatum (B) and frontal cortex 

(C). This is a graphic presentation of the selected data in Table 3.2. * p<0.05, t-test; 

#
p<0.05, Bonferroni’s post-hoc; values of PHIV-1 Tg and PMeth were calculated using two-

way ANOVA. 
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Figure 3.2. The cross threshold (Ct) value in quantitative real-time PCR of 

housekeeping genes HPRT (A) and GAPDH (B) in thalamus, and 28S (C) in 

striatum. * p<0.05, t-test. 
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Figure 3.3. xCT protein expression in the thalamus (A) , frontal cortex (B), and 

striatum (C). * p<0.05, 
$
 p<0.05 compared with rest of the groups, Mann Whitney test; 

values of PMeth and PInteraction were calculated using two-way ANOVA. 
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Figure 3.4. Effects of HIV-1 transgenesis and methamphetamine on lipid 

peroxidation as indicated by 4-hydroxynonenal (HNE) content in the thalamus (A), 

frontal cortex (B), and striatum (C). * p<0.05, ** p<0.01, t-test; value of PMeth was 

calculated using two-way ANOVA. 
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Chapter 4 

Changes of Glutathione System in the Thalamus in Response to HIV-1 Transgenesis 

in Rats 

  



68 
 

4.1. Background 

Situated between the cerebral cortex and midbrain, thalamus relays sensory and motor 

signals to the cerebral cortex. It also regulates sleep and wakefulness, memory, emotion, 

consciousness, awareness, and attention [191]. Combined keywords “HIV” and 

“thalamus” only brought up 56 articles in PubMed, suggesting the amount of study on 

thalamus in HIV infection is very limited. Contradictory results can be found in the 

existing studies. For example, some studies reported decreased thalamus volume in HIV 

patients [192,193], but others reported HIV did not change thalamus volume [194,195].  

In Chapter 3, a higher GSH level was found in the thalamus compared with other brain 

regions in F344 and HIV-1Tg rats at 3 months, and GSH depletion in thalamus at this age 

caused compensatory transcriptional upregulation of enzymes involved in GSH 

metabolism, indicating that GSH may have a profound antioxidative role in this part of 

the brain. Previous studies also reported that HIV-induced changes of GSH in endothelial 

cells depended on the length [71] and dose [196] of viral protein exposure. Therefore in 

this chapter we studied the changes of GSH metabolism and GSH-dependent antioxidant 

enzymes in the thalamus of F344 and HIV-1Tg rats at an older age (10 months), and also 

extended the scope of the study to neuroinflammation and the basic conditions of neurons 

and astrocytes in the thalamus. 

4.2. Methods 

4.2.1 Animals and Dietary Treatment 

Five (5) one-month old HIV-1 NL4-3 gag/pol transgenic rats (HIV-1 Tg) and 5 genetic 

background control Fisher 344 (F344) rats were purchased from Harlan Inc. (Indianapolis, 

IN) and housed at the Laboratory Animal Service facility of the University of Hawaii. 

The rats were maintained on a 12-hour light/dark schedule. Food and water were 

accessible to the animals ad libitum. Body weight and food consumption were monitored 

weekly. The experimental procedures were approved by the Institutional Animal Care 

and Use Committees (IACUC) of the University of Hawaii.  
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All animals were fed a standard diet purchased from Research Diets (New Brunswick, 

NJ). In this diet, 10% energy was from fat. In contrast to a high fat diet used in other 

experiments in the lab, this standard diet was called “low fat diet”. The HIV-1Tg rats in 

this experiment are noted as the “HLC” group, with “H” stands for HIV, “L” stands for 

“low fat diet”, and “C” stands for “control diet” which is in contrast to a supplemented 

diet in chapter 5. The F344 rats used in this experiment are noted as the “FLC” group, 

with “F” stands for F344. 

4.2.2 Sample preparation 

After 9 months, the rats were euthanized in a CO2 induction chamber. Thalamus was 

dissected from the brain and stored at -80C. The dissection procedure was carried out on 

ice. The thalamus tissue was then powderized on dry ice. An aliquot of the powder was 

sonicated in PBS (except for samples prepared for western blot), centrifuged at 18,000 x 

g for 10 min at 4C, and the supernatant was collected. The protein concentration of 

supernatant was measured using Bradford assay (BioRad, catalog No. 500-0205). The 

samples were stored at -80C until assay.  

4.2.3 Chemicals and instruments 

The chemicals and instruments used were the same as described in chapter 3 section 3.2.3. 

4.2.4 GSH assay 

GSH and GSSG assays were carried out using the GSH/GSSG-412 assay kit (Oxis 

International, Beverly Hills, CA, catalog number 21040). The results were normalized 

against protein concentration. The assay was carried out in triplicate. 

4.2.5 GCS activity 

The same procedure as described in chapter 3 section 3.2.8 was used in this experiment. 
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4.2.6 GGT activity 

The same procedure as described in chapter 3 section 3.2.9 was used. The only difference 

was that in this experiment one unit of activity was defined as consumption of 1 mmol of 

GPNA per minute calculated from the expression (Vmax * Vt/Vs)/ (8.8* D), where 8.8 

mM
-1

cm
-1

 is the extinction coefficient for GPNA at 410 nm. 

4.2.7 HNE-His assay 

The same procedure as described in chapter 3 section 3.2.15 was used. 

4.2.8 GPx activity 

The same procedure as described in chapter 3 section 3.2.13 was used. The only 

difference was that in this experiment one unit of enzyme activity was defined as a 

consumption of 1 mmol of NADPH per minute calculated from the expression (Vmax * 

Vt/Vs)/ (6.2* D), where 6.2 mM
-1

cm
-1

 is the extinction coefficient for NADPH at 340 nm. 

4.2.9 GST activity 

The same procedure as described in chapter 3 section 3.2.12 was used. The only 

difference was that in this experiment one unit of activity was defined as a consumption 

of 1 mmol of CDNB per minute calculated from the expression (Vmax * Vt/Vs)/(9.6* D), 

where 9.6 mM
-1

cm
-1

 is the extinction coefficient for glutathione-dinitrobenzene conjugate 

(GS-DNB) at 340 nm. 

4.2.10 Western blot 

Thalamus tissue powder was sonicated in 1M Tris (pH 7.5) membrane lysis buffer 

containing 1M NaCl, 1% Trition X-100, 5mM EDTA, proteinase inhibitor and 

phosphatase inhibitor. Supernatant was collected after 10 min centrifugation at 18,000 x g, 

4C. Protein concentration was measured by Bradford assay. Primary antibodies were 

purchased from Abcam (Cambridge, MA) included rabbit anti-GFAP (ab7260), rabbit 

anti-GGT7 (ab80903), mouse anti-MAP2 (ab11267), mouse anti-MRP1 (ab32574). 
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Mouse anti-NeuN was from Millipore (Billerica, MA) and mouse anti-β-actin was from 

Santa Cruz (Santa Cruz, CA). Secondary antibodies were from Li-Cor (Lincoln, NE).  

4.2.11 Quantitative real-time PCR 

RNA was extracted using Trizol and cleaned up using RNeasy mini kit (Qiagen, Valencia, 

CA). The reverse transcription kit for cDNA synthesis was from Applied Biosystems 

(Foster City, CA). SABiosciences syber® Green (PA-010-24) kits were used for 

quantitative PCR. The sequences of primers were: HPRT forward: ctcctcagaccgcttttcc, 

reverse: tcataacctggttcatcatcactaa; GusB forward: ctctggtggccttacctgat, reverse: 

cagactcaggtgttgtcatcg; GCS-HC forward: cgatgttcttgaaactctgcaa, reverse: 

ctggtctccagagggttgg; GCS-LC forward: ctgactcacaatgacccaaaag, reverse: 

gatgctttcttgaagagcttcct; GGT7 forward: tggcccaataggactgctaa, reverse: 

tccctggctgtaccgagtt; GGT6 forward: gccctgtggatcttccag, reverse: cagcgctgtggtggtaca; 

GGT 5 forward: gcatcctcctcaacaacga, reverse: accgttgaacctggcttgt; GGT 1 forward: 

tggttcgggtatgatgtgaa, reverse: ggcaaaagctggttgtgaag; GPx1 forward: 

cgacatcgaacccgatataga, reverse: atgccttaggggttgctagg; GPx4 forward: 

tgggaaatgccatcaaatg, reverse: cggcaggtccttctctatca; GSTα4 forward: 

tgaaccaggagtcatggaagt, reverse:actccagctgtagccagca; MRP1 forward: 

cacgagaactcatgacatttgaa, reverse: caggagcgaatgaactggtat.; xCT forward: 

tccatgaacggtggtgtgt,  reverse: cccttctcgagatgcaacat; EAAC1 forward: 

gaactgcaaccacctattctca, reverse: actgcgtatcacaatcacagaga. 

4.2.12 ELISA assays. 

Multi-Analyte ELISArray Kits for rat from SABiosciences (Valencia, CA) were used for 

cytokine screening test. Rat IL-12 +p40 ELISA kits from Invitrogen (Grand Island, NV) 

were used for IL12 measurement. 

4.2.13 Statistical analysis 

Prism 5 (GraphPad Software Inc., La Jolla, CA) was used for statistical analysis. 

Differences among the means were analyzed using Student t-test.  Two-way ANOVA 
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was used to analyze the difference caused by HIV-1 Tg, age and their interaction. 

Pearson correlation was used to test correlation among studied parameters. p< 0.05 was 

considered statistically significant. 

4.3. Results 

4.3.1 Energy/water consumption and body weight 

A 30-week record of body weight and food/water consumption is shown in Figure 4.1. 

No differences of food intake were found between the F344 rats (FLC) and the HIV-1Tg 

rats (HLC) when compared by the record of each week (Figure 4.1A) or by the average 

of 30 weeks (Figure 4.1B). However, the water consumption was lower in the HLC group 

compared with FLC, Figure 4.1C and D (p=0.01, t-test). The growth curves of the two 

groups showed similar trend over the 30 weeks (Figure 4.1E). But at the end of the study 

(38 weeks), HLC rats were lighter than FLC rats by 12.6% (p=0.0048, t-test, Figure 4.1F). 

Wet brain weight was recorded and neither wet brain weight nor the ratio of brain weight 

over body weight showed differences between the two groups (Figure 4.1G and H). 

4.3.2 HIV viral protein and Nrf2 gene expression at different ages 

The profiles of gene expression of HIV viral proteins in different organs and brain 

regions in the HIV-1Tg rats have been reported to change with age [181]. In the present 

study, we examined the mRNA levels of gp120 and Tat in the thalamus of HIV-1Tg rats 

at 3 months and 10 months. Surprisingly, both viral proteins showed much lower mRNA 

expression in the older rats (-90% for gp120, and -89% for Tat; p=0.02 for both, Mann 

Whitney test), as shown in the Figure 4.2A and B. We also found that both age and HIV-

1 Tg upregulated the gene expression of Nrf2 (Page=0.001, PHIV-1 Tg=0.03, two-way 

ANOVA, Figure 4.2C), which is a transcription factor that responds to redox changes and 

regulates the expression of antioxidant and detoxification genes [197]. However, it is 

worth pointing out that the rats at the two age groups grew up at different locations. The 

3-month rats were housed at the laboratory animal facility of Seton Hall University, NJ, 

and the 10-month rats were housed at the laboratory animal facility of the University of 

Hawaii, Kaka’ako campus. There might be subtle differences in the environments, and 
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more importantly, the 3-month rats were fed regular laboratory rodent chow, but the 10-

month rats were fed a specially manufactured diet with casein as the protein source (refer 

to the control diet in Table 5.1). How the growing condition and/or diet may contribute to 

the differences in the aforementioned gene expression is not clear.  

4.3.3. GSH and GSH metabolism 

4.3.3.1 GSH 

Chapter 3 shows that at 3 months HIV-1Tg was a causative factor of GSH depletion in 

the thalamus of the rats, and in response thalamus upregulated the expression of genes 

involved in GSH metabolism, such as GCS-HC, GS, and GGT7, but such upregulation 

did not result in increased enzyme activities. The present study shows that at 10 months, 

HIV-1 Tg rats had significantly higher GSH concentration in the thalamus than the F344 

rats (+39%, p=0.0018, t-test, Figure 4.3A). This is a result of increases of both GSSG and 

rGSH (+27% for GSSG, and +42% for rGSH, p=0.0032 for both, t-test, Figure 4.3B and 

C) in the HLC group, and the ratio of GSSG/GSH remained the same in both groups 

(Figure 4.3D).  

4.3.3.2 GCS 

As the rate-limiting enzyme of GSH de novo synthesis, the gene expression, protein 

expression and activity of GCS were measured in the thalamus of the rats at 10 months. 

As shown in Figure 4.4, the GCS-HC protein expression was higher in the HLC group 

(+31%), but the difference between the two groups did not reach statistical significance 

(panel A). The GCS activity was significantly higher in the HLC group (+65%, p=0.0035, 

t-test, panel B). When the mRNA levels of both GCS heavy chain (panel D) and light 

chain (panel E) were measured, no differences were observed between the two groups.   

4.3.3.3 GGT 

GGT is the rate-limiting enzyme of extracellular GSH catabolism, and recycles cysteine 

for intracellular GSH synthesis. The gene and protein expression of selected GGT 

isoforms and the activity of GGT are shown in Figure 4.5. In a pilot study, the mRNA 
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level of GGT7 was found ~ 20 fold higher than those of the other isoforms (data not 

shown). In the present study, the GGT7 protein level was much lower in the HLC rats (-

79%, p=0.008, t-test, panels A-B), but the GGT activity remained the same in the two 

groups (panel C). The gene expression of GGT7 and other GGT isoforms did not show 

differences between the two groups (panels D-G).  

4.3.3.4 Transporters 

GSH is synthesized in the cells, and transported to the extracellular space for 

decomposition.  Multidrug resistance-associated proteins (MRPs) mediate efflux of GSH 

and GSSG. The protein and gene expression levels of MPR1 in the HLC group were 

comparable to those in the FLC group (Figures 4.7A-C). The gene expression of MRP2 

did not change between the two groups (Figure 4.7D). 

Cysteine is the limiting substrate for GSH synthesis, and it can be transported into the 

cells by excitatory amino acid carrier 1 (EAAC1), or by system xc– in the form of cystine. 

The functional domain of system xc– is xCT. The mRNA levels of EAAC1 and xCT were 

found similar between HLC and FLC (Figure 4.7E and F).  

4.3.4 Lipid peroxidation and GSH-dependent antioxidant enzymes 

HNE is a by-product of lipid peroxides and a commonly used oxidative stress marker. 

The concentration of HNE-histidine conjugate was 27% lower in the HLC group, but the 

difference between the two groups is not statistically significant (Figure 4.7A). Both GPx 

and GST use GSH as a substrate, and they prevent HNE accumulation by reducing lipid 

peroxides or conjugating HNE. Figures 4.7B-C show significant increases of GPx and 

GST activities in the thalamus of HIV-1 Tg rats compared with the F344 rats (for GPx, 

+56%, p=0.005, t-test; for GST, +67%, p=0.0004, t-test). GPx1 and GPx4 are two 

isoforms of GPx in the brain. GSTα4 is a major isoform of GST known to catalyze HNE 

conjugation [198,199,200,201]. When the mRNA levels of these genes were measured in 

the thalamus, no differences were found between the two groups (Figure 4.7D-F).  
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4.3.5 Inflammatory status in the thalamus 

Neuroinflammation is associated with HIV infection. To evaluate the inflammatory status 

in the thalamus, we employed a Multi-Analyte ELISArray in the initial screening test. 

This array measured 12 cytokines simultaneously. In this assay, the same amount of 

protein was collected from the tissue lysate of each rat, and the samples from the same 

group were combined. The result is shown in Figure 4.8A. Among the 12 cytokines, the 

difference of IL12 was the largest between the 2 groups. Therefore IL12 was selected as a 

representative inflammatory cytokine, and the protein expression of IL12 in the thalamus 

of each rat was further measured using ELISA in duplicate. As shown in Figure 4.8B, the 

IL12 protein level in the thalamus of the HIV-1Tg rats was 5-fold lower than that in the 

F344 rats (p=0.01, t-test). 

4.3.6 Neurons and astrocytes 

To evaluate the changes of numbers and conditions of neurons and astrocytes in the 

thalamus, we examined the protein expression of neuronal nuclei (NeuN, neuron-specific 

nuclear protein), microtubule-associated protein 2 (MAP2, a neuron-specific cytoskeletal 

protein in rats and related to formation of neuronal dendrites), and glia fibrillary acidic 

protein (GFAP, expressed in astrocytes in CNS). As shown in Figure 4.9, no differences 

were found in the expression of NeuN and GFAP between the two groups (panels A and 

C), while a higher expression level of MAP2 was found in the thalamus of the HLC 

group (+65%, p=0.0079, Mann Whitney test, panel B). 

4.3.7 Correlations 

Correlations between the parameters measured in this study were evaluated by Pearson’s 

linear correlation test, and summarized in Figure 4.10. GSH concentration positively 

correlated with GCS activity (r=0.87, p=0.001, panel A), suggesting increased GCS 

activity is a major causative factor of GSH upregulation in the thalamus of the HIV-1Tg 

rats. GSH concentration also positively correlated with GST activity (r=0.75, p=0.01, 

panel B), thus GST equipped with sufficient GSH can effectively execute antioxidant 

function, as evidenced by a negative correlation between GST and HNE (panel C). 
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Similar negative correlation was found between GPx and HNE (panel D). A strong 

positive correlation was found between GST and GPx (panel E). GCS activity was found 

positively correlated with GST and GPx activities, and negatively correlated with HNE 

concentration (panels F-H). Both HNE and IL12 positively correlated with GSSG/GSH 

ratio, suggesting they are responsive to the redox shifting in the thalamus. Interestingly, 

GPx seemed to have different functions in regulating IL12 production in the two groups 

of animals, i.e. it negatively correlated with IL12 in the F344 rats, but had a marginal 

(p=0.051) positive correlation with IL12 in the HIV-1Tg rats. The slopes of the 

regression lines of these two groups are significantly different (p=0.002). Furthermore, 

the protein expression of MAP2 positively correlated with GSH, GCS, GPx, and GST 

(panels L-O), but negatively correlated with IL12 (panel P), indicating the neuronal 

differentiation in the thalamus may be stimulated by GSH-centered antioxidants, but 

inhibited by neuroinflammation. 

4.4 Discussion 

At the age of 10 months, elevated antioxidant capacity (GSH, GPx and GST), and 

decreased neuroinflammation (IL12) were found in the thalamus of the HIV-1Tg rats 

compared with the F344 rats. The HIV-1Tg rats also showed lower lipid peroxidation 

(HNE) level, but the difference between the two groups was not significant. Correlation 

analysis showed that GSH upregulation was achieved through the increase of GCS 

activity, GPx and GST may directly contribute to the removal of HNE, and HNE and 

IL12 were responsive to the redox shift of GSH. Neuronal differentiation in the thalamus 

may be stimulated by GSH-centered antioxidants and inhibited by neuroinflammation. 

Collectively, this study demonstrated the significance of the GSH-centered system in 

preventing oxidative stress and regulating neuroinflammation and neuronal 

differentiation in the thalamus challenged by HIV viral proteins.  

4.4.1 GSH regulation in the thalamus 

The thalamus remains a less visited brain region in the research field of HIV neuro-

disorders. Our studies emphasized the high abundance of GSH in the thalamus of HIV-1 
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Tg rats with F344 genetic background, and the age-dependent responses of the GSH-

centered system to HIV viral protein expression.  At 3 months, HIV-1Tg caused a 30% 

decrease of GSH content in the thalamus, but no increase of lipid peroxidation. This 

suggests that GSH is in the front line of antioxidant defense, and consumption of GSH 

contributes to the neutralization of excessive ROS generated by HIV viral proteins. At 10 

months, the GSSG concentration in the thalamus of the HIV-1Tg rats increased by 27%, 

implicating increased transfer of the reducing power from GSH to GSH-dependent 

antioxidant enzymes, such as GPx and GST. The increase of GSSG was balanced by the 

upregulation of rGSH level, and the GSSG/GSH ratio remained unchanged compared to 

the F344 rats.  

The increase of GCS activity was a major causative factor of GSH upregulation in the 

thalamus at 10 months. But the activity of this enzyme did not correlate with the gene or 

protein expression of it subunits, suggesting GCS activity in the thalamus is regulated 

post-translationally, for example by the binding ability and autophosphorylation of GCS-

LC [202]. Reportedly, SIV-infected macaques had increased GCS activity in the liver and 

muscle tissues [167], and Tat transgenic mice showed lower gene and protein expression 

of GCS-LC in the liver [168]. 

In previous publications, HIV infection and HIV viral protein exposure were associated 

with GSH depletion in CSF (Chapter 2 and [29]), hippocampus and posterior cerebral 

cortex [35], and brain microvascular endothelial cells [71,196], which are in contrast to 

the finding of the present study highlighting biphasic changes of GSH concentration in 

the thalamus of the HIV-1Tg rats. Such differences may be explained by tissue specific 

regulatory mechanisms, and the time points selected in each study.  

4.4.2 HIV and GGT regulation  

Previously, increased GGT activity was found in the periphery of both HIV naïve patients 

and patients with antiretroviral therapy [159,160], and use of the antiretroviral drug NVP 

increased GGT activity in liver [160]. Region-specific elevation of GGT activity was 

found in the brain with Parkinson’s disease [203]. In Chapter 3, GGT activity was found 
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increased in the thalamus of the HIV-1Tg rats at 3 months, which was consistent with 

GGT7 gene upregulation. No changes of GGT activity and GGT7 gene expression were 

observed at 10 months, but the protein expression of GGT7 was significantly decreased 

in the HIV-1Tg rats compared with the F344 rats. GGT7 was first isolated from a rat 

brain cDNA expression library and found only expressed in the nervous system [62]. Our 

pilot study showed the mRNA level of GGT7 was ~20-fold higher than the other GGT 

isoforms in the brain. The significance of GGT7 in the CNS and its transcription and 

translation regulation warrant further study. 

4.4.3 GSH, cysteine, and cystine transporters 

As transporters of GSH, the MRPs have not been sufficiently studied in the brain. MRP1 

protein is found in astrocytes and microglia, but not neurons [63]. MRP1 mediates GSH 

efflux from astrocytes. Once outside of the astrocytes, GSH either reduces extracellular 

oxidative stress, or supports de novo GSH synthesis in neurons by providing substrates 

after going through degradation. GSH export from astrocytes was not completely blocked 

during MRP1 inhibition, suggesting MRP1 is not the only transporter of GSH [204]. It 

has been reported that gp120 upregulated gene and protein expression of MRP1 in 

primary rat astrocytes [166], and HNE upregulated MRP1 protein expression in bovine 

aortic endothelial cells [205]. However, in the present study, no significant changes were 

observes in the gene and protein expression levels of MRP1 and MRP2. At this time 

point, the lipid peroxidation in the thalamus seemed to be lower in the HIV-1Tg rats 

compared to the F344 rats due to the upregulation of GSH-centered antioxidant system, 

and this is the major difference between the present and the previously reported 

experimental conditions, with the later involved in oxidative stress.  

Other transporters play roles in GSH metabolism are system xc- and EAAC1.  As 

mentioned in Chapter 3, system xc- is a membrane antiporter transporter for 

cystine/glutamate. It consists of a light catalytic chain (xCT) and a heavy regulatory chain 

(4F2) [49].  In the CNS, xCT is considered as the determinant protein for the system xc- 

activity [49].  Increased expression of xCT and hence higher availability of cysteine for 

GSH biosynthesis has been considered as a response to oxidative stress [186].  In 
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cultured primary microglia, Tat treatment increased the expression of xCT and glutamate 

release in a dose dependent manner [166]. EAAC1 (also known as EAAT3) is one of the 

neuron membrane excitatory amino acid transporters (EAAT), which takes up 

extracellular glutamate and cysteine competitively [64]. EAAC1 knockout mice showed 

significantly lower GSH levels in the brain [206]. In the present study, no changes were 

found on the gene and/or protein expression levels of xCT and EAAC1 in the thalamus of 

the HIV-1Tg rats. 

4.4.4 Oxidative stress, neuroinflammation, and neuronal differentiation  

HIV-induced lipid peroxidation in the brain has been reported to be region-specific [33] 

and associated with the severity of HANDs [32].  Exposing brain endothelial cells to Tat 

caused ROS generation dose-dependently [196]. In the present study the HNE-his 

concentration in the thalamus of the HIV-1Tg rats was 27% lower than the F344 rats, and 

this decrease of lipid peroxidation is clearly correlated with GPx and GST activities, 

demonstrating the effectiveness of the GSH-dependent antioxidant enzymes in the 

amelioration of oxidative stress during HIV viral protein exposure.  

In HIV seropositive patients, decreased GPx activity was found in the CSF [207], and 

increased GPx activity was detected in the plasma [207,208,209,210]. When exposed to 

gp120 or Tat, the GPx activity decreased in brain endothelial cells [71]. The GPx activity 

in cortical cells increased after a 2-hour gp120 exposure, and normalized after 4 hours 

and maintained at the baseline after 24 hours [70]. Few reports can be found on the 

changes of GST in the context of HIV infection. Lower GST activity in the plasma of 

HIV patients compared to control has been documented [211]. Decreased GST activity 

was observed in other brain diseases, such as aging and Alzheimer’s disease [212], and 

increased GST activity prevented neuron loss in an animal model of Parkinson’s disease 

[213].  

IL12 is a proinflammatory cytokine secreted by dendritic cells, macrophages and B cells 

[214]. It stimulates naïve T cells into T helper type 1 cells through Jak-STAT pathway 

which transcribes cytokines for T cell differentiation. Decreased IL12 expression has 
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been reported in the monocytes of HIV patients [215,216], and the release of IL12 from 

dendritic cells was inhibited by the plasma of HIV patients [214]. In the present study, an 

array of pro-inflammatory cytokines have been found decreased in the thalamus of the 

HIV-1Tg rats in a pilot screening, indicating a generally lower inflammatory status. 

When IL12 was selected for further assay, its concentration was found 84% lower in the 

HIV-1Tg thalamus than in the control. The concentration of IL12 seemed to respond to 

the redox status of GSH and the activity of GPx. In other studies, increased IL12 

production has been induced by GSH in monocytes [217], by GSH precursor in 

splenocytes of Tat-exposed mice [218], and by low dose GSH precursor in macrophages 

[219]. IL12p40 knockout mice showed decreased GPx activity in lungs [220]. However, 

patients with systemic lupus erythematosus showed low GSH and GPx activity but high 

IL12 concentrations in erythrocyte hemolysate [221].  

The protein expression levels of GFAP and NeuN were similar in the thalamus of the 

F344 rats and the HIV-1Tg rats, suggesting the lack of astrocyte activation and neuron 

loss in the transgenic rats at this time point.  Several studies have shown decreased 

neuronal dendritic branches in the hippocampus of HIV-1 infected patients [10,222,223], 

but our result showed increased MAP2 protein in the thalamus of the HIV-1Tg rats, 

implicating a higher level of neuronal differentiation in this brain region. Correlation 

analysis indicates that MAP2 expression may be enhanced by GSH and the activities of 

GCS, GPx, and GST, but inhibited by IL12. In future studies, this correlation will be 

further confirmed using immunocytochemistry. 

4.5 Conclusion 

In summary, this is among the few studies that elucidate the redox, neuroinflammation, 

and cellular changes in the thalamus in the context of HIV viral protein exposure, and 

highlight the regulatory and protective roles of GSH and GSH-centered enzymes in this 

brain region. There are more questions revealed than answered in this study. Future 

investigations will be directed to understanding the regulatory mechanisms of the key 

players in this picture and the intrinsic relationship among redox shifting, 

neuroinflammation and neuron cell differentiation.   
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Figure 4.1. Food and water consumptions and body weight of the animals. (A) Food 

consumption of F344 rats (FLC) and HIV-1 transgenic rats (HLC) over 30 weeks. (B) 

Average energy consumption of 30 weeks. (C) Average water consumption per rats per 

day from week 8 to week 30. (D) Average water consumption of 22 weeks. (E) Growth 

curves of the animals over 30 weeks. (F) Average body weight before animal 

scarification. (G) Wet brain weight. (H) Percentage of brain weight over body weight. 

*p<0.05, **P<0.01, t-test. 
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Figure 4.2. HIV viral protein gp120 (A), Tat (B), and Nrf2 (C) mRNA level in the 

thalamus of 3-month (n=4) and 10-month (n=5) old rats. *p<0.05, t-test. P values in 

panel C were calculated from two-way ANOVA.  
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Figure 4.3. The concentrations of total GSH (panel A), oxidized GSH (GSSG, panel 

B), reduced GSH (rGSH, panel C), and the ratio of GSSG/GSH (panel D) in the 

thalamus of F344 rats (FLC) and HIV-1Tg rats (HLC). ** p<0.01, t-test. 
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Figure 4.4. γ-Glutamylcysteine synthetase (GCS) expression and activity in the 

thalamus of F344 rats (FLC) and HIV-1Tg rats (HLC). (A) Western blot image of 

protein expression of the catalytic domain of GCS (GCS-HC). (B) Relative quantification 

of GCS-HC protein expression. (C) GCS activity. (D) Relative quantification of gene 

expression of GCS-HC. (E) Relative quantification of gene expression of GCS light chain 

(GCS-LC). ** p<0.01, t-test. 
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Figure 4.5. γ-Glutamyl transferase (GGT) expression and activity in the thalamus of 

F344rats (FLC) and HIV-1Tg rats (HLC). (A) Western blot of protein expression of 

GGT isoform 7 (GGT7). (B) Relative quantification of GGT7 protein expression. (C) 

GGT activity. (D-G) Relative quantifications of gene expression of GGT isoforms 7, 6, 5 

and 1, respectively. ** p<0.01, Mann Whitney test. 
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Figure 4.6. Lipid peroxidation (panel A) and enzymatic activities of glutathione 

peroxidase (GPx, panel B) and glutathione-S-transferase (GST, panel C) in the 

thalamus of F344 rats (FLC) and HIV-1Tg rats (HLC). Panels D-F show the mRNA 

expression of GPx4, GPx1 and GSTa4, respectively. **p<0.01, ***p<0.001, t-test. 
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Figure 4.7. Gene and protein expressions of transporters involved in GSH 

metabolism in the thalamus of F344 rats (FLC) and HIV-1Tg rats (HLC). (A) 

Western blot image of multidrug resistance-associated proteins 1 (MRP1). (B) Relative 

quantification of MRP1 protein expression. (C-F) Relative gene expression levels of 

MRP isoforms 1 and 2, system xc- catalytic domain (xCT), and excitatory amino acid 

carrier 1 (EAAC1), respectively.  
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Figure 4.8. Protein concentrations of 12 cytokines (panel A) and interleukin 12 

(IL12, panel B) in the thalamus of F344 rats (FLC) and HIV-1 Tg rats (HLC). * 

p<0.05, t-test. 
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Figure 4.9. The relative expression of glia fibrillary acidic protein (GFAP, panel A), 

neuronal nuclei (NeuN, panel B), and microtubule-associated protein-2 (MAP2, 

panel C) in the thalamus of F344 rats (FLC) and HIV-1Tg rats (HLC). ** p<0.01, 

Mann Whitney test. 
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Figure 4.10. Correlations among parameters involved in GSH metabolism and 

antioxidant function, oxidative stress, neuroinflammation, and neuronal 

differentiation in the thalamus of F344 rats (FLC) and HIV-1Tg rats (HLC). Pearson 

correlation test was used in the statistical analysis. Abbreviation: GSH, glutathione; GCS, 

γ-glutamylcysteine synthetase; GST, glutathione-S-transferase; GPx, glutathione 

peroxidase; HNE-his, 4-hydroxynonenal and histidine conjugates; IL12, interleukin 12; 

MAP2, microtubule-associated protein-2. 
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Chapter 5 

Hippocampal Inflammation in HIV-1 Transgenic Rats and the Anti-inflammatory 

Effect of Phyllostachys Edulis Extract 
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5.1 Background 

Antiretroviral drugs suppress HIV replication, but they cannot efficiently penetrate the 

blood-brain-barrier, and therefore HIV-related neurological disorders remain a major 

clinical challenge. Besides standard medical care, dietary supplements and use of natural 

products are convenient and cost-effective alternatives in the prevention and management 

of diseases [127]. In this project, we investigated the potential protective effect of 

bamboo Phyllostachys edulis extract (BEX) as a dietary supplement on HIV viral protein-

induced neuroinflammation in the brain of HIV-1Tg rats. 

Varied extracts derived from bamboo plants have been used in Traditional Chinese 

Medicine to treat inflammation, hypertension, cough and insomnia [224]. Phyllostachys 

edulis, also known as Moso or Maozhu, is one of the fastest growing plants in the world. 

It is a “running bamboo” with large biomass and wide geographical distribution. The 

leaves of P. edulis are the by-products of the bamboo timber industry. A patented 

procedure has been developed in China to utilize this “industrial waste” to produce the 

BEX, which was used in this project. In our previous studies, we have shown that BEX as 

a dietary supplement had anti-inflammation and anti-anxiety function in mice 

[225,226,227], and the anti-inflammatory effect of BEX was partially mediated by 

inhibiting the activation of nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFκB) [228]. 

NFκB is a nuclear transcription factor expressed in many types of cells. NFκB regulates 

the expression of more than 400 genes, including cytokine/chemokines and their 

modulators [229,230,231], immunoreceptors [232], proteins involved in antigen 

presentation [233], cell adhesion molecules [234], stress response genes [235], and cell 

surface receptors [236]. Abnormal NFκB activity is involved in the pathogeneses of 

many diseases, such as chronic inflammation, cancer, arthritis, asthma, neurodegenerative 

diseases, and heart disease.  

NFκB consists of five subunits: RelA (p65), RelB, c-Rel, NFκB1 (p50/105) and NFκB2 

(p52/p100), and it functions as a dimer. One of the most common NFκB dimers is p50-
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p65 heterodimer [237]. In normal conditions, NFκB binds the inhibitor of κB (IκB) and 

stays in the cytoplasm. When stimulated, NFκB dissociates with IκB and translocates to 

the nucleus, where it functions as a transcription factor. NFκB can be activated by many 

stimuli, such as proinflammatory cytokines, virus and viral proteins, chemical stress, 

oxidative stress, and environmental hazards [238]. 

Interleukin 1 beta (IL1β) and tumor necrotic factor alpha (TNFα) are target genes of 

NFκB, and they can also stimulate NFκB activation forming a positive feedback circle. 

Although both cytokines have neuroprotective functions, their chronic release in the brain 

from activated macrophage/microglia during HIV infection results in neuronal damage, 

mainly through inflammation-related ROS generation and calcium influx [239]. They 

also increase monocyte infiltration through the BBB, which further enhances 

neuroinflammation [239].    

Our unpublished data also showed that BEX inhibited endoplamic reticulum (ER) stress.  

ER stress is caused by accumulation of unfolded proteins that can be induced by glucose 

deprivation, viral infection, oxidative stress, and other factors [240]. Unfolded protein 

response (UPR) is an adaptive program for ER stress. UPR can attenuate protein 

synthesis and upregulate genes that promote protein folding or disposal. The acute 

response of UPR is protective, but the chronic response may lead to cell death. Many cell 

types can survive ER stress by diluting the ER through cell replication, but the neuron is 

more vulnerable to ER stress due to its limited replication ability [241]. ER dysfunction is 

a common pathway of many neurological diseases, such as Alzheimer’s disease, 

Parkinson’s disease, Huntington’s disease, and brain trauma [242]. Several studies 

showed impaired ER function associated with HIV infection and antiretroviral drug 

treatment [241,243,244]. The increase of ER stress response in the brain of HIV-infected 

patients was also reported [241].  

Protein kinase R-like endoplasmic reticulum kinase (PERK) is one of the ER stress 

sensor proteins. Under stressed conditions, PERK is released from 

bindingimmunoglobulin protein (BiP, or glucose-regulated protein 78, GRP78) and forms 

a dimer. The autophosphorylated dimer phosphorylates eukaryotic initiation factor 2α 
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(eIF2α), which decreases the rate of protein synthesis by blocking formation of 

methionine-charged tRNA [242]. X-box binding protein 1 (XBP1) is a transcription 

factor upregulated in ER stress response. The activated XBP1 enhances the transcription 

of ER-located chaperones, which prevent protein aggregation and retain Ca
2+

 in the ER 

lumen [240]. 

The aims of this chapter were to study the impact of HIV-1Tg on the hippocampus in 

terms of oxidative stress and inflammation, evaluate protective effects of BEX dietary 

supplement, and explore the mechanistic roles of NFκB and ER stress in HIV viral 

protein-caused neuroinflammation. 

5.2 Methods 

5.2.1 Animals and Dietary Treatment 

Ten (10) one-month old HIV-1 NL4-3 gag/pol transgenic rats (HIV-1 Tg) and 5 genetic 

background control Fisher 344 (F344) rats were purchased from Harlan Inc. (Indianapolis, 

IN) and housed at the Laboratory Animal Service facility of the University of Hawaii. 

The rats were maintained on a 12-hour light/dark schedule. Food and water were 

accessible ad libitum. Body weight and food consumption were monitored weekly. The 

experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Hawaii.  

Five (5) F344 rats (FLC group) and 5 HIV-1 Tg rats (HLC group) were fed a standard 

diet with 10% calories from fat. The meaning of the abbreviated group names have been 

explained in chapter 4. Meantime 5 HIV-1 Tg rats were fed the standard diet with 1% 

(w/w) BEX supplement (HLB group, “B” stands for “BEX”). Both diets were purchased 

from Research Diets (New Brunswick, NJ). The dietary composition is listed in Table 5.1 

[245].  

BEX used in this study was provided by Golden Basin LLC (Kailua, HI). BEX was 

produced by Golden Basin Bio-Tech (Hunan, China) through a patented procedure 

(Chinese invention patent, CN 1287848A). Briefly, twigs of Phyllostachys edulis no 
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longer than 2 feet were washed in water and air dried, ground and infused with 70-90% 

ethanol twice. The ethanolic extract was concentrated by vacuuming to obtain BEX. 

According to the manufacturer, BEX contains 50% water, 20% saccharides, 10% protein 

and 20% others [245].  

5.2.2 Sample preparation 

The hippocampal tissues were processed in the same way as the thalamus tissues 

described in Chapter 4 section 4.2. 

5.2.3 GSH, GSSG, GPx, GGT, GST and HNE assays, and western blot 

These procedures were carried out in the same way as described in Chapter 4 section 4.2. 

The primary antibodies used were rabbit anti-GFAP (ab7260, Abcam) and rabbit anti-p65 

(ab7970, Abcam). 

5.2.3 qPCR 

The qPCR procedure was carried out in the same way as described in Chapter 4 section 

4.2. The sequences of primers used were: beta-actin (β-actin): forward: 

cccgcgagtacaaccttct, reverse: cgtcatccatggcgaact; glucuronidase beta (GusB) forward: 

ctctGGTggccttacctgat, reverse: cagactcaggtgttgtcatcg; hypoxanthine guanine 

phosphoribosyl transferase (HPRT) forward: ctcctcagaccgcttttcc, reverse: 

tcataacctggttcatcatcactaa; TATA box binding protein (TBP) forward: 

cccaccagcagttcagtagc, reverse: caattctgggtttgatcattctg; beta-2-microglobulin (B2M); 

glucose-6-phosphate dyhydrogenase (G6PH); interleukin 1 beta (IL1β) forward: 

tgtgatgaaagacggcacac, reverse: cttcttctttgggtattgtttgg; tumor necrosis factor α (TNFα) 

forward: tgaacttcggggtgatcg, reverse: gggcttgtcactcgagtttt; PERK forward: 

gaagtggcaagaggagatgg, reverse: gagtggccagtctgtgcttt; XBP1 forward: 

ctcagaggcagagtccaagg, reverse: gaggcgcacgtagtctgagt. 
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5.2.4 Statistical analysis  

Prism 5 (GraphPad Software Inc., La Jolla, CA) was used for statistical analysis. 

Differences among the means were analyzed using Student t-test and one-way ANOVA. 

P < 0.05 was considered statistically significant. 

5.3 Results 

5.3.1 Food consumption, body weight, and brain weight  

A 30-week record of energy consumption and body weight is summarized in Figure 5.1. 

No differences of energy intake were observed among the 3 groups at any time point 

(Figure 5.1A) or on average (Figure 5.1B) over the 30-week period. The growth of 

animals showed similar trends in the 3 groups over the first 30 weeks (Figure 5.1C). But 

at the end of the study (38 weeks), both HLC and HLB rats were lighter than the FLC rats 

(p=0.0053, one-way ANOVA, Figure 5.1D). Wet brain weight was recorded and neither 

wet brain weight nor the ratio of brain weight over body weight showed differences 

among the 3 groups (Figure 5.1E and F). Therefore, BEX supplement did not affect food 

intake, growth, and general brain development of the HIV-1 Tg rats. 

5.3.2 GSH-centered antioxidant system and lipid peroxidation in the hippocampus 

GSH consists of oxidized GSH (GSSG) and reduced GSH (rGSH). Total GSH and GSSG 

were measured in the hippocampal samples and rGSH was calculated ([rGSH]=[GSH]-

2*[GSSG]). HLC had a lower content of GSSG than the other two groups (-23% vs. FLC, 

p=0.01; -22% vs. HLB, p=0.035; t-test; Figure 5.2B). Similarly, HLC group also showed 

the lowest GSH and rGSH readings among the 3 groups (Figure 5.5A and C), but the 

differences were not statistically significant. The ratios of GSSG/GSH were comparable 

among the 3 groups, indicating the redox status of GSH was not affected.  

The HLB group showed a trend of having a higher GGT activity in the hippocampus 

(+39% vs. FLC, p=0.058; +44% vs. HLC, p=0.053; t-test; Figure 5.2E). In contrast, the 

GPx activity was lower in HLB group than in HLC group (-40% vs. HLC, p=0.03, t-test, 

Figure 5.2F). No differences were detected in the GST activity among the 3 groups 
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(Figure 5.2G). The highest HNE concentration was found in HLB, followed by FLC and 

HLC, and the differences between each two groups were significant (p<0.0001, one-way 

ANOVA; p<0.05, HLB compared with HLC or FLC, Bonferroni’s post hoc; Figure 

5.2H).   

5.3.3 Inflammation markers in the hippocampus 

Protein expression of glia fibrillary acid protein (GFAP, an astrocyte activation marker) 

and NFκB subunit p65 were measured using western blot to evaluate the inflammation 

status of the hippocampus (Figure 5.3). A dramatic increase (approximately 5 folds) of 

GFAP expression was observed in the HLC group compared to FLC (p=0.008, Mann-

Whitney test), and this increase was effectively abolished by BEX supplementation (HLB 

vs. HLC, p=0.008, Mann Whitney test). Similarly, a trend of lower p65 expression was 

found in the HLB group compared to the HLC group (-59%, p=0.056, Mann-Whitney 

test). 

5.3.4 Gene expression of IL1β and TNFα in the hippocampus 

The relative mRNA levels of inflammatory cytokines IL1β and TNFα were measured in 

the hippocampal samples using quantitative real-time PCR (qPCR). To evaluate the 

reliability of housekeeping genes, we compared the cycle thresholds (Ct values) of 6 

commonly used housekeeping genes among the 3 groups of rats, with the same amount of 

cDNA in the qPCR mixes. These housekeeping genes were β-actin, GusB, HPRT, TBP, 

B2M and G6PD. As shown in Figure 5.4A, the Ct values of these genes were consistently 

higher in the HLB group compared to the other 2 groups, and the reason behind this 

phenomenon is not clear. β-actin was used as housekeeping genes in the final test. As 

shown in Figure 5.4B and C, when the target genes were normalized against β-actin, 

higher IL1β mRNA level was found in the HLC group compared to the FLC group 

(+90%, p=0.004, Kruskal Wallis test) and the HLB group (+170%, p<0.01, Dunn’s post-

hoc); higher TNFα mRNA level was found in the HLC group compared to the HLB 

group (+113%, p=0.03, Mann Whitney’s test). It is worth pointing out that such 

differences are not caused by the higher Ct values of the housekeeping genes in the HLB 
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group (Figure 5.4A), since normalization against a higher Ct value of the housekeeping 

gene will result in higher relative abundance of the target gene (mRNA ratiotarget/housekeeping 

= 2 
Ct housekeeping

/2
Ct target

).   

5.3.5 Gene expression of ER stress markers 

The mRNA levels of PERK and XBP1 were measured using qPCR to evaluate the ER 

stress in the hippocampus (Figure 5.5). Using β-actin as a housekeeping gene, the relative 

mRNA level of PERK was significantly lower in the HLB group compared to the HLC 

group (-42%, p=0.03, Kruskal Wallis test; p<0.05, Dunn’s post-hoc); and the mRNA 

level of xBP1 was significantly lower in HLB group than the FLC group (-32%, p=0.006, 

Kruskal Wallis test; p<0.01, Dunn’s post-hoc). 

5.4 Discussion 

This study showed that HIV viral protein expression induced neuroinflammation in the 

hippocampus of the transgenic rats, and such inflammation was effectively prevented by 

BEX dietary supplementation. Two selected ER stress markers also showed the lowest 

gene expression level in the HLB group, indicating potential links between ER stress and 

neuroinflammation. Meanwhile, the HLB groups showed the highest level of lipid 

peroxidation, which may be partially due to the low GPx activity and high GGT activity 

in this group. In this study oxidative stress and neuroinflammation did not converge in 

hippocampus. 

5.4.1 HIV-induced changes in hippocampus  

Compared with other brain regions, higher levels of neuroinflammation have been found 

in the hippocampus of HAART-treated HIV patients [246,247], as evidenced by the 

increases of CD68+ monocyte/macrophages and GFAP-positive astrocytes [247]. In vitro 

studies showed HIV viral protein can induce oxidative stress in hippocampal neurons 

through increasing mitochondrial ROS generation [27], but hippocampal oxidative stress 

has not been recorded in HIV patients.  
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In the present study, HIV-1Tg caused moderate GSH depletion in the hippocampus, but 

did not affect the redox status of GSH, nor the activities of GSH-dependent antioxidant 

enzymes such as GPx and GST. This is in contrast to the systematic upregulation of GSH 

and GSH-centered enzymes in the thalamus of the HIV-1Tg rats, as presented in Chapter 

3. Despite the lack of response of the GSH system to the viral protein expression, the 

HNE concentration in the hippocampus of the HLC group was significantly lower than 

that in the FLC group, suggesting that other antioxidant systems (such as SOD, catalase, 

or small non-protein molecules) may have been upregulated by the viral proteins in a 

overcompensatory manner in the hippocampus and contributed to the decreased lipid 

peroxidation. Furthermore, in contrast to the lower level of inflammation in the thalamus 

of the HIV-1Tg rats, the inflammatory markers in the hippocampus of these rats were 

significantly elevated. Collectively, Chapters 3 and 4 illustrate that HIV viral protein 

induced redox and inflammatory changes in the brain are region-specific.  

5.4.2 Effects of BEX on GSH metabolism 

In the present study, the concentrations of GSH, GSSG, and rGSH in the hippocampus of 

the HLC group appeared to be lower than those in the FLC group, and BEX supplement 

to the HIV-1Tg rats abolished these differences. The GSSG/GSH ratios were comparable 

among the three groups. Our previous study showed that when C57BL/6J mice were 

treated with standard (10% energy from fat) or high fat (45% energy from fat) diets, the 

high fat diet increased GSH concentrations in both forebrain and hindbrain, and BEX 

supplement (same dose as in the present study) normalized the GSH contents in both 

regions to the control levels, and also decreased GSSG/GSH ratio in the hindbrain 

(unpublished data).  In contrast, BEX supplement in both standard and high fat diets 

increased the GSSG/GSH ratio in the whole blood of mice [245]. These results implicate 

that BEX can regulate GSH homeostasis in both CNS and peripheral. Other researchers 

reported that 3-O-caffeoyl-1-methylquinic acid, a compound found in the leaves of 

Phyllostachys edulis, increased the levels of GSH, GSSG, and GSSG/GSH ratio in a dose 

and time-dependent manner in endothelial cells through Nrf2 activation [248]. Our 

unpublished data also showed the ethanol-soluble fraction of BEX can activate Nrf2 in 

multiple cell lines.  
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The present study also showed that BEX increased GGT activity and decreased GPx 

activity in the hippocampus of HIV-1Tg rats. GGT generates cysteinylglycine (CysGly), 

which facilitates hydroxyl radicals (
●
OH) production through Fenton reaction, and 

initiates the chain reaction of lipid peroxidation [55]. Meanwhile, the resultant lipid 

peroxides may not be removed efficiently due to the decrease of GPx activity, leading to 

the accumulation of lipid peroxidation markers such as HNE. However, the increased 

lipid peroxidation in the hippocampus of the HLB group did not converge with increased 

neuroinflammation, but rather co-occurred with inhibition of neuroinflammation, as 

discussed below.  

5.4.3 BEX and Neuroinflammation 

BEX inhibits obesity-induced systemic periphery inflammation in mice [226], possible 

through preventing the activation of NFκB and AP-1 pathways [225]. Bioactivity-guided 

fractionation revealed that flavonoids such as tricin and 7-O-methyltricin are among the 

anti-inflammatory compounds in BEX [249]. In the present study, the prominent increase 

of GFAP protein expression in the hippocampus of the HLC group indicates increased 

astrogliosis [250], and this astrogliosis was effectively reduced by BEX treatment. 

Compared with HLC group, HLB group also showed lower protein expression of p65, 

implicating potentially lower activity of the NFκB pathway. Along this line, the qPCR 

results also showed lower mRNA levels of IL1β and TNFα in HLB group. Thus BEX 

may have an inhibitory role in HIV-induced neuroinflammation.   

5.4.4 BEX and ER stress 

HIV infection can induce ER stress. For example, higher protein expression of ER stress 

sensors BiP and activation transcription factor (ATF6β) were found in the brain of HIV 

patients [241]. Our unpublished data showed that the ethanol soluble fraction of BEX 

effectively inhibited the gene expression of an array of ER stress sensors, including BiP, 

XBP1, and ATF6, under a lipotoxic condition in muscle cells. In the present study, lower 

mRNA levels of PERK and XBP1 were found in the hippocampus of the HLB group 

compared to the HLC group, suggesting potential anti-ER stress function of BEX in the 
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brain. It is worth mentioning that in contrast to Figure 5.3, which shows the dramatic 

differential protein expressions in tissue lysates prepared in a membrane lysis buffer, no 

differences were observed when PBS was used to prepare the tissue lysates (data not 

shown). This suggests that the newly synthesized proteins in the hippocampus of the 

HLC group may be accumulated in the ER lumen, which is in accordance with the 

hallmark of ER stress. 

To confirm the presence of ER stress in the hippocampus of the HIV-1Tg rats, and to 

further demonstrate the anti-ER stress effect of BEX, expression and phosphorylation of 

proteins involved in the unfold protein response (UPR), such as BiP, ATF6β, XBP1, 

ATF4, should be studied.  
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Table 5.1. The composition of the standard (control) diet and the BEX 

supplemented diet. 

 

 

  

Diet 
Control Bex 

g kJ g kJ 

Ingredients     

Casein, 80 mesh 200 3349 200 3349 

L-Cystine 3 50 3 50 

Maize starch 315 5275 315 5275 

Maltodextrin 10 35 586 35 586 

Sucrose 350 5862 350 5862 

Cellulose BW200 50 0 50 0 

Soybean oil 25 942 25 942 

Lard 20 754 20 754 

Mineral mix S10026 10 0 10 0 

Dicalcium phosphate 13 0 13 0 

Calcium carbonate 5.5 38 5.5 38 

Potassium citrate, 1H2O 16.5 0 16.5 0 

Vitamin mix V10001 10 167 10 167 

Choline bitartrate 2 0 2 0 

Bamboo extract (dry mass) 0 0 11 0 

Water from bamboo extract 0 0 11 0 

FD&C Yellow Dye #5 0.05 0 0.025 0 

FD&C Red Dye #40 0 0 0 0 

FD&C Blue Dye #1 0 0 0.025 0 

Total 1055 17000 1077 17000 
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Figure 5.1. Food consumption and body weight of the experimental animals. (A) 

Food consumption of F344 rats (FLC), HIV-1 transgenic rats (HLC) and BEX-fed HIV-1 

Tg rats (HLB) over 30 weeks. (B) Average energy consumption of 30 weeks. (C) Body 

weight over 30 weeks. (D) Average body weight before animal scarification. (E and F) 

Wet brain weight and percentage of brain weight over body weight. * p<0.05, 

Bonferroni’s post-hoc. 
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Figure 5.2. Concentrations of GSH and HNE, and activities of GSH-centered 

enzymes in the hippocampus of F344 rats (FLC), HIV-1Tg rats (HLC), and HIV-

1Tg rats fed bamboo extract-supplemented diet (HLB). (A) GSH concentration. (B) 

GSSG concentration. (C) Reduced GSH (rGSH) concentration. (D) GSSG/GSH ratio. (E) 

GGT activity. (F) GPx activity. (G) GST activity. (H) HNE-his concentration. * p<0.05, 

t-test; 
^
p<0.1, t-test; 

#
 p<0.05, Bonferroni’s post-hoc; p value in panel B was calculated 

from one-way ANOVA. 
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Figure 5.3. Protein expression of neuroinflammation markers in the hippocampus of 

F344 rats (FLC), HIV-1Tg rats (HLC) and BEX-fed HIV-1Tg rats (HLB). (A) 

Protein expression of GFAP detected by western blotting and relative densitometric 

quantification. Note that FLC vs. HLC and HLC vs. HLB were compared in two separate 

gels, and the HLC group was used for signal normalization between the two gels. (B) 

Protein expression of p65 detected by western blotting and relative densitometric 

quantification. ** p<0.01, ^ p<0.1, Mann Whitney test;. All samples were prepared in a 

membrane lysis buffer.  
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Figure 5.4. mRNA expression of housekeeping genes and cytokines IL1β and TNFα 

in the hippocampus of F344 rats (FLC), HIV-1Tg rats (HLC) and BEX-fed HIV-

1Tg rats (HLB). (A) Cycle threshold of housekeeping genes, * p<0.05, t-test. (B) mRNA 

expression of IL1 β. (C) mRNA expression of TNFα. * p<0.05 Mann Whitney test;  
# 

p<0.05, Dunn’s post-hoc. 
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Figure 5.5. mRNA expression of ER stress markers in the hippocampus of F344 rats 

(FLC), HIV-1Tg rats (HLC) and BEX-fed HIV-1Tg rats (HLB). 
# 

p<0.05, Dunn’s 

post-hoc test. 
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Chapter 6 

Concluding Remarks and Future Directions 
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This study examined the changes of antioxidant, oxidative stress and inflammation in the 

CNS in the context of HIV infection, and evaluated the modulatory effects of Meth 

exposure and dietary supplement of bamboo Phyllostachys edulis extract.  It was found 

that in human CSF, GSH depletion co-occurred with oxidative stress in HIV seropositive 

patients, and upregulation of GSH and GPx may have contributed to the amelioration of 

lipid peroxidation in the CSF of Meth users. These results emphasize on the importance 

of the GSH-centered antioxidant system in the extracellular environment of the CNS in 

both HIV infection and Meth abuse.  

Using the HIV-1Tg model, we observed that HIV-1 transgenesis affected the redox status 

in the brain in region-specific and age-dependent manners. Among several brain regions 

studied, the thalamus was found to have the highest GSH content. GSH biosynthesis and 

GSH-dependent antioxidant enzymes in the thalamus were highly responsive to the viral 

protein expression, and also seemed to regulate the production of inflammatory cytokine 

IL12 and neuronal differentiation as indicated by MAP2 expression. In contrast, little 

changes were found in the GSH system in the hippocampus of the HIV-1Tg rats, but 

increased neuroinflammation markers such as GFAP and p65 were detected. Interestingly, 

these increases were only found in the samples prepared in membrane lysis buffer, but 

not in those prepared in PBS, implicating the newly synthesized proteins may be 

compartmented in the cells, as seen under ER stress conditions. Dietary supplementation 

of BEX normalized the inflammatory and ER stress status in the hippocampus, 

implicating potential therapeutic effect on HANDs of this natural product. 

In conclusion, this study highlighted the significance of GSH and GSH-dependent 

antioxidant enzymes in regulating the redox status in the CSF and in the brain tissues 

(especially thalamus) during HIV infection, documented HIV viral protein-induced 

inflammation in the hippocampus, and suggested potential anti-neuroinflammatory effect 

of the BEX. The regulatory pathways of the GSH-centered antioxidant system in the CNS, 

and potential pharmaceutical interventions through the mechanisms, warrant detailed 

investigation. Other less studied topics, such as the role of the GSH system in the 

regulation of neuroinflammation and neuronal differentiation need to be further 

established. The high level of inflammation in the hippocampus of the HIV-1Tg rats also 
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calls for more attention, since this may contribute to the pathogenesis of HAND. Last but 

not least, the active compounds and the mechanism underlying the anti-

neuroinflammatory function of the bamboo extract deserve further investigation for the 

development of a CAM-based cost effective HIV treatment.  
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In the appendices, the ID of each group of rats consists of three letters, and the meaning of each 

letter is explained below: For the first letter, “F” stands for F344 rats and “H” stands for HIV-1 

Tg rats. For the second letter, “H” stands for high fat diet (45% calories from fat, Research Diet 

catalog number D12451) and “L” stands for low fat diet (10% calories from fat, Research Diet 

catalog number D12450B). For the third latter, “C” stands for control diet, “B” stands for BEX 

supplement (11 grams of BEX dry mass per 4057 Kcal, or 1% w/w) and “S” stands for selenium 

supplement (sodium selenite, 16ppm or 92.5uM in drinking water). N=6 for FHB and N=5 for the 

other groups. Dietary treatment started at 5 weeks, and samples harvested at 10 months. 

 

Appendix A. Levels and correlations of GSH-centered enzymes, neuronal proteins 

and inflammatory marker IL12 in the thalamus.  

 

Appendix A1. GSH, GSH-centered proteins and IL12 level in the thalamus.  
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Appendix A2. Correlations among parameters involved in GSH metabolism and 

antioxidant function, oxidative stress and neuroinflammation in thalamus. The green round 

dots represent F344 rats (N=31) and red square dots represent HIV-1 Tg rats (N=30).  
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Appendix A3. Glutathione levels in the thalamus of control F344 and HIV-1 Tg rats treated 

low and high fat diet. A, B, C, and D are the figures of tGSH, GSSG, rGSH and GSSG/tGSH 

ratio, respectively. T-test: *, P 0.05; **, P<0.01; $, P<0.05 compared with rest of groups. Two-

way ANOVA: PHIV and PFat. Bonferroni post-hoc: #, P<0.05.  
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Appendix A4. Activity and expression of GCS and Ggt in the thalamus of control F344 and 

HIV-1 Tg rats treated low and high fat diet. A and B, activity of GCS and Ggt; C, protein 

expression of GCS catalytic heave chain (GCS-HC) and Ggt isoform 7 (Ggt7); D and E, GCS-HC 

and Ggt7 protein expression normalized against beta-actin; F-I, mRNA levels of GCS and Ggt 

isoforms. FLC, F344 rats fed low fat; FHC, F344 rats fed high fat; HLC, HIV-1 Tg rats fed low 

fat; HHC, HIV-1 Tg rats fed high fat. T-test: *, P<0.05; $, P<0.05 compared to rest of groups. 

Two-way ANOVA: PHIV and PFat. Bonferroni post-hoc: #, P<0.05.  
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Appendix A5. Lipid peroxidation and related antioxidant enzymes in the thalamus of 

control F344 and HIV-1 Tg rats treated with low and high fat diet. A, 4-Hydroxynonenal His 

conjugate (HNE-His) level; B and C, activities of glutathione peroxidase (GPx) and glutathione –

S- transferase (Gst); D-F, mRNA levels of GPx and Gst isoforms. T-test: *, P<0.05; **, P<0.01. 

Two-way ANOVA: PHIV. Bonferroni post-hoc: #, P<0.05.  

  

   

  

 

Appendix A6. Expression of GSH-related transporters in the thalamus of control F344 and 

HIV-1 Tg rats treated low and high fat diet. A, Expression of multidrug resistance protein 1 

(MRP1) and the expression normalized to beta-actin; B- D, mRNA level of MRP1, system xC 

catalyze domain (xCT) and excitatory amino acid carrier 1 (EAAC1). FLC, F344 rats fed low fat; 
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FHC, F344 rats fed high fat; HLC, HIV-1 Tg rats fed low fat; HHC, HIV-1 Tg rats fed high fat. 

T-test: *, P<0.05; **, P<0.01. Two-way ANOVA: PHIV.  
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Appendix A7. Protein expression of neuronal nuclei (NeuN), microtubule-associated protein 

2 (MAP2) and glial fibrillary acidic protein (GFAP) in the thalamus of control F344 and 

HIV-1 Tg rats treated low and high fat diet. A, Western blot images of MAP2, NeuN, GFAP; 

B-D, densitometric quantification of protein expression, normalized to beta-actin. FLC, F344 rats 

fed low fat; FHC, F344 rats fed high fat; HLC, HIV-1 Tg rats fed low fat; HHC, HIV-1 Tg rats 

fed high fat. T-test: *, P<0.05. Two-way ANOVA: PHIV and PFat. Bonferroni post-hoc: #, P<0.05. 
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Appendix A8. Correlations among antioxidants, lipid peroxidation and IL12 in the 

thalamus of control F344 and HIV-1 Tg rats treated low and high fat diet. 
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Appendix B. Levels and correlations of GSH-centered enzymes, neuronal proteins 

and inflammatory marker IL12 in the hippocampus.  

 

Appendix B1. GSH, GSH-centered proteins and IL12 level in the hippocampus.  
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Appendix B2. Status of GSH, GSH-centered enzymes and lipid peroxidation in 

hippocampus of F344 rats and HIV-1Tg rats fed low or high fat diet. T-test: *, P<0.05. Two-

way ANOVA: PHIV and PFat. Bonferroni post-hoc: #, P<0.05.  

.   
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Appendix B3. Western blot results of GCS-HC, Ggt7, MRP1, GFAP, NeuN, and MAP2 in 

the hippocampus of F344 rats and HIV-1Tg rats fed low or high fat diet. FLC, F344 rats fed 

low fat; FHC, F344 rats fed high fat; HLC, HIV-1 Tg rats fed low fat; HHC, HIV-1 Tg rats fed 

high fat. T-test: *, P<0.05. Two-way ANOVA: PHIV and PFat. Bonferroni post-hoc: #, P<0.05.
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Appendix C. Western blot results of GCS-HC, Ggt7, MRP1, GFAP, NeuN, and MAP2 in 

the frontal cortex of F344 rats and HIV-1Tg rats fed low or high fat diet. FLC, F344 rats fed 

low fat; FHC, F344 rats fed high fat; HLC, HIV-1 Tg rats fed low fat; HHC, HIV-1 Tg rats fed 

high fat. T-test: *, P<0.05. Two-way ANOVA: PHIV and PFat. Bonferroni post-hoc: #, P<0.05.
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Appendix D. The endpoint body, organ and fat weights of rats with different dietary 

treatments.  
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