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Abstract of Thesis 
 
 

Mg-Supplementation Attenuated Lipogenic and Oxidative/Nitrosative Gene Expression 
Caused by Anti-HIV Drug Therapy in HIV-1-Transgenic Rats 

 
 
The objective of this study is to determine if Mg supplementation might attenuate the 

systemic oxidative/nitrosative stress and lipogenic effects at the transcriptome level caused 

by a clinically used cART in a HIV-1 transgenic rat (Tg) model.  

A PI-based cART (atazanavir-ritonavir plus Truvada) was given orally to control and 

HIV-1-Tg rats at doses similar to the human equivalent for 18 weeks. A 6 fold higher 

than normal MgO in the diet was introduced to determine the effect of Mg 

supplementation. Relative Expressions of selected oxidative/nitrosative and lipogenic 

genes from livers were determined by real-time quantitative PCR and the expression 

levels of genes were quantified with values normalized by 18s rRNA. 

Under cART treatment, a 4-fold upregulation of the Sterol regulatory element-binding 

protein-1 (SREBP-1) gene was found in the Tg rats; SREBP-1 is a key transcription 

factor required for cholesterol and fatty acid biosynthesis. This upregulation was 

completely prevented by Mg supplementation. Nrf2, which is a master transcription 

factor that regulates the expression of antioxidant proteins, was down-regulated 50% in 

the HIV-Tg rats, and was further reduced to 25% in Tg+cART rats. Next, two selected 

downstream responsive genes, heme oxygenase-1 (HMOX1) and Glutathione S- 

transferase (GST) were examined. Both HMOX1 and GST, which are protective 

antioxidants genes, were elevated in HIV-Tg alone but were suppressed dramatically by 

cART.  Both HIV and cART induced down-regulation of Nrf2 was attenuated, and 

changes in expressions of HMOX1 and GST were reversed by Mg-supplementation. 
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Concomitantly, inducible NOS (iNOS) was upregulated 2-fold in the Tg+cART rats, 

which was normalized by Mg-supplementation. Correspondently, cART treatment led to 

increases in plasma 8-isoprostane (lipid peroxidation indicator) levels in both control and 

HIV-1-Tg rats. These elevations were lowered by Mg-supplementation. In addition, 

significantly higher level of plasma nitrotyrosin was found in the cART-Tg group; such 

elevation was suppressed in cART-Tg rats plus Mg-supplementation. Furthermore, both 

plasma triglyceride and cholesterol level were elevated in cART–Tg group, which again 

were lowered by Mg- supplementation. 

In summary, the lipogenic and oxidative/nitrosative effects that caused by cART in the 

HIV-1-TG rats were confirmed by the qPCR and biochemical data. The downstream 

regulation by Nrf2 confirmed that the antioxidant response in the HIV animals was 

severely compromised. However, these abnormal metabolic and oxidative stress effects 

were substantially attenuated by Mg-supplementation. 
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Introduction 
 

The human immunodeficiency virus (HIV) is a lentivirus (a subgroup of 

retrovirus) that causes HIV infection and over time acquired immunodeficiency 

syndrome (AIDS). AIDS was first formally recognized in patients in the USA in 1981 

(Sharp et al., 2010).  HIV has infected more than 75 million people worldwide, and an 

estimated 37 million people are now living with the virus. HIV infection is one of the 

main causes of morbidity and mortality worldwide (LeBreton et al., 2012). 

Antiretroviral therapy (ART) includes reverse transcriptase inhibitors (RTI) 

nucleosides and non-nucleoside reverse transcriptase inhibitors (NRTI, NNRTI), 

integrase inhibitors and protease inhibitors (PI) (Reyskens et al., 2014). ART drug 

therapy has been available to treat HIV infection for nearly two decades. When used 

appropriately, ART is highly effective in suppressing HIV replication, reducing the risk 

of developing AIDS and improving the immune function (Getahun et al., 2010). 

With the introduction of protease inhibitors (PIs) in the mid 1990s, HIV-1 

replication in the patients was shown to be dramatically reduced, and currently, to the 

extent that HIV-1 infection has become a more manageable disease (Arts et al., 2012). 

However, along with the chronic use of PIs, significant metabolic side effects of 

hyperlipidemia, tissue lipodystrophy, and insulin resistance may result. Moreover, 

hyperlipidemia may contribute to the increased atherosclerotic vascular disease that may 

result in endothelial and cardiac dysfunction. (Mak et al., 2013). The incidence of AIDS-

related cancers has decreased from the introduction of combination antiretroviral therapy 

(cART) in 1996, where the relative frequency of non-AIDS-related cancers has risen. 

(Guiguet et al., 2009). The advantage of combination antiretroviral therapy has led to 
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significant improvement in the care of HIV-infected patients. Ritonavir is currently 

exclusively used as a key component in first-line combination therapy for HIV treatment. 

Ritonavir is a potent inhibitor of cytochrome P450 mediated reactions. (Daali et al., 

2011). Its role has been changed to function as a protease inhibitor booster for the sake of 

improving the bioavailability and drug tolerance of the co-administered PIs. Ritonavir 

can induce endothelial dysfunction through oxidative stress and this drug effect was 

found to be prevented by some potential antioxidants, such as ginsenosides and seleno-1-

methionine (Wang et al., 2007). 

Atazanavir is one of the protease inhibitor with a more favorable metabolic 

profile. The strategy of this drug could be particularly attractive for the patients with 

greater cardiovascular risk, as, the use of atazanavir could be a good alternative, since it 

seems to have a more favorable metabolic profile. Furthermore, the drug can be provided 

once daily for easier treatment adherence, which is one of the main challenges of therapy 

with other PIs (Meintjes et al., 2014). 

Truvada is an antiretroviral drug combination of two NRTIs containing of 

emtricitabine (FTC) and tenofovir disoproxil fumarate (TDF). It is a novel intervention 

that is recently found to prevent HIV transmission among high-risk populations. (Radzio  

et al., 2012). In July 2012, after reviewing the available trial results, the U.S. Food and 

Drug Administration (FDA) approved an indication for the use of Truvada as an effective 

HIV prevention strategy to prevent HIV transmission (Centers for Disease Control and 

Prevention, 2014). However, tenofovir combined with emtricitabine (Truvada) has been 

associated with renal abnormalities such as glycosuria, hypophosphatemia, and increased 
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creatinine levels, and the potential for acute tubular necrosis. Nevertheless, there is 

uncertainty about the role of tenofovir in renal dysfunction.  

Approximately 60 percent of patients taking PIs have elevated total cholesterol 

levels (greater than 240 mg Per dL and 75 percent have triglyceride levels (greater than 

500 mg per dL)(Reust, 2011).  Several PIs currently in use are associated with toxicity 

that has been a major concern for long-term use. Clinical data have showed that treatment 

with PIs could increase multiple cardiovascular disease risk factors and metabolic 

disorders like dyslipidemia and insulin resistance in HIV patients and diabetes develops 

in up to 6 percent (Thompson et al., 2012). In addition, it causes hypertriglyceridemia in 

healthy volunteers (Van et al., 2011).  A recent study also showed that the common 

adverse effects of PIs include neutropenia and an increased risk of pneumonia (Reust, 

2011). 

Magnesium is known to have direct anti-radical and anti-calcium prosperities 

(Chen and Mak, 2014). Although detailed mechanisms still remain unclear, high 

magnesium supplementation was reported to be beneficial for various stressed conditions. 

Oral magnesium therapy for 6 months in coronary artery disease (CAD) patients led to a 

significant improvement in brachial artery endothelial function (Pokan et al., 2006). 

Increased dietary magnesium intake was shown to improve markers of systematic 

inflammation and endothelial function in healthy (song et al., 2007) and postmenopausal 

women (Chacko et al., 2010). 

Magnesium also plays an important role in altered lipid metabolism. In cholesterol fed 

animal model, additional dietary magnesium decreased both the area of aortic lesions and 

the cholesterol content of the aorta in a dose-dependent manner indicating beneficial 
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effects of high dietary Mg in preventing atherosclerosis progress by inhibiting 

accumulation in the aortic wall (Shah et al., 2011). 

Furthermore, patients with mild hypertension receiving assigned 600mg of 

pidolate Mg2+ daily for 12 weeks were found to have reduced total cholesterol, LDL-

cholesterol and triglyceride (Hadjistavri et al., 2010). In a randomized crossover trial, 

magnesium supplementation for 4 weeks in overweight individuals led to improvement 

of insulin and glucose homeostasis such as decreased fasting C-peptide and fasting 

insulin concentration (Chacko et al., 2011). 

The potential effect of magnesium against some other HIV drug toxicity has been 

studied previously. In a previous study, Mg-supplementation was shown able to attenuate 

AZT (a prototype NRTI)-induced systemic and cardiac oxidative stress in rats (Mak et 

al., 2009). In this study, AZT was administered at a dose of 90 mg/kg/day in Sprague-

Dowley rats for only 3 weeks.  In a later study, RTV was administered (75 mg·kg/1·day) 

to Lewis-Brown-Norway hybrid (LBNF1) rats for up to 8 week. Significant increases in 

plasma triglyceride and cholesterol occurred from 8 days to 8 weeks (Mak et al., 2013). 

Dietary Mg supplementation (six-fold higher) completely reversed the altered and 

attenuated both hypertriglyceridemia and hypercholesterolemia. It was found that high 

Mg supplement could normalize all oxidative indices, such as, superoxide production  

and increased plasma isoprostane level caused by RTV (Mak et al., 2013). In addition, 

RTV caused significant decreases in cardiac left ventricular shortening fraction and LV 

ejection fraction; both were attenuated with Mg supplementation. (Mak et al., 2013). 

It remains unknown if the antioxidant and anti-calcium properties of Mg may 

influence cART-induced changes in genes related to oxidative/nitrosative stress and lipid 
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metabolism.  Prior works on high Mg diet have inspired us to explore the possibility that 

high magnesium may provide beneficial effects against cART-induced systemic toxicity 

through effects on transcriptome modification.  The potential additive/synergistic 

interactions between cART and HIV-1 expression were examined by using an established 

HIV-1 transgenic rat model (Peng et al., 2010). 
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Materials and Methods 
 

All animal experiments were guided by the principles for the care and use of 

laboratory animals as recommended by the U.S. Department of Health and Human 

Services and were approved by The George Washington University Institutional Animal 

Care and Use Committee. 

cART (atazanavir-ritonavir plus Truvada) was obtained from GWU-MFA 

Pharmacy. The dosage that applied in a diet for atazanavir-ritonavir was (16.5/5.5 

mg/kg/day) and for Truvada was (TDF/FTC: 16.5/11 mg/kg/day) for 18 weeks. The 

primers for the real-time quantitative PCR were ordered from Integrated DNA 

technologies. 

The rat model that was used is male HIV-1-Tg, or Control (Fischer344/NHsd) rats 

(3 months old) obtained from Harland Lab. (Indianapolis, IN); all rats were maintained 

under aseptic condition throughout experimentation. The HIV-1 Transgenic rats express 

7 of the 9 HIV-1 genes except (gag/pol) thus it is non-infectious. The remaining genes are 

capable of leading to AIDS symptoms in 8 to 9 months (Hatziioannou and Evans, 2012) 

and (Reid et al. 2001). 

The rats were divided into eight groups as following: (1) Control (normal Mg) 

group; (2) Control + cART; (3) HIV-1 transgenic (Tg) alone; (4) HIV-1 TG+ cART. (5) 

Control + High Mg; (6) Control +cART+ high Mg; (7) HIV-1 TG +high Mg (8) HIV-1 

Tg + cART+ high Mg. Groups 1-4 were fed a Mg-normal (0.1% MgO/kg food) diet; 

groups 5-8 received a Mg-supplemented (0.6% MgO) diet containing extracted casein as 

the diet base and essential vitamins and nutrients (Harlan Teklad, Madison, WI) for up to 

18 weeks;  cART administrated was also  given to the animals in the diet. 
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Blood samples were collected By Dr.Mak’s team periodically by tail bleeding or 

by cardiac puncture during euthanasia from non-fasting animals. Plasma samples were 

obtained immediately by centrifugation at 200 gx10 min and stored at -80°C until 

needed. At the end of 18 weeks, all animals were euthanized for tissue pathology and 

blood biochemistry analyses. Liver and cardiac samples were rapidly excised, processed, 

frozen, and stored at -80°C. The expression of selected hepatic lipogenic gene plus 

several genes related to oxidative/nitrosative stress and inflammatory activity were 

determined by real-time quantitative PCR. For the gene expression, 50 mg of liver 

samples from all experimental groups were homogenized and total RNA was extracted 

for using TRIzol reagent (Invitrogen, Carlsbad, CA), according to the manufacturer’s 

procedures. cDNA was synthesized and amplified from total RNA using the iScript 

cDNA synthesis kit (Bio-Rad, Hercules, CA), and quantitative real-time PCR was 

performed using SYBR GreenER qPCR Super Mix (Invitrogen) with the Applied 

Biosystems 7300 real-time PCR system.  

The hepatic expression of selected inflammatory/ oxidative/nitrosative gene levels 

of TNFα, Nrf2, HO-1, GST, iNOS and the key lipogenic transcription factor, srebp1 were 

determined by real-time quantitative PCR and the expression levels of genes were 

quantified with values normalized by 18s rRNA using forward: 

5’GGATCCATTGGAGGGCAAGT3’ and reverse: 

5’ACGAGCTTTTTAACTGCAGCAA3’primers. For the selected genes, the following 

primers were used, TNFα forward: 5’TCAGCCTCTTCTCATTCCTGC3’ and reverse: 

5’GTGCAGCATCGTTTGGTGGTT3’; Nrf2, forward: 

5’CACATCCAGACAGACACCAGT3’ and reverse: 
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5’CTACAAATGGGAATGTCTCTGC3’; HO-1, forward: 

AAGAGGCTAAGACCGCCTTC and reverse: GCATAAATTCCCACTGCCAC;GST, 

forward: 5’CACAAGATCACCCAGAGCAA3’ and reverse: 

CCATAGCCTGGTTCTCCAAA; srebp1, forward: 

5’TCACAGATCCAGCAGGTCCCC3’ and reverse: 

5’GGTCCCTCCACTCACCAGGGT3’; iNOS, forward: 

5’CACCTTGGAGTTCACCCAGT3’ and reverse: 5’TGTTGTAGCGCTGTGTGTCA3’. 

Determination of plasma lipids, systemic oxidative indices, and nitrosative marker 

was done in Mak’s biochemistry lab. The plasma total triglyceride (TG) content was 

determined quantitatively by a colorimetric (at 570 nm) EnzyChrom triglyceride assay kit 

(Bioassay Systems, Hayward, CA), according to instructions. Also, the plasma total 

cholesterol levels and plasma 8-isoprostane levels were determined by a fluorometric 

method using a Cayman’s cholesterol assay kit and an enzyme immunoassay kit 

respectively. 

 

Statistical Analysis: 

Data were checked by F-test for equality of groups’ variation and paired student t-

test for each subgroup versus reference subgroup. Data were shown using mean ± SEM 

(standard error of the mean). Significance was considered at P<0.05. 
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Results 
 

 Effects of cART and high Mg on Selected hepatic gene expressions related to   lipid 

metabolism such as Sterol regulatory element-binding transcription factor 1 

(sREBP1)  

 

To determine the effect of cART, HIV-1 expression, and high Mg diet on the 

changes in the mRNA level of srebp1, we employed both control and HIV-1 transgenic 

rats.  The cART treated rats were placed on normal or high Mg diets (described in 

Methods) and were sacrificed after 18 weeks. The frozen liver tissue was used to 

determine the expression level of sREP1 mRNA. As shown in Fig-1, for the HIV-Tg 

alone, we saw upregulation of more than two folds compared to the control, and such 

upregulation was further elevated to >4-fold higher in the transgenic rats plus the cART 

treatment. However, with the Mg supplementation, such upregulations were completely 

blocked. All srebp1 levels were normalized to their 18s rRNA expression levels. 

Consistent with the hyperlipidemic effects that we saw with the srebp1 mRNA 

levels, the plasma cholesterol and triglyceride levels (12 weeks) were estimated by Mak’s 

lab. The results showed that the triglyceride level was significantly elevated in the 

transgenic HIV rats alone; drug alone only had a small but none significant elevation. 

However, the HIV transgenic plus cART drug combination rats revealed the highest level 

of triglyceride. Similarly, it was found that the cholesterol level in the transgenic HIV rats 

with cART drug combination was markedly and significantly elevated. On the other 

hand, when the groups were treated with Mg supplementation, both the triglyceride and 

the cholesterol upregulations were suppressed. 
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Figure 1: Effects of cART, HIV-1 expression and high Mg on Sterol regulatory element-binding transcription factor 1 
(srebp1) mRNA expression levels. N-Mg (Normal Mg); Hi Mg (High Mg). 
 

Effects of cART, HIV-1 expression and high Mg on selected  oxidative stress related 

genes: Nrf2 and  the downstream antioxident genes, Heme oxygenase-1 (HO-1) and 

glutathione S-transferase (GST) 

 

Nrf2 is the master transcription factor ( Nuclear erythroid-drived factor 2) for 

antioxidant enzymes.  As shown in Fig.2, the cART drug treatment alone did not induce 

significant change from the control. However, with the HIV alone, the level of Nrf2 was 

already reduced by half; most strikingly, we saw that with the combination of drug 

treatment, the level of Nrf2 expression for the HIV-Tg rats was reduced to about 25% of 

control. Most interestingly, with Mg supplementation such a down regulation was 

completely reserved.  With Mg-supplementation for the HIV-Tg alone,  the expression 
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level of Nrf2 was higher than the control;  even with the drug treatment the level was 

substantially raised back to 75%  of  normal.  

The Nrf2 is a key oxidative enzyme expression control transcription factor to 

regulate the downstream expression of several antioxidant genes; one of them is the 

Heme oxygenase-1 (HO-1), which is considered to be a protective gene. As represented 

by Fig.3, we saw that HIV transgenic rats alone revealed a much higher upregulation of 

this gene although the Nrf2 level was reduced to half however. We speculate that even at 

a 50% expression, Nrf2 might be sufficient to stimulate the upregulation of this gene to 

provide protective effects. On the other hand, with the cART drug treatment, such a 

capacity was being blocked. With the Mg supplementation, the upregulation of HO-1 was 

reversed likely due to the attenuation of the oxidative stress by the Mg supplementation. 

As represented by Fig.4, we saw a similar expression  pattern for the glutathione S-

transferase (GST) that is also an antioxidant gene. Again, even with the 50% reduction of 

Nrf2, it was still sufficient to upregulate this gene in the HIV transgenic rats alone. 

However, this upregulation was blocked by Mg supplementation. The overall pattern of 

the Mg supplementation seemed to reverse this trend 
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Figure 2: Effects of ART and high Mg on mRNA expression levels on Nuclear factor (erythroid-drived 2)-(Nrf2) mRNA 
expression levels. N-Mg (Normal Mg); Hi Mg (High Mg). 

 

Figure 3: Effects of ART and high Mg on mRNA expression levels on Heme oxygenase-1(HO-1) mRNA expression 
levels. N-Mg (Normal Mg); Hi Mg (High Mg). 
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Figure 4: Effects of ART and high Mg on mRNA expression levels on glutathione S-transferase(GST) mRNA expression 
levels. N-Mg (Normal Mg); Hi Mg (High Mg). 
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Effects of cART and high Mg on selected  nitrosative stress related gene, the 

inducible nitric oxide synthase  (iNOS) expression levels 

 

We next determined the effect of cART, HIV-1 expression and high Mg diet on 

the changes in the mRNA level of iNOS, which is considered a key gene to be induced 

under nitrosative stress. According to Fig5, HIV transgenic rats alone revealed >2-fold 

increase in iNOS expression; with the cART drug treatment added to the HIV-Tg rats, the 

iNOS expression was elevated to 3-fold higher than the control; the finding was 

consistent with the notion that a higher level of nitric oxide was produced by the 

cART+HIV rats.  However, again we saw significant suppressive effects by Mg 

supplementation. All iNOS levels were normalized by their 18s rRNA expression levels. 

Nitrotyrosine may be formed in the presence of excessive NO. Generally, in many 

disease states, oxidative stress increases the production of superoxide (O2−) and NO 

forming peroxynitrite (ONOO−), which is a destructive free radical oxidant. Parallel 

assay for the plasma level of nitrotyrosine (18 weeks) as a marker of peroxynitrite 

formation was determined by Mak’s lab. The results showed that combined both cART 

drug and HIV expression had the highest level of nitrotyrosine (>2-fold higher than 

control). However, with Mg supplementation all levels of nitrotyrosine were significantly 

suppressed back to control levels. 
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Figure 5: Effects of ART and high Mg on mRNA expression levels on inducible nitric oxide synthase (iNOS) mRNA 
expression levels.  N-Mg (Normal Mg); Hi Mg (High Mg). 
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Figure 6: Effects of ART and high Mg on mRNA expression levels on Tumor necrosis factor alpha (TNFα) mRNA 
expression levels. . N-Mg (Normal Mg); Hi Mg (High Mg). 
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Discussion 
 

The present study demonstrates the usefulness of employing the HIV-1 transgenic 

rat model to study the effects of cART administration and Mg-supplementation on the 

expression of key genes related to oxidative/nitrosative stress and systemic inflammation 

and lipogenesis. Animal models of HIV-1 have played a major role in the investigation of 

the pathogenesis of HIV and the complex interactions between HIV-1 infection and 

drugs.  

This HIV-1 transgenic (HIV-1Tg) rat model was developed from an infectious 

clone of an integrated provirus plasmid (pNLS-3). An overlapping fragment containing 2 

of the 9 viral genes, the gag gene at the 3’ region and the pol gene at the 5’ region, was 

deleted, resulting in a non-infectious provirus (Reid et al., 2001 and Vigorito et al., 2015). 

The non-infectious control pro- virus was microinjected into a fertilized egg derived from 

a Fisher/NHsd (F344) rat and a SD rat to produce a female transgene founder. The 

transgene was incorporated into only one copy of the two alleles of an HIV-1 transgenic 

animal. Therefore, when mated with a wild type inbred F344 rat, the offsprings are either 

HIV-1 transgenic (HIV- 1Tg) or wild type (Tg-wild type). Although there is no viral 

replication in the HIV-1Tg rat, viral proteins are continually expressed throughout the 

animal’s life (Peng et al., 2010; Abbondanzo and Chang, 2014). This is similar to HIV-1-

infected patients receiving cART in which viral replication is substantially suppressed, 

but viral proteins continue to be expressed and have pathological impact (Letendre, 

2011). Viral transcripts were found expressed abundantly in lymph nodes, thymus, liver, 

kidney, and spleen (Reid et al., 2001). Viral proteins (e.g. gp120) were present in splenic 

macrophages, T and B cells, and in serum (Reid et al., 2001) Most importantly, the HIV-
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1 Tg rats developed many clinical manifestations of AIDS, including wasting, mild to 

severe skin lesions, opaque cataracts and varying degrees of kidney and cardiac 

pathology after 8-9 months of age (Reid et al., 2001). 

The introduction of highly active antiretroviral therapy (HAART) in the mid-

1990s led to a marked reduction in morbidity and mortality from human 

immunodeficiency virus (HIV) infection. However, while successfully suppressing viral 

replication, in the long term, is not without significant toxicity, which can seriously 

compromise treatment effectiveness. A major toxicity that has been recognized is NRTI-

related mitochondrial (mt) toxicity (Lewis and William, 2003). 

Although energy depletion from altered mtDNA replication is a logical 

consequence of NRTI toxicity, it is reasonable to think that mitochondrial oxidative stress 

is integrally involved. Oxidative stress is an imbalance between antioxidant defense and 

the production of reactive oxygen species, for example, superoxide, hydrogen peroxide, 

lipid peroxides and peroxynitrite (Lewis and William, 2003). 

 The use of protease inhibitors has been associated with hypertriglyceridemia and 

hypercholesterolemia. While direct dyslipidemia induced by protease inhibitors can 

develop rapidly, other more chronic metabolic changes affecting lipid metabolism can 

also be induced by other classes of  HAART (Feeney et al., 2011). 

We hypothesized that the cART used in this study may participate in altering key 

lipogenic gene expression leading to adverse lipid metabolism. In the present study, we 

determined if chronic administration of the cART might result in altered expression of 

certain key metabolic gene transcription factor leading to hyperlipidemia. Indeed, we 

found that the cART treatment led to a 4-fold upregulation of the Sterol regulatory 
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element-binding protein-1 (SREBP-1) gene in the HIV Tg rats, and this upregulation was 

completely prevented by    Mg supplementation. Presumably, upregulation of SREBP-1 

can promote hyperlipidemia either through increased cholesterol and/or fatty acid 

biosynthesis. Elevated SREBP-1 may up-regulate expression of down-stream lipogenic 

genes, such as FAS (Fatty acid synthase) and HMGR (3-hydroxy-3-methyl-glutaryl-

coenzyme A reductase), which are potent responsive genes mediating cholesterol, fatty 

acid and triglyceride synthesis (Horton et al., 2002). The alternations of this key lipogenic 

transcription factor gene expression, and the suppressive effect by Mg, were consistent 

with the findings observed by measuring the plasma triglyceride and cholesterol levels in 

our laboratory. 

Isoprostane is a prostaglandin-like compound that formed in vivo from the free 

radical- catalyzed peroxidation of essential fatty acids (primarily arachidonic acid) 

without the direct action of cyclooxygenase (COX) enzymes. This compound is regarded 

as an accurate marker of lipid peroxidation in both animal and human models 

of oxidative stress (Halliwell et al, 2015). Quite possibly, the increased ROS stress was 

caused by cART directly or indirectly contributing to the increased lipid peroxidation 

marker levels. We also found elevation of isoprostane level in HIV alone consistent with 

the idea that HIV alone can cause oxidative stress; but the highest level of isoprostane  

was found in the HIV+cART group. 

In the present study, chronic administration of the cART resulted in persistent 

oxidative stress (8-isoprostane elevation), which was suppressed by Mg treatment. When 

assessing the selected oxidative stress hepatic gene, we found that Nrf2 (Nuclear factor 

(erythroid-derived 2)-like 2), which is a master transcription factor that regulates the 
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expression of several antioxidant proteins to protect against oxidative damage triggered 

by injury and inflammation, was down-regulated 50% in the HIV-Tg rats, and was 

further reduced to 25% in Tg+cART rats. Moreover, by assessing the downstream genes 

regulated by Nrf2, we confirmed that the antioxidant response in the HIV animals was 

severely compromised in the presence of cART treatment. Both HO-1 and GST, which 

are protective antioxidants genes were elevated in HIV-Tg alone but were suppressed 

dramatically by cART.  Both HIV and cART induced down-regulation of Nrf2 which 

was attenuated by Mg-supplementation, and changes in expressions of HMOX1 and GST 

were also reversed. 

This study also demonstrated that the cART could cause nitrosative stress in the 

tissues due to high level of NO (Nitric Oxide) production, possibly as a defensive 

mechanism. The primary initiator of oxidative stress, superoxide anion rapidly reacts 

with nitric oxide to form peroxynitrite, which is a notorious, and highly damaging 

oxidant. We monitored the NO production in the tissue by the expression level of iNOS 

gene. The Inducible NOS (iNOS) was upregulated 2-fold in the Tg+cART rats, which 

was normalized by Mg-supplementation. We also found that, higher level of plasma 

nitrotyrosin in the cART-Tg group, however such elevation was suppressed in cART-Tg 

rats plus Mg-supplementation.  The overall findings support that Mg supplementation can 

provide both anti-peroxidative and anti-nitrosative stress effects 

HIV-infection alone can stimulate the hepatic Tumor necrosis factor alpha gene 

(TNFα) upregulation, due to the enhanced capacity of HIV-specific CD8+ T cells to 

survive and proliferate, which would lead to an increased production of cytokines and 

cytotoxic molecules in response to cognate antigen (Trautmann et al., 2006). Indeed, in 
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our study, we confirmed the upregulation of TNFα in HIV alone. Furthermore, we found 

that with the cART administration, such upregulation was elevated even further. Most 

interestingly, we found that, with magnesium supplementation the upregulation of TNFa 

was completely suppressed both in the HIV alone and in HIV+cART rats.  

Although detailed mechanisms of magnesium’s protective effects remain unclear, 

a likely explanation could be linked to magnesium’s role as a natural Ca2+ channel 

blocker and thus can attenuate Ca2+ influx and Ca2+ -dependent O2-, and NO generation 

(Zhao et al., 2015). Also, Mg may preserve membrane (or biomolecules) integrity by 

competing with “low molecular weight iron” for metal binding sites (Aerts et al., 2014). 

Furthermore, Ekici and Feyzahan (2014) found that Mg exhibits neuroprotective role by 

blocking N-methyl-D-aspartate (NMDA) receptor-related calcium influx such as 

substance P, which promotes oxidative stress and ROS generation from inflammatory 

cells. 

In conclusion, we are encouraged by our findings that Mg supplementation can 

attenuate cART-induced hyperlipidemia and oxidative/nitrosative/inflammatory stress 

that caused by cART in the HIV-1-TG rats, and were confirmed by the qPCR for selected 

genes and by biochemical data in the rat model. The downstream regulation by Nrf2 

confirmed that the antioxidant response in the HIV animals was severely compromised in 

the presence of cART treatment. Although more work is needed to delineate the precise 

mechanisms involved, our findings strongly support the possibility of using magnesium 

supplementation as an adjuvant therapy to reduce these abnormal metabolic and 

oxidative/nitrosative transcription changes caused by HARRT toxicity in HIV patients. 
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