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Abstract 

 
 Highly active anti-retroviral therapy (HAART) has proved very successful in 
reducing the morbidity and mortality associated with HIV infection. This same 
lifespan prolongation, however, has also revealed many side effects linked to 
HAART, including cardiovascular disease. A once daily fixed dose drug combination 
pill Atripla was hoped to improve compliance and adherence. The HAART 
components of Atripla efavirenz, emtricitabine and tenofovir are considered to be 
significantly safer than the conventional reverse transcriptase inhibitors but 
cardiovascular effects of these drugs have yet to be investigated in vitro.  The overall 
objective of this thesis was to examine the effects of the three components of Atripla 
on cardiovascular cell function. 
 
This project utilised ex vivo rat aortic rings and both a cardiac myocyte (H9c2) and 
endothelial (EA.hy926) cell line for in vitro work.  Endothelial cell function was 
assessed by acetylcholine-induced nitric oxide dependent relaxation of aortic smooth 
muscle.  Mitochondrial function was used as a measure of cardiovascular cell 
viability while morphological techniques were used to determine levels of apoptosis 
and necrosis.  Activation of poly (ADP-ribose) polymerase (PARP) was assessed 
directly by protein ribosylation or indirectly using a pharmacological inhibitor.  The 
role of endoplasmic reticulum (ER) stress was determined by Western blotting for the 
protein marker, CHOP.  
 
Efavirenz was the only component of Atripla to cause loss of endothelial cell function, 
viability and ultimately inducing apoptosis and necrosis via overactivation of PARP.  
Endothelial function was preserved in female rat endothelial cells following efavirenz-
exposure and protection observed with oestrogen in male rat endothelial cells 
exposed to efavirenz via reduced PARP activity.   Similar loss of cell viability and 
increased cell apoptosis and necrosis was observed in the cardiac cell line following 
efavirenz exposure, mediated not only by PARP but also by ER stress.  
Rosiglitazone was shown to protect against the efavirenz-mediated loss of cell 
viability and cell death in both endothelial and cardiac cells; also protecting 
endothelial cell function from efavirenz-induced damage.  Rosiglitazone was able to 
attenuate the increase in PARP activation in both endothelial and cardiac cells; 
however, endothelial cell protection appears to be mediated through PPAR-γ and 
AMPK activation while in cardiac cells the protection seems to be PPAR-γ-
dependent and AMPK-independent. 
 
In conclusion, though the newer HAART drugs may have fewer side effects, 
cardiovascular complications mediated by efavirenz cannot be ruled out in patients 
taking Atripla.  In the present study, efavirenz-mediated PARP overactivation has 
been identified as the central mediator of endothelial cell dysfunction, loss of cell 
viability and increased cell death.  Oestrogen-mediated inhibition of PARP may 
account for the reduced endothelial cell damage observed in efavirenz-exposed 
aorta from female rats, and explain the reduced cardiovascular side effects of 
HAART observed in female HIV patients.  PARP activation was also found to 
mediate efavirenz-induced loss of cardiac cell viability and increased cell death, 
however, alongside PARP activation ER stress was also induced following efavirenz 
exposure in cardiac cells. Induction of ER stress by HAART drugs in cardiovascular 
cells suggests a new mechanism by which these drugs increase the risk of 
cardiovascular complications and disease.  Rosiglitazone protects against the 
efavirenz-mediated cardiovascular cell damage through inhibition of PARP activity 
and induction of ER stress though the protection appears to be mediated through 
separate 2

nd
 messenger systems depending on the cell type. The importance of 

PARP and ER stress in anti-retroviral drug-induced cardiovascular side effects needs 
further elucidation but may represent a possible screening mechanism for these drug 
types to identify potential cardiovascular toxicity. 
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AIDS Acquired immunodeficiency syndrome 

AIF apoptosis inducing factor 

AMPK adenosine monophosphate kinase 

AP-1 activator protein 1 
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VSV-G vesicular stomatitis virus-G 

ZO zonula occludens 
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1.1 HIV/AIDS 

1.1.1 Statistics 

 
2011 marks the 30th Anniversary of the first occurrence of the deadliest 

pandemic in recorded recent human history.  According to UNAIDS, the 

joint United Nations Programme on HIV/AIDS,  by the end of 2009, the 

worldwide estimates of HIV infection were nearly 34 million with 3 million 

new cases diagnosed annually (UNAIDS global report 2010). 

 
It is believed that about 25 million AIDS-related deaths have already 

occurred since the syndrome was first described in 1981. In the UK, by 

the end of June 2010, it was estimated that nearly 90,000 people were 

HIV positive, of whom a quarter were unaware of their infection. Nearly 

20,000 people have already died of AIDS in the UK (HPA report 2010). 

 

1.1.2 History 

 
The first cases were described in the United States in 1981, where 

increasing numbers of a rare pneumonia, caused by pneumocystis 

pneumonia and Kaposi’s sarcoma were seen in homosexual men 

(Gottlieb, 2006; Montagnier, 2010). The patients had significant immune 

suppression, facilitating opportunistic infections to ensue and ultimately 

death to occur (Cadogan and Dalgleish, 2008). Not long after that, two 

separate laboratories, Montagnier’s group in France and Gallo’s group in 

the United States isolated the virus and agreed to name it HIV (Vahlne, 

2009). 
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1.1.3 Socio-economic burden 

 
Besides the significant human suffering, the HIV pandemic has also had 

an important deleterious impact on socio-economic progress in the most 

affected societies (Vitoria et al., 2009). According to one study, the 

average lifetime cost of HIV care in the United States, considering various 

factors is $385,200, with an estimated life expectancy of 24.2 years from 

the time of first HIV treatment (Schackman et al., 2006).   

 
Awareness of HIV prevention is therefore crucial in reducing the number 

of new infections (Gupta et al., 2008). Many interventions aimed at 

reducing the risk of transmission include antenatal HIV screening, 

considerably lowering the number of HIV positive newborns (Thorne and 

Newell, 2005). Sadly, global prevention efforts reach less than 10 % of 

persons at risk, when development of these efforts could possibly prevent 

more than half of new HIV infections expected by 2015 and save $ 24 

billion in HIV care (Merson et al., 2008). 

 

1.1.4 Viral transmission 

 
Viral transmission mainly occurs via unprotected sexual intercourse, 

parenterally with contaminated needles, vertically from mother to child and 

breastfeeding (Petroll et al., 2008; Simon et al., 2006). High-risk groups 

include homosexual men, intravenous drug users and sex workers (Lyles 

et al., 2007).  



31 

 

In order to eliminate any risk of transmission, post exposure prophylaxis is 

in place, especially for people carrying an occupational risk such as 

healthcare workers (Parkin et al., 2000). 

1.1.5 AIDS 

 
The term AIDS is mainly used to refer to the final stages of HIV infection, 

when life threatening infections including tuberculosis and/or cancers such 

Kaposi’s sarcoma have taken over and the body’s immune system is 

significantly weakened (Barbaro and Barbarini, 2007; Getahun et al., 

2010). There is currently no cure or preventive vaccine against HIV 

infection (Gamble and Matthews, 2010). However, with the introduction of 

highly active antiretroviral therapy (HAART) in 1996, morbidity and 

mortality associated with AIDS was dramatically reduced.  

 
People living with HIV have improved quality of life and a similar life 

expectancy as the general population (Gonzalo et al., 2009; Quinn, 2008).  

With antiretroviral research evolving rapidly, HIV is no longer a death 

sentence but has turned into a manageable chronic condition, despite the 

various obstacles such as drug toxicity and patient adherence (Burgoyne 

and Tan, 2008; Este and Cihlar, 2010). 
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1.1.6 HIV diagnosis 

 
Because symptoms of HIV infection are non-specific, diagnosis is 

sometimes difficult and many patients will have been asymptomatic for a 

long time before presenting themselves with a compromised immune 

system (Daar et al., 2008). Early detection of primary HIV infection is not 

only beneficial for the individual’s wellbeing but also for the population at 

large, since measures can be taken to reduce the risk of spreading the 

virus (Vogel et al., 2010).  The question of treatment initiation of 

asymptomatic individuals remains debatable to this date (Kitahata, 2010). 

HIV testing can easily be done by Point-of-care testing, which enables 

cheap rapid initial diagnosis, which needs to be confirmed by a second 

test involving ELISA and western blotting (Loubiere and Moatti, 2010; 

Petroll et al., 2008).  

 

1.1.7 Immunological effects 

 
HIV infects T-helper cells, which form an important component in the 

immune response, causing a decrease in CD4+ cells (Lane, 2010).  A 

healthy adult will have on average a CD4+ cell count between 800 and 

1200 cells/l (Shete et al., 2010). As mentioned before, there is currently a 

debate over when to start treatment, with current guidelines suggesting a 

CD4+ cell count of less than 350 cells/l (Kitahata, 2010). HIV infection 

can cause immunodeficiency by three main mechanisms.  
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HIV can directly kill the infected CD4+ T-cells, cytotoxic CD8 lymphocytes 

can dispose of them or increased rates of apoptosis can also indirectly 

cause a drop in CD4+ cell count (Alimonti et al., 2003).  

 

1.2 HIV and cardiovascular effects 

 
HIV positive patients seem to suffer from increased cardiovascular 

complications, thought to be due to a direct interaction of HIV per se, host 

factors such as smoking and antiretroviral agents (Currier, 2009).  

Common cardiac complications seen in HIV positive patients include 

cardiomyopathy, pericarditis, myocarditis and endocarditis (Table 1.1) 

(Barbaro and Silva, 2009; Sudano et al., 2006). The mechanism of this 

morbidity is not fully understood but was initially thought to involve direct 

infection of the cardiomyocytes by the virus (Currier and Havlir, 2009; 

Monsuez et al., 2007). HIV also seems to be involved in the development 

of atherosclerosis by various mechanisms including direct action on 

cholesterol, infiltration of monocytes and by inducing inflammation 

(Malvestutto and Aberg, 2010). Further studies have shown that pro-

inflammatory cytokines play an important role in the development of heart 

failure and cardiomyopathy.  Tumour necrosis factor alpha (TNF-), 

interleukin-1 (IL-1) and interleukin-6 (IL-6) seem to induce inducible nitric 

oxide synthase (iNOS) in cardiomyocytes through activation of p38 

mitogen-activated protein kinase (p38 MAPK) and nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-B) (Barbaro and Silva, 

2009; Monsuez et al., 2007). 
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Condition Definition Manifestation/consequence 

pericarditis inflammation of 
pericardium 

chest pain 

pericardial effusion fluid filled pericardial 
cavity 

impairment of heart’s 
pumping ability 

cardiac tamponade rapidly increased 
effusion 

shortness of breath, 
cough, rapid pulse, chest 

pain, death 

myocarditis inflammation of 
myocardium 

chest pain, heart failure, 
death 

dilated    
cardiomyopathy 

enlarged portion 
of heart muscle 

impairment of heart’s 
pumping ability 

endocarditis inflammation of 
endocardium 

heart murmurs and 
congestive heart failure 

 
cardiac neoplasm 

 
cardiac tumor 

compromise blood flow, 
heart block, dysrythmias, 

death 

 

Table 1.1: Table showing common HIV-linked cardiac complications  

 

1.3 HIV and neurological effects 

 
Blood brain barrier (BBB) disruption by the virus, rather than infection of 

neurons, has been shown to be an important contributor in the 

pathogenesis of HIV-associated neurocognitive disorders and HIV-

associated dementia (HAD) (Letendre et al., 2010; Lindl et al., 2010).  

HAD includes cognitive impairment, memory and attention deficit, loss of 

fine motor control and behavioral symptoms such as indolence and 

indifference (Anand et al., 2010). Structural and functional changes in the 

brain vasculature facilitate BBB crossing of infected monocytes and 

lymphocytes, leading to the progression of HAD (Valcour et al., 2011). 

There are currently two models suggesting the mechanism of HIV 

neuropathogenesis.  
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Firstly, viral proteins released from infected monocytes may directly cause 

neuronal death and secondly, the inflammatory response initiated by 

infected and uninfected non-neuronal cells may indirectly cause neuronal 

death (Lindl et al., 2010).  

 

Figure 1.1: Diagram of an HIV virion  

(www.niaid.nih.gov, accessed 16th June 2011) 

The viral envelope is made up of an outer lipid membrane including the viral 

envelope proteins gp120 and gp41 which facilitate fusion of the HIV virion to the 

host cell. Within the viral envelope lies the matrix which surrounds the capsid, 

which is made up of the viral protein p24 and incorporates two single strands of 

HIV RNA. The three structural genes gag, pol and env and six regulatory genes 

tat, rev, nef, vif, vpr and vpu are needed to produce new mature virus particles 

able to infect the host cell. The three main HIV enzymes include reverse 

transcriptase, integrase and protease.  
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HIV belongs to a subgroup within the retrovirus family known as 

lentiviruses or ‘slow’ viruses (Fanales-Belasio et al., 2010). Using the viral 

enzyme reverse transcriptase, retroviruses convert their viral RNA into 

viral DNA with the help of the host cell machinery (Figure 1.1) (Teixeira et 

al., 2011).  HIV-1 is the predominant form worldwide, with HIV-2 being 

more concentrated in Central and Western Africa (Fanales-Belasio et al., 

2010). 

In order to understand the mechanism of action of the different 

antiretroviral agents, one must first get an overview of the life cycle of HIV. 

 

1.4 HIV life cycle 

1.4.1 Entry of HIV into host cell 

 
The viral surface glycoprotein gp120 attaches itself tightly to the target 

CD4 receptor, causing a conformational change, which then allows the 

virus to bind to a second protein known as a chemokine co-receptor, 

either C-X-C chemokine receptor type 4 (CXCR4) or chemokine receptor 

type 5 (CCR5) found on immune cells (Figure 1.2) (Mariani et al., 2011).  

 

1.4.2 Fusion 

 
Another viral protein glycoprotein 41 (gp41), fuses the HIV envelope with 

the host cell membrane, allowing the virus to enter the target cell (Figure 

1.2) (Tripathi and Agrawal, 2007). 
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1.4.3 Reverse transcription 

 
The viral enzyme reverse transcriptase catalyses the conversion of viral 

RNA into viral double stranded DNA in the host cytoplasm (Figure 1.2) 

(Teixeira et al., 2011). 

 

1.4.4 Integration 

 
With the aid of a second viral enzyme known as integrase, the viral DNA 

is randomly integrated into the host cell genome (Figure 1.2) (Teixeira et 

al., 2011). 

 

1.4.5 Transcription and translation 

 
At this stage, the proviral DNA may remain dormant in the nucleus for 

months or years or if activated, lead to gene expression and transcription 

forming viral mRNA, which when translated, produces viral proteins 

(Figure 1.2) (Mariani et al., 2011). 

 

1.4.6 Assembly and budding 

 
Inside the cell, HIV proteins, enzymes and genomic RNA come together. 

The precursor proteins are sliced into smaller functional proteins by a third 

viral enzyme known as protease. The final step consists of a mature virion 

forming and budding off from the host membrane, using the latter for its 

outer coat. The virion goes on to infect other cells (Figure 1.2) (Teixeira et 

al., 2011; Tripathi and Agrawal, 2007). 
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Figure 1.2: Diagram of the HIV life cycle 

(www.niaid.nih.gov, accessed 20th June 2011) 

The HIV virion attaches to the host cell CD4 surface receptor with the aid of HIV 

gp120. HIV RNA, reverse transcriptase, integrase and other viral proteins then 

enter the host cell, forming viral DNA using the viral reverse transcriptase. The 

viral DNA is then transported across the nucleus and integrates into the host 

DNA using the viral enzyme integrase. Using the host cell machinery, new viral 

RNA is formed and consequently viral proteins, which move to the cell surface 

forming a new immature HIV virion. Using the viral enzyme protease, a mature 

virion is created, ready to infect new cells.  

http://www.niaid.nih.gov/
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1.5 Clinical presentation of HIV infection 

1.5.1 Acute infection 

 
Within one to four weeks post viral transmission, the patient might present 

with mononucleosis- or influenza-like symptoms that can last up to four 

weeks, most commonly fever, headache, fatigue and a rash (Chu and 

Selwyn, 2010). During primary infection, HIV levels are estimated to 

increase rapidly at a rate of 1010 new virions daily (Vogel et al., 2010).  

A significant drop in CD4+ cell count follows, accompanied with antibody 

production, seroconverting the patient (Petroll et al., 2008). 

 

1.5.2 Chronic infection 

 
During this second phase of infection, the patient is generally 

asymptomatic as the virus replicates, causing a chronic state of systemic 

inflammation. There is a continuous dynamic balance between viral load 

and immune response, but not powerful enough to fully eradicate the virus 

(Ford et al., 2009). 

 

1.6 HIV treatment 

 
There are currently 22 antiretroviral agents licensed in the UK for HIV 

(BNF 61, 2011). The main aim of treatment is focused on decreasing viral 

load to an undetectable level of less than 50 copies/ml and at the same 

time increasing the CD4+ cell count, thereby improving the immune 

function (Gazzard et al., 2008). 
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Many factors such as co-morbidities and cardiovascular risk need to be 

considered when initiating treatment. Because HIV treatment is lifelong, 

patient compliance and adherence are crucial and factors such as 

tolerability, pill burden and drug toxicity need to be taken into account 

when developing new antiretroviral agents (Moreno et al., 2010; Negredo 

et al., 2006; Patel and Patel, 2006). Drug resistance due to genetic 

mutations is a major problem even in treatment-naïve patients (Johnson et 

al., 2010). Antiretrovirals can be divided into five main classes, subject to 

where they act in the replication cycle (Wainberg and Jeang, 2008). 
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Figure 1.3: Sites of drug targets 

(www.biology.arizona.edu, accessed 21st June 2011) 

The fusion/entry inhibitors target the attachment of the HIV virion to the host 

cell surface and prevent its entry. The reverse transcriptase inhibitors inhibit 

HIV reverse transcriptase and thereby stop the conversion from RNA into viral 

DNA. The integrase inhibitors target the viral integrase enzyme which is 

essential for the integration of the new HIV DNA into the host cell DNA. 

Protease inhibitors inhibit the final step in the replication cycle and block the 

viral protease enzyme which is required for the production of the final viral 

functional proteins.  

 

1.6.1 Reverse transcriptase inhibitors 

 
The reverse transcriptase inhibitors can be divided into three types, 

nucleosides, nucleotides and non-nucleosides.  

http://www.biology.arizona.edu/
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Nucleoside reverse transcriptase inhibitors (NRTI’s) and nucleotide 

reverse transcriptase inhibitors (NtRTI’s) are analogues of 

deoxynucleotides needed to synthesise the viral DNA (Figure 1.3). By 

competing with the naturally occurring deoxynucleotides, they act as 

substrates and incorporate into the growing DNA chain, causing chain 

termination as they lack a 3’-hydroxyl group (De Clercq, 2009). 

 
Examples of a NRTI and a NtRTI are zidovudine and tenofovir, 

respectively (Cihlar and Ray, 2010; Tsibris and Hirsch, 2010). Non-

nucleoside reverse transcriptase inhibitors (NNRTI’s), on the other hand, 

directly bind to the viral reverse transcriptase enzyme inhibiting its function 

and thereby causing chain termination. Efavirenz is a commonly 

prescribed NNRTI (de Bethune, 2010) . 

 

1.6.2 Protease inhibitors 

 
This class of antiretrovirals inhibits the viral enzyme protease, needed to 

cleave the polypeptide precursors and subsequent production of mature 

HIV virions (Figure 1.3). Lopinavir belongs to this class of drugs. They are 

often used in combination with a small dose of ritonavir, inhibiting the 

metabolism of the protease inhibitor (PI), resulting in higher PI levels and 

known as ‘boosting’ (Naggie and Hicks, 2010). 

 

 

 

 



43 

 

1.6.3 Entry inhibitors 

 
Entry inhibitors bind to chemokine receptors (X4/R5) on host cells, 

blocking their use as co-receptor for HIV cell entry (Figure 1.3). Currently 

only an R5 inhibitor called maraviroc is licensed (Gilliam et al., 2011). 

 

1.6.4 Fusion inhibitors 

 
Fusion inhibitors block the viral surface protein gp41 preventing the 

conformational change required to allow fusion of viral and target cell 

membranes (Figure 1.3). An example of a fusion inhibitor is enfuvirtide 

(Tan et al., 2010). 

 

1.6.5 Integrase inhibitors 

 
Integrase inhibitors block the HIV integrase enzyme required to 

incorporate viral DNA into the host cell DNA (Figure 1.3). Raltegavir is a 

commonly prescribed integrase inhibitor (Garrido et al., 2010). 

 

1.7 Timeline of HIV treatment 

 
In 1987, the Food and Drug administration (FDA) approved the first 

antiretroviral agent licensed for HIV treatment. The NRTI zidovudine (AZT) 

was seen to slow down the course of AIDS, thereby decreasing AIDS-

related deaths (De Clercq, 2009). The drug approval process was 

accelerated in order to facilitate the development of new drugs.  
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The drug Kaletra (lopinavir/ritonavir) was reviewed and approved within 

only 3.5 months (FDA website). 

 
In 1992, the first combination therapy, being AZT with the addition of 

another NRTI zalcitabine (ddC) was seen to reduce problems with drug 

resistance (FDA press release, 1992). In 1995, the first PI, saquinavir was 

approved and with this new class, the use of triple therapy has 

dramatically reduced AIDS-related deaths, transforming HIV infection into 

a manageable chronic condition (FDA press release, 1995). 

 
In 1996, the first NNRTI nevirapine was approved and patients taking the 

HAART drug cocktail would have to take as many as 60 pills per day. 

HAART usually includes 2 NRTI’s plus 1 PI or 1 NNRTI (De Clercq, 2009).  

 
In 1998, the first clinical trials for an HIV vaccine ‘AIDSVAX’ started and 

the first national guidelines for the use of antiretroviral therapy were 

issued (McNeil et al., 2004).  

 
In 2006, ATRIPLA, the first fixed dose combination drug, composed of  

300mg tenofovir disoproxil fumarate (NtRTI), 200mg emtricitabine (NRTI) 

and 600mg efavirenz (NNRTI) was approved in the United states and late 

2007 in the European community and considered to be an important step 

forward in combating global HIV pandemic (FDA press release, 2006; 

EMA assessment report, 2007).  
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Figure 1.4: Chart illustrating survival from HIV seroconversion in both     

pre-HAART and HAART periods 

(www.otm.oxfordmedicine.com, accessed on 21st June 2011) 

Estimated number of individuals surviving from HIV seroconversion in 1986-96 

(pre-HAART period) and 1997-2003 (HAART period), with the survival of the 

latter being significantly better than before the introduction of HAART. 

 

 

 

 

 

 

 

http://www.otm.oxfordmedicine.com/
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1.8 The cardiovascular system 

1.8.1 Endothelial cells 

 
The inner lining of the blood vessels is known as the endothelium (Figure 

1.7). Its main function is to regulate blood flow and pressure and provide 

an antithrombotic surface. It also plays a major role in angiogenesis and 

vasoregulation, by releasing vasodilators including nitric oxide and 

prostacyclin and vasoconstrictors such as endothelin and platelet 

activating factor (Sumpio et al., 2002). 

 

1.8.2 Nitric oxide synthesis 

 
Under normal circumstances, nitric oxide is continually produced, mainly 

by constitutive NOS (cNOS) and depends on calcium and calmodulin 

release. Furchgott et al. were first to describe a substance that caused 

vasodilation in response to acetylcholine (ACh) and thereby opened a new 

field of research. The group named that substance endothelium derived 

releasing factor (EDRF), later renamed nitric oxide (NO) (Furchgott and 

Zawadzki, 1980). 

 
There exist two calcium dependent pathways of nitric oxide synthesis by 

cNOS. Shear forces caused by regular blood flow stimulate the release of 

calcium ions and subsequently cNOS production (Figure 1.6).  
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The second pathway involves receptors in the vascular endothelium that 

upon binding with a variety of ligands, induce calcium release followed by 

cNOS increase and nitric oxide production. Endogenous ligands include 

bradykinin, ACh and substance P. 

 
On the other hand, inducible NOS (iNOS) is only stimulated in the 

presence of inflammation caused for instance, by pro-inflammatory 

cytokines such as TNF- and interleukins. The latter pathway is calcium 

independent and induces an excess synthesis of nitric oxide. 

 

Figure 1.5: Synthesis of nitric oxide 

(www.cvphysiology.com, accessed 1st July 2011) 

In the endothelial cell, nitric oxide is produced from the conversion of L-arginine 

catalysed by iNOS (inducible) or cNOS (constitutive). After the NO synthesis, it 

binds to guanylyl cyclase in the adjacent vascular smooth muscle cell and GC 

catalyses the dephosphorylation of GTP to cGMP, causing smooth muscle 

relaxation. 

http://www.cvphysiology.com/
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After its synthesis, NO binds to the heme moiety of hemoglobin in the 

blood and is quickly broken down. It also binds to and activates the 

enzyme guanylyl cyclase found in the neighbouring vascular smooth 

muscle cells. The enzyme catalyses the dephosphorylation of guanosine 

triphosphate (GTP) to cyclic guanosine monophosphate (cGMP), which 

acts as a second messenger to signal smooth muscle relaxation (Figure 

1.5). cGMP can induce this relaxation by inhibiting calcium entry and 

reducing intracellular calcium concentration. It can also activate K+ 

channels, leading to hyperpolarisation and subsequent relaxation (Michel 

and Feron, 1997).  

 
Finally, cGMP can induce the release of cGMP-dependent protein kinase 

leading to the dephosphorylation of myosin light chains followed by 

smooth muscle relaxation. In the vascular endothelium, NO has several 

important functions including direct and indirect vasodilation, inhibition of 

platelet adhesion and an anti-inflammatory effect by inhibiting leukocyte 

adhesion to the vascular endothelium (Denninger and Marletta, 1999).  

Endothelial nitric oxide synthase (eNOS) plays an important role in 

vasculoprotection. Endothelial nitric oxide produced by eNOS has 

antithrombotic and anti-atherosclerotic properties, which make eNOS a 

potential beneficial target for the prevention or treatment of cardiovascular 

disease. However, under pathological conditions, eNOS may become 

dysfunctional. ROS may be produced by the uncoupling of eNOS, usually 

due to a lack of the crucial eNOS cofactor BH4, the oxidation of which is 

usually caused by NADPH oxidase-induced oxidative stress (Guzik et al., 

2002).  
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Endothelial dysfunction (ED) can thus occur when NO synthesis and 

bioavailabilty is inhibited. Many conditions are linked to endothelial 

dysfunction including atherosclerosis, heart failure, diabetes, hypertension 

and dislipidaemia. Endothelial function is a key predictor of future 

cardiovascular events such as stroke and myocardial infarction; therefore 

maintenance of healthy function is crucial (Cai and Harrison, 2000). 

 

Figure 1.6: The structure of the endothelium  

(www.columbia.edu, accessed 1st July 2011) 

The illustration of a capillary. The cells are connected by tight junctions. 

Outside of the basement membrane (BM) lies collagen (C). Pericytes (P) can 

be seen within the capillary. (M) shows small cytoplasmic marginal folds. 

 

 

 

http://www.columbia.edu/
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1.9 Atherosclerosis 

 
Atherosclerosis is a widespread condition characterised by an 

accumulation of lipid substances such as cholesterol in medium and large 

arteries, forming ‘plaques’. The latter can cause the arteries to thicken, 

narrow and lose elasticity, reducing blood flow to the target tissues.  

 
Chronic inflammation is caused by the infiltration of macrophages and 

LDL-cholesterol with HDL failing to effectively remove fat and cholesterol 

from the macrophages. Standard risk factors for the development of 

atherosclerosis include hyperlipidaemia, diabetes, hypertension and 

tobacco smoking. They can all contribute to changes in the endothelium 

causing it to become ‘sticky’ (Kher and Marsh, 2004; Munro and Cotran, 

1988).  

 
The expression of adhesion molecules as well as chemokines on the 

surface lead to infiltration of monocytes and T-lymphocytes into the blood 

vessel.  They then accumulate cholesterol and turn into foam cells, 

leading to endothelial disruption followed by platelet adhesion. Vascular 

smooth muscle cells move to the site of the foam cells and atherosclerotic 

plaques form, which can become larger and cause ‘hardening’ of the 

blood vessel affected. The plaque is mainly composed of a fibrous cap 

enclosing cholesterol, cell remains and tissue factors from macrophages 

(Figure 1.7) (Reape and Groot, 1999). The narrowing of the blood vessel 

causes inadequate blood flow to the affected organ, especially in 

instances of high demand such as physical exertion and therefore can 

lead to chest pain for example if the coronary artery is affected.  
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When plaques rupture and travel to smaller blood vessels, an embolus is 

formed, which can shift to other organs e.g. lungs (pulmonary embolism), 

heart (myocardial infarction) or brain (stroke).     

 

Figure 1.7: Illustration of a normal human artery and an artery 

narrowed by atherosclerotic plaque 

(www.clivir.com, accessed 7th July 2011) 

On the right picture, the endothelium lining the blood vessel can easily be 

seen. The left picture illustrates the damaged endothelium due to foam cells, 

lipids, calcium and cellular debris as well as a fibrous cap, globally known as 

atherosclerotic plaque, causing a narrowing of the artery.  

 

 

 

 

http://www.clivir.com/
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1.10 The Blood brain barrier 

 
The brain vasculature is far more complex than the blood vessels in the 

rest of the body. The cellular structure known as the blood brain barrier 

not only forms a physical protective obstruction to unwanted molecules 

but also provides the brain with essential nutrients. The BBB was first 

described by Paul Ehrlich as being an interface between brain tissue and 

circulating blood (Ehrlich and Cserr, 1978). The brain endothelial cells are 

connected via tight junctions, with high transendothelial electrical 

resistance, forming an efficient barrier. Another distinct feature of the brain 

blood capillaries is that they are enclosed by the end feet of the astrocytes 

and thus contributing to partial permeability (Figure 1.8) (Abbott et al., 

2010). 

 
Only lipid soluble molecules including oxygen, anesthetics and alcohol 

can penetrate the lipid membranes. Therefore, in order to target HIV in the 

brain, drugs need to be made more lipid soluble.  Water-soluble molecules 

such as glucose and amino acids need to cross the BBB via carrier 

mediated transport mechanisms in the cell membrane. In addition, 

enzymes sited in the brain capillaries also break down unwanted 

molecules and efflux pumps contribute to selective permeability by 

transporting molecules back into the systemic circulation (Figure 1.8) 

(Glynn and Yazdanian, 1998). Unlike other body tissues, where 

extracellular fluid is made by leakage from capillaries, the BBB secretes 

its own extracellular fluid at a constant rate, which is very important in 

order to maintain a controlled brain volume. 
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The intercellular tight junctions are formed by claudins, occludin and 

junction associated molecules (JAM’s), connected by scaffolding 

proteins of the zonula occludens (ZO) to the actin cytoskeleton (Kniesel 

and Wolburg, 2000). 

 
Commonly studied efflux transporters include the multidrug resistance 

associated proteins, breast cancer resistance protein and the ATP 

binding Cassette like p-glycoprotein (Abbott et al., 2006). 

 

Figure 1.8: Illustration of the blood brain barrier 

Diagram of a cerebral capillary enclosed in astrocyte end-feet. Features of the 

blood-brain barrier are shown: (1) tight junctions that close the crossing 

between the capillary (endothelial) cells; (2) the lipid nature of the cell 

membranes of the capillary wall which prevents water-soluble molecules from 

crossing; (3), (4), and (5) represent some of the carriers and ion channels; (6) 

the 'enzymatic barrier ‘ which removes molecules from the blood; (7) the efflux 

pumps which extrude fat-soluble molecules that have crossed into the cells. 
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Any disruption of the intercellular tight junction proteins, increasing the 

permeability of toxins and drugs to the brain may be important in the 

neuropathogenesis seen in HIV patients (Kanmogne et al., 2005). 

 

1.10.1 Dementia 

 
BBB disruption has been associated with conditions including dementia, 

Parkinson’s disease, stroke and multiple sclerosis, of which HAD is most 

commonly seen in HIV patients (Wang et al., 2008). Dementia is marked 

by a gradual decline in cognitive function and its incidence usually rises 

with age. Not only cognitive features such as learning, language, memory 

and attention are affected, but also personality and behavioral changes 

may be observed. The most widespread form of dementia seen in the 

developed world is Alzheimer’s Disease (AD), marked by a slow onset 

and gradual loss of short-term memory (Anand et al., 2010). The exact 

etiology of AD is somewhat still unclear but is thought to involve the 

progressive accumulation of proteins in the brain and therefore its 

diagnosis is solely based on cognitive tests rather than laboratory results 

(Valcour et al., 2011).  

 
Many factors can increase the risk of developing dementia, including 

trauma, infections such as HIV and vascular complications such as 

cerebrovascular accident and atherosclerosis. Unlike AD, the latter 

causes are seen to be of rapid onset and progression (Anand et al., 

2010). 
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1.11 HAART toxicity 

 
The success of HAART in reducing morbidity and mortality associated 

with HIV/AIDS was overshadowed by significant toxicities linked to 

antiretroviral agents (Burgoyne and Tan, 2008). Beside the widely known 

side effects reported with long term antiretroviral use, including 

dyslipidaemia, lipidostrophy and diabetes, increased cardiovascular risk 

seems to be on the rise, although females are less affected than males, 

as oestrogen seems to have a poly (ADP-ribose) polymerase (PARP)-

mediated protective effect (Mabley et al., 2005). 

 

1.11.1 HAART cardiovascular toxicity  

1.11.1.1 Endothelial cells 

 
Endothelial dysfunction plays a major role in the development of 

atherosclerosis. Increased expression of adhesion molecules, loss of 

anticoagulant activity, increased release of cytokines and chemokines and 

reactive oxygen species (ROS) are all associated with vascular 

dysfunction (Heitzer et al., 2001; Shimokawa, 1999). By assessing 

endothelial function, one can predict the risk of cardiovascular events 

such as stroke and myocardial infarction (Heitzer et al., 2001). Many 

studies have linked endothelial dysfunction to HIV infection and 

antiretroviral therapy (de Gaetano et al., 2003; Francisci et al., 2009).  
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Since the different antiretroviral agents are rarely given as monotherapy, it 

is difficult to determine which drug causes cardiovascular toxicity, 

commonly ascribed to NRTI’s, NNRTI’s and PI’s. Endothelial function can 

be measured by flow-mediated dilatation (Pyke and Tschakovsky, 2005).  

 
NRTI’s are thought to cause endothelial dysfunction by inhibiting         

DNA  polymerase-gamma (DNA pol-γ), which is crucial for mitochondrial 

replication and repair and thereby reducing mitochondrial levels or 

disrupting the electron transport chain (Lewis et al., 2003). Many studies, 

however, have concluded that the vascular toxicity caused by NRTI’s may 

be attributed to an increased level of oxidative stress (Lewis et al., 2001). 

Indeed, treatment of cultured endothelial cells with AZT was shown to 

cause apoptosis-independent cell dysfunction within 24 hours (Jiang et al., 

2007). The mitochondria seem to be the main target of NRTI-mediated 

cytotoxicity involving changes in transmembrane potential and a reduction 

in ATP levels (Lund et al., 2004).   

 
Many studies have proposed that ROS may be the main culprit in the 

vascular side effects associated with the use of HAART. Future work, 

however, need to further investigate the effects of HAART on endothelial 

cells, as the mechanism of toxicity is not conclusive.  

 
Cardiovascular side effects reported include atherosclerosis, myocarditis, 

endocarditis, pericardial effusion, congestive heart failure and dilated 

cardiomyopathy (Barbaro, 2002).  
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The pathophysiological link of these metabolic disturbances with a 

prolonged inflammatory state has been shown to be a major factor in 

endothelial dysfunction and atherosclerosis. Hurwitz et al. found that 

although HIV did independently increase inflammatory markers, PI’s in 

particular increased the risk of myocardial infarction (MI) in the next ten 

years by 56 % compared to those not on PI’s (Hurwitz et al., 2004).  

 
The D:A:D study (Data Collection of Adverse effects of Anti-HIV Drugs 

Study) started in 1999 and mainly focused on cardiovascular toxicity, 

including increased risk of MI caused by the nucleoside analogues. This 

class of drugs includes stavudine, zidovudine, lamivudine, didanosine and 

abacavir (Friis-Moller et al., 2003).  

 
With the HIV population living longer, people with underlying 

cardiovascular risk similar to the general population have more 

pronounced long-term effects. The standard reversible cardiovascular risk 

factors include smoking, hyperlipidaemia, hypertension, diabetes mellitus 

and visceral fat accumulation. Non-reversible risk factors include male 

gender; age over 40 years and family history of cardiovascular disease. 

The lifestyle of HIV positive patients can also increase the likelihood of 

developing cardiovascular problems (Friis-Moller et al., 2003).  
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1.12 Toxicity mechanisms 

1.12.1 DNA polymerase- hypothesis 

 
The DNA polymerase-γ hypothesis has always been a suggested 

explanation for the damage mediated by antiretrovirals (Lewis et al., 

2003), but it is now apparent that the etiology is far more complex, 

involving multiple mechanisms as well as an effect by HIV per se, infection 

of cardiac myocytes, cytotoxicity of HIV proteins, immune cell interactions 

in cardiac tissues and opportunistic infections among others (Fiala et al., 

2004; Martinez et al., 2009).  

 
In order to be active, the nucleoside analogues first need to be 

phosphorylated by cell kinases to tri-phosphate moieties, which resemble 

the endogenous nucleotides and competitively inhibit the viral reverse 

transcriptase. Because they lack a 3’-OH group, they subsequently 

terminate chain elongation. The DNA pol-γ hypothesis assumes that the 

NRTI-triphosphate incorporates into the mitochondrial DNA, inhibiting new 

synthesis, thereby causing mitochondrial depletion in the affected cell. In 

addition, the hypothesis suggests that mutations in mtDNA may be 

involved in disrupted oxidative phosphorylation and consequent electron 

leakage from the mitochondria (Lewis et al., 2003). 
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1.12.2 Oxidative stress 

 
Oxidative stress seems to play a major role in the early stages of 

mitochondrial pathogenesis. It has been extensively studied and linked to 

the pathophysiology of endothelial dysfunction, including that mediated by 

HAART (Mondal et al., 2004). Oxidative stress can be defined as the 

imbalance between the formation of reactive oxygen species and cellular 

antioxidant capacity. ROS are generated as byproducts of several cellular 

metabolic activities and in instances of Redox disturbance; they can cause 

damage to cellular components including lipids, proteins and DNA. The 

DNA damage is often key to the long-term effects caused by ROS. 

Examples of ROS include the superoxide anion, hydrogen peroxide and 

hydroxyl radical (Kowaltowski and Vercesi, 1999). 

 

Reactive nitrogen species (RNS) are also of importance as they are 

caused by the combination of nitric oxide and superoxide anion to form 

peroxynitrite, which can be very detrimental to the cell and is known as 

nitrosative stress (Eu et al., 2000). 

 
Under normal physiological circumstances, the generation of ROS is kept 

under control by counteraction of antioxidants. When this balance is 

disturbed, however by more severe oxidative stress, the cell enters an 

ATP-depleting cycle, inhibiting apoptosis and dies in the process of 

necrosis (Sies, 1997). There are various cellular sources of ROS 

generation including organelles and enzymes.  
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During oxidative phosphorylation, highly activated electrons can leak from 

the mitochondria and go on to form ROS. Enzymes that may generate 

ROS include xanthine oxidase found in the mitochondria and cytoplasm, 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in the 

plasma membrane and cyclooxygenases located in the cytoplasm. 

Exogenous sources of ROS include cigarette-smoking, ionizing radiation, 

bacterial and viral infections (Andersen, 2004; Bernhard and Wang, 2007; 

Cai and Harrison, 2000). 

 
Oxidant Formation Feature 

superoxide (O2
.
) auto-oxidation/Electron 

transport chain 
not very reactive but 
can release Fe2+, can 
form H2O2 and 

precursor for OH
. 

formation 

hydrogen peroxide 
(H2O2) 

dismutation of O2
.
 lipid soluble, hence 

can penetrate 
membranes 

hydroxyl radical (OH
.
) Fenton 

reaction/decomposition 
of ONOO- 

very reactive and 
damages most 
cellular components 

hypochlorous acid 
(HOCl) 

from H2O2 by 
myeloperoxidase 

very reactive, lipid 
soluble, damages 
protein structures. 

peroxynitrite (ONOO-) reaction between O2
. 

and NO 

very reactive, lipid 

soluble, can form OH
.
 

     
Table 1.2: Table showing common oxidants and their effects which can 

contribute to oxidative stress  

1.12.3 Oxidative stress and cardiovascular effects 

 
Superoxide and hydrogen peroxide (Table 1.2) are the main oxidants 

generated in vascular cells by various enzymes including NADPH 

oxidase, nitric oxide synthase (NOS) and xanthine oxidase.  
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If there is an imbalance between superoxide levels and antioxidant levels 

such as superoxide dismutase (SOD), the reaction continues to produce 

the highly reactive peroxynitrite from superoxide and nitric oxide (Table 

1.2). This consequently causes nitric oxide depletion, further forming 

oxidants (Zalba et al., 2000). The cell loses its vasodilating ability due to 

the drop in nitric oxide bioavailability and this in itself contributes to 

cardiovascular dysfunction (Griendling et al., 2000).  

 
Endothelial cell derived-ROS may further induce smooth muscle cell 

hypertrophy and apoptosis dependent vascular cell death. Many studies 

have shown that free radical scavengers and antioxidants reversed 

HAART-mediated endothelial cell dysfunction, thus implying an 

involvement of oxidative stress (Mondal et al., 2004). The latter has been 

closely linked to an important cytoprotective mechanism known as the 

endoplasmic reticulum stress, which has been shown to play a significant 

role in the pathogenesis of many conditions including atherosclerosis and 

diabetes (Malhotra and Kaufman, 2007; Yoshida, 2007). 

 

1.12.4 Endoplasmic reticulum stress 

 
The endoplasmic reticulum (ER) consists of an advanced luminal network 

in which proteins are synthesised, folded and transported to the secretory 

pathway. The network includes ER chaperones that facilitate protein 

folding and are in a way responsible for ‘quality control’, only allowing 

correctly folded proteins to exit the ER (Oyadomari and Mori, 2004).    
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Any disruption to normal ER function due to oxidative stress, viral infection 

or chemical insults may lead to endoplasmic reticulum stress. Normal 

function of the chaperones is highly calcium dependent and significant 

changes in calcium homeostasis can lead to ER stress as part of a 

cytoprotective mechanism (Kaufman, 1999). The unfolded protein 

response (UPR) is triggered by ER stress due to the accumulation and 

aggregation of misfolded or incompletely folded proteins.  If ER 

homeostasis can’t be restored due to significant damage such as high 

oxidative insult, the cell triggers a pro-apoptotic process (Szegezdi et al., 

2006). 

 

1.12.5 Cell Death (Apoptosis/Necrosis) 

 
Severe oxidative stress may lead to cell death either by apoptosis or 

necrosis, influenced by the intensity of the strain. Apoptosis is defined as 

being a mechanism of programmed cell death, whereby the cell ‘commits 

suicide’. The process is energy dependent and occurs in response of 

various stress inducers including toxins, radiation, infections or oxidative 

stress (Chandra et al., 2000). A nuclear enzyme PARP may play an 

important role in regulating this process (Pieper et al., 1999).   

 
Necrosis on the other hand is often described as the uncontrolled form of 

cell death, whereby the cell swells and releases its contents, thus affecting 

neighboring cells and is more detrimental to the cell than apoptosis (Majno 

and Joris, 1995).  
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Overactivation of PARP is believed to be involved in the pathogenesis of 

many conditions, including myocardial infarction, inflammatory diseases 

and neurodegenerative disorders (Tentori et al., 2002). PARP is 

associated with the regulation of inflammatory mediators including iNOS, 

intercellular adhesion molecule (ICAM) and TNF- (Cuzzocrea, 2005). 

  

1.12.6 PARP 

 
PARP is a 116 kDa chromatin bound DNA repair enzyme found in the 

nucleus of the cell. PARP-1 is the most abundant and commonly studied 

isoform, thought to be responsible for over 80 % of all PARP activity. Its 

structure exhibits three major domains, the N-terminal DNA binding 

domain with its two Zn fingers, the automodification domain and the C-

terminal catalytic domain (Figure 1.9) (Pacher and Szabo, 2007). 
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Figure 1.9: PARP-1 protein domains 

(www.activemotif.com/parp1.html (accessed 27th June 2011) 

PARP displays a carboxyl-terminal domain in which poly (ADP-ribosyl)ation 

occurs using NAD+molecules as a donor of ADP-ribose groups. , There is also 

an amino-terminal DNA binding domain holding three zinc finger motifs, a 

nuclear localization signal, and an automodification domain that functions as 

the target of covalent auto-poly (ADP-ribosyl)ation, Thanks to these domains, 

PARP-1 can interact with genomic DNA and chromatin, poly(ADP-ribosyl)ate 

different nuclear target proteins and contribute to the regulation of nuclear 

functions. 

 

PARP-1 is thought to have a variety of functions, including DNA repair, 

DNA metabolism, gene transcription and genomic integrity. PARP-1 also 

seems to play a major role in apoptosis (Herceg and Wang, 2001). 

When moderate single- or double strand DNA breaks occur in response to 

endogenous and exogenous insults, PARP detects the damage and 

becomes activated.  It binds to the DNA via its second zinc finger domain, 

forms homodimers and catalyses the cleavage of nicotinamide adenine 

dinucleotide (NAD+) into nicotinamide and ADP-ribose polymers. The 

latter are covalently bound to nuclear acceptor proteins such as histones, 

but also PARP itself (automodification). 

 

http://www.activemotif.com/parp1.html
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For a long time, it was thought that glutamic acid residues in the acceptor 

proteins were the target of poly (ADP-ribosyl)ation, however, recent 

studies have shown that lysine residues were more involved (Pacher et 

al., 2002a; Szabo, 2002). When there is extensive DNA damage, PARP 

becomes overactivated and triggers an energy consuming cycle, depleting 

NAD+ and ATP and eventually resulting in cell dysfunction and death by 

apoptosis or necrosis depending on cell type, stress severity and duration. 

In the scenario of apoptosis, PARP is inactivated by caspases, generating 

two fragments and preserving cellular energy in the form of NAD, required 

for apoptosis to proceed, also known as programmed cell death. Necrosis 

on the other hand, is a more uncontrolled mechanism of cell death that 

may also affect neighbouring cells (Figure 1.10) (Pieper et al., 1999).  
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    Figure 1.10: The effects of PARP 

    (http://uts.cc.utexas.edu accessed 27th June 2011) 

Many factors influence PARP activity, including DNA damage, caspases and 

intracellular NAD+ concentration. The inactivation of PARP by caspase-3 

cleavage is one of the main events of apoptosis, while PARP overactivation 

can lead to NAD+ and ATP depletion and lead to necrosis.  

 

PARP cleavage is therefore considered to act as a molecular switch 

between the two routes of cell death (Figure 1.10). Recently, another 

caspase-independent form of cell death only associated with PARP was 

described, known as parthanatos. The mechanism is still unclear but is 

thought to involve pro-apoptotic mitochondrial apoptosis inducing factor 

(AIF), translocating to the nucleus and triggering chromatin condensation 

and DNA fragmentation, resulting in cell death (Yu et al., 2009).  

 

 

 

http://uts.cc.utexas.edu/
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The short in vivo half-life of the polymer and another enzyme poly (ADP-

ribose) glycohydrolase (PARG) indicate that poly (ADP-ribosyl)ation is a 

rapid energetic process. PARG is required for degrading PARP into free 

ADP ribose and AMP (Kraus and Lis, 2003). 

 
There seems to be a controversy between research groups as to the role 

of PARP in the described cell death pathways. The conflict, however, 

seems to be overcome by more or less accepting that the intensity of DNA 

damage and metabolic state of the cell determine the fate of the cell (Ha 

and Snyder, 1999).  

 
Previous reports have shown that impairment of cardiovascular function in 

diseases such as diabetes thought to be mediated by PARP 

overactivation might be reversed using one of the most potent and 

selective PARP inhibitors, PJ-34 (Figure 1.11). This water-soluble 

phenanthridinone derivative has been shown to maintain endothelial 

function in vascular rings following high glucose levels. Most PARP 

inhibitors impede the binding of NAD+ to the catalytic domain of PARP. In 

addition, they may bind to DNA itself, thereby preventing detection of the 

DNA nicks by PARP and subsequent overactivation (Pacher et al., 

2002b). 
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PJ-34 

Figure 1.11: The chemical structure of the PARP inhibitor PJ-34  

(www.chemicalbook.com, accessed 27th June 2011) 

 
There are opposing reports of PARP playing a central role in facilitating 

integration of the HIV genome into the host genome. On the one hand, Ha et 

al. showed that integration of a vesicular stomatitis virus glycoprotein (VSV-

G) pseudotyped molecular clone of HIV-1 was significantly inhibited in 

mouse embryonic fibroblasts (MEF) originating from PARP -/- mice, 

concluding that PARP is essential in the HIV integration process (Ha and 

Snyder, 1999).  

 
On the other hand, using the same type of cells as well as human PARP 

knockdown cells, Ariumi et al. suggested that PARP is not required for 

successful integration of HIV (Ariumi et al., 2005). In accord with the latter 

study, another group also suggested that PARP is certainly not 

indispensable for the infection of murine cells by retroviruses as both wild 

type and PARP deficient MEF cells got infected by two separate HIV derived 

VSV-G pseudotyped lentivirus vectors (Siva and Bushman, 2002). 

 

 

 

http://www.chemicalbook.com/


69 

 

Before activation, NF-κB is held in the cytosol in an inactive form with its 

inhibitor, nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, alpha (IκBα). Once activated by cytokines, IκBα becomes 

phosphorylated and separates from NF-κB, rendering it active followed by 

translocation to the nucleus where it binds to elements in the promoter of 

many genes in order to modulate their expression (Karin, 1999), such as 

promoters expressing tight junction proteins preventing their expression 

(Aveleira et al., 2010). The activation of NF-κB is thought to contribute to the 

development of cardiovascular disease by its pro-inflammatory, pro-oxidant 

and pro-adhesion gene transcription (Donato et al., 2009).  

 

1.13 ATRIPLA 

 
With the introduction of Atripla, marketed by Bristol-Myers Squibb Co. and 

Gilead Sciences Inc. in the US in 2006 (FDA press release 2006) and in 

Europe in late 2007 (EMA assessment report, 2007) compliance and 

adherence problems seen with HAART were hoped to be resolved, as 

patients only need to take one pill in the morning.  The benefit of being a 

single pill regimen is that it has improved adherence to such an extent that 

80 % of treatment naïve patients in the USA are started on it (Julg and 

Bogner, 2008). 

 
Previous fixed dose drug combinations only contained NRTI’s, whereas 

ATRIPLA combines drugs from three different antiretroviral classes. 
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Figure 1.12: The chemical structure of the ATRIPLA components, 

efavirenz, emtricitabine and tenofovir 

(www.rxlist.com/atripla-drug.htm, accessed 24th June 2011) 

 
Adherence is important as missing doses is the most significant cause of 

treatment failure from viral resistance and multi-pill regimens had proved 

difficult to maintain (Chesney, 2003). The once-daily pill has not been 

thoroughly investigated with regards to cardiovascular side effects. The 

pill was considered to have considerably less cardiovascular side effects 

than its predecessors. 

Preliminary data show that at least one of the drugs efavirenz, has 

significant adverse effects on endothelial cell function and viability 

(previous own data).  

http://www.rxlist.com/atripla-drug.htm
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Contrary to NRTI’s, efavirenz does not interfere with DNA-polymerase- 

and thus the cardiotoxicity is unlikely to be justified using the DNA pol- 

hypothesis. As the triple pill is relatively young, little is known about long-

term side effects.  

 
As previously stated, this cytotoxicity is believed to be mediated by 

oxidative stress causing increased DNA single strand breaks with 

subsequent overactivation of the repair enzyme PARP resulting in 

decreased cellular NAD+ and ATP levels and eventually resulting in cell 

death either by apoptosis or necrosis. PARP has played a major role in 

cardiovascular dysfunction caused by diabetes, MI, sepsis and now 

perhaps that induced by HAART (Pacher et al., 2002a).  

HIV per se is known to cause cardiovascular side effects, however, this 

project focuses on drug-related cardiovascular dysfunction only. 

 

1.14 Potential protective strategies 

1.14.1 Rosiglitazone  

 
A suggested protective strategy against HAART- mediated cardiovascular 

toxicity is rosiglitazone (Figure 1.13). This antidiabetic drug, belonging to 

the thiazolidinediones, was shown to confer cardioprotection against 

ischaemia/reperfusion injury in animal models (Yue et al., 2008).  
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Ironically, in 2010, rosiglitazone was withdrawn from the UK market due to 

suspicion of cardiotoxicity in diabetic patients, especially those with co-

morbidities and a high cardiovascular risk (Cohen, 2010)(EMA 

assessment report, 2010).  

 
The drug is still prescribed in the United States (Woodcock et al., 2010).  

Rosiglitazone is thought to sensitise adipose tissue to insulin by activating 

peroxisome proliferator-activated receptor gamma (PPAR-) and thus 

conferring its glucose lowering effect. The mechanism of cardioprotection 

is still unclear and needs further research (Palee et al., 2011). 

Cardiomyocytes express all three isoforms of PPAR (Huang et al., 2011) 

and peroxisome proliferator-activated receptor alpha (PPAR-α) agonists 

such as fibrates, commonly used in dislipidaemia may offer similar 

cardioprotection to rosiglitazone (Bulhak et al., 2009). The anticipated 

protective effect by rosiglitazone was hypothesised to involve activation of 

PPAR- and/or AMP-activated protein kinase (AMPK). 

rosiglitazone 

Figure 1.13: The chemical structure of rosiglitazone 

 (www.rxlist.com/avandia-drug.htm, accessed 27th June 2011) 

 

http://www.rxlist.com/avandia-drug.htm
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1.14.1.1 The PPAR-γ pathway 

 
PPAR- is a nuclear ligand-activated transcription factor that regulates the 

target gene expression. It forms a heterodimer with a second receptor 

known as retinoid X receptor (RXR), which upon binding with the ligand 

causes a conformational change, recruiting transcriptional co-activators 

such as activator protein-1 (AP-1) and NF-B, leading to gene 

transcription (Figure 1.14) (Ryan et al., 2004). PPAR- is predominantly 

expressed in adipocytes but is also found in heart, liver and kidney 

(Huang et al., 2011; Nicholls and Uno, 2012).  
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Figure 1.14: The PPAR-γ pathway 

(www.ppar.cas.psu.edu, accessed 30th June 2011) 

Upon binding with the ligand, the retinoid X receptor undergoes a 

conformational change, recruiting transcriptional co-activators such as NF-κB 

leading to gene transcription. Adipo, adipocyte; ADRP, Adipocyte 

differentiation-related protein; aP2, adipocyte Protein 2; CBP, cAMP response 

element-binding protein; C/EBP, cytidine-cytidine-adenosine-adenosine-

thymidine-enhancer binding protein; COX-2, cyclooxygenase-2; ERK, 

extracellular signal regulated kinases; IL-1, interleukin-1; JNK, c-Jun N-

terminal kinases; L, ligand; LPL; lipoprotein lipase; MKP, mitogen-activated 

protein kinase phosphatase; NF-κB, nuclear factor kappa-light-chain-enhancer 

of activated B cells; p300, nuclear co-activator; PGJ2, prostaglandin J2; 

PPRE, PPAR response element; RXR, retinoid X receptor; SRC-1, steroid 

receptor co-activator-1. 

http://www.google.lu/url?sa=i&rct=j&q=PPAR+gamma&source=images&cd=&docid=amwxFQ4YhhzSfM&tbnid=yt3CUmuFToIsiM:&ved=0CAQQjB0&url=http%3A%2F%2Fppar.cas.psu.edu%2Fpathways.html&ei=J6o4UZylHdDIswal2YHoCQ&psig=AFQjCNHaP3eGi959yZw8drq0e8duBBlGVg&ust=1362754381347761
https://en.wikipedia.org/wiki/Cytidine
https://en.wikipedia.org/wiki/Adenosine
https://en.wikipedia.org/wiki/Thymidine
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The thiazolidinediones have also been shown to have AMPK involvement 

when sensitising the cells to insulin (Ceolotto et al., 2007).  

 

1.14.1.2 The AMPK pathway 

 
AMPKs play a major function in cellular energy homeostasis and act in 

response to cellular stresses that deplete ATP, such as low glucose or 

hypoxia in view of activating ATP replenishing pathways (Figure 1.15).  

AMPK is a heterotrimeric complex made of three subunits, a catalytic 

alpha and two regulatory beta and gamma subunits (Hardie, 2008; 

Mitchelhill et al., 1997).  

Figure 1.15: The AMPK pathway in heart ischemia  

(www.card.ucl.ac.be, accessed 30th June 2011) 

When activated as in the case of myocardial ischemia, AMPK switches on 

ATP generating pathways such as glycolysis as well as switching off ATP-

consuming pathways such as protein synthesis. LKB-1 was shown to play an 

important role in AMPK activation. AMP, adenosine monophosphate; AMPK, 

adenosine monophosphate-activated protein kinase; ATP, adenosine 

triphosphate; LKB1, liver kinase B1. 

http://www.card.ucl.ac.be/
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1.15 Aims and objectives 

 
The overall aim of this study is to determine the effects of the Atripla 

components, tenofovir, efavirenz and emtricitabine, on cardiovascular cell 

function and investigate potential protective strategies.  

Elucidation of the mechanisms of toxicity and protection is crucial for the 

development of future potential therapies counteracting HAART-mediated 

cardiovascular dysfunction and thereby reducing mortality associated with 

HIV cardiovascular toxicity.  
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Chapter 2 

 

 

 

Materials and Methods 
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Materials 

2.1 List of chemicals 

 
Acetic acid 

Acetylcholine 

AICAR 

Albumin 

Ammonium persulfate (APS) 

Anti-Actin 

Anti-CHOP 

BAY 

Beta-mercaptoethanol 

Bis-acrylamide 

Bradford reagent 

Bromocresol powder 

Compound C  

Dimethyl sulfoxide (DMSO) 

Dulbecco's Modified Eagle Medium (DMEM) 

Efavirenz 

Emtricitabine 

Enhanced chemiluminescence (ECL) 

Ethanol 

Ethylenediaminetetraacetic acid (EDTA) 

EUK-134 

Fetal calf serum (FCS) 
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Glucose 

Glutamine 

Glycine 

Growth medium 

GW1929 

GW9662 

Hoechst 33342 dye 

Laemmli sample buffer 

Magnesium sulphate 

Malondialdehyde standard (TBA) 

Methanol  

Milk (5 %) 

Nitro blue tetrazolium (NBT) 

Non-essential amino acid (NEAA) 

Oestrogen 

Penicillin/streptomycin 

Phenylmethanesulfonylfluoride (PMSF) 

Phenylephrine 

Phosphate buffered saline (PBS) 

Pioglitazone 

PJ-34 

Potassium chloride 

Potassium hydrogen phosphate 

Potassium hydroxide (KOH) 

Propidium iodide 
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Protease inhibitor cocktail 

Quinazoline (QNZ) 

Rosiglitazone 

SP600125 

Sodium bicarbonate 

Sodium chloride 

Sodium dodecyl sulphate (SDS) 

Sodium hydroxide 

Sodium pyruvate 

Succinic acid 

Tenofovir 

Tetrazolium dye (MTT) 

Tetramethylethylenediamine (TEMED) 

Tris (pH 7.4) 

Tris-buffered saline (TBS) 

Tris-HCl buffer (pH 6.8)  

Triton-X 

Trizma base 

Trichloroacetic acid (TCA) 

Trypsin 

Tween 20 

Versene 

3H-NAD 
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2.2 List of suppliers 

 
Abcam (Cambridge, UK) 

Axxora (Nottingham, UK) 

BioRad (Hertfordshire, UK) 

Calbiochem (Nottingham, UK) 

European Collection of Cell Cultures (ECACC) 

Innotech (Boston, USA) 

Lonza (Slough, UK) 

Oxoid (Basingstoke, UK) 

Santa Cruz Insight Biotechnology, Wembley, UK 

Sequoia Research (Pangbourne, UK) 

Sigma Aldrich (Poole, Dorset, UK) 

University of Sussex (Brighton, UK) 

Upstate Biotechnology, UK 

Western Blotting Detection System (Amersham, Buckinghamshire, UK) 
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Methods 

2.3 In vitro studies 

 
In order to determine the effects of the Atripla components on the 

cardiovascular system, three model systems were used in the form of 

H9c2, EA.hy926 and bEnd.3 cell lines as well as ex vivo studies on rat 

aortic rings to further elucidate the effects on endothelial function. 

 

2.3.1 Cell culture 

 
Cells were cultured in growth medium Dulbecco’s modified Eagle medium 

(DMEM), supplemented with heat inactivated 10 % fetal calf serum (FCS), 

2mM glutamine, 1% non-essential amino acids (NEAA), 1 mM sodium 

pyruvate and 1% penicillin/streptomycin.   

 
Growth conditions were maintained in a humidified incubator (Haraeus) at 

37 ºC, 5 % carbon dioxide and 95 % air. For the in vitro studies, cells were 

plated in supplemented DMEM with 3 % fetal calf serum. 

 
Consumables for cell culture were obtained from Fischer Scientific 

(Loughborough, Leicestershire, UK).  The initial stock was stored in liquid 

nitrogen in a mixture of growth medium and DMSO 10 %.  
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2.3.1.1 H9c2  

 
The established H9c2 cell line was obtained from the European Collection 

of Cell Cultures (ECACC catalogue no 88092904). The cells were 

obtained as split sub-confluent cultures (70 – 80 %) seeded at 1-3x 

10,000 cells/cm2 using 0.25 % trypsin/EDTA and incubated at 37C and 5 

% carbon dioxide. H9c2 cells of passage number 5-40 were used in this 

study. 

 

2.3.1.2 EA.hy926 

 
The EA.hy926 cell line was obtained from the European Collection of Cell 

Cultures (ECACC catalogue no CRL-2922). EA.hy926 cell passages 

number 3-60 were used in this study. This cell line comparable to HUVEC 

is derived from human umbilical vein and was first established and 

described by Dr. C.-J. s. Edgell in 1983. By fusing human umbilical vein 

endothelial cells with an established cell line A549 that originated from a 

human lung carcinoma, this new cell line has proved to be very beneficial 

in endothelial toxicity studies. Many characteristics also found in primary 

endothelial cells could be preserved, including endothelin activity. 

 

2.3.1.3 bEnd.3 

 
The bEnd.3 cell line is derived from a mouse SV129 brain endothelioma 

(ECACC catalogue no 96091929). The cells were obtained as split sub-

confluent cultures (70-80 %) seeded at 4 x 10,000 cells/cm2 using 0.25 % 

trypsin/EDTA and incubation at 37 C and 5 % carbon dioxide.  
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bEnd.3 cells of passages up to number 40 were cultured in growth 

medium DMEM, supplemented with heat inactivated 10 % FCS, 2mM 

glutamine, 1 % NEAA, 1 mM sodium pyruvate, 1 % penicillin/streptomycin 

and 5µM of 2-mercaptoethanol.  

 

2.3.2 Cell passaging 

 
When the cells reached subconfluency, they were passaged every 2-3 

days to prevent differentiation. The cells in the 75 cm2 Nunc culture flasks 

were treated with a trypsin/versene (0.1 %/0.02 % w/v) solution for five 

minutes at 37 C. Once the cells were detached from the flask surface, the 

trypsin was neutralised with 10 % FCS containing culture medium and the 

mixture transferred to a centrifuge tube. This solution was then centrifuged 

at 500g for five minutes (Haraeus Multifuge 3s Centrifuge).The 

supernatant was aspired and the formed pellet was resuspended in 12 ml 

of culture medium and disrupted using a 10 ml pipette in order to get a 

uniform solution. This was then equally distributed between 4 flasks, 

maintained in the incubator and the media replaced every 2 days. The 

cells were plated in 6-, 12-, 24- and 96 well plates according to the 

different experiments’ requirements.  

 
For cell counting, after centrifugation, the pellet was resuspended in 5 ml 

of culture medium, an aliquot of 20 l was taken and using a 

haemocytometer, the cells were counted in the grid, an average taken, 

expressed in unit of cells/ml with the aim of plating 25,000 cells per well.  
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The plating of cells was done 24 hours prior to the individual experiment 

and held in the quarantine incubator. All consumables used in the various 

experiments were purchased from Sigma-Aldrich (Poole, Dorset, UK), 

unless stated otherwise. The Atripla components efavirenz, emtricitabine 

and tenofovir DF were obtained from Sequoia Research and rosiglitazone 

came from Axxora (Nottingham, UK). 

 
Initial experiments consisted of determining the effect of the individual 

Atripla components. Cells were treated with increasing concentrations (3, 

10, 30 and 100 M) of the three drugs efavirenz (Mw 315.68), 

emtricitabine (Mw 247.25) and tenofovir disoproxil fumarate (Mw 635.51) 

and incubated for 24 and 48 hours. Preparation of the different drug 

solutions was carried out by weighing out 5 grams of the drug powder and 

dissolving it in 1 ml of DMSO, since the water solubility of all three drugs is 

relatively poor.   

 

2.4 Cell viability measurements 

2.4.1 MTT assay 

 
Cell viability was assessed using the MTT assay, which is a colorimetric 

assay, commonly used in cytotoxicity studies. This assay measures the 

reduction of yellow MTT tetrazolium salt (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) to purple water - insoluble formazan by 

mitochondrial succinate dehydrogenase. 
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By adding an organic solvent (DMSO) to the cells, the formazan reagent 

exhibits the purple color in different degrees of intensity, which can be 

quantified using a spectrophotometer at an absorbance of 540 nm. 

Because this reduction takes place in the mitochondria of metabolically 

active cells, it is a relative marker of cell viability. In most experiments, the 

cells were allowed to cultivate in 96-well plates, 24 hours prior to the 

individual experiments. This assay has the advantage of being rapid, 

reliable and cost-effective. 

 
The results are expressed as a percentage of mitochondrial function as 

cells that are damaged by the various treatments decrease the reduction 

of MTT to formazan. Following incubation of the drug treated cells for 24 

hours, the solutions were removed from all the wells, replaced with 100 l 

of a 0.5mg/ml MTT (in DMEM) solution and incubated for 45 minutes until 

a purple tint could be seen. 

 

The MTT solution was aspired from the wells and replaced with 100 l of 

DMSO, which produced varying degrees of intensity of a purple colour, 

according to the level of cell viability.  Using an Oasys UVM 340 

spectrophotometer (Digiread software), the absorbance could be 

measured at a wavelength of 540 nm and results expressed as a 

percentage of untreated control cells. Using Excel, the absorbance values 

of each drug treatment were converted to percentages of untreated 

control cells by dividing each value with the mean absorbance value of the 

control and multiplying this by 100.  
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2.4.2 Cell death assessment (Hoechst/propidium iodide staining) 

 
This assay is important in order to determine whether the cell toxicity 

induced by the different drugs can be attributed to apoptosis or necrosis. 

As mentioned before, apoptosis consists of a regulated energy dependent 

cell death process known as ‘cell suicide’.  

 
When the cell degrades by apoptosis, it shrinks and dies from the ‘inside’, 

hence preventing leakage of noxious substances that could affect 

surrounding cells.  Necrosis on the other hand is the uncontrolled mode of 

cell death, whereby the cell swells, ruptures and eventually releases its 

contents, which can be detrimental to neighboring cells. Because 

propidium iodide is water-soluble, it can’t penetrate the lipid bilayer of the 

cell membrane under normal conditions. If the cell membrane is damaged 

as in necrosis, the dye can easily penetrate the cell and stain it pink. 

Hoechst 33342 dye can penetrate intact plasma and nuclear membranes 

and thus stains both living and apoptotic cells blue.  

 
Using an inverted fluorescent microscope (Axiovert 25) and a 4’, 6-

diamidino-2-phenylindole (DAPI) filter, one could easily distinguish viable, 

apoptotic and necrotic cells. Under the microscope, live cells appeared 

blue with an intact membrane, apoptotic cells also looked blue but with 

small apoptotic bodies, post-apoptotic cells exhibited apoptotic bodies but 

pink/red, necrotic cells appeared pink/red. HPI staining constitutes a 

rather subjective and ‘artificial’ method of evaluating apoptosis and 

necrosis as it uses a small number of cells and it can be unwillingly biased 

by the operator. 
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Figure 2.1:  Hoechst/propidium iodide images. (A) living cells (B) 

apoptotic cells (C) necrotic cells (D) post-apoptotic cells. 

Apoptotic cells show nuclei which contain condensed DNA and therefore take up 

more of the Hoechst dye, staining blue, while necrotic cells lose the integrity of 

their plasma membrane and stain pink due to propidium iodide. Post apoptotic 

necrotic nuclei stain pink but because they maintain apoptotic bodies inside of 

them.  
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For cell death experiments, cells were grown in 24-well plates 24 hours 

prior to treatment and counted 24 hours post treatment. The day of the 

cell counting, the appropriate drug solutions were removed from the wells 

and replaced with 100 µl/well of a solution containing 50 l Hoechst dye 

(1g/ml), 50 l propidium iodide (2µg/ml) and 900 l of DMEM. The cells 

were then incubated for 10 minutes and examined under the fluorescent 

microscope. The settings on the microscope were the following: excitation 

wavelength 365 nm and emission wavelength 420 nm and magnification 

was 32 X. Five random fields of visualization were taken in each well in 

order to obtain a reliable count. The cells were scored as being live, 

apoptotic and necrotic according to color and morphology (Figure 2.1) and 

expressed as percentages of the total count in each well. Using a Sony 

camera attached to the microscope, pictures of each category could be 

taken. 

2.5 Cellular oxidative stress measurement 

In order to determine the involvement of oxidative stress in the cellular 

damage induced by efavirenz, the nitroblue tetrazolium (NBT) and 

thiobarbituric acid reactive substances (TBARS) assays were carried out.  

2.5.1 NBT assay 

 
The NBT assay is based on the reduction of the yellow nitrotetrazolium 

salt by superoxide anions to the blue water insoluble formazan product. 

By measuring the absorbance spectrophotometrically at a wavelength of 

700 nm, this assay can provide a relatively reliable indication of oxidative 

stress generation in the treated cells.   
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24 hours prior to the experiment, the cells were grown in 12-well plates 

and treated with 900 l of efavirenz for 2, 4 and 6 hours. In order to get 

the final concentration of 25 g/ml in each well, 100 l of an NBT solution 

was added to each well including the control wells that contained 900 l of 

DMEM.  

 

Following incubation (37 C and 5 % CO2) for 2, 4 and 6 hours, the 

solutions were removed from the wells and the cells were washed with 

1ml of 70 % methanol for ten minutes. Following further washes with 100 

% methanol, the cells were left to air dry and 400 l of a 5ml KOH/6ml 

DMSO solution was added to each well and left at room temperature for 

ten minutes.  

 
Prior to reading the absorbance at 700 nm (Oasys UVM 340 

spectrophotometer, Digiread software), the cells were transferred in 

aliquots of 100 l into a 96 well plate. The intensity of the blue colour was 

correlated with the level of oxidative stress generated with each drug 

treatment and expressed as percentages of the control. 

 

2.5.2 TBARS (MDA) assay 

 
Oxidative stress generates highly unstable lipid hydroperoxides, the 

decomposition of which produces malondialdehyde (MDA), which is a 

reliable indicator of lipid peroxidation. 
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The cells were subconfluently cultured in 6 well plates and exposed to 3, 

10 and 30 M of efavirenz for 24 hours. The cells were lysed using 150 l 

of cold 0.1 M Tris-HCl buffer at pH 6.8, containing 1 % (w/v) SDS and 1 % 

(v/v) Protease inhibitor cocktail.  

 

The lysate was then made clear by centrifugation at 15000 g at 4 C for 15 

minutes. The aliquot of 125 l clear lysate was mixed with 50 l of 10 % 

(w/v) SDS and 250 l of 20 % (v/v) acetic acid followed by the addition of 

750 l of 0.67 % (w/v) TBA in a test tube.  The mixture was then incubated 

in a water bath at 100 C for one hour, allowed to cool and 500 l of water 

added to each test tube followed by centrifugation. The absorbance was 

measured spectrophotometrically at a wavelength of 532 nm using an 

Oasys UVM 340 spectrophotometer (Digiread software) and the results 

expressed as a percentage of untreated control cells (Figure 2.2). 
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Figure 2.2: A representative MDA standard curve 
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2.6 Immunoblot  

2.6.1 Protein extraction 

 
Cells were incubated in dishes and allowed to grow until they reached 

confluency. The radio immunoprecipitation assay (RIPA) buffer was made 

up containing 150 mM sodium chloride, 50 mM tris at pH 7.4, 1 mM 

EDTA, 1 % triton-X, 0.1 % SDS, 1 mM PMSF and 1 ml protease inhibitor 

cocktail. The cells were washed with cold PBS for five minutes followed by 

the addition of a 10 ml RIPA solution to each well and incubation of the 

dishes in the cold room (4 C) for 30 minutes. After scraping and adding 

additional buffer to the dishes in order to detach most cells from the 

surface, the cells were transferred to labeled 15 ml tubes. Using a 21G 

syringe with needle, the contents of the tubes were drawn up and down 

several times until a foamy solution was formed and centrifuged at 13,500 

rpm for 10 minutes at 4 C.  The supernatant was then collected into 

different labeled centrifuge tubes and stored at - 20 C for protein 

determination using the Bradford assay and protein expression using 

western blotting. 

 

2.6.2 Protein determination (Bradford assay) 

 
The Bradford assay was first described by Bradford in 1976 and consists 

of a standard colorimetric assay used to determine total protein 

concentration. By using albumin at concentrations 0, 1, 2, 3, 4 and 5 

g/ml, a standard curve could be plotted.   
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After adding 200 l of Bradford reagent to 5 l of the standard solutions 

including a blank solution, the 96 well plate was left at room temperature 

for ten minutes and the standard curve could be plotted with each 

standard albumin against its corresponding concentration (Figure 2.3) 

(540 nm spectrophotometer).  
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Figure 2.3: A representative protein standard curve   

 

2.6.3 Protein expression assay – Western blotting 

 
The western blotting technique was first described and developed by 

Burnette in 1981. 

 

2.6.3.1 Preparation of the gel 

 
The glasses were washed with 70 % ethanol and fixed into the support 

machine. After loading with water to ensure that there was no leaking, the 

running gel (Table 2.1) was loaded and allowed to set.  



94 

 

A stacking gel (Table 2.2) was then prepared and the gel added all the 

way to the top. The 10 well comb was then inserted in one movement and 

the water bath heated to 65 C. A solution of 50 l beta-mercaptoethanol 

and 950 l Laemmli sample buffer (BioRad) was made up known as the 

loading buffer. An equal volume of sample and loading buffer was made 

up by adding PBS and the total sample volume was 50 l. The resulting 

sample solution was heated at 65 C for five minutes, refrigerated for ten 

minutes and kept on ice until the loading of the wells. 

 

2.6.3.2 Running step 

 
The running buffer (Table 2.3), which is ten times concentrated, was 

poured in the middle and around the glass on each side and the comb 

slowly pulled out. The samples (15 l) were then loaded into the wells, 

including the marker, which is also known as the ‘molecular ladder’.  A first 

running was carried out at 100 volts for 15 minutes until the samples 

reached the lower gel. A second running at 120 volts was then performed 

until the end (approximately 1 hour 30 minutes). Before the end of the 

running, the pads, filter paper and membrane were immersed into the 

transfer buffer for ten minutes.  

 

2.6.3.3 Transfer step 

 
The gels were taken out and transferred onto the membrane after making 

it ‘wet’ with the transfer buffer. A ‘sandwich’ was made consisting of pad, 

filter paper, gel, membrane, filter paper and pad.  
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Any air bubbles were removed by applying gentle compression with a 

Pasteur pipette. This was then put in the transfer machine with the 

magnetic stirrer at the base and a block of ice at the back. The transfer 

buffer (Table 2.4) was added and the machine put on the top of the stirrer, 

followed by the actual ‘transfer’ for 1 hour 15 minutes at 100 volts in the 

cold room. 

2.6.3.4 Blotting step 

 
The membrane was blocked with T-TBS (0.1 %) and milk (5 %) for one 

hour in a taper and placed on a shaker at room temperature. The blocking 

mixture was then discarded, the primary antibody (Table 2.5) added and 

left overnight in the cold room. The following day the antibody solution 

was removed and stored in the freezer. After adding T-TBS (0.05 %), the 

membranes were washed three times at 10 minutes intervals. The 

secondary antibody (Table 2.5) was added and left on the shaker for 2 

hours 30 minutes at room temperature. The secondary antibody mixture 

was discarded and the membranes washed three times at 10 minutes 

intervals. The membrane was then exposed to the film for variable times.  

2.6.3.5 Development step 

 
Further 4 washes were carried out at 10 minutes interval, immersed in an 

ECL plus detection solution (ECL Western Blotting Detection System, 

Amersham, Buckinghamshire, UK) for five minutes and drained of excess 

fluid. After wrapping in cling film, the membranes were exposed to a 

Kodak Biomax light film ECL hyperfilm in a cassette for 5 minutes followed 

by development in a Xograph Compact X4 automatic developer.  
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The expression of the protein could then be determined by comparing its 

size with the molecular ladder. 

2.6.3.6 Preparation of solutions/reagents 

 

Substance Volume 

Bis acrylamide 30 % 
(w/v) 

3.3 ml 

H2O 4.3 ml 

1.5 M Tris pH 8.8 2.5 ml 

10 % SDS 100 l 

10 % APS 100 l 

TEMED 14 l to be added prior to use only 

               Table 2.1: The constituents of the running gel 

 
Substance Volume 

Bis acrylamide 30 % 830 l 

H2O 2.8 ml 

0.5 M Tris pH 6.8 1.26 ml 

10 % APS 50 l 

10 % SDS 50 l 

TEMED 10 l to be added prior to use 
only 

                Table 2.2: The constituents of the stacking gel 

 
Substance Volume 

Glycine 144 g 

Tris base  30.3 g 

10 % SDS 10 ml 

                         Table 2.3: The constituents of the running buffer 

 
Substance Volume 

10 x Running buffer 100 ml 

Methanol 200 ml 

H2O 700 ml 

                         Table 2.4: The constituents of the transfer buffer 

APS, ammonium persulfate; SDS, sodium dodecyl sulfate; Tris, 
hydroxymethyl)aminomethane; TEMED, tetramethylethylenediamine,  
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Primary 
Antibody 

Blocking 
solution 

Blotting 
solution 

Primary 
antibody 
dilution 

Secondary 
antibody 
solution 

Secondary 
antibody 
dilution 

Anti-
CHOP 

5 % milk in 
T-TBS 

2.5 % milk 
in T-TBS 

1: 500 2.5 % milk 
in T-TBS 

1: 2,500 
 
 

Anti-
Actin 

5 % milk in 
T-TBS 

5 % milk 
in T-TBS 

1: 10,000 5 % milk in 
T-TBS 

1:  5,000 

 
Table 2.5: The antibody solutions (Santa Cruz, Insight Biotechnology,   
Wembley, UK; Upstate Biotechnology, UK) 

 

2.7 Ring experiments 

 
The effect of the Atripla components on endothelial function was 

measured ex vivo using rat aortic rings connected to a transducer, 

providing an indication of the increased cardiovascular risk posed by 

antiretrovirals. For the experiments, thoracic aortae were isolated from 

male Wistar rats (University of Sussex) after the removal of periadvential 

fat. For each experiment, on average, 12 rings were isolated from each 

aorta and placed in a 12-well plate containing the different drug solutions 

as well as the control.  

 
The rings were then incubated for 2, 4 and 6 hours and the transducer (IX-

1188) was prepared in order to measure the isometric tension of the rings 

following the incubation period. After each incubation period, the rings 

were hung in a standard temperature and gas equilibrated Krebs’ solution 

(Figure 2.4). The digital software used to visualise the tension curves was 

Chart version 5.2.2.  A dose response curve to phenylephrine was first 

obtained by adding increasing concentrations of phenylephrine at 90 

seconds intervals in order to pre-constrict the rings.  
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Then, increasing concentrations of Acetylcholine according to response were 

added to stimulate eNOS activity and induce vasorelaxation, thus 

determining the presence of any endothelial dysfunction following treatment 

with the different drugs. At least 6 rings per experimental treatment were 

combined and analysed for statistical significance.  

 

                               

Figure 2.4: Illustration of the rat aortic ring organ bath 

2.8 PARP assay 

 
Measurement of PARP activity was conducted by the measurement of 

tritiated incorporation of NAD+ as previously published (Mabley et al., 

2001). Briefly, 3H-NAD was added to the buffer, giving a final 

concentration of 0.5 µCi/ml. After the incubation period, the culture 

medium was discarded and hot buffer (500 l) was added to the wells and 

incubated for 15 minutes. The cells were then scraped from the wells and 

the solution transferred to Eppendorf tubes to which were added 200 l of 

ice cold 50 % trichloroacetic acid (w/v TCA) and refrigerated for 4 hours. 
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Following this incubation period, the tubes were centrifuged at maximum 

speed for ten minutes followed by two subsequent washes with 500 l ice-

cold 5 % TCA. After aspirating off the second TCA wash, 2 % SDS:0.1 M 

NaOH (250 l) was added and left overnight. The contents were 

transferred to 7 ml scintillation vials and 4 ml of Optiphase Scintillation 

fluid were added. Using a Beta Scintillation counter in Tritium spectrum, 

the samples were counted and the counts per minute used to express 

percentages of untreated control cells. 

 

2.9 Barrier function measurement 

 
In order to determine the effects of the various treatments on the 

transmembranal permeability, a barrier function assay was used. For this 

experiment, bEnd.3 cells were cultured on membrane inserts that were 

placed in 6 well plates. The plates were incubated at 37 C and 5 % CO2 

and regularly visualised under the microscope until a tight cell monolayer 

was formed. Following drug treatment for 24 hours, the cells in the top 

portion were treated with 2 ml of a 200 M albumin solution and 3 ml of 

non-albumin containing medium was placed in the bottom layer and left 

for 1 hour. Albumin levels were then determined in both top and lower 

solutions. The bromocresol green dye was made by mixing 25 ml of 1M 

NaOH with 600 ml of distilled water followed by the addition of 5.6 g 

succinic acid and 56 mg bromocresol powder. The volume was made up 

to 1000 ml with distilled water with pH 4.15.  
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2.10 Statistical analysis 

 
All data described in the text and figures are expressed as mean ± SEM 

(standard error of mean) for n observations. The commercially available 

software GraphPad Prism version 5.0 (GraphPad Software, Inc., San Diego, 

CA, USA) was used to graph and analyse data. When only 2 means were 

compared, an unpaired, two-tailed Student’s t-test was used. When more 

than 2 means were compared, a one-way analysis of variance (ANOVA) was 

performed, followed by a Dunnett’s post-hoc test to compare each mean to 

the control. When only 2 means were compared post-hoc, an unpaired, two-

tailed Student’s t-test was used, whereas Bonferroni adjustment was used 

for making post-hoc comparisons for more than 2 means. Least square 

regression was used to calculate the line of best fit for the standard curves.  

 
For the ring experiments, a two-way ANOVA was carried out, followed by 

Bonferroni’s adjustment. The effective dose producing 50% maximal 

relaxation (EC50) to ACh (log concentration) was calculated based on the 

curve fitting using log (inhibitor) vs. response variable slope (four 

parameters) with GraphPad Prism. A p-value of < 0.05 was accepted as 

statistically significant. 
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Chapter 3 

 

 

 

Atripla - mediated cytotoxicity and 

potential protective strategies in 

the myocardial cell line H9c2 
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3.1 Introduction 

 
The detrimental effects caused by HAART on cardiac cells have been well 

documented. Indeed, myocardial mitochondrial toxicity mediated by 

mitochondrial DNA depletion has been shown to alter myocardial function 

and structure (Dube et al., 2008; Lewis et al., 2006). The link between 

HAART and an increased risk of developing a myocardial infarction has 

been profoundly studied (Friis-Moller et al., 2007). 

 
H9c2 cardiomyocytes, an established cell line obtained from the 

embryonic rat ventricle is considered to be a good model to investigate the 

deleterious effects of pharmaceutical drugs on the heart. This 

immortalised cell line displays many of the myocardial cell characteristics, 

commonly used for cytotoxicity studies. The original BDIX clonal cell line 

was first described in 1976 by B. Kimes and B. Brandt and has since been 

used extensively in cardiovascular research, in particular because of the 

difficulty of isolated cardiac cells to replicate ex vivo (Kimes and Brandt, 

1976). The H9c2 cells are a valid model to study various conditions such 

as ischaemia/reperfusion and diabetes.  

 
Studies by L’Ecuyer et al. have shown that this cell line can be useful in 

elucidating free radical generation in cardiac injury (L'Ecuyer et al., 2001; 

L'Ecuyer et al., 2006).  PPAR receptor activation in H9c2 cells has been 

shown to play a role in the protection against oxidative stress-induced 

apoptosis.  
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With anti-retroviral drugs demonstrating an increased risk of 

cardiovascular complications, the work presented in this chapter 

investigates the direct effects of the Atripla components, efavirenz, 

emtricitabine and tenofovir on H9c2 cells. In addition, as H9c2 cells have 

PPAR- receptors, the protective effect of PPAR-γ agonists was also 

studied. 

 

3.2 Methods 

3.2.1 Treatment protocols  

 
In order to assess the effect of the different Atripla components on cellular 

functions, H9c2 cells were treated with increasing concentrations of the 

individual drugs efavirenz, emtricitabine and tenofovir.  The concentrations 

chosen were 3, 10, 30 and 100 M as they are clustered around the Cmax 

for each drug (efavirenz 12.9 M, emtricitabine 7.28 M and tenofovir 1.03 

M) (AIDSinfo, 2006).  Depending on the experiment, cells were treated 

with the drug for between 2 and 48h.  In some experiments, the H9c2 cells 

were treated with various pharmacological inhibitors of PARP (PJ-34 3 

µM), NF-B (QNZ 25, 50 and 100 nM and BAY 1, 3 and 10 M) and cJun 

NH2-terminal kinase (JNK) (SP600125 10, 25 and 50 M) to determine 

the role these play in any deleterious effects observed with the 

components of Atripla. 
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Rosiglitazone at 1, 3 or 10 µM was used to determine whether it was a 

potential therapeutic strategy to prevent cardiovascular side effects of any 

Atripla components.  In the majority of experiments, rosiglitazone was 

added simultaneously with the Atripla components but in a series of 

addition experiments, H9c2 cells were either pre-treated or post-treated 

with rosiglitazone.  The role of PPAR- and AMPK in the effects of 

rosiglitazone were investigated using specific inhibitors GW9662 (10M) 

for PPAR- and Compound C (2 µM) for AMPK as well as activators 

GW1929 for PPAR- and AICAR for AMPK. After the appropriate 

treatment protocols, the following cellular parameters were then 

measured: 

 

3.2.1.1 Cell viability 

 
The cell viability following exposure to the different treatments was 

measured using the MTT assay, which is a colorimetric assay as fully 

described in Chapter 2. 

 

3.2.1.2 Necrosis and apoptosis levels 

 
Cell death measurement was performed by morphological analysis using 

the HPI staining method, by which the relative numbers of live, apoptotic 

and necrotic cells were counted under a fluorescence microscope as 

previously described in Chapter 2. 
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3.2.1.3 Oxidative stress 

Levels of oxidative stress were measured using two assays. The MDA 

assay, a reliable method to evaluate the decomposition product of lipid 

peroxidation, specifically malondialdehyde (MDA) was performed as 

described in Chapter 2. The NBT assay is a reliable colorimetric assay 

used to detect the generation of superoxide anions as described in 

Chapter 2 and was used as an oxidative stress indicator. 

3.2.1.4 PARP activation 

 
PARP activation was measured by determining tritiated incorporation of 

NAD+ into cellular proteins following exposure to the individual treatments 

as fully mentioned in Chapter 2. 

3.2.1.5 Endoplasmic reticulum stress 

 
ER stress was measured by determining the protein expression of specific 

cellular markers C/EBP homologous protein (CHOP) using western 

blotting as described in Chapter 2.  Actin expression was used as a 

loading control. 

3.2.2 Statistical analysis 

 
Statistical analysis was performed using a one-way ANOVA and Student’s t-

test as fully described in Chapter 2. 
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3.3 Results 

3.4 The effect of the Atripla components on H9c2 cells 

 
Efavirenz was the only component of the Atripla pill to cause significant 

loss in cell viability with emtricitabine and tenofovir having no deleterious 

effect at the pharmacologically relevant concentrations. Efavirenz 

markedly reduced cell viability in a dose- and time dependent manner 

(Figure 3.1). 

 
Tenofovir and emtricitabine were also seen to cause a significant time-

dependent drop in cell viability but at a very unphysiological concentration 

(100 µM) (Figure 3.1).  

 
When HPI staining was performed on the cells, efavirenz was the only 

drug seen to increase levels of apoptosis and necrosis after 24 hours in a 

dose dependent fashion. With regards to the mode of cell death, the cells 

seemed to be equally affected by apoptosis and necrosis, suggesting the 

presence of both pathways. Exposure to increasing concentrations of the 

other two Atripla components emtricitabine and tenofovir did not have a 

marked effect on the cells (Table 3.1).  

 

Statistical analysis was performed using a one-way ANOVA, followed by 

Dunnett’s post-hoc test (vs. Control). Time-dependent comparisons 

between 24- and 48-hour treatments were performed using a two-way 

ANOVA, followed by Bonferroni’s adjustment. 
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A 

 
                                                                                                                                                                 
B 

 

  
Figure 3.1:  Effect of the Atripla components on H9c2 cell viability (MTT) 

after 24 (A) and 48 (B) hours. Cells were treated with increasing 
concentrations (3, 10, 30 and 100 µM) of the individual components efavirenz, 

emtricitabine and tenofovir. Data are expressed as mean  SEM of 4 
experiments (6 replicas per experiment). * p < 0.01 when compared with 
control heart myoblasts (untreated cells) and ∞p < 0.01 when the 24-hour 
treatment was compared with the 48-hour treatment.  
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A 
 

 Live Apoptotic Necrotic 

Control 98.50 ± 0.40 1.06 ± 0.15 0.80 ± 0.27 

3 µM efavirenz 91.86 ± 3.93 3.33 ± 1.40* 4.99 ± 3.50 

10 µM efavirenz 77.86 ± 5.79** 11.05 ± 4.39* 11.01 ± 4.96* 

30 µM efavirenz 60.29 ± 12.35** 17.92 ± 11.09* 21.79 ± 4.85** 

 
B 
 

 Live Apoptotic Necrotic 

Control 96.60 ± 0.22 1.86 ± 0.03 1.55 ± 0.19 

3 µM emtricitabine 95.96 ± 0.61 2.16 ± 1.01 1.89 ± 0.40 

10 µM emtricitabine 96.90 ± 0.06 1.64 ± 0.05 1.47 ± 0.11 

30 µM emtricitabine 97.17 ± 0.00 1.47 ± 0.47 1.36 ± 0.48 

 
C 
 

 Live Apoptotic Necrotic 

Control 96.85 ± 0.27 1.76 ± 0.61 1.40 ± 0.88 

3 µM tenofovir 97.11 ± 0.11 1.84 ± 0.01 1.05 ± 0.11 

10 µM tenofovir 97.06 ± 0.90 1.66 ± 0.04 1.30 ± 0.95 

30 µM tenofovir 96.85 ± 0.37 1.68 ± 0.00 1.48 ± 0.36 

 
Table 3.1: Effect of Atripla components on H9c2 cell death (HPI) after 24 

hours. Cells were treated with increasing concentrations (3, 10 and 30 µM) of 
the individual components efavirenz (A), emtricitabine (B) and tenofovir (C) for 

24 hours. Data are expressed as mean  SEM of 3 experiments (2 replicas 
per experiment). * p < 0.05 and ** p < 0.01 when compared with control heart 
myoblasts (untreated cells). 
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3.5 The role of oxidative stress in the efavirenz-induced loss of cell 

viability  

 
In order to detect oxidative stress generation by efavirenz, two assays 

were performed, namely NBT and MDA. Both assays were unable to fully 

confirm oxidative stress involvement in the cytotoxicity caused by 

efavirenz, despite a slight dose-dependent increase in MDA levels after 24 

hours (Figure 3.2). 

 
The NBT assay, despite showing a significant difference against untreated 

cells, was also inconclusive and further work will be needed to ascertain 

the involvement of oxidative stress in efavirenz-mediated cardiac cell 

dysfunction (Table 3.2). 

 

Statistical analysis was performed using a one-way ANOVA, followed by 

Dunnett’s post-hoc test (vs. Control). 
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Figure 3.2: MDA assay (oxidative stress) of efavirenz in H9c2 cells after 24 

hours. Cells were treated with increasing concentrations (3, 10 and 30 M) of 

efavirenz for 24 hours. Data are expressed as mean  SEM of 2 experiments 
(2 replicas per experiment). * p < 0.05 when compared with control heart 
myoblasts (untreated cells).  

 
 
 

 2h 4h 6h 

Control 100.00 ± 4.12 100.00 ± 1.83 100.00 ± 2.36 

10 M efavirenz 90.50 ± 2.57 84.24 ± 1.97* 90.02 ± 2.01* 

20 M efavirenz 94.22 ± 3.87 87.32 ± 2.36* 92.01 ± 3.68 

30 M efavirenz 106.89 ± 3.51 89.77 ± 2.98* 90.41 ± 1.23* 
 

Table 3.2: NBT assay (oxidative stress) of efavirenz in H9c2 cells. Cells were 

treated with increasing concentrations (10, 20 and 30 M) of efavirenz at 2, 4 

and 6 hours. Data are expressed as mean  SEM of 4 experiments (3 replicas 
per experiment). * p < 0.01 when compared with control heart myoblasts 
(untreated cells).  
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3.6 The role of PARP in the efavirenz-mediated loss of cell viability 

 
In order to determine the role of PARP in the cytotoxicity induced by 

efavirenz, a PARP assay was performed. PARP activation was detected 

in all three components of the Atripla pill. After a 4-hour exposure to 

efavirenz, emtricitabine and tenofovir (3, 10 and 30 M), only efavirenz 

was seen to cause a marked increase in PARP activation, suggesting an 

important role of PARP in the cytotoxicity seen in H9c2 cells. A 4-fold 

increase in PARP activity was seen with the highest concentration of 

efavirenz (30 M) when compared with untreated control cells (Figure 

3.3). 

 

The addition of the pharmacological PARP inhibitor PJ-34 (3 M) to 30 M 

efavirenz for 24 hours partially reversed the loss of cell viability caused by 

efavirenz on its own with a 1.5-fold increase in cell viability (Figure 3.4). 

Using HPI staining on the cells, PJ-34 was seen to reduce the number of 

apoptotic and necrotic cells seen with efavirenz exposure after 24 hours 

(Table 3.3). As a control, exposure of the cells to 3 M PJ-34 alone did not 

result in cytotoxicity. This was further confirmed by performing the PARP 

assay with 3 M PJ-34 on efavirenz-treated cells (30 M). The addition of 

PJ-34 markedly attenuated the 4-fold increase in PARP activity observed 

with efavirenz alone (Figure 3.5). 

Statistical analysis was performed using a one-way ANOVA, followed by 

Dunnett’s post-hoc test (vs. Control). In addition, an unpaired, two-tailed 

Student’s t-test was used for comparisons between efavirenz-treated cells 

and efavirenz-treated cells exposed to PJ-34.  
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Figure 3.3: Effect of the individual Atripla components on PARP activation 

(PARP assay). Cells were treated with increasing concentrations (3, 10 and 30 

M) of the individual Atripla components (A) efavirenz, (B) emtricitabine and (C) 
tenofovir for four hours. Only efavirenz caused a concentration dependent 

increase in PARP activation. Data are expressed as mean  SEM of 3 
experiments (3 replicas per experiment). * p < 0.01 when compared with control 
heart myoblasts (untreated cells).  

* 

* 
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Figure 3.4: Effect of PARP inhibitor PJ-34 on efavirenz-mediated loss of 

H9c2 cell viability after 24 hours. Cells were treated with 30 µM efavirenz, 
causing significant loss of cell viability which was partially reversed using 3 µM 

PJ-34. Data are expressed as mean  SEM of 4 experiments (6 replicas per 
experiment). * p < 0.01 when compared with control heart myoblasts 
(untreated cells) and # p < 0.01 when compared with efavirenz-treated cells .  

 
 
 

  Live Apoptotic Necrotic 

Control 98.15 ± 0.34 0.72 ± 0.23 1.13 ± 0.11 

30 M efavirenz   84.67 ± 4.17* 5.93 ± 1.95* 9.40 ± 0.92* 

30 M efavirenz +3 M PJ-34 94.85 ± 1.45 2.13 ± 0.54*# 3.02 ± 0.92*# 

3 M PJ-34 97.99 ± 0.32 1.15 ± 0.16 0.86 ± 0.19 

 
Table 3.3: Effect of PARP inhibitor PJ-34 on efavirenz-mediated cell death 

after 24 hours. Cells were treated with 30 µM of efavirenz, causing significant 
cell death. The addition of 3 µM PJ-34 decreased the number of apoptotic and 

necrotic cells. Data are expressed as mean  SEM of 3 experiments (2 
replicas per experiment). * p < 0.05 when compared with control heart 
myoblasts (untreated cells) and # p < 0.05 when compared with efavirenz-
treated cells . 
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Figure 3.5: Effect of PJ-34 on efavirenz-mediated PARP overactivation. 

Cells were treated with 30 M efavirenz for 4 hours. The addition of 3 M PJ-
34 markedly attenuated the efavirenz-mediated increase in PARP activity. 

Data are expressed as mean  SEM of 3 experiments (3 replicas per 
experiment). * p < 0.01 when compared with control heart myoblasts 
(untreated cells) and # p < 0.01 when compared with efavirenz-treated cells.  
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3.7 The involvement of ER stress in the efavirenz-mediated loss of cell 

viability 

 
In order to determine the role of ER stress in the efavirenz-mediated 

cytotoxicity, a series of western blots was carried out in H9c2 cell cultures 

treated with efavirenz and tunicamycin for 24 hours and the membranes 

blotted against the ER stress marker CHOP. 

 

Exposure to increasing concentrations (3, 10 and 30 M) of efavirenz for 

24 hours was shown to dose-dependently increase CHOP expression, 

thus suggesting an additional mechanism of toxicity of efavirenz-mediated 

cytotoxicity. Compared to untreated control cells, 30 M efavirenz was 

shown to markedly increase CHOP expression (Figure 3.6). The other two 

components of Atripla, emtricitabine and tenofovir showed no effect (Data 

not shown).  

 
Exposure to the known ER stress inducer tunicamycin (positive control) at 

10 M produced a 3-fold increase in CHOP levels when compared to 

untreated control cells. The results obtained with efavirenz were similar 

with a nearly 3-fold increase in the ER stress marker (Figure 3.6 B). Actin 

was used as a positive control as the values were normalised based on 

the actin readings. This is important to correct for the total amount of 

protein on the membrane in case of errors. 

Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s post-hoc test (vs. Control). 
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Figure 3.6: CHOP expression in H9c2 cells treated with increasing 

concentrations (3, 10 and 30 µM) of efavirenz for 24 hours. (A) representative 
Western blot images and (B) densitometric analysis. Data are expressed as 

mean  SEM of 5 experiments. * p < 0.05 and ** p < 0.01 when compared 
with control heart myoblasts (untreated cells). 
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3.8 The activation of NF-B and JNK by efavirenz  

 
In order to investigate the role of NF-κB and c-Jun N-terminal kinase 

(JNK) in the cytotoxicity caused by efavirenz, potent inhibitors were used. 

QNZ (6-Amino-4-(4-phenoxyphenylethylamino)quinazoline), which 

displays a potent inhibitory effect on both NF-κB transcriptional activity 

and TNF-α production was shown to cause no effect when added to 

efavirenz in increasing concentrations (Table 3.4). Similarly, BAY ((2E)-3-

[[4-(1,1-Dimethylethyl)phenyl]sulfonyl]-2-propenenitrile), which is a specific 

NF-κB inhibitor, has shown no significant effect when added to efavirenz 

(Table 3.5).  

 
SP600125, which is a selective and reversible inhibitor of JNK, was shown 

to cause no significant effect when added to 30 µM efavirenz (Table 3.6).  

 
Surprisingly, all the inhibitors were seen to cause significant toxicity on 

their own, which may be a confounding factor in the results observed and 

more direct measurements may be required.  

 
Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s post-hoc test (vs. Control). In addition, Bonferroni’s correction 

was used for comparisons between efavirenz-treated cells and efavirenz-

treated cells exposed to the inhibitors. 
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QNZ efavirenz 

 0 M 30 M 

0  100 ± 1.78 30.30 ± 0.52* 

25 nM 88.66 ± 0.80* 29.12 ± 0.50* 

50 nM 88.73 ± 0.76* 29.54 ± 0.89* 

100 nM 85.98 ± 0.51* 30.38 ± 0.56* 

 
Table 3.4: Effect of NF-ΚB inhibitor QNZ on efavirenz-mediated loss of H9c2 

cell viability after 24 hours. Cells were treated with 30 µM of efavirenz, 
causing significant loss of cell viability. The addition of increasing 
concentrations (25, 50 and 100 nM) of QNZ did not show a significant 

difference compared to efavirenz alone. Data are expressed as mean  SEM 
of 3 experiments (6 replicas per experiment). * p < 0.01 when compared with 
control heart myoblasts (untreated cells).  

 
BAY efavirenz 

 0 M 30 M 

0  100 ± 1.09 27.51 ± 0.47* 

1 M 88.05 ± 0.95* 28.29 ± 0.33* 

3 M 52.87 ± 1.04* 26.31 ± 0.54* 

10 M 26.52 ± 0.48* 24.48 ± 0.55*# 

 
Table 3.5: Effect of NF-ΚB inhibitor BAY on efavirenz-mediated loss of H9c2 

cell viability after 24 hours. Cells were treated with 30 µM of efavirenz, 
causing significant loss of cell viability. The addition of increasing 
concentrations (1, 3 and 10 µM) of BAY did not show a significant difference 

compared to efavirenz alone. Data are expressed as mean  SEM of 4 
experiments (6 replicas per experiment). * p < 0.01 when compared with 
control heart myoblasts (untreated cells) and # < 0.01 when compared with 
efavirenz-treated cells.  

 
SP600125 efavirenz 

 0 M 30 M 

0  100 ± 1.17 39.44 ± 1.34* 

10 M  92.79 ± 1.26* 37.86 ± 0.72* 

25 M 89.40 ± 1.27* 36.18 ± 0.97 * 

50 M 60.06 ± 1.14* 34.13 ± 1.02* 

 
Table 3.6: Effect of JNK-inhibitor SP600125 on efavirenz-mediated loss of 

H9c2 cell viability after 24 hours. Cells were treated with 30 µM of efavirenz, 
causing significant loss of cell viability. The addition of increasing 
concentrations (10, 25 and 50 µM) of SP600125 did not show a significant 

difference compared to efavirenz alone. Data are expressed as mean  SEM 
of 3 experiments (6 replicas per experiment). * p < 0.01 when compared with 
control heart myoblasts (untreated cells).  
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3.9 The protection of rosiglitazone against efavirenz-mediated 

cytotoxicity 

 

The addition of rosiglitazone (1, 3 and 10 M) to efavirenz (30 and        

100 M) for 24 hours was shown to dose-dependently protect against 

efavirenz-mediated loss of cell viability (Figure 3.7). As a control, 

rosiglitazone on its own at the highest concentration (10 M) was not 

shown to cause any cytotoxicity after 24 hours. Similar experiments have 

been carried out with pioglitazone at the same concentrations used with 

rosiglitazone and resulted in protection against efavirenz, suggesting a 

drug class-specific protective effect and not a rosiglitazone - specific effect 

(data not shown). Using HPI staining, rosiglitazone was shown to 

decrease apoptosis and necrosis triggered by efavirenz after 24 hours 

(Table 3.7).  

 
Cells were also pre-treated with rosiglitazone over a time period of 8 

hours, followed by the removal of rosiglitazone and the addition of 

efavirenz at 30 M (Figure 3.8).  There was no protective effect when a 

24-hour pre-treatment with rosiglitazone was performed (data not shown). 

Post-treatment consisted of treating the cells with rosiglitazone up to 10 

hours after the start of efavirenz exposure, which still protected the cells 

against efavirenz-mediated loss of cell viability (Figure 3.8).  
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The effect of rosiglitazone on efavirenz-mediated PARP overactivation 

was also assessed. 30 µM efavirenz was shown to cause an over 4-fold 

increase in PARP activity after 4 hours, which was dose-dependently 

attenuated by the addition of rosiglitazone with its maximal concentration 

(10 µM) causing a 50 % drop in PARP activity compared to H9c2 cells 

exposed to efavirenz on its own. As a control, 10 µM rosiglitazone was 

shown to cause no increase in PARP activity, similar to untreated cells 

(Figure 3.9). 

 

The western blotting was performed on H9c2 cells exposed to 30 M 

efavirenz in the presence and absence of rosiglitazone (3 and 10 M), 

showing a 50 % drop in the expression of the ER stress marker CHOP 

triggered by 30 M efavirenz (Figure 3.10).  

 
Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s post-hoc test (vs. Control) and Bonferroni’s adjustment to 

compare efavirenz-treated cells with efavirenz-treated cells exposed to 

rosiglitazone. 
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Figure 3.7: Effect of rosiglitazone on efavirenz-mediated loss of H9c2 cell 

viability after 24 hours. Cells were treated with 30 and 100 µM of efavirenz 
with the addition of increasing concentrations (1,3 and 10 µM) of rosiglitazone 

for 24 hours. Data are expressed as mean  SEM of 4 experiments (6 replicas 
per experiment). * p < 0.01 when compared with control heart myoblasts 
(untreated cells) and  # p < 0.05 and ## p < 0.01 when compared with 
efavirenz-treated cells.  
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 Live Apoptotic Necrotic 

Control 96.42 ± 0.15 1.48 ± 0.56 2.10 ± 0.23 

30 M efavirenz 75.44 ± 0.12* 9.74 ± 1.25* 14.82 ± 0.52* 

30 M efavirenz + 

3 M rosiglitazone 94.02 ± 1.02 *# 2.30 ± 0.53* 3.68 ± 1.45*# 

30 M efavirenz +         

10 M rosiglitazone 95.45 ± 1.93* 1.44 ± 0.49 2.14 ± 0.76 # 

10 M rosiglitazone 95.45 ± 2.10 1.41 ± 0.23 3.14 ± 0.21 

 
Table 3.7: Effect of rosiglitazone on efavirenz mediated H9c2 cell death after 

24 hours. Cells were treated with 30 µM of efavirenz in the presence and 

absence of rosiglitazone (3 or 10 µM). Data are expressed as mean  SEM of 
3 experiments (2 replicas per experiment). * p < 0.01 when compared with 
control heart myoblasts (untreated cells) and # p < 0.05 when compared with 
efavirenz-treated cells.  
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Figure 3.8: Effect of (A) pre- and (B) post treatment with 3 µM rosiglitazone 

on efavirenz-mediated loss of H9c2 cell viability. (A) Cells were pre-treated 
with rosiglitazone over a time period of 8 hours, followed by the removal of 
rosiglitazone and the addition of 30 µM efavirenz. (B) Cells were treated with 
rosiglitazone up to 10 hours after the start of efavirenz exposure (30 µM), 
shown to still being able to provide protection against efavirenz-mediated loss 

of cell viability. Data are expressed as mean  SEM of 3 experiments (6 
replicas per experiment). * p < 0.01 when compared with control heart 
myoblasts (untreated cells).  
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Figure 3.9: Effect of rosiglitazone on efavirenz-mediated PARP 

overactivation. Cells were treated with 30 M efavirenz for 4 hours. The 

addition of increasing concentrations (1, 3 and 10 M) rosiglitazone markedly 
attenuated the efavirenz-mediated increase in PARP activity. Data are 

expressed as mean  SEM of 3 experiments (3 replicas per experiment). * p < 
0.01 when compared with control heart myoblasts (untreated cells) and # p < 
0.05 and ## p < 0.01 when compared to efavirenz-treated cells.  
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Figure 3.10: CHOP expression in H9c2 cells treated with 30 M of efavirenz  

in the presence and absence of 3 and 10 M rosiglitazone for 24 hours. (A) 
representative Western blot images and (B) densitometric analysis. Data are 

expressed as mean  SEM of 4 experiments. * p < 0.01 when compared with 
control heart myoblasts (untreated cells) and # p < 0.05 when compared with 
efavirenz-treated cells.  
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3.10 The mechanism of protection of rosiglitazone against efavirenz-

mediated loss of cell viability 

 

Using a pharmacological inhibitor of PPAR- (GW9662) at 10 M, the 

rosiglitazone-mediated protection (3 M) against 30 M efavirenz was 

seen to be blocked, suggesting a PPAR--dependent mechanism of 

protection (Figure 3.11).  

 

In order to confirm this, a pharmacological agonist of PPAR- was used 

(GW1929) at increasing concentrations (1, 3 and 10 M) (Figure 3.12). At 

the concentrations used, GW1929 was not shown to confer protection 

against efavirenz-mediated cell damage. Neither the antagonist nor the 

agonist on their own showed any sign of toxicity in the H9c2 cells. 

 
The addition of the pharmacological antagonist of AMPK (Compound C) at 

2 M to 30 M efavirenz was not seen to block the rosiglitazone-mediated 

protection (3 M), suggesting an AMPK independent mechanism of 

protection (Figure 3.13). Again, in order to confirm this, a pharmacological 

activator of AMPK was used (AICAR) at increasing concentrations (0.1, 

0.25 and 0.5 mM), similar to the ones used on H9C2 cells previously 

(Stuck et al., 2008), however no protection as seen with rosiglitazone was 

observed after 24 hours (Table 3.8).  

 
Similarly, using HPI staining, the pharmacological inhibitors GW9662 

(PPAR-γ) and Compound C (AMPK) failed to significantly block the 

protection seen with rosiglitazone against efavirenz-mediated increase in 

apoptotic and necrotic cells (Table 3.9 and 3.10).  
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Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s post-hoc test (vs. Control) and Bonferroni’s adjustment to 

compare efavirenz-treated cells with efavirenz-treated cells exposed to 

rosiglitazone and GW9662/Compound C or with efavirenz-treated cells 

exposed to GW1929/AICAR. 
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Figure 3.11: Effect of PPAR- antagonist GW9662 on rosiglitazone-

mediated protection against efavirenz-induced loss of H9c2 cell viability after 
24 hours. Cells were treated with 30 µM of efavirenz, causing significant loss 
of cell viability, partly reversed by the addition of 3 µM rosiglitazone. The 
addition of 10 µM GW9662 was shown to block that protection. Data are 

expressed as mean  SEM of 5 experiments (6 replicas per experiment). * p < 
0.01 when compared with control heart myoblasts (untreated cells) and # p < 
0.01 when compared with efavirenz-treated cells and  ∆ p < 0.01 when 
compared with efavirenz-treated cells exposed to rosiglitazone.  
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Figure 3.12: Effect of PPAR- agonist GW1929 on efavirenz-mediated loss 

of H9c2 cell viability after 24 hours. Cells were treated with 30 µM of 
efavirenz, causing significant loss of cell viability. The addition of increasing 
concentrations (1, 3 and 10 µM) of GW1929 did not show to confer the 
protection seen with rosiglitazone after 24 hours. Data are expressed as mean 

 SEM of 3 experiments (6 replicas per experiment). * p < 0.01 when 
compared with control heart myoblasts (untreated cells). 
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Figure 3.13: Effect of AMPK-antagonist Compound C on rosiglitazone-

mediated protection against efavirenz-induced loss of cell viability after 24 
hours. Cells were treated with 30 µM efavirenz, causing significant loss of cell 
viability, partly reversed by the addition of 3 µM rosiglitazone. The addition of 
2 µM Compound C was not shown to block that protection. Data are 

expressed as mean  SEM of 4 experiments (6 replicas per experiment). * p < 
0.01 when compared with control heart myoblasts (untreated cells) and # p < 
0.01 when compared with efavirenz-treated cells. 
 
  

 
 
AICAR efavirenz 

 0 M 30 M 

0  100 ± 1.19 32.86 ± 0.62** 

0.1 mM 78.04 ± 1.35** 35.76 ± 0.68**# 

0.25 mM 75.97 ± 1.49** 34.90 ± 0.83** 

0.5 mM 69.80 ± 1.74* 34.96 ± 0.90** 

 
 

Table 3.8: Effect of AMPK-agonist AICAR on efavirenz-mediated loss of 

H9c2 cell viability after 24 hours. Cells were treated with 30 µM of efavirenz, 
causing significant loss of cell viability. The addition of increasing 
concentrations (0.1, 0.25 and 0.5 mM) of AICAR was not shown to confer the 

protection seen with rosiglitazone. Data are expressed as mean  SEM of 3 
experiments (6 replicas per experiment). * p < 0.05 and ** p < 0.01 when 
compared with control heart myoblasts (untreated cells) and # < 0.01 when 
compared to efavirenz-treated cells.  
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 Live Apoptotic Necrotic 

Control 98.66 ± 0.25 0.73 ± 0.09 0.57 ± 1.45 

30 M efavirenz 80.75 ± 3.00** 6.94 ± 0.94** 12.3 ± 2.34** 

30 M efavirenz +               

3 M rosiglitazone 94.02 ± 1.02**# 2.30 ± 0.53**# 3.68 ± 1.54**# 

30 M efavirenz +               

3 M rosiglitazone +         

10 M GW9662 93.07 ± 1.13**# 1.04 ± 0.20## 5.89 ± 1.09** 

30 M efavirenz +             

10 M GW9662 89.70 ± 5.99** 2.64 ± 1.45*# 7.66 ± 4.53** 

10 M GW9662 96.76 ± 0.81*## 1.49 ± 0.53*## 1.40 ± 0.41*# 

 
Table 3.9: Effect of PPAR- antagonist GW9662 on rosiglitazone-mediated 

protection against efavirenz-induced H9c2 cell death after 24 hours. Cells 
were treated with 30 µM of efavirenz, significantly causing cell death, partly 
reversed by the addition of 3 µM rosiglitazone, protection not blocked by the 

addition of GW9662 after 24 hours. Data are expressed as mean  SEM of 3 
experiments (2 replicas per experiment). * p < 0.05 and ** p < 0.01 when 
compared with control heart myoblasts (untreated cells) and # p < 0.05 and ## 
p < 0.01 when compared with efavirenz-treated cells. 

 
 

 Live Apoptotic Necrotic 

Control 98.66 ± 0.25 0.73 ± 0.09 0.57 ± 1.45 

30 M efavirenz 80.75 ± 3.00** 6.94 ± 0.94** 12.3 ± 2.34** 

30 M efavirenz +         

3 M rosiglitazone 94.02 ± 1.02**# 2.30 ± 0.53**# 3.68 ± 1.54**# 

30 M efavirenz +         

3 M rosiglitazone +    

2 M Compound C 87.49 ± 4.20** 4.03 ± 1.30** 8.49 ± 3.11** 

30 M efavirenz +         

2 M Compound C 88.31 ± 3.55** 3.90 ± 1.60** 7.79 ± 2.16** 

2 M Compound C 97.39 ± 0.52*## 1.16 ± 0.18*## 1.44 ± 0.38*# 

 
Table 3.10: Effect of AMPK antagonist Compound C on rosiglitazone-
mediated protection against efavirenz-induced H9c2 cell death after 24 hours. 
Cells were treated with 30 µM efavirenz, significantly causing cell death, partly 
reversed by the addition of 3 µM rosiglitazone, protection not blocked by the 

addition of Compound C after 24 hours. Data are expressed as mean  SEM 
of 3 experiments (2 replicas per experiment). * p < 0.05 and ** p < 0.01 when 
compared with control heart myoblasts (untreated cells) and # p < 0.05 and ## 
p < 0.01 when compared with efavirenz-treated cells.  
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3.11 Discussion 

 
We have found for the first time that only the efavirenz component of 

Atripla caused significant H9c2 cell injury, with emtricitabine and tenofovir 

showing no deleterious effect. The loss of cell viability mediated by 

efavirenz was dose- and time dependent. Efavirenz, dose-dependently 

increased levels of both apoptosis and necrosis in cardiomyocytes. The 

damaging effects of efavirenz were shown to trigger an increase of the 

DNA repair enzyme PARP as well as increased cellular ER stress, both of 

which can be induced by oxidative stress. This suggested that the 

efavirenz-mediated dysfunction might be triggered by oxidative/nitrosative 

stress. In addition, many reports have previously linked the cardiotoxicity 

caused by highly active antiretroviral agents to oxidative stress (Day and 

Lewis, 2004; Hulgan et al., 2003). Similar mitochondrial toxicity has been 

seen in treatment naïve patients, suggesting that HIV per se could 

contribute to the toxicity observed (Fiala et al., 2004). Previously, a link 

between HAART, specifically protease inhibitors and ER stress induction 

has been established in hepatocytes (Cao et al., 2010). 

 
In this study, however, the assays used to investigate whether efavirenz 

increases oxidative/nitrosative stress proved inconclusive on the H9c2 cell 

line and further work will be required to determine whether the activation 

of PARP and/or the induction of ER stress in cardiomyocytes by efavirenz 

are mediated by increased oxidative stress.  
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Efavirenz belongs to the NNRTI class of antiretroviral agents and works 

by directly binding to the HIV reverse transcriptase enzyme, causing 

termination of the DNA chain elongation (de Bethune, 2010). HIV-infected 

individuals display both loss of mitochondrial membrane potential and an 

increase in reactive oxygen species production (Kakuda, 2000). Unlike the 

NRTI’s which competitively inhibit the viral reverse transcriptase and 

thereby also inhibit the mitochondrial DNA pol-, the NNRTI’s have shown 

either no or very weak inhibitory activity against DNA pol-, suggesting 

that the efavirenz-mediated toxicity may be caused by an alternative 

mechanism (Lewis et al., 2003), possibly by an increase in oxidative 

stress.  

 
A recent study has shown that efavirenz directly affected the 

mitochondria, caused loss of mitochondrial membrane potential and an 

increase in superoxide levels in hepatic cells, as well as rejecting the 

mitochondrial DNA pol- hypothesis seen with NRTI’s (Apostolova et al., 

2010).  

 
It is known that HAART and/or HIV per se can cause other mitochondrial 

changes, such as alterations in oxidative phosphorylation enzyme 

activities including loss of cytochrome c oxidase, exhibiting enhanced 

anaerobic ATP synthesis, leading to lactic acid production or changes in 

expression of uncoupling proteins without mtDNA depletion (Badley et al., 

2003; Gerschenson et al., 2001). Efavirenz was found to increase 

activation PARP in cardiac myocytes, an effect that has been observed 

with an older anti-retroviral drug AZT (Szabados et al., 1999).  
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AZT has also been shown to increase PARP activation in heart cells 

(previous own data). However, emtricitabine and tenofovir had no effect 

on PARP activation in H9c2 cells.  

 
PARP is a DNA repair enzyme, which can be over activated in response 

to DNA single strand breaks caused by significant cellular insults such as 

oxidative stress, triggering an energy consuming cycle, depleting NAD+ 

and ATP and eventually resulting in cell death.  PARP, when bound to 

damaged DNA, cleaves NAD+ into nicotinamide and ADP-ribose, using 

the latter to form branched nucleic acid-like polymers poly (ADP-ribose) 

covalently attached to nuclear proteins (Virag, 2005).   

 
Overactivation of PARP can lead to serious cell dysfunction, particularly in 

the cardiovascular system where it has been shown to play a critical role 

in myocardial and endothelial dysfunction in ageing, diabetes and septic 

shock (Pacher and Szabo, 2007). Indeed, hyperglycemia-induced 

mitochondrial formation of reactive oxygen intermediates and PARP 

overactivation have been shown to be key events in the pathogenesis of 

diabetic endothelial dysfunction (Mabley and Soriano, 2005).  This 

dysfunction stems from cellular depletion of NAD+ and ATP, which can 

influence the activity of essential enzymes such as nitric oxide synthase, 

and those of the electron transport chain.  PARP activation can also affect 

cellular gene expression increasing activities of transcription factors such 

as NF-B and AP-1 leading to a pro-inflammatory response of the cells 

(Aguilar-Quesada et al., 2007; Oliver et al., 1999).  
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In our study, however, the NF-B inhibitors BAY and QNZ proved 

inconclusive in establishing involvement in the loss of cell viability caused 

by efavirenz.  As these pharmacological inhibitors also proved to be fairly 

toxic in our system, more direct measurements of second messenger 

activation are needed to characterise the effect of efavirenz. 

 
As well as the functional cellular effects, PARP overactivation can also 

result in increased cell death by both apoptosis and necrosis.  Necrosis 

results from the energy depletion leading to activation of the necrotic 

pathway.  Apoptosis results from mitochondrial release of cytochrome C 

and AIF, the latter mediated by the poly ADP-ribose polymers, resulting in 

caspase-3 activation and eventually leading to apoptotic cell death (Pieper 

et al., 1999). This is in agreement with a recent study concluding that 

efavirenz induced apoptosis in hepatic cells via the mitochondrial 

pathway, with activation of caspase-3 and -9 but not caspase-8, as well as 

cytochrome c and AIF (Apostolova et al., 2010).  HIV-1 and glycoprotein 

120 (gp120) have been shown to cause significant damage in the 

cardiovascular system by inducing apoptosis in cardiomyocytes and 

endothelial cells (Fiala et al., 2004).  

 
Several groups have reported that PARP inhibitors such as 3-

aminobenzamide and PJ-34 could directly protect rat cardiomyoblasts in 

vitro against oxidative stress (Bowes et al., 1999; Fiorillo et al., 2006), 

concluding that oxidant-induced PARP overactivation is involved in the 

cytotoxicity observed in rat heart cells.   
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We also found that PJ-34 was able to reduce the PARP activation 

associated with efavirenz exposure and also reduce both the necrosis and 

apoptosis levels. This suggests that efavirenz-mediated damage to H9c2 

cells is mediated at least in part by an increase in DNA single strand 

breaks leading to overactivation of PARP.  The inability for both 

emtricitabine and tenofovir to activate PARP may explain why these anti-

retroviral agents have no effect on H9c2 cell viability. 

 
Previous work involving unsaturated fatty acids proposed that the damage 

caused by efavirenz might be triggered by oxidative stress with 

subsequent ER stress induction (previous own data). ER stress is a 

cytoprotective mechanism in response to cellular insults, resulting in 

misfolded or unfolded proteins, inhibiting protein synthesis to allow for cell 

recovery. If however, the stimulus such as oxidative stress is too 

significant, the UPR caused by the ER stress then ultimately triggers a 

pro-apoptotic response.  This pro-apoptotic response has been linked to 

the activation of second messenger systems such as JNK and ultimately 

increased expression and activity of the pro-apoptotic protein CHOP 

(Oyadomari and Mori, 2004).  

 
Treatment of the H9c2 cells with efavirenz increased CHOP expression, a 

marker for ER stress. This is the first time that this has been observed 

with highly active antiretroviral agents and may provide an explanation as 

to why these agents cause cardiovascular dysfunction as well as being a 

prospective screening tool for potential cardiotoxicity of new anti-retroviral 

agents being developed.   
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Figure 3.14: ER-stress induced apoptosis pathway 
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As there is a central role of second messenger systems in both PARP 

activation and ER stress mediated dysfunction we pharmacologically 

looked at the key pathways and their role in efavirenz mediated H9c2 cell 

dysfunction.  JNK activation is thought to be involved in the apoptotic 

process following ER stress (Figure 3.14), however, no effect of the 

pharmacological JNK inhibitor SP600125 was observed on efavirenz-

mediated loss of cell viability. Similarly, some groups have suggested a 

major role of PARP in the regulation of gene expression (Bakondi et al., 

2002; Virag and Szabo, 2002), a key transcription factor regulating the 

expression of inflammatory mediators such as chemokines  

 
Rosiglitazone is an antidiabetic medication that belongs to the 

thiazolidinediones. It exerts its blood glucose regulating effect through the 

activation of PPAR- and AMPK cellular signaling pathways (Ceolotto et 

al., 2007). A number of studies have shown rosiglitazone to be 

cardioprotective in pathologies mediated by oxidative stress such as 

ischaemia/reperfusion injury (Yue et al., 2008). At the end of 2010, the 

drug was eventually withdrawn from the European market following 

reports of increased risk of MI in diabetic patients. In the U.S., it still 

remains available subject to restrictions (EMA assessment report, 2010). 

Another thiazolidinedione pioglitazone is still widely prescribed and was 

shown to be equally protective (data not shown). 
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The simultaneous addition of rosiglitazone (1, 3 or 10 M) to H9c2 cells 

treated with efavirenz was able to protect against efavirenz-mediated loss of 

cell viability and reduce apoptosis and necrosis at pharmacological levels. In 

addition, pioglitazone has been studied in the same manner as rosiglitazone 

and has shown similar effects, suggesting a class- and not a drug specific 

protective effect (data not shown). Delaying the application of rosiglitazone 

by up to 10 hours after efavirenz exposure was still able to provide significant 

protection against loss of cell viability suggesting that its actions were on 

later components of the efavirenz-activated pathways.  

 
Pre-treatment with rosiglitazone by up to 24 hours, however, was not shown 

to be protective against efavirenz-mediated loss of cell viability ruling out 

possible rosiglitazone effects on gene transcription or protein expression 

resulting in the H9c2 cells becoming more resistant to toxic insults such as 

efavirenz.  

 
The protective effects of rosiglitazone have essentially been linked to the 

activation of PPAR-γ and AMPK. PPAR-γ is a nuclear ligand-activated 

transcription factor that regulates the target gene expression. It forms a 

heterodimer with a second receptor known as RXR, which upon binding with 

the ligand causes a conformational change, recruiting transcriptional co-

activators such as AP-1 and NF-κB, leading to gene transcription (Ryan et 

al., 2004).  
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Pharmacological activation of PPAR-γ by the agonist GW1929 showed no 

effect when added to efavirenz-treated cells. The PPAR-γ inhibitor 

GW9662, on the other hand, showed significant difference when 

compared with the H9c2 cells exposed to both efavirenz and rosiglitazone, 

which may indicate a PPAR-γ dependent mechanism of protection.  

 
In the cell death assay, GW9662 seemed to confer protection when added 

to efavirenz, which may be a confounding factor. Due to this inconsistency 

in results, this specific PPAR-γ inhibitor may not be ideal for determining 

the involvement of PPAR-γ in the protection offered by rosiglitazone.  

 
Pharmacological activation of AMPK by AICAR proved to be ineffective in 

mimicking the protection observed with rosiglitazone and very damaging 

on its own, which may also have been a confounding issue. The 

pharmacological inihibitor of AMPK (Compound C) did not have an effect 

on the protective effect mediated by rosiglitazone, concluding an AMPK-

independent effect. However, rosiglitazone dose dependently inhibited 

efavirenz-mediated increase in PARP activity.  

 

 

 

 

 

 

 
 



140 

 

As inhibition of PARP proved at least partially effective in protecting cell 

viability and reducing both necrosis and apoptosis following efavirenz 

exposure this may be one possible protective mechanism by which 

rosiglitazone exerts its protective effect. Looking at the structure of 

rosiglitazone (Figure 3.15) and comparing it to known pharmacological 

inhibitors of PARP (Figure 3.16), there are similarities in the functional 

groups and as other drugs available on the market such as cilostazol have 

been recently shown to have direct PARP inhibitory activity so it is not 

inconceivable that rosiglitazone may also be a direct inhibitor of PARP.   

Figure 3.15: The chemical structure of rosiglitazone 

 (www.rxlist.com/avandia-drug.htm, accessed 27th June 2011) 

 

PJ-34 

Figure 3.16: The chemical structure of the PARP inhibitor PJ-34  

(www.chemicalbook.com, accessed 27th June 2011) 

 

http://www.rxlist.com/avandia-drug.htm
http://www.chemicalbook.com/
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Interestingly, we also found that rosiglitazone reduced the efavirenz-

mediated increase in ER stress.  This is the first time that rosiglitazone 

has been shown to inhibit ER stress and it may explain some of its 

protective effects.  As ER stress can lead to apoptosis, inhibition of this 

process by rosiglitazone may explain the observed protective effect.  

 
ER stress is a relatively late event usually starting from 12h after the 

insult, supporting the results we observed with rosiglitazone still 

providing significant protection when added up to 10 hours after the 

start of the efavirenz exposure.  Use of chemical ER chaperones or 

siRNA techniques to block CHOP activation would provide a fuller 

picture of the role of ER stress in efavirenz-mediated damage and 

whether this is the key process which rosiglitazone inhibits and 

provides protection. 

 
In conclusion, efavirenz is the only component of Atripla that causes 

direct myocardial cell damage likely mediated by cellular PARP and ER 

stress activation. The protection we observed with rosiglitazone again 

appeared to be through prevention of the PARP and ER stress 

activation with the subsequent activation of apoptosis, though in a 

PPAR--dependent and AMPK independent manner.  It is unclear 

whether PARP activation and ER stress are linked in some way and 

whether PARP activation can lead to ER stress or vice versa, it may be 

that rosiglitazone inhibition of one of these processes affects the other 

and further characterisation of the protective effects of rosiglitazone is 

required to definitely identify its mechanism of action. 
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Chapter 4 

 

 

 

Atripla - mediated cytotoxicity in rat 

aortic endothelial cells and in the 

human umbilical vein endothelial 

cell line EA.hy926   
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4.1 Introduction 

 
Many studies have shown a prognostic link between endothelial cell 

dysfunction and the development of cardiovascular disease such as 

hypertension, atherosclerosis and heart failure. Direct effects caused by 

HAART on the vasculature have been reported (Dube et al., 2008). It is well 

known that HAART has been linked with an increased risk in cardiovascular 

side effects but no direct cardiovascular studies of the effects of the Atripla 

components have been documented.  The rat aortic rings used in the present 

project were thus a valid experimental model to study the effects of the 

different antiretroviral drugs on the endothelial cell function. In order to 

further confirm the findings, the human umbilical vein endothelial cell line 

EA.hy926 was used. Those cells are derived by the fusion of primary 

umbilical vein cells with a permanent human cell line (A549) and by exposure 

to polyethylene glycol. A study by Ahn et al. concluded that EA.hy926 cells 

preserved all the characteristics of endothelin converting enzyme (Ahn et al., 

1996). Endothelial function can be measured using ex vivo rat aortic rings as 

well as cultured endothelial cells. Female HIV patients are reported to exhibit 

fewer cardiovascular side effects from anti-HIV drugs than male patients. 

 
The cells maintained morphological, phenotypic and functional features of 

human macro-vascular endothelial cells. EA.hy926 cells were therefore 

optimal to investigate the effects of the Atripla components efavirenz, 

emtricitabine and tenofovir on endothelial function. 
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4.2 Methods 

4.2.1 Treatment protocols 

 
In order to study the effect of the various Atripla components on the 

endothelial function, rat aortic rings were treated with increasing 

concentrations of the individual drugs efavirenz, emtricitabine and tenofovir. 

The initial experiments involved exposure of the rings for 2, 4 and 6 hours at 

concentrations 1, 3 and 10 M of each individual drug. The involvement of 

PARP in the efavirenz-mediated endothelial dysfunction was assessed using 

the PARP inhibitor PJ-34 (3 M) on efavirenz-treated rings (10 M) after a 4-

hour exposure.  

 
As female patients seem to show less cardiovascular side effects compared 

to male patients, the involvement of oestrogen in rat aortic rings was also 

studied. Female aortic rings were exposed to increasing concentrations of 

efavirenz (1, 3 and 10 M) for 4 and 6 hours. In order to confirm the results, 

the rings were exposed to efavirenz (10 M) in the presence and absence of 

17-beta oestradiol (10, 30 and 100 nM) for 4 hours.  

 

The EA.hy926 cells were treated with 3, 10, 30 and 100 M of the individual 

drugs for 24 and 48 hours. HPI staining was performed on EA.hy926 cells 

exposed to 3, 10 and 30 µM of the Atripla components for 24 hours. The 

cells were also treated with 30 µM efavirenz in the presence and absence of 

the PARP inhibitor PJ-34 (3 and 10 µM) for 24 hours as well as HPI staining 

using 30 µM and 3 µM PJ-34 for 24 hours. 
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PARP activity was assessed following the exposure of EA.hy926 cells to 

efavirenz (1, 3, 10 µM) for 2, 4 and 6 hours. The cells were also exposed to 

10 µM efavirenz in the presence and absence of 3 µM PJ-34 and PARP 

activity measured after 4 hours. PARP deficient mouse endothelial cells 

(MEC -/-) were also exposed to 10 µM efavirenz and the involvement of 

PARP measured following a 4 hour exposure. After the appropriate treatment 

protocols the following cellular parameters were then measured: 

 

4.2.1.1 Ring experiments 

 
The effects of the Atripla components on endothelial function were assessed 

ex vivo using rat aortic rings connected to a transducer. The aortic rings were 

prepared and treated as fully described in Chapter 2. 

 

4.2.1.2 Cell viability 

 
The cell viability following exposure to the different drugs was assessed 

using the MTT assay, which is a colorimetric assay as fully described in 

Chapter 2. 

 

4.2.1.3 Necrosis and apoptosis levels 

 
Cell death measurement was carried out by morphological assessment using 

the HPI staining method, by which the relative numbers of live, apoptotic and 

necrotic cells were counted under a fluorescence microscope as previously 

described in Chapter 2. 
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4.2.1.4 Oxidative stress  

 
Measurements of oxidative stress generation were assessed using two 

assays. The MDA assay, which is a reliable method to evaluate the 

decomposition product of lipid peroxidation, specifically malondialdehyde 

was carried out as fully described in Chapter 2. The NBT assay is a reliable 

colorimetric assay used to detect the generation of superoxide anions as 

shown in Chapter 2 and was used as an oxidative stress indicator. 

 

4.2.1.5 PARP activation 

 
The activation of PARP was measured by determining tritiated incorporation 

of NAD+ into cellular proteins following exposure to the individual drugs as 

fully mentioned in Chapter 2. 

 

4.2.2 Statistical analysis 

 
Statistical analysis was performed using ANOVA and Student’s t-test as fully 

described in Chapter 2. 
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4.3 Results 

4.4 The effect of the Atripla components on endothelial dysfunction in 

rat aortic rings 

 
Out of the three Atripla components, efavirenz was the only drug to cause 

significant decrease in endothelial function after rat aortic rings were 

exposed to increasing concentrations (1, 3 and 10 µM) of the different drugs 

for 2, 4 and 6 hours. Efavirenz caused endothelial damage in dose- 

dependent fashion (Figure 4.1). There was a significant increase in EC50 

concentration of ACh following efavirenz exposure as compared to untreated 

control rings. Following a 6-hour exposure to 10 µM efavirenz, the EC50 of 

ACh increased from 52.13 ± 12.43 nM to 146.3 ± 26 nM (p < 0.05) (Table 

4.1). The EC50 of ACh for rings exposed to efavirenz, emtricitabine or 

tenofovir did not show a statistically significant shift when time dependency 

was compared. 

 
Neither emtricitabine nor tenofovir showed similar damaging effects over the 

same time range (Figure 4.2 and figure 4.3) and no change in EC50 was seen 

(Table 4.2 and table 4.3). 

 
Statistical analysis was performed using a two-way ANOVA, followed by 

Bonferroni’s adjustment. Time-dependent comparisons were performed 

using a two-way ANOVA, followed by Bonferroni’s adjustment. 
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A (2h exposure): 

Control 1 µM efavirenz 3 µM efavirenz 10 µM efavirenz 

31.72 ± 7.91 nM 77.51 ± 15.93 nM * 116.5 ± 15.56 nM * 54.58 ± 11.93 nM  

 
B (4h exposure): 

Control 1 µM efavirenz 3 µM efavirenz 10 µM efavirenz 

25.78 ± 3.42 nM 62.09 ± 7.12 nM 74.33 ± 11.69 nM  96.39 ± 26.92 nM *  

 
C (6h exposure): 

Control 1 µM efavirenz 3 µM efavirenz 10 µM efavirenz 

52.13 ± 12.43 nM 79.61 ± 11.58 nM 133.1 ± 33.25 nM *  146.3 ± 26 nM * 

 
Table 4.1: Exposure to efavirenz for 2 (A), 4 (B) and 6 (C) hours increases 
the EC50 of ACh, * p < 0.05 when compared with untreated control rings. 
 
 
A (2h exposure): 

Control 1 µM emtricitabine 3 µM emtricitabine 10 µM emtricitabine 

28.39 ± 6.30 nM 28.64 ± 7.99 nM 28.91 ± 9.37 nM  27.96 ± 6.61 nM  

 
B (4h exposure): 

Control 1 µM emtricitabine 3 µM emtricitabine 10 µM emtricitabine 

35.65 ± 5.21 nM 39.82 ± 6.94 nM 35.03 ± 9.79 nM  47.21 ± 6.15 nM  

 
C (6h exposure): 

Control 1 µM emtricitabine 3 µM emtricitabine 10 µM emtricitabine 

36.15 ± 5.7 nM 51.62 ± 11.28 nM 81.18 ± 23.32 nM  35.13 ± 11.34 nM  

 
Table 4.2: Exposure to emtricitabine for 2 (A), 4 (B) and 6 (C) hours does not 
significantly increase the EC50 of ACh. 
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A (2h exposure): 

Control 1 µM tenofovir 3 µM tenofovir 10 µM tenofovir 

33.98 ± 8.61 nM 62.87 ± 16.64 nM 73.97 ± 8.07 nM  50.43 ± 14.11 nM  

 
B (4h exposure): 

Control 1 µM tenofovir 3 µM tenofovir 10 µM tenofovir 

24.65 ± 2.33 nM 47.40 ± 4.63 nM 40.73 ± 5.28 nM  23.73 ± 5.35 nM  

 
C (6h exposure): 

Control 1 µM tenofovir 3 µM tenofovir 10 µM tenofovir 

43.89 ± 5.29 nM 44.42 ± 6.78 nM 85.32 ± 24.47 nM  54.30 ± 11.79 nM  

 
Table 4.3: Exposure to tenofovir for 2 (A), 4 (B) and 6 (C) hours does not 
significantly increase the EC50 of ACh. 
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Figure 4.1: Effect of efavirenz on the loss of endothelial function in rat aortic 

rings. The rings were exposed to increasing concentrations (1, 3 and 10 M) 

of efavirenz for 2 (A), 4 (B) and 6 (C) hours. Data are expressed as mean  
SEM of 8 experiments * p < 0.05, ** p < 0.01 and # p < 0.001 when compared 
with control aortic rings (untreated cells). 
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Figure 4.2: Effect of emtricitabine on the loss of endothelial function in rat aortic 

rings. The rings were exposed to increasing concentrations (1, 3 and 10 M) of 

emtricitabine for 2 (A), 4 (B) and 6 (C) hours. Data are expressed as mean  
SEM of 6 experiments * p < 0.05 when compared with control aortic rings 
(untreated cells). 
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Figure 4.3: Effect of tenofovir on the loss of endothelial function in rat aortic 

rings. The rings were exposed to increasing concentrations (1, 3 and 10 M) 

of tenofovir for 2 (A), 4 (B) and 6 (C) hours. Data are expressed as mean  
SEM of 8 experiments * p < 0.05 when compared with control aortic rings 
(untreated cells). 
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4.5 The effect of the Atripla components on EA.hy926 cells 

 
Similarly, efavirenz was the only component of the Atripla pill to cause 

significant loss in endothelial cell viability after 24 and 48 hours. Emtricitabine 

and tenofovir had no deleterious effect on endothelial cell viability (Figure 

4.4). 

 
When HPI staining was performed on the endothelial cells, only efavirenz 

was seen to markedly cause cell death by apoptosis and necrosis after 

exposure to increasing drug concentrations (3-30 M) for 24 hours. 

Emtricitabine and tenofovir did not show similar damaging effect on the 

endothelial cells after 24 hours (Table 4.1). 

 

Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s post-hoc test (vs. Control). Time-dependent comparisons 

between 24- and 48-hour treatments were performed using a two-way 

ANOVA, followed by Bonferroni’s adjustment. 
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Figure 4.4:  Effect of the Atripla components on EA.hy926 cell viability (MTT) 

after 24 (A) and 48 (B) hours. Cells were treated with increasing 
concentrations (3, 10, 30 and 100 µM) of the individual components efavirenz, 

emtricitabine and tenofovir. Data are expressed as mean  SEM of 4 
experiments (6 replicas per experiment). * p < 0.01 when compared with 
control endothelial cells and ∞p < 0.05 when the 24-hour treatment was 
compared to the 48-hour treatment. 
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A 
 

 Live Apoptotic Necrotic 

Control 96.92 ± 1.31 1.67 ± 0.80 1.42 ± 0.51 

3 µM efavirenz 94.99 ± 1.66 3.06 ± 1.13 1.95 ± 0.61 

10 µM efavirenz 91.59 ± 1.03* 4.86 ± 0.71* 3.55 ± 0.44* 

30 µM efavirenz 75.14 ± 3.83** 17.34 ± 3.53* 7.52 ± 1.28* 

 
B 
 

 Live Apoptotic Necrotic 

Control 97.02 ± 0.62 1.52 ± 0.20 1.47 ± 0.42 

3 µM emtricitabine 96.83 ± 1.77 1.65 ± 1.01 1.53 ± 0.76 

10 µM emtricitabine 96.29 ± 0.05 1.71 ± 0.04 2.01 ± 0.09 

30 µM emtricitabine 95.54 ± 0.11 2.24 ± 0.21 2.23 ± 0.10 

 
C 
 

 Live Apoptotic Necrotic 

Control 97.30 ± 1.20 1.36 ± 0.52 1.35 ± 0.68 

3 µM tenofovir 97.27 ± 0.86 1.27 ± 0.47 1.47 ± 0.40 

10 µM tenofovir 96.17 ± 2.03 1.75 ± 1.03 2.08 ± 1.00 

30 µM tenofovir 97.22 ± 0.25 1.26 ± 0.08 1.53 ± 0.18 

 
Table 4.4: Effect of Atripla components on EA.hy926 cell death (HPI) after 

24 hours. Cells were treated with increasing concentrations (3, 10 and 30 µM) 
of the individual components efavirenz (A), emtricitabine (B) and tenofovir (C) 

for 24 hours. Data are expressed as mean  SEM of 3 experiments (2 replicas 
per experiment). * p < 0.05 and ** p < 0.01 when compared with control 
endothelial cells. 
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4.6 The role of PARP in efavirenz-mediated loss of endothelial cell 

function in rat aortic rings 

 
In order to determine the role of PARP in the deleterious effects induced by 

the Atripla pill, rat aortic rings were treated with the established concentration 

of efavirenz known to cause damage to the rat aortic endothelial cells. 

Exposure to 10 M of efavirenz for 4 hours caused a marked increase in 

endothelial dysfunction in rat aortic rings as seen by a decrease in ACh- 

evoked relaxation compared to untreated control rings (Figure 4.5). 

 

Control 10 µM efavirenz 10 µM efavirenz + 

3 µM PJ-34 

3 µM PJ-34 

31.82 ± 4.21 nM 85.25 ± 25.67 nM 75.83 ± 10.61 nM  21.03 ± 112.8 nM *  

 
Table 4.5: The addition of PJ-34 to efavirenz-treated aortic rings did not 
cause a significant shift in the EC50 of ACh, *p < 0.05 when compared with 
untreated control rings. 
 
 

The addition of the PARP inhibitor PJ-34 (3 M) to efavirenz (10 M) 

markedly improved the relaxation of the rings compared to the treated rings, 

suggesting a role of PARP in the endothelial dysfunction caused by efavirenz 

after only 4 hours (Figure 4.5); however the EC50 of ACh did not reach 

statistical significance (Table 4.5). The addition of PJ-34 to the rings had no 

effect on its own (Data not shown). 

 
Statistical analysis was performed using a two-way ANOVA followed by 

Bonferroni’s adjustment. 
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Figure 4.5: Effect of PJ-34 on efavirenz-mediated loss of endothelial function 

in rat aortic rings. The rings were exposed to 10 M of efavirenz for 4 hours. 

Data are expressed as mean  SEM of 10 experiments ** p < 0.001 when 
compared with control aortic rings and # p < 0.05 when compared with 
efavirenz-treated aortic rings. 
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4.7 The role of oxidative stress in efavirenz-mediated loss of cell 

viability in EA.hy926 cells 

 
The oxidative stress assays NBT and MDA were performed on EA.hy926 

cells and were unfortunately inconclusive in determining with certainty the 

generation of superoxide anions mediated by efavirenz in this cell line (data 

not shown).  
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4.8 The role of PARP in efavirenz-mediated loss of endothelial cell 

viability 

 
In order to measure the activation of PARP after exposure to efavirenz in 

EA.hy926 cells, a PARP assay was performed. PARP activity was seen to 

increase in a dose- and time dependent manner (Figure 4.6). After 6 hours, 

using the highest concentration of efavirenz (10 M), a 5-fold increase in 

PARP activity was measured compared to untreated control cells, suggesting 

an important role of PARP in the cytotoxicity caused by efavirenz (Figure 

4.6). The addition of the PARP inhibitor PJ-34 to endothelial cells exposed to 

30 M of efavirenz attenuated the loss of cell viability observed when cells 

were treated with efavirenz alone after 24 hours (Figure 4.7). A similar 

outcome was also observed when performing a PARP assay. When cell 

death assessment was performed, PJ-34 was shown to significantly inhibit 

the levels of apoptosis and necrosis seen with efavirenz alone (Table 4.2). 

Exposure of EA.hy926 cells to 10 M of efavirenz for 4 hours resulted in a 4-

fold increase in PARP activity compared to untreated control cells. The 

addition of 3 M of PJ-34 significantly reduced the activation of PARP down 

to levels seen in untreated cells (Figure 4.8).  To further confirm the role of 

PARP in the efavirenz-mediated cytotoxicity, PARP deficient mouse 

endothelial cells were treated with 10 M of efavirenz for 4 hours, showing 

no increase in PARP activation when compared to control cells, PARP 

containing mouse endothelial cells showed a 4-fold increase in PARP 

activation following exposure to 10 µM efavirenz for 4 hours (Figure 4.9). 



160 

 

Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s post-hoc test (vs. Control) and either Bonferroni’s adjustment 

(MTT) or an unpaired, two-tailed Student’s t-test (cell death and PARP 

assay) to compare efavirenz-treated cells with efavirenz-treated cells 

exposed to PJ-34. Time-dependent comparisons between 2-, 4- and 6-

hour treatments (PARP assay) were performed using a two-way ANOVA, 

followed by Bonferroni’s adjustment. 
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Figure 4.6: Effect of efavirenz on PARP activation in EA.hy926 cells. Cells 

were treated with increasing concentrations (1, 3 and 10 µM) of efavirenz for 2 

(A), 4 (B) and 6 (C) hours. Data are expressed as mean  SEM of 3 
experiments (3 replicas per experiment). * p < 0.01 when compared with 
control endothelial cells, ∞p < 0.05 when the 2-hour treatment was compared 
with the 6-hour treatment (3 µM), ∆p < 0.05 when the 2-hour treatment was 

compared with the 4- and 6-hour treatments and ψp < 0.05 when the 4-hour 

treatment was compared with the 6-hour treatment (10 µM). 
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Figure 4.7: Effect of PJ-34 on efavirenz-mediated loss of EA.hy926 cell 

viability (MTT) after 24 hours. The addition of 10 µM PJ-34 markedly 
attenuated the loss of cell viability seen with efavirenz alone. Data are 

expressed as mean  SEM of 4 experiments (6 replicas per experiment). * p < 
0.01 when compared with control endothelial cells and # p < 0.01 when 
compared with efavirenz-treated cells. 

 

  Live Apoptotic Necrotic 

Control 98.08 ± 0.25 1.19 ± 0.21 0.74 ± 0.07 

30 M efavirenz   78.00 ± 0.91** 15.33 ± 0.21** 6.67 ± 0.97** 

30 M efavirenz + 3 M PJ-34 98.10 ± 0.28# 0.77 ± 0.03# 1.13 ± 0.28# 

3 M PJ-34 98.92 ± 0.09* 0.71 ± 0.15 0.37 ± 0.12 

 

 
Table 4.6: Effect of PJ-34 on efavirenz mediated endothelial cell death after 

24 hours. Cells were treated with 30 µM of efavirenz for 24 hours and the 
addition of PJ-34 significantly reduced levels of apoptotic and necrotic cells 

seen with efavirenz alone. Data are expressed as mean  SEM of 3 
experiments (2 replicas per experiment). * p < 0.05 and ** p < 0.01 when 
compared with control heart myoblasts (untreated cells) and # p < 0.01 when 
compared with efavirenz-treated cells.  
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Figure 4.8: Effect of PJ-34 on efavirenz-mediated PARP overactivation in 

EA.hy926 cells. Cells were treated with 10 µM of efavirenz 4 hours. The 
addition of 3 µM PJ-34 markedly attenuated the PARP activation induced by 

efavirenz on its own.. Data are expressed as mean  SEM of 3 experiments (3 
replica per experiment). * p < 0.01 when compared with control endothelial 
cells and # p < 0.01 when compared with efavirenz-treated cells. 
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Figure 4.9: Effect of efavirenz on PARP activation in PARP-deficient mouse 

endothelial cells (MEC-/-) after 4 hours. Both cell types were exposed to 10 

µM efavirenz for 4 hours. Data are expressed as mean  SEM of 3 
experiments (3 replicas per experiment). * p < 0.01 when compared with 
control endothelial cells and # p < 0.01 when compared with efavirenz-treated 
cells. 
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4.9 The gender difference in efavirenz-treated rat aortic rings 

 
In order to determine whether there is a gender difference in efavirenz-

treated endothelial cells, rat aortic rings were exposed to different drug 

treatments. The first part of the experiment consisted of treating female rat 

aortic rings with increasing concentrations of efavirenz (1-10 M) for 4 and 6 

hours. The reduced ability of the rings to relax after exposure to efavirenz 

seen in the standard male rat aortic rings was attenuated in female rat aortic 

rings, suggesting an oestrogen-mediated protective effect (Figure 4.9). 

Furthermore, following a 6-hour exposure to efavirenz, the EC50 is seen to 

increase as compared to untreated control rings (Table 4.7). 

 
A (4h exposure): 

Control 1 µM efavirenz 3 µM efavirenz  10 µM efavirenz 

148.4 ± 18.87 nM # 87.37 ± 10.77 nM * 114 ± 13.25 nM  127.3 ± 19.38 nM  

 

B (6h exposure): 

Control 1 µM efavirenz 3 µM efavirenz  10 µM efavirenz 

127.5 ± 11 nM 81.39 ± 12.99 nM * 91.63 ± 8.37 nM *  109.8 ± 7.68 nM  

 
Table 4.7: Exposure to efavirenz for 4 (A) and 6 (B) hours significantly 
increase the EC50 of ACh in female rat aortic rings, *p < 0.05 when compared 
with untreated control rings and # p < 0.01 when compared with untreated 
control male aortic rings (4h). 
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The second part of the experiment consisted of exposing male rat aortic 

rings to 10 M of efavirenz, which was shown to significantly compromise the 

ACh-mediated relaxation after 4 hours only. The addition of increasing 

concentrations of oestrogen (10-100 nM) to efavirenz-treated male aortic 

rings markedly improved the relaxation of the rings compared to male aortic 

rings exposed to efavirenz on its own (Figure 4.10). The addition of 

increasing concentrations of oestrogen to efavirenz-treated aortic rings was 

shown not to cause a significant shift in the EC50 of ACh after 4 hours (Table 

4.8). There was a marked difference in EC50 of ACh when untreated female 

rat aortic rings were compared to untreated male rat aortic rings after 4 hours 

(Table 4.7 and Table 4.8). 

 

Control 10 µM 

efavirenz 

10 µM efavirenz + 

10 nM oestrogen 

10 µM efavirenz + 

30 nM oestrogen  

10 µM efavirenz 

+ 100 nM 

oestrogen 

31.82 ± 

4.21 nM # 

85.25 ± 

25.67 nM 

47.20 ± 15.30 nM  37.61 ± 9.8 nM  54.39 ± 6.27 nM  

 
Table 4.8: The addition of increasing concentrations of oestrogen to 
efavirenz-treated rings does not increase the EC50 of ACh in male rat aortic 
rings after 4 hours, #p < 0.01 when compared with untreated control female 
aortic rings (4h). 
 
 
Statistical analysis was performed using a two-way ANOVA followed by 

Bonferroni’s adjustment. 
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Figure 4.10: Effect of efavirenz on female rat aortic rings. The rings were 

exposed to increasing concentrations (1, 3 and 10 µM) of efavirenz for 4 (A) 

and (6) hours. Data are expressed as mean  SEM of 6 experiments ** p < 
0.05 when compared with control aortic rings. 
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Figure 4.11: Effect of oestrogen on efavirenz-mediated loss of endothelial 

function in male rat aortic rings. The rings were exposed to 10 M of efavirenz 
for 4 hours. The addition of increasing concentrations (10, 30 and 100 nM) of 
oestrogen markedly attenuated the loss of endothelial function seen with 

efavirenz alone. Data are expressed as mean  SEM of 6 experiments ** p < 
0.001 when compared with control aortic rings and # p < 0.001 when 
compared with efavirenz-treated aortic rings. 
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4.10 The role of PARP in efavirenz-treated mouse endothelial cells 

exposed to oestrogen 

 
Mouse endothelial cells were exposed to 10 µM of efavirenz for four hours, 

causing a 4-fold increase in PARP activity, compared to untreated cells. The 

addition of 100 nM oestrogen attenuated the PARP overactivation by 50 %. 

As a control, 100 nM oestrogen on its own did not cause a significant 

increase in PARP activity, similar to control levels.   

 

Statistical analysis was performed using a one-way ANOVA followed by 

Dunnett’s post-hoc test (vs. Control) and an unpaired, two-tailed Student’s 

t-test for comparison between efavirenz-treated cells and efavirenz-

treated cells exposed to oestrogen. 
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Figure 4.12: Effect of oestrogen on efavirenz-mediated PARP overactivation 

in mouse endothelial cells. Cells were treated with 10 µM of efavirenz 4 hours. 
The addition of 0.1 µM oestrogen markedly attenuated the PARP activation 

induced by efavirenz on its own.. Data are expressed as mean  SEM of 3 
experiments (3 replica per experiment). * p < 0.01 when compared with 
control endothelial cells and # p < 0.01 when compared with efavirenz-treated 
cells. 
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4.11 Discussion 

 
The results obtained suggest that out of the Atripla components, i) only 

efavirenz causes endothelial dysfunction in rat aortic rings and EA.hy926 

cells, ii) neither emtricitabine nor tenofovir caused a toxic effect on the rings 

and cells iii) both apoptosis and necrosis pathways seem to be involved in 

the cytotoxicity mediated by efavirenz, iv) PARP appears to play an 

important role in the efavirenz-induced loss of cell viability, v) female aortic 

rings seem to display a protective effect against efavirenz-mediated 

endothelial cell dysfunction.   

 
The activation of PARP seems to be the major mechanism by which 

efavirenz causes endothelial cell damage. Indeed, the depletion of cellular 

energy following PARP activation appears to be the main mechanism of 

dysfunction. Pharmacological inhibition of PARP conferred protection against 

efavirenz-mediated vascular function impairment. 

 
Efavirenz was shown to cause a time- and dose- dependent loss of 

endothelial function and cell viability in rat aortic rings and EA.hy926 cells 

respectively. It was previously shown to have a similar concentration 

dependent effect on hepatic cell viability, while in this same study , human 

umbilical vein endothelial cells (HUVEC’s) were also used to see whether the 

effect was cell specific and found the loss of cell viability following a 24 hour 

exposure with 25 µM efavirenz to be even more significant (Apostolova et al., 

2010).  
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It is known that long term exposure to efavirenz-containing HAART seems to 

worsen endothelial function (Gupta et al., 2012), however our data suggests 

that short term treatment with efavirenz already appears to cause significant 

endothelial damage, predisposing HIV patients to hypertension and 

cardiovascular disease.   

 
While the steady state plasma concentration of efavirenz following a daily 

600 mg regime is reported to be 12.4 ± 3.7 µM (AIDSinfo, 2006), numerous 

clinical studies have shown that as many as 20 % of patients reach Cmax of 

up to 50 µM (Burger et al., 2006; Marzolini et al., 2001). Interindividual 

pharmacokinetic variability such as genetic polymorphism among patients 

receiving efavirenz can significantly influence the clinical outcome of 

efavirenz treatment (Elens et al., 2010).  

 
The exposure of rat aortic rings to increasing concentrations of efavirenz 

clearly showed a marked reduction in maximal vascular relaxation to 

acetylcholine after only 4 hours. Similar experiments have previously been 

carried out with different classes of anti HIV drugs (PI’s and NRTI’s) and for 

longer treatment periods, also concluding impaired endothelial function in 

aortic rings (Conklin et al., 2004; Jiang et al., 2006).  

 
A very recent report by Gupta et al. confirmed our results in that the use of 

efavirenz-based HAART, especially those with an emtricitabine/tenofovir 

backbone may worsen endothelial function compared to PI-based regimen 

over 12 months (Gupta et al., 2012).  
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Likewise, a follow up of patients on long term efavirenz-based regimens 

concluded that the efavirenz group showed a higher risk of developing 

cardiovascular disease (Maggi et al., 2011). In contrast, the large 

observational D:A:D study reported no link between NNRTI’s including 

efavirenz and an increased cardiovascular risk  (Friis-Moller et al., 2007) 

 
The other Atripla components emtricitabine and tenofovir on their own did not 

cause endothelial damage. This is in contrast to certain studies showing that 

this class of antiretrovirals NRTI’s such as AZT and stavudine (d4T) induce 

significant endothelial damage (Jiang et al., 2006; Sutliff et al., 2002). A 

recent study, however, has associated tenofovir exposure to an increased 

significant cardiovascular risk, especially of heart failure (Choi et al., 2011). 

Similarly, a clinical study concluded that tenofovir based treatment was 

linked to a higher likelihood of subclinical atherosclerosis progression 

(Aragones et al., 2012).  

 

Efavirenz at 30 M was seen to induce both apoptosis and necrosis, with 

apoptotic levels being more than double that of necrosis. This confirms the 

results of various reports in which efavirenz was shown to cause cell death 

via the apoptosis pathway in Jurkat T cells (measured by flow cytometry and 

Propidium iodide) (Pilon et al., 2002), hepatocytes (colorimetric caspase-3 

activity assay) (Bumpus, 2011) and hepatocytes (annexin V/ bivariate PI 

analysis) (Apostolova et al., 2011).  
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The ‘mitochondrial dysfunction hypothesis’, by which inhibition of DNA pol-γ 

activity causes mtDNA depletion and reduced energy production (Lewis et 

al., 2001) can’t account for the detrimental effects seen with efavirenz, since 

NNRTI’s are known not to inhibit DNA pol-γ or reduce mtDNA levels, in fact, 

they are even reported to increase mtDNA in murine adipocytes (Rodriguez 

de la Concepcion et al., 2005). 

 
Efavirenz-induced toxicity has been linked to oxidative stress in the past, 

particularly in human arterial endothelial cells which may constitute a 

precipitating factor in the cardiovascular side effects seen in HIV patients on 

HAART (Mondal et al., 2004). Efavirenz was also reported to cause oxidative 

stress in human hepatic cells (Apostolova et al., 2010; Gomez-Sucerquia et 

al., 2012). 

 
Previously, several studies have shown a strong causative link between 

oxidative stress and PARP activation (Soriano et al., 2001; Szabo, 1997). 

DNA single strand breaks caused by oxygen- and nitrogen-derived free 

radicals bring about the activation of PARP, triggering an energy consuming 

cycle, depleting NAD+ and ATP, eventually resulting in cell death (Szabo, 

2005; Ungvari et al., 2005). PARP, when bound to damaged DNA, cleaves 

NAD+ into nicotinamide and ADP-ribose, using the latter to form branched 

nucleic acid-like polymers poly (ADP-ribose) covalently attached to nuclear 

proteins (Virag, 2005). NAD+ is indispensable in a number of cellular 

processes in that it acts as a cofactor in glycolysis and tricarboxylic acid 

cycle, hence providing ATP for most cellular processes.  



174 

 

It is also a precursor for NADP, which serves as a cofactor for the pentose 

shunt, for bioreductive synthetic pathways and plays a role in the 

maintenance of reduced glutathione pools (Virag and Szabo, 2002). 

Pharmacological inhibition or genetic ablation of PARP has been shown to 

provide beneficial effects in many pathologies and has been linked to 

reduced expression of inflammatory cytokines, as well as iNOS. The 

negative feedback regulation of PARP, mediated by NO at the iNOS 

promoter is thought to be an endogenous mechanism to limit excessive NO 

production in pathological conditions (Yu et al., 2006).  

 

In our study, efavirenz was shown to increase PARP activity in endothelial 

cells and the subsequent deleterious effects on both the metabolic and 

antioxidant pathways are most likely the main mechanism by which this 

NNRTI causes endothelial cell dysfunction. Besides increasing apoptotic 

levels, efavirenz also caused a reduction of intracellular glutathione content 

in hepatic cells after a 4 hour exposure with 25 and 50 µM (Apostolova et al., 

2010), a further effect that PARP activation may be responsible for. 

 
In order to investigate whether PARP activation by efavirenz is mediated by 

oxidative stress, two assays were carried out. The results of our experiments 

were inconclusive in that neither the NBT nor the MDA assay could confirm 

the generation of oxidative stress by efavirenz in EA.hy926 cells. On the 

other hand, PARP activation has been suggested to be the preceding event 

and cause oxidative stress (Obrosova et al., 2005).  
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Further work using assays like the dichlorofluorescein (DCF) assay or the 

more costly commercially available kits such as MitoSOXTM (Red 

mitochondrial superoxide indicator) will be essential in order to confidently 

determine an association of efavirenz with oxidative stress. 

An increase in oxidative stress is known to alter the nitric oxide bioavailability 

in endothelial cells, thus contributing to vascular cell dysfunction (Ogita and 

Liao, 2004).  

 
Interestingly, using HIV transgenic mice, HIV proteins per se were shown to 

cause a marked increase in oxidative stress themselves, alter the NO 

bioavailabilty and consequently cause endothelial dysfunction (Kline and 

Sutliff, 2008).  

 

The role of PARP in endothelial dysfunction has previously been reported in 

the context of diabetes (Soriano et al., 2001) and angiotensin II (Szabo et al., 

2004). Our findings confirm that PARP may play an important role in the 

endothelial dysfunction observed with efavirenz after only 4 hours. The 

PARP inhibitor PJ-34 at 3 M was successful at reversing the reduction in 

vascular relaxation caused by efavirenz (10 M) back to almost control 

levels. In addition, PJ-34 attenuated the loss of endothelial cell viability and 

cell death mediated by efavirenz. Furthermore, the addition of PJ-34 to 

efavirenz-treated endothelial cells significantly lowered the PARP 

overactivation caused by efavirenz on its own.  
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Hyperglycemia-induced oxidative stress and PARP overactivation in 

HUVEC’s was shown to be markedly attenuated by the addition of 1 µM 

PJ34 (Soriano et al., 2001). This is in accord with previous reports 

demonstrating the restoration of the aortic endothelial impairment by PJ-34 

(Pacher et al., 2002a; Soriano et al., 2001).  

  
Exposure to increasing concentrations of efavirenz (1- 10 µM) in EA.hy926 

cells, the maximal dose showed a 5-fold increase in PARP activity compared 

to control levels after 6 hours. For comparison’s sake, in a recent study, the 

oxidant H2O2 (0.35 mM) was shown to cause more than a 1.5-fold increase in 

PARP activation after 30 minutes exposure in HUVEC’s compared to control 

cells (Kwok et al., 2010). In another study, mouse endothelial cells were 

treated with the environmental pollutant PCB 104 (10 µM) which is thought to 

predispose to cardiovascular disease and resulted in a 5-fold increase in 

PARP activity compared to control levels after 4 hours (Helyar et al., 2009). 

  
PARP overactivation results in the depletion of cellular ATP, NAD+ and 

NADPH in endothelial cells which subsequently may reduce NADPH-

dependent nitric oxide production leading to endothelial dysfunction and 

predisposing individual to cardiovascular side effects (Soriano et al., 2001) 

(Tasatargil et al., 2005). Depletion of cellular NADPH levels in endothelial 

cells treated with efavirenz may therefore cause a reduction in nitric oxide 

synthesis in endothelial cells, thus reducing vasorelaxation and likely 

predispose to hypertension and subsequently lead to cardiovascular disease. 
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There have been conflicting reports with regards to the effects of HAART on 

blood pressure. Several studies have concluded that HAART and in 

particular protease inhibitors are strongly linked to the development of high 

blood pressure (Cattelan et al., 2001; Chow et al., 2003). One large cohort 

study following HIV patients over 10 years reported a significantly higher 

prevalence in hypertension associated with long term HAART exposure 

(Seaberg et al., 2005). On the other hand, other groups have reported no 

direct link between HIV treatment per se and the development of 

hypertension (Friis-Moller et al., 2003).  

 
Crane and colleagues reported that individuals receiving lopinavir/ritonavir-

based treatment were more than twice likely to develop hypertension 

compared with patients on efavirenz-based regimens (Crane et al., 2006). 

 
Previous studies have shown efavirenz to have pro-inflammatory and thus 

pro-atherosclerotic effects on endothelial cells (Mondal et al., 2004). 

Recently, efavirenz was reported to increase the monolayer permeability in 

human coronary artery endothelial cells and thus cause endothelial 

dysfunction (Jamaluddin et al., 2010). This increase in vascular permeability 

is linked to the development of atherosclerosis (Bonetti et al., 2003).  

 
Others have reported decreased levels of fibrinogen, an inflammatory factor 

contributing to atherosclerosis in patients treated with efavirenz compared to 

PI’s (Madden et al., 2008).  
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The underlying molecular mechanism of the pro-atherosclerotic effects of 

efavirenz may include increased activation of NF-κB (Jamaluddin et al., 

2010) and MAPK JNK (Bumpus, 2011),  increased induction of pro-

inflammatory cytokines such as Chemokine (C-C motif) ligand 2 (CCL-2), IL-

6 and interleukin-8 (IL-8) as well as plasminogen activator inhibitor-1(PAI-1) 

and hepatocyte growth factor (HGF) (Diaz-Delfin et al., 2011), 

downregulation of tight junction proteins (ZO-1, occludin, claudin-1 and JAM-

1) disrupting the endothelial cell barrier function (Jamaluddin et al., 2010), 

increased levels of cell adhesion molecules such as vascular cell adhesion 

molecule (VCAM) and ICAM (Mondal et al., 2004) and activation of AMPK 

(Blas-Garcia et al., 2010), which are all effects that may result from 

efavirenz-induced PARP activation.  

 
PARP inhibition has been shown to be very favorable in reducing plaque 

formation (Xie et al., 2009), reducing plaque size (Oumouna-Benachour et 

al., 2007), increasing their stability and promoting their regression (Hans et 

al., 2009) in an animal model of atherosclerosis. 

 
PARP is known to regulate transcription factors such as NF-κB (Csiszar et 

al., 2008; Tsou et al., 2003) in endothelial cells, activation of which is 

increased by efavirenz (Jamaluddin et al., 2010). In addition, inflammatory 

cytokine expression such as IL-6 and IL-8, which can be upregulated by 

efavirenz in endothelial cells (Diaz-Delfin et al., 2011) can also be blocked by 

PARP inhibition (Piconi et al., 2004). Recently, efavirenz was shown to 

increase the activation of MAPK JNK in endothelial cells (Jamaluddin et al., 

2010).  
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The increase in JNK phosphorylation can be induced by ROS formation via 

an activation of upstream kinases such as apoptosis signal-regulating kinase 

1 (ASK-1) (Czaja et al., 2003), and thus may be following efavirenz-induced 

oxidative stress. ROS-mediated hepatotoxicity has been linked to 

overactivation of the JNK/AP-1 pathway following efavirenz exposure 

(Bumpus, 2011). 

 
Likewise, the disruption of the endothelial barrier function has previously 

been shown to be protected by PARP inhibition (Lenzser et al., 2007; Tsou 

et al., 2003), the tight junction proteins of which can be downregulated in 

endothelial cells following treatment with efavirenz (Jamaluddin et al., 2010).  

 
PARP inhibition has been successful in blocking the overexpression of cell 

adhesion molecules such as ICAM and VCAM, the increased activation of 

which has been linked to the development of atherosclerosis (Giddings, 

2005; Piconi et al., 2004) and which can be upregulated following the 

exposure to efavirenz in endothelial cells (Mondal et al., 2004). For that 

reason, there seems to be a strong suggestion that PARP activation in 

endothelial cells may be responsible for the pro-atherosclerotic effects of 

Atripla. When the cellular insult is too severe for the cell to recover, PARP 

overactivation can ultimately lead to cell death, either by apoptosis or 

necrosis (van Wijk and Hageman, 2005). 
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In our study, PJ-34 (3 µM) appeared to significantly reduce the apoptotic and 

necrotic levels seen with efavirenz (30 µM) on its own, suggesting a possible 

pathway by which efavirenz causes endothelial cell death by either apoptosis 

or necrosis depending on the severity of the cellular injury (Koh et al., 2005).  

 
In our ex vivo experiments involving rat aortic rings, exposure to efavirenz 

caused a dose- dependent decrease in maximal relaxation to acetylcholine. 

PJ-34 (3 µM) significantly attenuated the endothelial damage seen with 

efavirenz (10 µM) on its own. Pretreatment of endothelium-intact aortic rings 

with PJ-34 was shown to protect against lipopolysaccharide-induced 

endothelial dysfunction in a model of systemic endotoxemia (Tasatargil et al., 

2005).  

 
Similarly, acetylcholine-induced endothelium-dependent relaxation in rat 

aortic rings was seen to be greatly improved after PJ-34 exposure in an 

experimental model of CHF (Pacher et al., 2002a) and particularly in 

established streptozotocin-induced diabetic animals after a 1-hour incubation 

with 3 µM PJ-34 (Soriano et al., 2001). 

 
In order to further confirm these results, using PARP deficient mouse 

endothelial cells, exposure to efavirenz did not increase PARP activation as 

seen with the intact cells, thus implying a strong role of PARP in the 

cytotoxicity caused by efavirenz. PARP-deficient mouse endothelial cells 

have previously been used extensively in order to demonstrate the role of 

PARP in various pathologies ranging from diabetes to rheumatoid arthritis 

(Andreone et al., 2012; Garcia et al., 2006).  
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Endothelial dysfunction is an important precursor of HIV-associated 

atherosclerosis and cardiovascular disease (Widlansky et al., 2003). HIV per 

se has been reported to be pro-apoptotic in endothelial cells and have a 

significant deleterious effect on the cardiovascular system (Fiala et al., 

2004).  

 
In addition, HIV can directly affect endothelial cells by changing their 

phenotype from anti to prothrombotic (Francisci et al., 2009). Moreover, the 

HIV gp120 has been reported to directly activate arterial smooth muscle with 

subsequent release of pro-coagulant tissue factor (Schecter et al., 2001). 

 
There seems to be a gender difference with regards to the incidence of 

cardiovascular side effects suffered by HIV patients on HAART, with women 

being less affected than men, (Neumann et al., 2004). Interestingly, several 

studies concluded that post-menopausal female subjects on HAART 

displayed an increased cardiovascular risk than their male counterparts due 

to the loss of their natural oestrogen protection (Pernerstorfer-Schoen et al., 

2001; Triant et al., 2007).  

 
In the non-infected population, the male gender is considered to be a risk 

factor for cardiovascular events, which already offers female HIV patients an 

additional benefit regardless of HAART. Therefore, the findings from our 

experiments need to be taken with caution since there are a number of 

factors that play a role in female HIV patients appearing to show less 

cardiovascular side effects than male patients such as symptom perception 

and reporting. 
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In order to investigate whether oestrogen offered a protective effect against 

efavirenz-induced endothelial cell dysfunction, female rat aortic rings were 

exposed to increasing concentrations of efavirenz for four hours and  the 

impairment of vascular relaxation seen with efavirenz on male rings was fully 

reversed, suggesting a protective effect by oestrogen. In addition,  efavirenz 

(10 µM)-treated rat aortic rings were incubated with increasing 

concentrations of oestrogen (10-100 nM) for 4 hours and the maximal 

relaxation to acetylcholine measured. Oestrogen, in a dose-dependent 

fashion reversed the impairment of vascular relaxation seen with rings 

treated with 10 µM efavirenz only.  

 
Raloxifene, a selective oestrogen receptor modulator at 1 µM, protected 

against H2O2-induced impairment of ACh-dependent relaxation of rat aortic 

rings after a 30 minute exposure (Wong et al., 2008). Similarly, long term 

treatment with oestrogen was shown to improve endothelial function as well 

as reduce blood pressure in a model of hypertension (Yen and Lau, 2004). 

Contradicting reports also exist with oestrogen contributing to an increased 

cardiovascular risk.   
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Several studies concluded that hormone replacement therapy (HRT) may be 

beneficial in improving vascular function and protecting women against 

cardiovascular disease (Kernohan et al., 2004; Schneider et al., 2009; 

Stevenson et al., 2009), while others claimed HRT to be contributing to an 

increased risk of cardiovascular disease (Aubuchon and Santoro, 2004; 

Samsioe, 2003). In line with our conclusions, a study showed that basal NO 

release from endothelium-intact rings from female rabbits is increased 

compared to male rings (Hayashi et al., 1992). Oestrogen has previously 

been reported to have a PARP inhibitory effect (Zaremba et al., 2011). 

 
Based on the results presented in this part of the study, we conclude that 

exposure to efavirenz may lead to oxidative stress and an increased 

activation of PARP in vascular endothelial cells, causing impairment of 

vasorelaxation and predisposing HIV patients on efavirenz-based regimens 

to the development of hypertension and consequently cardiovascular 

disease. 
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Chapter 5 

 

 

 

Protective role of rosiglitazone 

against Atripla-mediated 

endothelial cell dysfunction 
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5.1 Introduction  

 
Previous studies have shown rosiglitazone to confer protection against 

endothelial dysfunction (Cuzzocrea et al., 2004; Hetzel et al., 2005; 

Pistrosch et al., 2004). The mechanism by which rosiglitazone exerts its 

protective effects is however unclear and further research will be required 

to elucidate the underlying mode of protection. The activation of PPAR-γ 

and/or AMPK may be one way by which rosiglitazone offers protection in 

the vascular cells against oxidative stress-induced hyperglycemia 

(Ceolotto et al., 2007).  

 
Since rosiglitazone has been shown to inhibit PARP activation in H9c2 

cells and that PARP activity is increased by efavirenz in EA.hy926, the 

possible protective role of rosiglitazone against efavirenz-mediated 

endothelial dysfunction was investigated and its effect on efavirenz-

induced PARP activation studied. The results of this part of the study may 

provide useful insights into novel protection strategies against HAART-

mediated cardiovascular side effects and open way for further research 

into the thiazolidinediones as an effective therapy against cardiovascular 

dysfunction in general.  
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5.2 Methods 

5.2.1 Treatment protocols 

 
In order to study the effect of rosiglitazone on efavirenz-mediated 

endothelial dysfunction, the rat aortic rings were treated with 10 µM 

efavirenz for 4 hours and increasing concentrations (3 and 10 µM) of 

rosiglitazone and the relaxation (following pre-constriction to 

phenylephrine)  to increasing concentrations of ACh measured. Similarly, 

rat aortic rings were exposed to 10 µM efavirenz in the presence and 

absence of the PPAR-γ agonist GW1929 for 4 hours and the effect on 

vascular relaxation to ACh measured. 

 
For the cell viability experiments, EA.hy926 cells were exposed to 30 µM 

efavirenz for 24 hours. The effect of adding increasing concentrations (1, 

3 and 10 µM) of rosiglitazone was also assessed using the MTT assay. In 

order to elucidate the mechanism of protection of rosiglitazone against 

efavirenz-mediated endothelial damage, the PPAR-γ antagonist GW9662 

was used with the aim to study whether the protection is PPAR-γ-

mediated.  The cells were exposed to 30 µM efavirenz for 24 hours in the 

presence and absence of rosiglitazone (3 µM) and GW9662 (10 µM). In 

addition, a selective PPAR-γ agonist GW1929 was used in increasing 

concentrations (1, 3 and 10 µM) for 24 hours and the effect assessed 

using the MTT assay. 
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Finally, in order to study the role of AMPK in the protection conferred by 

rosiglitazone, the selective AMPK activator AICAR was used in increasing 

concentrations (0.1, 0.25 and 0.5 mM) in the presence and absence of 30 

µM efavirenz for 24 hours using the MTT assay.  

 
For the cell death assay, the cells were exposed to 30 µM efavirenz for 

24 hours and the addition of 10 µM rosiglitazone assessed using HPI 

staining.  

 
The involvement of PARP in the possible protection offered by 

rosiglitazone against efavirenz-mediated endothelial dysfunction was 

studied using the PARP assay and the EA.hy926 cells were exposed 

to 10 µM efavirenz for 4 hours and PARP activity measured. The cells 

were also exposed to efavirenz with the addition of 3 and 10 µM 

rosiglitazone for 4 hours and the effect on efavirenz-mediated PARP 

activation assessed. After the appropriate treatment protocols, the 

following cellular parameters were then measured: 

 

5.2.1.1 Ring experiments 

 
The effect of rosiglitazone on efavirenz-mediated endothelial dysfunction 

was assessed ex vivo using rat aortic rings connected to a transducer. 

The aortic rings were prepared and treated as fully described in Chapter 

2. 
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5.2.1.2 Cell viability 

 
The cell viability following exposure to the different drugs was assessed 

using the MTT assay, which is a colorimetric assay as fully described in 

Chapter 2. 

 

5.2.1.3 Necrosis and apoptosis levels 

 
Cell death measurement was carried out by morphological assessment 

using the HPI staining method, by which the relative numbers of live, 

apoptotic and necrotic cells were counted under a fluorescence 

microscope as previously described in Chapter 2. 

 

5.2.1.4 PARP activation 

 
The activation of PARP was measured by determining tritiated 

incorporation of NAD+ into cellular proteins following exposure to the 

individual drugs as fully mentioned in Chapter 2. 

 

5.2.2 Statistical analysis 

 
Statistical analysis was performed using ANOVA and Student’s t-test as 

fully described in Chapter 2. 
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5.3 Results 

5.4 The protection by rosiglitazone against efavirenz-mediated 

endothelial cell dysfunction in rat aortic rings 

 

Rat aortic rings were treated with efavirenz (10 M) for 4 hours and 

significantly reduced the rings’ ability to relax in response to ACh 

compared to untreated control rings. The addition of increasing 

concentrations of rosiglitazone (3-10 M) improved relaxation, thus 

conferring a protective effect on the efavirenz-treated rings (Figure 5.1), 

the EC50 of ACh, however, did not reach statistical significance (Table 

5.1). 

 

Control 10 µM efavirenz 10 µM efavirenz + 

3 µM rosiglitazone 

10 µM efavirenz + 

10 µM rosiglitazone 

31.82 ± 4.21 nM 70.91 ± 12.70 nM 41.76 ± 4.26 nM  39.21 ± 8.17 nM  

 
Table 5.1: The addition of rosiglitazone to efavirenz-treated aortic rings 
does not significantly increase the EC50 of ACh after 4 hours. 
 
 
Statistical analysis was performed using a two-way ANOVA followed 

by Bonferroni’s adjustment to compare efavirenz-treated cells with 

efavirenz-treated cells exposed to rosiglitazone. 
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Figure 5.1: Effect of rosiglitazone on efavirenz-mediated loss of 

endothelial function. The rings were exposed to 10 µM of efavirenz for 4 
hours. The addition of increasing concentrations (3 and 10 µM) of 
rosiglitazone significantly reduced the efavirenz-mediated endothelial 

dysfunction. Data are expressed as mean  SEM of 6 experiments * p < 
0.01 when compared with control aortic rings and # p < 0.001 when 
compared with efavirenz-treated rings. 
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5.5 The protection by rosiglitazone against efavirenz-mediated loss 

of cell viability in EA.hy926 cells 

 

The addition of increasing concentrations of rosiglitazone (1-10 M) to 

efavirenz-treated (30 M) cells for 24 hours was shown to improve the 

loss of cell viability induced by efavirenz (Figure 5.2).  Efavirenz on its 

own was shown to cause a 73 % drop in cell viability, while the addition of 

the maximal concentration (10 µM) of rosiglitazone attenuated the loss of 

cell viability to 34 % after 24 hours. 

 
Using HPI staining, the addition of rosiglitazone to efavirenz-treated cells 

was shown to markedly reduce the number of apoptotic and necrotic cells 

that are seen (Table 5.1).   

 
Statistical analysis was performed using a one-way ANOVA followed 

by Dunnett’s post-hoc test (vs. Control) and either Bonferroni’s 

adjustment (MTT) or an unpaired, two-tailed Student’s t-test (Cell 

death) to compare efavirenz-treated cells with efavirenz-treated cells 

exposed to rosiglitazone. 
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Figure 5.2:  Effect of the rosiglitazone on efavirenz-mediated loss of cell 

viability in EA.hy926 cells. Cells were treated with 30 µM of efavirenz for 
24 hours. The addition of increasing concentrations (1, 3 and 10 µM) of 
rosiglitazone markedly decreased the loss of cell viability seen with 

efavirenz alone. Data are expressed as mean  SEM of 3 experiments (6 
replicas per experiment). * p < 0.01 when compared with control 
endothelial cells and # p < 0.01 when compared with efavirenz-treated 
cells. 
 
 
 

 

 Live Apoptotic Necrotic 

Control 96.51 ± 0.91 1.69 ± 0.17 1.80 ± 0.78 

30 M efavirenz 84.15 ± 0.58** 7.95 ± 0.39** 7.90 ± 0.55** 

30 M efavirenz +  10 

M rosiglitazone 
95.43 ± 0.80# 
 2.34 ± 0.04*# 2.23 ± 0.78# 

10 M rosiglitazone 96.75 ± 0.27 1.66 ± 0.30 1.59 ± 0.30 

 
Table 5.2: Effect of rosiglitazone on efavirenz-mediated endothelial cell 

death after 24 hours. Cells were treated with 30 µM of efavirenz for 24 
hours and the addition of rosiglitazone significantly reduced levels of 
apoptotic and necrotic cells seen with efavirenz alone. Data are expressed 

as mean  SEM of 3 experiments (2 replica per experiment). * p < 0.05 
and ** p < 0.01 when compared with control endothelial cells (untreated 
cells) and # p < 0.01 when compared with efavirenz-treated cells.  
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5.6 The effect of rosiglitazone on efavirenz-mediated PARP 

activation 

 
The endothelial cells were exposed to 10 µM efavirenz for 4 hours and 

PARP activity measured. Efavirenz evoked a 4-fold increase in PARP 

activity when compared to untreated endothelial cells. The addition of 

increasing concentrations (3 and 10 µM) of rosiglitazone significantly 

attenuated the efavirenz-mediated PARP overactivation after 4 hours.  As 

a control, cells were also treated with 10 µM rosiglitazone on its own, 

showing no increase in PARP activity (Figure 5.3). 

 

Statistical analysis was performed using a one-way ANOVA followed 

by Dunnett’s post-hoc test (vs. Control) and Bonferroni’s adjustment to 

compare efavirenz-treated cells with efavirenz-treated cells exposed to 

rosiglitazone. 
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Figure 5.3: Effect of rosiglitazone on efavirenz-mediated PARP overactivation 

in EA.hy926 cells. Cells were treated with 10 µM of efavirenz for 4 hours. The 
addition of increasing concentrations (3 and 10 µM) of rosiglitazone markedly 
attenuated the PARP activation induced by efavirenz on its own. Data are 

expressed as mean  SEM of 3 experiments (3 replicas per experiment. * p < 
0.01 when compared with control endothelial cells and # p < 0.01 when 
compared with efavirenz-treated cells.  
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5.7 Investigation into the mechanism of protection of rosiglitazone 

against efavirenz-mediated loss of cell viability 

 
In order to elucidate the mechanism by which rosiglitazone confers 

protection against efavirenz-induced loss of endothelial cell viability, the 

pharmacological inhibitor of PPAR- GW9662 was used. The addition of 

10 M of GW9662 to efavirenz (10 M) treated cells showed a trend of 

blocking the protection by rosiglitazone (3 M) after 24 hours, suggesting 

a PPAR- dependent mechanism of protection. This PPAR-γ inhibitor has 

previously been shown to not be ideal in providing conclusive results 

(previous own data).As a control, the addition of GW9662 (10 M) to 30 

M of efavirenz was also shown not to have an effect on its own on the 

cell damage mediated by efavirenz. Similarly, cells exposed to 10 M of 

GW9662 on its own did not show any signs of cytotoxicity (Figure 5.4). 

 

In order to confirm that the mechanism of protection may be PPAR- 

mediated, the agonist of PPAR- (GW1929) was used at increasing 

concentrations (1-10 M) for 24 hours. The addition of GW1929 to 

efavirenz-treated cells (30 M) was seen to attenuate the loss of cell 

viability caused by efavirenz alone. 10 µM GW1929 on its own did not 

cause cell damage (Figure 5.5).  

 

Exposure of the rat aortic rings to 10 M of efavirenz for 4 hours impaired 

the relaxation of the rings compared to untreated control rings and 

increased the EC50 of ACh from 26.08 ± 4.39 nM to 94.05 ± 24.91 nM 

(Table 5.3). 
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Interestingly, the addition of 10 M of GW1929 conferred protection to the 

endothelial cells, thus further suggesting an involvement of PPAR- in the 

rosiglitazone-mediated mechanism of protection (Figure 5.6). 

 

Control 10 µM efavirenz 10 µM efavirenz + 

10 µM GW1929 

10 µM GW1929 

26.08 ± 4.39 nM 94.05 ± 24.91 nM * 32.30 ± 6.03 nM #  24.67 ± 4.77 nM  

 
Table 5.3: The EC50 of ACh following the addition of GW1929 to 
efavirenz-treated aortic rings after 4 hours, *p < 0.05 when compared with 
untreated rings and #p < 0.05 when compared with efavirenz-treated 
rings. 
 

Using the pharmacological activator AICAR at increasing concentrations 

(0.1, 0.25 and 0.5 mM), an AMPK-dependent mechanism of protection by 

rosiglitazone was identifed. AICAR was shown to confer a similar 

protection as seen with rosiglitazone after 24 hours at the highest 

concentration used (10 M) (Table 5.2),  

 

Statistical analysis was performed using a one-way ANOVA followed 

by Dunnett’s post-hoc test (vs. Control) and Bonferroni’s adjustment to 

compare efavirenz-treated cells with efavirenz-treated cells exposed to 

rosiglitazone and GW9662 or efavirenz-treated cells exposed to 

GW1929/AICAR. For the ring experiments, a two-way ANOVA, 

followed by Bonferroni’s adjustment was carried out. 
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Figure 5.4: Effect of PPAR- antagonist GW9662 on rosiglitazone-

mediated protection against efavirenz-induced loss of EA.hy926 cell 
viability after 24 hours. Cells were treated with 30 µM of efavirenz, causing 
significant loss of cell viability, partly attenuated by the addition of 3 µM 
rosiglitazone. The addition of 10 µM GW9662 was shown to partly block 

that protection. Data are expressed as mean  SEM of 3 experiments (6 
replicas per experiment). * p < 0.01 when compared with control 
endothelial cells and # p < 0.01 when compared with efavirenz-treated 
cells and ∆ p < 0.05 when compared with efavirenz-treated cells exposed 
to rosiglitazone. 
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Figure 5.5: Effect of PPAR- agonist GW1929 on efavirenz-mediated 

loss of EA.hy926 cell viability after 24 hours. Cells were treated with 30 
µM of efavirenz, causing significant loss of cell viability. The addition of 
increasing concentrations (1, 3 and 10 µM) of GW1929 was shown to 

partly confer protection after 24 hours. Data are expressed as mean  
SEM of 3 experiments (6 replicas per experiment). * p < 0.01 when 
compared with control endothelial cells and # p < 0.01 when compared 
with efavirenz-treated cells. 
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Figure 5.6: Effect of PPAR-γ agonist GW1929 on efavirenz-mediated 

loss of endothelial function. The rings were exposed to 10 µM of efavirenz 
for 4 hours. The addition of 10 µM of GW1929 significantly reduced the 
efavirenz-mediated endothelial dysfunction. Data are expressed as mean 

 SEM of 6 experiments ** p < 0.05 when compared with control aortic 
rings and # p < 0.05 when compared with efavirenz-treated rings. 
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Table 5.4: Effect of AMPK agonist AICAR on efavirenz-mediated loss of 

EA.hy926 cell viability after 24 hours. Cells were treated with 30 µM of 
efavirenz, causing significant loss of cell viability. The addition of increasing 
concentrations (0.1, 0.25 and 0.5 mM) of AICAR showed a significant 

difference compared to efavirenz alone. Data are expressed as mean  SEM 
of 3 experiments (6 replicas per experiment). * p < 0.05  and ** p < 0.01 when 
compared with control endothelial cells and # p < 0.01 when compared with 
efavirenz-treated cells. 

 
 
 
  

AICAR efavirenz 

  0 M 30 M 

0 100 ± 3 34.41 ± 0.82* 

0.1 mM 93.59 ± 2.44 43.90 ± 1.26**# 

0.25 mM 92.28 ± 2.82 51.85 ± 2.31**# 

0.5 mM 88.99 ± 3.07* 50.99 ± 1.32**# 



201 

 

5.8 Discussion 

 
The present chapter establishes the protective role of rosiglitazone 

against efavirenz-induced PARP activation and endothelial cell toxicity in 

rat aortic rings and EA.hy926 cells. Rosiglitazone, a PPAR-γ agonist has 

been used in the treatment of type 2 diabetes for over a decade; 

however, its beneficial effects have been shown to go beyond its insulin 

sensitising actions. The protective effects of rosiglitazone are reported in 

a number of pathologies such as renal ischemia/reperfusion (Betz et al., 

2012), cisplatin-induced nephrotoxicity (Kim et al., 2010), 

neurodegeneration (Martin et al., 2012; Toledo and Inestrosa, 2010), 

steatohepatitis (Wu et al., 2010), cancer (Farrow and Evers, 2003), 

inflammatory bowel disease (Adachi et al., 2006) and ischemia-induced 

retinopathy (Higuchi et al., 2010). The cardiovascular protection of 

rosiglitazone is widely disputed. 

 
The current study demonstrates for the first time that rosiglitazone was 

indeed able to offer protection against efavirenz-mediated endothelial cell 

toxicity which seems to be partially mediated through PPAR-γ and AMPK 

activation. Our results show that rosiglitazone improved the loss of cell 

viability and cell death mediated by efavirenz, reversed the impairment of 

vascular relaxation of rat aortic rings and significantly reduced the PARP 

overactivation induced by efavirenz.  

 

 



202 

 

The main mechanism of protection of rosiglitazone is essentially 

suggested to arise from a reduction of efavirenz-induced PARP 

overactivation possibly induced by oxidative stress (Ceolotto et al., 2007) 

via PPAR-γ and AMPK activation in endothelial cells. Rosiglitazone has 

been the subject of great controversy with regards to its cardiovascular 

effects. A number of reports suggested rosiglitazone to be cardiotoxic 

while others claimed it to be cardioprotective.  

 
Endothelial cells highly express PPAR-γ receptors in the nucleus and to a 

lesser degree in the cytosol (Satoh et al., 1999; Xin et al., 1999), which 

suggests that the beneficial vascular effects of rosiglitazone may be 

through PPAR-γ activation. However, a growing body of evidence 

suggests that the vasculoprotective effect of rosiglitazone may not be 

mediated by a PPAR-γ-dependent mechanism. Previous studies have 

shown that PPAR-γ activation can modulate transcription factors such as 

NF-κB and subsequently inhibit the expression of pro-atherosclerotic 

gene products such as cytokines, chemokines, matrix metalloproteinases 

and cell adhesion molecules (Duez et al., 2001). 

 
Rosiglitazone was shown to cause dose - dependent improvement of 

efavirenz-mediated loss of endothelial function and cell viability in rat 

aortic rings and EA.hy926 cells respectively. The dose range over which 

rosiglitazone exerted its protective effects was similar to the one used in 

previous studies (Boyle et al., 2008; Polikandriotis et al., 2005).  
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Treating rat aortic rings with efavirenz clearly showed significant 

impairment of vascular relaxation to acetylcholine. The addition of 

rosiglitazone markedly improved the endothelial dysfunction seen with 

efavirenz alone. In accord with our findings, rosiglitazone was shown to 

reverse the impaired vascular relaxation to ACh in diabetic rat aortic rings 

as well as the impaired ACh-stimulated NO production (El-Bassossy et 

al., 2012). On the other hand, one study using aortic rings from 

spontaneous hypertensive rats shows vascular improvement mediated by 

PPAR-alpha receptor activation and not by the PPAR-gamma receptor 

agonist rosiglitazone (Qu et al., 2012).  

 
In order to gain an understanding of the underlying mechanism of action 

by which rosiglitazone exerts its protective effects against the toxicity 

induced by efavirenz, the specific pharmacological inhibitor of PPAR-γ 

GW9662 was used and shown to partially block the protection of 

rosiglitazone, suggesting a PPAR-γ dependent mechanism. In c-reactive 

protein-stimulated vascular smooth muscle, rosiglitazone was shown to 

have an anti-inflammatory effect by activating glucocorticoid receptor and 

subsequently blocking p38/MAPK- toll like receptor 4 (TLR4) signalling 

pathway as GW9662 was not able to inhibit this protection (Liu et al., 

2011).  
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Another study, however, reported the increase in endothelial NO 

synthesis by rosiglitazone to be PPAR-γ dependent as the effect was 

blocked by the treatment with either GW9662 or siRNA directed against 

PPAR-γ RNA (Polikandriotis et al., 2005). GW9662 was not able to block 

the ability of rosiglitazone to inhibit the IL-1β or TNF-α induced - release 

of pro-inflammatory mediators from human airway smooth muscle cells, 

suggesting a PPAR-γ and AMPK-independent mechanism of protection 

(Zhu et al., 2011). 

 
The protection seen with rosiglitazone in endothelial cells may be a class 

effect as similar results were obtained using pioglitazone, another 

thiazolidione which activates PPAR-γ receptor (data not shown).  

 
To further confirm the partial involvement of PPAR-γ in the protection 

seen with rosiglitazone, the PPAR-γ agonist GW1929 was used, the 

addition of which to efavirenz-treated cells was seen to partially reverse 

the loss of cell viability induced by efavirenz alone. Pretreatment of 

HUVEC’s with GW1929 for 24 hours inhibited the VEGF-stimulated 

cyclooxygenase-2 (COX-2) expression, mimicking the anti-inflammatory 

effect seen with rosiglitazone and concluding an essential role of PPAR-γ 

in their mechanism (Scoditti et al., 2010). 

 
Treating rat aortic rings with efavirenz and following the addition of 

GW1929 a similar protective effect as in EA.hy926 cells was observed, 

further suggesting an involvement of PPAR-γ in the rosiglitazone-

mediated mechanism of protection.  
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Following the addition of rosiglitazone to efavirenz-treated EA.hy926 

cells, the apoptotic and necrotic levels induced by efavirenz alone were 

seen to be dramatically reduced after 24 hours.  An interesting study 

using endothelial progenitor cells (EPC’s) has shown that rosiglitazone 

significantly attenuated TNF-α-mediated apoptosis of EPC’s dose 

dependently by reducing the expression of caspase-3 and caspase-7 as 

well as inhibiting the release of cytochrome c mediated by the inhibition of 

extracellular signal-regulated kinase (ERK) /MAPK and NF-κB pathways 

(Xu et al., 2011).  

 
PPAR agonists have been reported to show anti-inflammatory effects 

(Duan et al., 2008; Nakajima et al., 2001) by downregulating NF-κB (Lee 

et al., 2006) and subsequently inhibiting the expression of pro-

inflammatory mediators such as TNF-α, IL-1 and LPS (Mako et al., 2010). 

In addition, PPAR-γ activation has been reported to reduce TNF-α-

induced overexpression of ICAM and VCAM (Bruemmer et al., 2005). HIV 

per se may cause endothelial dysfunction. Indeed exposure of human 

brain endothelial cells (Khan et al., 2003) and human breast cancer cells 

(Lee et al., 2005) to Tat which is an essential regulatory protein for HIV 

transcription has been shown to have inflammatory effects which could 

successfully be reversed by rosiglitazone and blocked by GW9662, 

protection partly mediated by inhibition of NF-κB transcription (Huang et 

al., 2008).  
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TNF-α has been shown to be crucial in the early development of 

atherosclerosis (Kleemann et al., 2008; Kleinbongard et al., 2010) and as 

a mediator of vascular inflammation (Libby et al., 1995). In TNF-α-

activated endothelial cells, the overexpression of PPAR-γ receptors was 

reported to attenuate NF-κB activity (Mun et al., 2011).  

 
In diabetic patients, treatment with rosiglitazone was shown to decrease 

TNF-α levels (Marx et al., 2003), whereas treatment with rosiglitazone in 

healthy nondiabetic subjects did not alter TNF-α levels despite being 

vasculoprotective (Hetzel et al., 2005). Therefore, since NF-κB activation 

has strongly been associated with atherosclerotic development and 

progression (Gareus et al., 2008; Monaco and Paleolog, 2004), 

rosiglitazone may be exerting its beneficial vascular effects via PPAR-γ 

activation and subsequent NF-κB inhibition.  

 
AMPK plays an important role in maintaining cellular energy homeostasis 

and responds to reduced intracellular ATP and increased AMP/ATP ratio, 

by switching on ATP-generating pathways and turning off ATP-

consuming pathways (Hardie, 2008). Previous studies have shown that 

rosiglitazone and other thiazolidinediones can activate AMPK (Boyle et 

al., 2008; Fryer et al., 2002), which has also been associated with 

cardioprotection (Russell et al., 2004). Using the pharmacological AMPK 

activator AICAR at increasing concentrations, our results conclude that 

rosiglitazone exerts its effect via an AMPK-dependent mechanism. 
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Exposure of HUVEC to high glucose was seen to increase ROS 

generation, which rosiglitazone subsequently attenuated via protein 

kinase C (PKC) inhibition and with a PPAR-γ independent and AMPK-

dependent mechanism. The inhibition of the diacylglycerol (DAG)-PKC 

pathway by rosiglitazone is dependent on the activation of AMPK and an 

essential target for the antioxidant effect of rosiglitazone (Ceolotto et al., 

2007).  

 
Rosiglitazone was reported to confer rapid protection in human aortic 

endothelial cells via an AMPK-dependent and PPAR-γ-independent 

mechanism, increasing NO bioavailability and remaining unaffected by 

the exposure to GW9662 (Boyle et al., 2008).  

 
The underlying mechanism of protection of rosiglitazone against 

efavirenz-induced cytotoxicity may involve a number of systems such as 

modulation of the NO pathway involving iNOS and eNOS, affecting NO 

bioavailability (Betz et al., 2012), inhibition of transcription factors such as 

NF-κB (Lee et al., 2006), attenuation of MAPK JNK and p38 (Han et al., 

2012), downregulation of pro-inflammatory cytokines such as IL-1 and 

TNF-α (Mako et al., 2010), modulation of endothelial cell barrier proteins 

(Huang et al., 2009) and decrease in the expression of cell adhesion 

molecules such as ICAM and VCAM (Bruemmer et al., 2005) in 

endothelial cells, which are all effects that can also be achieved by the 

inhibition of PARP.  
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However, not all the effects of NF-κB are detrimental to the vascular 

system as Davis et al. reported that with acute shear stress, NF-κB-

dependently increases eNOS generation with subsequent NO synthesis 

required for vascular regulation (Davis et al., 2004). Furthermore, NF-κB 

has been shown to inhibit apoptosis by upregulating the expression of 

several antiapoptotic genes. Interestingly, NF-κB has also been reported 

to downregulate prolonged TNF-α-induced JNK activation (De Smaele et 

al., 2001). Since efavirenz has been shown to increase the activation of 

NF-κB (Jamaluddin et al., 2010) in endothelial cells, which can be 

downregulated by PARP inhibition (Csiszar et al., 2008), it is conceivable 

that the mechanism of protection of rosiglitazone involves modulation of 

the transcription factor NF-κB.  

 
Several reports have shown a link between rosiglitazone and oxidative 

stress in endothelial cells. Rosiglitazone was reported to reduce 

hyperglycaemia-induced oxidative stress (Ceolotto et al., 2007) and 

induce NO production in endothelial cells (Boyle et al., 2008) via the 

AMPK pathway. PPAR-γ activation was shown to decrease the 

production of superoxide and NADPH expression in vascular endothelial 

cells (Hwang et al., 2005) and increase NO bioavailability via a PPAR-γ 

dependent mechanism (Polikandriotis et al., 2005).  
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Hwang and colleagues reported that short-term treatment with 

rosiglitazone attenuated vascular superoxide generation by inhibiting the 

expression of NADPH oxidase subunits, independent of its metabolic 

effects (Hwang et al., 2007). An interesting study has shown that 

oxidative stress, possibly through activation of inhibitory redox-regulated 

transcription factors, reduces PPAR-γ expression and activity in HUVEC’s 

via suppression of PPAR-γ transcription (Blanquicett et al., 2010).  

 
Rosiglitazone has convincingly been shown to reduce glucose-induced 

oxidative stress by activating AMPK, followed by the inhibition of the 

DAG-PKC pathway, which subsequently prevents NADPH oxidase-

mediated ROS generation (Ceolotto et al., 2007).  Since efavirenz was 

shown to increase the production of superoxide anion in endothelial cells 

(Jamaluddin et al., 2010), rosiglitazone may be inhibiting either the initial 

ROS generation or the subsequent PARP overactivation that results from 

efavirenz-induced oxidative stress.  

 
By inhibiting PARP activation, rosiglitazone is thus able to inhibit the 

subsequent cellular depletion of ATP and NAD+ and ultimately prevent or 

attenuate endothelial dysfunction mediated by efavirenz.  As mentioned 

before, rosiglitazone may exhibit direct PARP inhibitory effects due to the 

similarity of its structure to known pharmacological PARP inhibitors and 

recently drugs such as cilostazol have been shown to be direct inhibitors.  
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Rosiglitazone was shown to significantly reduce the PARP activation 

mediated by efavirenz. In line with our results, rosiglitazone was reported 

to reduce PARP activation in an animal model of inflammation 

(Cuzzocrea et al., 2004). Sivarajah and colleagues suggested that 

rosiglitazone may be exerting its protective effect by reducing oxidative 

stress and subsequently PARP activation via inhibition of ICAM 

expression and a reduction of polymorphonuclear cell infiltration in an 

animal model of renal ischemia/reperfusion injury (Sivarajah et al., 2003). 

MAPK pathways which include JNK, ERK1/2 and p38 have been reported 

to play a crucial role in the generation of various pro-inflammatory 

cytokines (Dong et al., 2002). Inhibition of the ERK signalling cascade by 

rosiglitazone was shown to prevent TNF-α and IFN-γ – mediated 

inflammatory response (Lombardi et al., 2008).  

 
There is still much debate over PPAR-γ and AMPK crosstalk. Some 

groups argue that AMPK activation is PPAR-γ dependent, while others 

report that the two events occur independently of each other. Fryer et al. 

suggest that acute rosiglitazone treatment rapidly activates AMPK in a 

PPAR-γ independent manner (Fryer et al., 2002). In contrast, PPAR-γ-

dependent transcriptional activity has been shown to increase the 

formation of adiponectin, which in turn confers AMPK-dependent 

cardioprotection (Ding et al., 2007).  
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In conclusion, the results presented in the present chapter suggest that 

whilst the underlying mechanism of vasculoprotection by rosiglitazone still 

remains elusive, the general pathway of protection based on our study 

suggest to arise from a PPAR-γ- and AMPK- mediated effect, reducing 

the efavirenz-induced PARP overactivation, presumably following ROS 

generation and the subsequent cellular energy depletion, hence 

preventing or attenuating endothelial dysfunction (Figure 5.7). Future 

work is needed in order to fully elucidate the exact pathway involved in 

the vasculoprotection conferred by rosiglitazone in the endothelial 

dysfunction mediated by efavirenz. Direct measurements, rather than 

pharmacological inhibitors will be essential in order to precisely pinpoint 

the mechanism of action of rosiglitazone.  
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Figure 5.7: Proposed general pathway of the protection of rosiglitazone 

against efavirenz-induced endothelial dysfunction 

 

efavirenz induces oxidative stress which subsequently increases PARP 

activation followed by celluar energy depletion and eventually leading to 

endothelial dysfunction. rosiglitazone either inhibits the generation of oxidative 

stress in efavirenz-treated endothelial cells or stops the PARP overactivation 

and therefore prevents the significant decrease in NAD+ and ATP levels and 

thus preventing or attenuating efavirenz-mediated endothelial dysfunction. 
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                    Chapter 6 

 

 

 

Atripla - mediated cytotoxicity 

and potential protective strategies 

in the brain endothelial cell line 

bEnd.3 
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6.1 Introduction  

 
The breakdown of the blood brain barrier is thought to contribute to the 

development of HIV-associated dementia as well as neurological 

pathologies that are not usually associated with HIV infection such as 

stroke, brain tumors and multiple sclerosis (Wang et al., 2008). HAART 

has been associated with an increase in the incidence of neurological 

side effects (Letendre et al., 2010).  

 
HIV-infected patients receiving Atripla may be showing neurological side 

effects after long-term use, since exposure to efavirenz has been shown 

to cause neuropsychological toxicity (Clifford et al., 2005). In addition, 

efavirenz was reported to decrease the expression of tight junction 

molecules such as ZO-1, occludin, claudin-1 and JAM-1, compromising 

the integrity of the barrier function of endothelial cells (Jamaluddin et al., 

2010). 

 
The results of this part of the study may provide insights on efavirenz-

mediated neurological toxicity, its underlying mechanism of damage and 

whether any cell damage observed may be attenuated by the use of 

thiazolidinediones.  

 

 

 

 



215 

 

6.2 Methods 

6.2.1 Treatment protocols 

 
In order to assess the effect of the different Atripla components on 

cellular functions, bEnd.3 cells were treated with increasing 

concentrations of the individual drugs efavirenz, emtricitabine and 

tenofovir for 24 and 48 hours.  The concentrations chosen were 3, 10, 

30 and 100 M. Using HPI staining, the effect of the different 

components were evaluated for apoptosis and necrosis after 24 hours, 

using 3, 10 and 30 µM of each drug. The effect of efavirenz on barrier 

function was assayed using 3 and 10 µM for 24 hours and albumin 

translocation measured as described in Chapter 2. 

 
Rosiglitazone at 1, 3 or 10 µM was used to determine whether it had a 

protective role in the possible efavirenz-mediated loss of cell viability.  

The role of PPAR-γ was investigated using a specific inhibitor GW9662 

(10M). The role of oxidative stress was then assayed using the NBT 

assay and following exposure to 3, 10 and 30 µM efavirenz for 2, 4 and 

6 hours. After the appropriate treatment protocols, the following cellular 

parameters were then measured: 

 

6.2.1.1 Cell viability 

 
The cell viability following exposure to the different treatments was 

measured using the MTT assay, which is a colorimetric assay as fully 

described in Chapter 2. 
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6.2.1.2 Necrosis and apoptosis levels 

 
Cell death measurement was performed by morphological analysis 

using the HPI staining method, by which the relative numbers of live, 

apoptotic and necrotic cells were counted under a fluorescence 

microscope as previously described in Chapter 2. 

 

6.2.1.3 Oxidative stress 

 
Levels of oxidative stress were measured using the NBT assay. The 

NBT assay is a colorimetric assay used to detect the generation of 

superoxide anions as described in Chapter 2 and was used as an 

oxidative stress indicator 

 
 

6.2.1.4 Barrier function  

 
In order to measure the effect of the various Atripla components on 

transmembrane permeability, a barrier function assay was used as 

descriped in Chapter 2. 

 

6.2.2 Statistical analysis 

 
Statistical analysis was performed using ANOVA as fully described in 

Chapter 2.



 217 

6.3 Results 

6.4 The effect of the Atripla components on the loss of cell viability 

and cell death in bEnd.3 cells 

 
The bEnd.3 cells were exposed to increasing concentrations (3-100 µM) 

of the Atripla components efavirenz, emtricitabine and tenofovir for 24 

and 48 hours. Efavirenz was seen to cause a dose- and time-dependent 

loss of cell viability (Figure 6.1). 

 
When HPI staining was performed on the cells exposed to increasing 

concentrations (3-10 µM) of each component, efavirenz was shown to 

cause increased levels of cell death, with the apoptotic cells being double 

that of the necrotic cells following exposure to 30 µM efavirenz for 24 

hours (Table 6.1). 

 

Statistical analysis was performed using a one-way ANOVA followed 

by Dunnett’s post-hoc test (vs. Control). Time-dependent comparisons 

between 24- and 48-hour treatments were performed using a two-way 

ANOVA, followed by Bonferroni’s adjustment. 
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Figure 6.1:  Effect of the Atripla components on bEnd.3 cell viability 

(MTT) after 24 (A) and 48 (B) hours. Cells were treated with increasing 
concentrations (3, 10, 30 and 100 µM) of the individual components 

efavirenz, emtricitabine and tenofovir. Data are expressed as mean  SEM 
of 4 experiments (6 replicas per experiment). * p < 0.01 when compared 
with control bEnd.3 cells and ∞p < 0.05 when the 24-hour treatment was 
compared with the 48-hour treatment. 
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A 

 Live Apoptotic Necrotic 

Control 95.96 ± 0.81  2.18 ± 0.78  1.86 ± 0.57  

3 µM efavirenz 91.81 ± 3.43 4.85 ± 2.70 3.34 ± 0.97  

10 µM efavirenz 82.73 ± 4.79  10.21 ± 3.67  7.07 ± 1.25* 

30 µM efavirenz 74.83 ± 5.69* 16.28 ± 4.04* 8.90 ± 2.28* 

 
B 

 Live Apoptotic Necrotic 

Control 97.46 ± 0.18  1.63 ± 0.01  0.92 ± 0.17  

3 µM emtricitabine 97.53 ± 1.15  1.42 ± 0.68  1.06 ± 0.47 

10 µM emtricitabine 96.40 ± 0.83  2.09 ± 0.21  1.51 ± 0.63 

30 µM emtricitabine 96.69 ± 0.20  2.33 ± 0.12* 1.00 ± 0.07 

 
C 

 Live Apoptotic Necrotic 

Control 97.19 ± 0.07 1.42 ± 0.11 1.40 ± 0.18  

3 µM tenofovir 96.77 ± 0.39 1.91 ± 0.12  1.34 ± 0.29 

10 µM tenofovir 96.73 ± 0.96 2.04 ± 0.74 1.24 ± 0.23 

30 µM tenofovir 96.40 ± 0.30 1.86 ± 0.02 1.75 ± 0.27  

 
Table 6.1: Effect of Atripla components on bEnd.3 cell death (HPI) after 

24 hours. Cells were treated with increasing concentrations (3,10 and 30 
µM) of the individual components efavirenz (A), emtricitabine (B) and 

tenofovir (C) for 24 hours. Data are expressed as mean  SEM of 3 
experiments (2 replicas per experiment). * p < 0.05 when compared with 
control bEnd3 cells. 
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6.5 The effect of efavirenz on brain endothelial barrier function 

 
The bEnd.3 cells were exposed to 3 and 10 µM efavirenz for 24 hours 

and brain barrier function measured by albumin translocation (data not 

shown). Unfortunately the data obtained is inconclusive and further work 

will be required to ascertain the role of efavirenz on brain endothelial 

permeability. 
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6.6 The protection by rosiglitazone against efavirenz-mediated loss 

of cell viability in bEnd.3 cells 

 
Following the exposure of the bEnd.3 cells to 30 µM efavirenz for 48 

hours, there was a 72 % drop in cell viability, which was attenuated to a 

50 % drop in cell viability following the addition of 10 µM rosiglitazone. As 

a control, the addition of 10 µM rosiglitazone to the cells did not cause 

cell damage (Figure 6.2). 

 

Statistical analysis was performed using a one-way ANOVA followed 

by Dunnett’s post-hoc test (vs. Control) and Bonferroni’s adjustment to 

compare efavirenz-treated cells with efavirenz-treated cells exposed to 

rosiglitazone. 
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Figure 6.2:  Effect of the rosiglitazone on efavirenz-mediated loss of cell 

viability in bEnd.3 cells. Cells were treated with 30 µM of efavirenz for 24 
(A) and 48 (B) hours. The addition of increasing concentrations (1, 3 and 
10 µM) of rosiglitazone markedly decreased the loss of cell viability seen 

with efavirenz alone. Data are expressed as mean  SEM of 3 
experiments (6 replicas per experiment). * p < 0.01 when compared with 
control bEnd.3 cells and # p < 0.01 when compared with efavirenz-treated 
cells. 
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6.7 The mechanism of protection of rosiglitazone against efavirenz-

mediated loss of cell viability 

 
In order to elucidate the mechanism by which rosiglitazone confers 

protection against efavirenz-induced loss of endothelial cell viability, the 

pharmacological inhibitor of PPAR- GW9662 was used. The addition of 

10 M of GW9662 to efavirenz (10 M) treated cells did not block the 

protection against efavirenz-mediated cell damage, suggesting a PPAR- 

independent mechanism of protection in bEnd.3 cells.  

 

As a control, the addition of GW9662 (10 M) to 30 M of efavirenz was 

shown not to have an effect on its own on the cell damage mediated by 

efavirenz. Similarly, cells exposed to 10 M of GW9662 on its own did not 

show any signs of cytotoxicity (Figure 6.3). 

 

Statistical analysis was performed using a one-way ANOVA followed 

by Dunnett’s post-hoc test (vs. Control) and Bonferroni’s adjustment to 

compare efavirenz-treated cells with efavirenz-treated cells exposed to 

rosiglitazone and GW9662. 
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Figure 6.3: Effect of PPAR- antagonist GW9662 on rosiglitazone-

mediated protection against efavirenz-induced loss of bEnd.3 cell viability 
after 24 hours. Cells were treated with 30 µM of efavirenz, causing 
significant loss of cell viability, partly attenuated by the addition of 3 µM 

rosiglitazone. Data are expressed as mean  SEM of 3 experiments (6 
replicas per experiment). * p < 0.01 when compared with control bEnd.3 
cells and # p < 0.01 when compared with efavirenz-treated cells. 
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6.8 The role of oxidative stress in efavirenz-mediated loss of cell 

viability in bEnd.3 cells 

 
In order to assess the role of oxidative stress generation in efavirenz-

mediated loss of cell viability, the NBT assay was performed. The cells 

were exposed to increasing concentrations (3, 10 and 30 µM) of efavirenz 

for 2, 4 and 6 hours. With the maximal concentration used (30 µM) of 

efavirenz, the levels of superoxide anions generated were seen to 

increase significantly (Table 6.2).  

 

Statistical analysis was performed using a one-way ANOVA followed 

by Dunnett’s post-hoc test (vs. Control). 
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 2h 4h 6h 

Control 100 ± 2.52 100.44 ± 2.17 99.67 ± 2.13 

3 M efavirenz 93.88 ± 1.37* 97.50 ± 2.40 97.83 ± 2.36 

10 M efavirenz 103.57 ± 3.95 102.58 ± 5.63 103.06 ± 5.59 

30 M efavirenz 134.03 ± 7.69** 146.50 ± 10.06** 147.39 ± 9.83** 

 
Table 6.2: NBT assay (oxidative stress) of efavirenz in bEnd.3 cells. Cells 

were treated with increasing concentrations (3, 10 and 30 M) of efavirenz 

at 2, 4 and 6 hours. Data are expressed as mean  SEM of 4 experiments 
(3 replicas per experiment). * p < 0.05 and ** p < 0.01 when compared 
with control untreated cells.  
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6.9 Discussion 

 
This part of the study focused on the effects of the Atripla components on 

brain endothelial cell viability and concluded that i) out of the three drugs; 

efavirenz caused a dose- and time- dependent loss of cell viability, ii) 

efavirenz showed an increase in apoptotic and necrotic cells after 24 

hours, iii) rosiglitazone was able to partially protect against the efavirenz-

mediated loss of cell viability after 24 and 48 hours, iv) the PPAR-γ 

antagonist GW9662 was not able to block that protection, implying a 

PPAR-γ independent mechanism, v) efavirenz seems to be causing 

oxidative stress generation in brain endothelial cells. 

 
The use of HAART has significantly improved the prognosis of HIV-

infected individuals and decreased the incidence of HIV-associated 

dementia (HAD), however the incidence of HIV-associated neurocognitive 

disorders (HAND) seems to be on the increase despite antiretroviral 

treatment (Heaton et al., 2010; Letendre et al., 2010). A recent study has 

looked at the effect of efavirenz and its metabolite (8-OH-EFV) on 

neuronal function and found that the metabolite caused a nearly 10-fold 

increase in neurotoxicity compared to the parent drug (Tovar-y-Romo et 

al., 2012). Efavirenz was shown to increase apoptotic and necrotic cells 

in bEnd.3 cells after 24 hours, with apoptotic levels being double that of 

necrosis. This is in agreement with the previous study showing that 8-OH-

EFV also elicited neuronal apoptosis at low doses (Tovar-y-Romo et al., 

2012). Rosiglitazone was shown to protect against efavirenz-mediated 

loss of cell viability in a dose-dependent manner.  
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Recently, Araujo and colleagues have demonstrated the protective role of 

rosiglitazone against brain microvascular dysfunction in a model of sepsis 

(Araujo et al., 2012). Using the PPAR-γ antagonist GW9662, a PPAR-γ 

dependent mechanism of protection was not conclusive in this study and 

further investigation is warranted in order to fully ascertain the role of 

PPAR-γ in the protection seen.  

 
Interestingly, in this cell line bEnd.3, the NBT assay resulted in a 

significant induction of superoxide anions and may provide insight into the 

mechanism of damage of efavirenz. Oxidative stress has previously been 

linked to efavirenz in brain endothelial cells and may account for the loss 

of cell viability observed in this cell line (Igbigbi, 2012). In contrast, 

another study concluded that efavirenz did not alter antioxidant levels in 

cultured brain astrocytes (Brandmann et al., 2012). The barrier function 

assay was inconclusive in this study; however, an important study has 

shown efavirenz to significantly reduce the levels of tight junction proteins 

claudin-1, occludin and zonula occluden-1 (Jamaluddin et al., 2010), a 

paper which prompted us to look at the effects of Atripla on cultured brain 

endothelial cells.  

 
In conclusion, this part of the study emphasises the damaging effect of 

efavirenz in a different cell line and confirms its role in the endothelial 

dysfunction observed in HIV-infected patients and further research will be 

required to fully elucidate the effect of efavirenz on the brain endothelial 

dysfunction seen in patients receiving Atripla. 
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Chapter 7 

 

 

 

General Discussion 
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Highly active antiretroviral therapy has proved very successful in 

prolonging the lifespan and improving the quality of life of HIV patients. 

Unfortunately, HAART-related cardiovascular side effects have come to 

light following long term use of these anti-HIV agents. Cardiovascular 

side effects reported include atherosclerosis, hypertension, myocarditis, 

congestive heart failure and dilated cardiomyopathy (Barbaro et al., 

2001). Endothelial dysfunction is an important early precursor for the 

development of cardiovascular disease and perhaps the most plausible 

link between HAART and atherosclerosis in the HIV population in the 

absence of general cardiovascular risk factors. HIV patients on HAART 

have been reported to have a 26 % relative risk increase in the rate of 

myocardial infarction per year of HAART exposure (Friis-Moller et al., 

2003).  

 
Current treatment strategies aimed at reducing HAART-related 

cardiovascular toxicity include cardiovascular risk stratification of patients 

receiving HAART, especially those with underlying cardiovascular risk 

factors such as hypertension or diabetes (Barbaro, 2003). The 

introduction of the once daily fixed dose pill Atripla on the global market 

was hoped to improve compliance and adherence associated with 

HAART. The Atripla components efavirenz, emtricitabine and tenofovir 

were considered to be significantly safer than conventional antiretroviral 

agents; however, no detailed research had been carried out on the 

cardiovascular toxicity of these components.  
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The results presented in this study clearly show that out of the three 

Atripla constituents, efavirenz significantly causes cardiovascular 

dysfunction, which in the long run may contribute to the development of 

cardiovascular disease in HIV patients receiving Atripla.  

 

7.1 Main findings 

 
The main work described in this thesis focuses on the detrimental effects 

caused by the Atripla components, in particular efavirenz, which was 

shown to induce cell dysfunction and cell death in cardiac, vascular and 

brain endothelial cells. As we shall see, the mechanism by which 

efavirenz causes cell toxicity comprises a number of possible pathways. 

The general mechanism of action of efavirenz is thought to include 

oxidative stress generation with subsequent PARP activation and 

possibly ER stress, eventually leading to cell dysfunction and cell death. 

The antidiabetic agent rosiglitazone clearly improved the efavirenz-

mediated cardiovascular side effects, possibly by inhibition of ROS and/or 

the following PARP activation involving PPAR-γ and AMPK activation and 

thus preventing or attenuating the damage caused by efavirenz alone. 

The underlying precise mechanism is yet to be elucidated but the 

probable pathways by which efavirenz and rosiglitazone exert their effect 

will be summarised in the following sections and the relevance of our 

findings put into a clinical context. 
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7.1.1 Oxidative stress 

 
The experiments used in this study to investigate whether efavirenz 

induces oxidative stress were inconclusive in H9c2 and EA.hy926 cells,  

however, in bEnd.3, efavirenz was shown to significantly induce 

superoxide generation. Further research with more direct methods is 

warranted for definite conclusions. Efavirenz-mediated ROS generation is 

however the most plausible mechanism by which it causes the 

cardiovascular toxicity. Previous work has linked oxidative stress to 

HAART in all cell types used in this study, cardiac (Hulgan et al., 2003) 

and endothelial cells (Mondal et al., 2004) and brain endothelial cells 

(Igbigbi, 2012). 

 
Using EUK-134, a synthetic superoxide dismutase/catalase mimetic, the 

oxidant-scavenging effect on efavirenz-mediated cardiovascular 

dysfunction (data not shown) was explored and also proved to be 

inconclusive, calling for further investigation into the oxidative ability of 

efavirenz. In addition, regardless of HAART, HIV positive patients seem 

to display higher levels of oxidative stress as evidenced for instance by a 

study using transgenic HIV rat model which expressed increased 

superoxide and 3-nitrotyrosine levels as well as reduced superoxide 

dismutase and glutathione and reduced NO production leading to 

endothelial dysfunction and in the HIV population to increased risk of 

cardiovascular disease (Kline and Sutliff, 2008). 
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7.1.2 Endoplasmic reticulum stress 

 
The ER stress marker CHOP was seen to be significantly increased 

following the exposure of efavirenz and this is the first time that this has 

been observed with HAART and may provide an explanation as to why 

these agents cause cardiovascular dysfunction as well as being a 

prospective screening tool for potential cardiotoxicity of new antiretroviral 

agents in development.  

 
The crosstalk between oxidative and ER stress is now well documented 

and both events are thought to be able to precede one another. 

Sustained ER stress has been shown to induce oxidative stress in HIP-

deficient cells that can’t eliminate misfolded proteins from the ER (Haynes 

et al., 2004). The activation of NFE2-related factor 2 (Nrf2) and activating 

transcription factor 4 (ATF4) transcription factors is thought to induce 

PKR-like Endoplasmic Reticulum Kinase (PERK) signalling and may be 

the main link between ER and the subsequent oxidative stress generation 

(Cullinan and Diehl, 2006).  

 
The production of ROS can be stimulated by many physiological and 

pathological conditions, which subsequently target ER-based calcium 

channels and chaperones, causing the release of calcium from the ER to 

the cytosol. This may further stimulate mitochondria-derived ROS 

generation, which in turn can increase calcium release from the ER and 

may lead to ROS accumulation and the perturbation of ER calcium 

homeostasis can upset the protein folding process, leading to ER stress 

and the UPR activation.  
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The UPR can then induce certain effects such as the inflammatory 

response, anti-oxidative stress response and apoptosis (Zhang, 2010). 

As seen in renal epithelial cells, cadmium, thapsigargin and tunicamycin 

contribute to ER stress by inducing an increase in calcium in the cytosol, 

followed by ROS generation and the cells in order to attenuate ER stress 

and cell death, upregulate Bestrophin-3 by activating ERK 1/2, which 

inhibits the expression of CHOP, apoptosis and promotes cell survival. 

Interestingly, Bestrophin-3 knockdown caused PARP activation and cell 

death (Lee et al., 2012). 

 

7.1.3 PARP activation 

 
Efavirenz was shown to cause a significant increase in PARP activity 

after a short term exposure in both types of cells, H9c2 and EA.hy926. 

Furthermore, the pharmacological inhibition of PARP was shown to 

attenuate the deleterious effects seen with efavirenz alone, suggesting a 

crucial role of PARP in the toxicity observed.  

 
Previously, oxidative stress and PARP activation have been convincingly 

shown to be closely interrelated and many studies have sought to 

establish a causal link between the two events, indeed the most plausible 

one seems to be that if the levels of ROS are high enough, PARP 

becomes activated in the nucleus, followed by cellular energy depletion in 

the form of reduced ATP and NAD+ levels and eventually leading to 

cellular death by apoptosis or necrosis.  
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The results of a study by Racz et al. concluded that ROS-mediated PARP 

activation regulated the activation of JNK and p38 MAPK via its effects on 

Mitogen-activated protein (MAP) kinase phosphatase 1 (MKP-1), which 

dephosphorylates JNK and p38 MAPK under oxidative stress and the 

expression of which is increased by PARP inhibition (Racz et al., 2010). 

This is the first time that the importance of PARP has been shown in 

HAART-related cardiovascular adverse effects and opens the way for 

future research focusing on modulation of PARP in order to counteract 

HAART-related cardiovascular toxicity. 

 

7.1.4 Protective role of rosiglitazone 

 
In the present study, rosiglitazone was observed to be partially protective 

against the injurious effects mediated by efavirenz in all cell types by 

either inhibiting efavirenz-induced ROS generation and/or PARP 

activation and this is the first time that this drug was seen to protect 

against HAART-mediated cardiovascular toxicity and gives way for further 

research into this drug class as pioglitazone was seen to exert similar 

protection (data not shown). Since the drug is readily available, although 

with certain restrictions, PPAR agonists in general including fibrates may 

be useful as an additional therapy to Atripla in order to prevent the long 

term cardiovascular side effects. Interestingly, a very recent study looked 

at the protective role of the thiazolidinediones against the detrimental 

effects against PI-mediated endothelial dysfunction in human aortic 

endothelial cells.  
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This same study concluded that nelfinavir decreased tyrosine 

phosphorylation of insulin receptor beta (IR-β), insulin receptor substrate-

1 (IRS-1) and phosphatidylinositol 3'-kinase (PI3K) and that simultaneous 

exposure to troglitazone improved the suppressive effects of nelfinavir on 

insulin signaling and NO production, as well as lead to increased eNOS 

expression in treated human aortic endothelial cells (Mondal et al., 2013). 

Future research may be focused on PPAR agonists in general as the 

beneficial effects of these agents can easily be extrapolated into the 

clinical setting.  

 

7.2 Main limitations 

 
Although every effort has been employed to elucidate the underlying 

mechanisms of the different drugs, factors including time and cost have 

made it challenging to expand on the experiments. There still remain a 

number of unanswered questions in this thesis. These include whether 

efavirenz causes oxidative stress in H9c2 and EA.hy926 cell lines  and if 

yes, which oxidants are being generated? Does efavirenz cause 

increased activation of NF-κB and MAPK JNK? Does it affect other 

transcription factors such as AP-1 or is it NF-κB specific? Can it cause 

increased induction of pro-inflammatory cytokines such as IL-6 and IL-8 

in the cell lines used? How does it downregulate tight junction proteins 

such as ZO-1 and occludin? Does it cause increased levels of cell 

adhesion molecules such as VCAM and ICAM? Which other pathways 

may be involved in the toxicity seen with efavirenz? Can rosiglitazone 

attenuate oxidative stress generation in the cell lines used?  
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Another important limitation worth mentioning is that due to university 

restrictions, no HIV-infected cells were used in this study, which may 

make it difficult to obtain a realistic picture of the effects of HAART on 

HIV-positive cells. 

7.3 Future perspectives 

 
Future studies may be useful in answering some of the questions 

highlighted in the previous section. In order to clearly ascertain the role of 

efavirenz in the generation of oxidative stress in cardiac, endothelial and 

brain cells, methods such as the DCF assay or the more costly 

commercially available kits including MitoSOXTM could be carried out. 

Using western blots, the activation of the different pathways may be 

investigated further, rather than pharmacological inhibition.  

 
In vivo studies using HIV-infected animal models may be preferable in 

order to get a more complete picture of the long term effects of Atripla. 

The following step would of course include the follow-up in clinical trials of 

patients that have been taking Atripla long term with regular monitoring 

and assessment of cardiovascular factors.  
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7.4 Implications 

 
Besides introducing adjuvant therapies such as rosiglitazone to 

counteract the cardiovascular side effects of Atripla, important measures, 

albeit costly for screening and monitoring HIV patients on Atripla may 

include echocardiography, electrocardiography, stress testing, ultrafast 

electron beam computerised tomography, brachial artery reactivity, intima 

medial thickness, nuclear cardiology, catheterization and biopsy, 

pericardiocentesis, tests for treatable nutritional and biochemical causes 

of heart failure, serum and plasma markers of myocardial injury and Left 

ventricular dysfunction, blood inflammatory markers, lipid profiles for 

preventive cardiology, genetic testing, traditional cardiovascular risk 

profiling, hypertension screening.  

 
When prevention and treatment of cardiovascular disease are necessary, 

therapeutic strategies may comprise cytokine antagonist therapy, 

immunomodulatory therapy, anti-infective therapy, heart failure therapy, 

primary prevention of coronary heart disease involving modulation of 

factors such as exercise, diet, smoking, hypertension, cholesterol, 

triglycerides, anticoagulation  (Lipshultz et al., 2001).  

 
While this thesis focuses on the side effects of HAART, one needs to 

consider several important factors that may play a role in the 

cardiovascular symptoms experienced by the individual patient. The 

overall picture of a patient may include elements such as compliance, 

diet, symptom perception, symptom reporting, genetics and 

comorbidities.  
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Traditional cardiovascular risk factors including age, gender, tobacco 

smoking, alcohol consumption, cholesterol, family history and Diabetes 

mellitus, regardless of HAART play a significant role in the development 

and progression of cardiovascular complications when on HAART.  

 
Another important aspect to consider is certainly the cardiovascular 

complications caused by HIV per se, irrespective of HAART. These HIV-

related cardiovascular abnormalities include dilated cardiomyopathy, 

coronary heart disease, hypertension and pericardial effusion (Barbaro et 

al., 2001), all of which may overlap with HAART-related cardiovascular 

problems. 

 
In addition, a number of reports have shown that the HIV protein Tat may 

induce oxidative stress by itself, especially in neurons (Kruman et al., 

1999; Shi et al., 1998). Interestingly, it was found that supplementing HIV 

patients with the antioxidants Vitamin C and E could reduce HIV-induced 

oxidative stress and possibly even reduce viral load (Allard et al., 1998).  

 

7.5 Conclusions 

 
In conclusion, the results of this thesis highlight the detrimental effects of 

the Atripla pill and suggest one possible class of drug as well as 

pharmacological inhibition of PARP or antioxidants that may be used as 

an adjuvant therapy to counteract the cardiovascular toxicity.  
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The work proposes a possible mechanism by which efavirenz causes 

cytotoxicity, which overall is thought to include oxidative stress, ER stress 

and PARP activation and further research focusing on these will be 

necessary to develop new therapies that may be useful in preventing 

HAART-related cardiovascular side effects. Newer drugs such as 

efavirenz were developed in the hope of being safer than the original 

antiretrovirals such as AZT, however, long term use of Atripla may be 

causing significant cardiovascular damage, the drug-related side effects 

will be more detrimental to HIV-infected patients than HIV infection itself.  

 
There are still many open questions about the mechanism of toxicity of 

the antiretrovirals and the DNA pol-γ hypothesis may be eliminated as the 

mode of damage may be far more complex involving several pathways. 
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