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ABSTRACT

Antiretroviral drugs are used for the treatment of human immunodeficiency virus, they are used as
combination regimens to achieve the highest possible benefit, tolerability, compliance and to diminish the
risk of resistance development. Reports from preclinical and clinical studies have linked antiretrovirals with
some toxicological effects which could be associated with redox imbalance (oxidative stress). This
stimulated us to review relevant literature on the relationship between antiretroviral induced toxicological
effects and redox imbalance. Available literature on antiretroviral associated toxicological effects and
oxidative stress were comprehensively reviewed. Literature showed that antiretrovirals are associated
with toxicological effects which includes hepatotoxicity, cardiotoxicity, hematotoxicity and
nephrotoxicity. Reports in animal studies also showed that these toxicological effects could be
associated with oxidative stress through the generation of oxidative radicals, depletion of antioxidants
and antioxidant enzymes leading to mitochondria damage in the heart, kidney, liver brain and other
organs. In humans, studies also showed that antiretrovirals are associated with lipid peroxidation,
depletion of antoxidants and antioxidant enzymes which are elements of oxidative stress. Furthermore
it was observed that supplementations with some antioxidants mitigated antiretroviral induced
oxidative stress, mitochondria damage and toxicological effects. Antiretroviral drugs are associated
with toxicological effects which may involve redox imbalance, but more studies are required to
correlate antiretroviral toxicities with oxidative stress.
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1. INTRODUCTION

Acquired Immune Deficiency Syndrome (AIDS)
was identified as a disease in 1981, Human
Immunodeficiency Virus (HIV) was isolated as the
putative cause of the disease (Barre-Sinoussi et al.,
1983; Popovic et al., 1983). This discovery created
room for the search for chemical agents that could
inhibit infectivity and replication of human
immunodeficiency virus. This led to the discovery of
the first antiretroviral chemical agent (zidovudine)
which was introduced for clinical use in 1987
(Mitsuya et al., 1985). In 2008, 25 years after the
Human Immunodeficiency Virus (HIV) was
discovered as the cause of Acquired Immune Deficiency

Syndrome (AIDS), exactly 25 antiretroviral compounds
have been clinically approved for the management of
HIV/AIDS. Currently these compounds fall into six
classes: Nucleoside Reverse Transcriptase Inhibitors
(NRTIs) Nucleotide Reverse Transcriptase Inhibitors
(NtRTIs) Non-Nucleoside Reverse Transcriptase
Inhibitors (NNRTIs), Protease Inhibitors (PIs), Fusion
Inhibitors (FIs) and Co-Receptor Inhibitors (CRIs) and
Integrase Inhibitors (INIs). These compounds are used as
combination regimens to achieve the highest possible
benefit, tolerability, compliance and to diminish the risk

of resistance development (De Clercq, 2009).
Currently recommended initial regimens use
combinations of two  Nucleoside  Reverse

Transcriptase Inhibitors (NRTIs) and either a Non-
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Nucleoside Reverse Transcriptase Inhibitor (NNRTI),
a ritonavir-boosted Protease Inhibitor or an Integrase
Inhibitor (INSTI) (Reust, 2011). These combinations
are used to achieve clinical benefits which are part of
the primary goals of HIV treatment, which include
suppressing the viral load, reducing morbidity,
maximizing survival, improving quality of life, restoring
and maintaining immunological function and preventing
further disease transmission (Hughes et al., 2011). These
clinical benefits however are not without toxicological
effects associated with highly active antiretroviral
therapy.Toxicological effects have been one of the most
important limiting factors militating against the success
of Highly Active Antiretroviral Therapy (HAART). This
may result in decrease adherence to treatment which
consequently may lead to virological failure,
immunological failure, clinical failure, poor prognosis,
switching of regimens, therapy discontinuation and even
death (Domingo and Lozano, 2011; Bera et al., 2012).
Recent studies have shown that antiretroviral drugs
induce oxidative stress via generation of oxidative
radicals which may be associated with their
toxicological effects (Valle et al., 2013). This literary
work evaluates antiretroviral toxicity and its correlation
with oxidative stress in humans and animals.

2.TOXICOLOGICAL EFFECTS OF
ANTIRETROVIRAL DRUGS

Toxicological Effects of Nucleoside Reverse
Transcriptase Inhibitors (NRTIs)

2.1.

Drugs in this class includes zidovudine, didanosine,
lamivudine, zalcitabine, emtricitabine and stavudine.
They are used widely in combination therapy with non
nucleoside reverse transcriptase inhibitors and Protease
Inhibitors (PIs) in HIV therapy (Van Huyen et al., 2003).
NRTIs mediate their activity by inhibiting the viral
reverse transcriptase enzyme, thereby preventing the
reverse transcription of viral RNA to DNA within the
host cell. These agents inhibit viral replication in early
stages of viral life cycle. All NRTIs have to be
phosphorylated intracellularly, successively to the
5’mono-, 5’-di- and 5’-triphosphate, before they can
interact with the HIV Reverse Transcriptase (RT) as an
alternate substrate/competitive inhibitors. In this form
they compete with any of the natural substrates (dTTP,
dCTP, dATP or dGTP) for the HIV RT reaction
(Ravichandran et al., 2008; Valle ef al., 2013).

Long-term treatment with NRTIs give rise to a broad
spectrum of tissue toxicities, most members in this class
are known to be associated with wide variety of tissue
damage including hematologic disorders, myopathy,
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cardiotoxicity, peripheral neuropathies and
hepatotoxicity. Hepatotoxicity is said to be common
with zidovudine, didanosine and zalcitabine (Glesby,
2002). Human and animal studies have shown that
zidovudine is associated with hematologic toxicity like
neutropenia, macrocytosis and thrombocytopenia
(Hassan et al., 2009; Kaferle and Strzoda, 2009).
Stavudine is associated with toxicological effect on lipid
profile which could be mitigated by recombinant growth
hormone or metformin (Aberg et al., 2009). Abacavir is
known for its ability to induce hypersensitivity reaction,
stevens Johson syndrome and epidermal necrolysis
(Suneeta et al., 2008). Pancreatitis, lactic acidosis and
peripheral neuropathy are the toxic crimes affiliated with
didanosine use (Guo and Fung, 2004). These
heterogeneous toxicological effects of NRTIs are said to
be related to defective mitochondrial DNA replication
secondary to the NRTI-induced deleterious inhibition of
the  mitochondrial DNA  polymerase  gamma
(Gerschenson and Brinkman, 2004; Saitoh et al., 2007).

2.2. Toxicological Effects of Nucleotide Reverse
Transcriptase Inhibitors (Nt RTIs)

Tenofovir was the first (2001) NtRTI approved by the
US Food and Drug Administration (FDA) for the
treatment of HIV infection. Tenofovir was also approved
for the treatment of chronic hepatitis B in adults in 2008.
The NtRTIs belong to the Acyclic Nucleoside
Phosphonates (ANPs), two ANPs are currently in the
market: adefovir (PMEA) and tenofovir [(R)-PMPA].
Like the NRTIs, the NtRTIs eventually act as
obligatory chain terminators in competition with
dATP, but the NtRTIs need only two phosphorylations
to be converted to their active (diphosphate) form,
since they are already phosphorylated in their parental
forms.They are incorporated into DNA via the
phosphonate group which makes their excision by
exonucleases more difficult than if they were
incorporated via the readily cleavable phosphate group
(Ravichandran et al., 2008; Valle et al., 2013).
Tenofovir is now a widely used component of
antiretroviral regimens for the treatment of naive and
experienced patients on the basis of its efficacy and
tolerability in clinical trials. US HIV treatment
guidelines considered tenofovir as part of all preferred
regimens for antiretroviral-naive adults and adolescents
(Gallant and Deresinski, 2003). Dispite it clinical success
in the management of HIV/AIDS, studies in humans and
animals have shown that tenofovir could be nephrotoxic
(Young et al., 2009). 1t is said to be associated with bone
demineralization (osteoporosis) especially in young
children which could be mitigate by bisphosphonates,
calcium and vitamin D (Huang et al., 2009).
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2.3. Toxicological Effects of Non-Nucleoside
Reverse Transcriptase Inhibitors (NNRTIs)

Non-nucleoside Reverse Transcriptase Inhibitors
(NNRTIs) constitute a class of medications that have
contributed significantly to the management of Human
Immunodeficiency Virus (HIV) infection. Members in
this class includes efavirenz, nevirapine, etravirine and
the newest agent, rilpivirine, which has recently
received FDA approval (Schafer et al., 2011). Unlike
NRTIs, they NNRTIs do not require cellular activation
to inhibit HIV-1RT. They don’t require incorporation
into nascent viral DNA. They are noncompetitive
inhibitors and bind into a hydrophobic “pocket” in the
p66 subunit of HIV-1 RT located close to (but distinct
from) the NRTI binding site. NNRTI binding distorts
the nearby RT polymerase active site, thus affecting
the chemical step of polymerization (De Clercq,
2009). NNRTIs have contributed tremendously to the
fight against HIV/AIDS but with reservations on some
of their toxicites. Hepatotoxicity is one of the
toxicological crimes associated with nevirapine
(Rivero et al., 2007). Nevirapine hepatotoxicity is
characterised by elevation of transaminases (AST and
ALT) levels and hepatocytes necrosis (Elias and
Brambaifa, 2013; Elias et al., 2013). Efavirenz is
associated with neuropsychiatric effects i.e central nervous
system disturbances such as emotional instability, insomnia,
hallucinations, impaired concentration and abnormal
dreams (Jena et al., 2009).

Etravirine which is one of the newest of this group
is associated with gastrointestinal disorders (diarrhea)
and rash (Madruga et al., 2007; Katlama et al., 2009;
Elsayed and Caldwell, 2010). Rilpivirine is the newest
of this class that received FDA approval in 2011 for
use in combination with other antiretrovirals for the
treatment of HIV-1 infection in naive adults. Reports
have shown that rilpivirine may impair psychological
function (James et al., 2012).

2.4. Toxicological Effects of Protease Inhibitors

The introduction of Protease Inhibitors (PIs) in 1996
have significantly reduced morbidity and mortality due
to HIV infection. Since the 1990s, multiple PIs have
been approved, with several boosted PIs containing
regimens recognized as first-line regimens in
antiretroviral therapy (Pallela et al., 1998). PIs mediate
their antiviral activity by binding protease enzyme and
preventing the cleavage of the gag and gag/pol
polyproteins into structural functional proteins and
enzymes thereby preventing the formation of new viral
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particles (Wensing et al., 2010). Saquinavir is the first PI
to gain approval from the US Food and Drug
Administration (FDA) in 1995, after demonstrating
ability to reduce HIV-RNA and increase CD4 cell counts
in patients infected with HIV. Ritonavir, indinavir and
nelfinavir were later licensed by the FDA (Hughes et al.,
2011). Amprenavir, fosamprenavir, atazanavir, darunavir
and tipranavir were later introduced clinically. Pls are
well tolerated but not without toxicological effects like,
hepatotoxicity, nephrotoxicity and cardiotoxicity
(Hughes et al., 2011). Metabolic abnormalities associated
with the toxic effects of Pls on lipid profile are most
commonly associated with lopinavir/ritonavir,
fosamprenavir/ritonavir with respect to other PIs (Hill ez al.,
2009; Tebas, 2008; Noor, 2007). One of the reported
toxicological effect of Pls is the impairement in glucose
metabolism potentiating hyperglycemia and increase
incidence of diabetes mellitus. Indinavir, ritonavir and
lopinavir/ritonavir have all shown early changes in
glucose metabolism and insulin resistance (Hill et al.,
2009; Tebas, 2008). Most PIs have demonstrated relative
equivalence with respect to causing hepatotoxicity
particularly when boosted with ritonavir (Eron et al.,
2010). Cardiotoxicity which could be supported by
reports on cardiac conduction abnormalities and
myocardial infarction have been loosely associated with
the use of lopinavir, nelfinavir, ritonavir, saquinavir and
indinavir (Hughes et al., 2011; Lundgren ef al., 2009).

2.5. Toxicological Effects of Entry, Fusion and
Integrase Inhibitors

Efuvirtide is currently the only clinically use fusion
inhibitor that is approved. Entry and fusion inhibitors
block receptors thereby preventing the virus from
entering cells. Enfuvirtide is used primarily in the
treatment of experienced patients with limited
therapeutic options. However, it is a painful
subcutaneous injection and is not commonly used. It
could be associated with hematotoxicity (eosinophilic
and neutropenia) which may increase the risk of bacterial
pneumonia.

Integrase strand transfer inhibitors prevent viral DNA
from integrating into host DNA by inhibiting the inte-
grase enzyme involved in strand transfer. Raltegravir is
the first drug in this class to be approved for use in both
treatment of naive and treatment of experienced patients
and showed a remarkable lack of relevant adverse effects
(Emery and Winston, 2009; Havlir, 2008). Resistance to
raltegravir develops easily, which may limit its long-term
effectiveness. Myopathy and rhabdomyolysis have been
reported as toxicological effects associated with
raltegravir. Also raltegravir is associated with fewer
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central nervous system and  neuropsychiatric
toxicological effects (Lennox et al., 2009).

Maraviroc, which is an entry inhibitor, is the only
available CCRS5 antagonist. It is approved for use in
the treatment of naive and experienced patients.
Maraviroc works only on RS5 cells; therefore, an RS
tropism test should be performed before initiating
therapy with maraviroc. Maraviroc is reported to be
associated with bronchitis, nasopharyngitis and
esophageal candidiasis. There is evidence of
maraviroc induced hepatotoxicity (Meanwell and
Kadow, 2007). Trials with miraviroc have shown that
it has a favorable safety profile but it could be
associated with non-significant changes in total
cholesterol, low density lipoprotein, high density
lipoprotein and triglycerides (Cooper et al., 2010).

3. OXIDATIVE STRESS

Oxidative stress is a terminology usually used to
describe the damage caused by Reactive Oxygen Species
(ROS) to tissue or organs. Oxidative stress can be
defined as an imbalance between the antioxidants and
pro-oxidant systems with the shift towards the pro-
oxidant system. Oxidative stress could also be defined as
the modification and accumulation of biological
molecules altered by various kinds of Reactive Oxygen
Species (ROS) and Reactive Nitrogen Species (RNS).
ROS and RNS affect gene transcription and cell
growth/proliferation and they have been considered as
intercellular signal molecules. ROS and RNS are highly
reactive, toxic oxygen or nitrogen moieties which
includes hydroxyl radical, peroxyl radical, superoxide
anion, hydrogen peroxide, nitric oxide and peroxynitrite
(Pocernich et al., 2005). The pro-oxidative mechanism
includes anion superoxide, hydrogen peroxide and the
singlet oxygen. The enzymatic antioxidative system
includes superoxide dismutase, catalase and glutathione
peroxidase. The non-enzymatic include bilirubin,
ceruloplasmin, sexual hormones, melatonin, coenzyme Q
and uric acid. In addition to that, other antioxidants are
ingested through diet such as ascorbic acid (vitamin c),
tocoferol, carotene and flavonoids. The enzymatic
antioxidative system and non-enzymatic system prevent
the activities of these pro- oxidants (Schneider and De
Oliveira, 2004).

Collectively, ROS can lead to oxidation of proteins,
DNA, peroxidation of lipids and ultimately cell death.
Alterations in proteins by ROS can lead to aggregation,

changes in secondary and tertiary structure,
susceptibility to proteolysis, fragmentation and loss of
function. Oxidative stress is implicated in the
y
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pathogenesis of many diseases such as alzheimer
disease, diabetes, hypercholesterolemia, hepatorenal
syndrome and progression of diseases such as hypertension,
atherosclerosis, cardiac hypertrophy and myocardial
infarction (Abrescia and Golino, 2005; Terry et al., 2006).
Could ROS be associated with antiretroviral induced
toxicological effects? Substantial amount of evidence
revealed role of OS as a causative factor in the
progression of many diseases and drug induce toxicities
(Kashou and Agarwal, 2011).

3.1. Antiretroviral Induced Oxidative Stress in
Animals

Some experimenal studies involving animals have
tried to establish a relationship between antiretroviral
toxicity and oxidative stress. One of these studies is work
of Ferraresi and colleagues who exposed U937 and CEM
cell lines to zidovudine, stavudine and didanosine and
reported apoptosis and increased intracellular hydrogen
peroxide but not superoxide anions. The addition of
Acetyl-L-Carnitine (ALC) was able to prevent the pro-
oxidant effect of the these drugs. Supplementation with
ALC, deficient in certain cohorts of HIV-infected
individuals, especially on high active antiretroviral
therapy, has been associated with favourable effects
(Ferraresi et al., 2006). Didanosine was reported to
induce oxidative stress in the brain mitochondria of
animal via increase in protein carbonyl which was
mitigated by the administration of brain accessible
antioxidants and glutathione mimetic (Lauderback et al.,
2003; Sultana et al., 2004; Opii et al., 2007).

The viability of hCMEC/D3 cells (in vitro model of
BBB) exposed to zidovudine and indinavir decreased
significantly after 72 hrs treatment, in a dose-dependent
manner. This was atributed to oxidative stress due to
altered levels of oxidative stress markers, such as
glutathione and malondialdehyde. Pretreatment with the
thiol antioxidant N-acetylcysteine reversed some of the
pro-oxidant effects of zidovudine and indinavir (Manda
et al., 2011). Zidovudine and indinavir are known to be
associated associate with some cardiovascular effects eg
atherosclerosis which could be attributed to oxidative
stress (Jiang et al., 2007; 2009). Efavirenz which is
known to be associated with central nervous system
disorders was reported to induce oxidative stress in the
intracranial visual relay centers of adult wistar rats (Adjene
et al., 2011). Efevirenz has also shown evidence for the
involvement of mitochondrial dysfunction and
oxidative stress in its cellular toxicity in animals
(Apostolova et al., 2010). HIV transgenic mice
exposed to tenofovir showed ultrastructural
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mitochondrial abnormalities and decreased proximal
tubular DNA, but no optical microscopical changes
were obsrved. This mitochondria damage is reported
to be associated with tenofovir induced nephrotoxicity
in humans and animals (Kohler et al., 2009).
Significant increase in protein carbonyl content,
decrease in glutathione and protein thiol, was
observed in the kidney of tenofovir treated rats. Also
decreases in the activities of antioxidant enzymes such
as superoxide dismutase, glutathione peroxidase,
glutathione S transferase and glutathione reductase
and a massive increase in myeloperoxidase activity
were observed. Damaged mitochondria could serve as
a source of oxidative radicals involved in tenofovir
induced kidney damage (Ramamoorthy et al., 2012).
Krambovis and colleagues also reported that tenofovir
induced oxidative stress in the kidneys may be due to
the overproduction of reactive oxygen species as well
as the depletion of cellular antioxidant system
(Krambovitis et al., 2005). Nitroso-oxidative stress
and NFkB activation was also reported to contribute
to TDF induced renal damage in rats. Available
evidence demonstrates that certain HIV Pls could
induce endothelial dysfunction, including a decrease
in endothelium-dependent vasorelaxation, inhibition
of nitric oxide synthase system, increase in oxidative
stress and induction of mitogen-activated protein
kinases (Wang et al., 2007). Also several recent
reports have suggested that HIV-protease inhibitors
are associated with metabolic and/or cardiovascular
toxicities. Endothelial dysfunction is an initiating
event in atherogenesis and may contribute to HIV-
associated atherosclerosis. In vitro treatment of human
umbilical vein endothelial cells with antiretroviral
showed that endothelial mitochondrial dysfunction is
significantly associated with increase production of
oxidative radicals (Jiang et al., 2007). Similar
observation was reported when human endothelial cell
culture was exposed to saquinavir. Concentration-
dependent increase in cell death, mainly via apoptosis
which is attributed to increased intracellular oxidant
production which was abrogated by incubation with
the antioxidant N-acetylcysteine was observed (Baliga
et al., 2004). Mondal et al. (2004), reported that
oxidative stress can disrupt endothelial homeostasis
by dysregulating the balance between pro- and
antiatherogenic factors. They added credence to their
reports by showing that chronic HAART exposure
increases oxidative stress in endothelial cells and
induces mononuclear cell recruitment which may
eventually precipitate cardiovascular diseases observed
in HIV-1 positive individuals on antiretroviral therapy

,////4 Science Publications

191

(Shankar et al., 2005; Shlay et al., 2007; Valko et al.,
2006). Other studies have shown that protease
inhibitors induced endoplasmic reticulum stress in
many cell types including hepatocytes, macrophages
and intestinal epithelial cells probably via the
generation of oxidative radicals (Zhou ef al., 2006; Wu
et al., 2010; Djedaini et al., 2009; Cho et al., 2009;
Pyrko et al., 2007).

3.2. Antiretroviral Induced Oxidative Stress in
Humans

Quite a number of studies have reported impaired
antoxidants and antioxidants enzyme in HIV patients
treated with highly active antiretroviral therapy which
could be correlated with their toxicological effects. It has
been proposed that toxicological effects of antiretroviral
drugs like myopathy, cardiomyopathy, anaemia,
hyperlactataemia/lactic acidosis, pancreatitis,
polyneuritis and lipodystrophy could be mediated
through mitochondrial toxicity. Several studies relating
oxidative stress with highly active antiretroviral therapy
through mitochondrial dysfunction were reported by
some scholars (Masia et al., 2007; Mandas et al., 2009;
Gil et al., 2010; Sundaram et al., 2008). Mitochondria
DNA inhibition may cause energy deprivation and
increase reactive oxygen species formation. Oxidative
stress-mediated cell damage may occur via reactive
oxygen species production induced by some
antiretroviral drugs (Vassimon et al., 2010). Ngondi et
al. (2006) assessed the effects of different highly active
antiretroviral ~ combinations on  oxidative  stress
parameters and found an increase in lipid oxidation and
decrease in antioxidants. Hulgan et al. (2003) quantified
plasma F2 isoprostanes as an oxidative stress index that
could be induced by antiretrovirals. They evaluated
different strategies and found that this index increased
in one hundred and twenthy HIV positive patients on
highly active antiretroviral therapy.

Treatment of HIV patients with highly active
antiretroviral ~ therapy  containing  (Zidovudine,
Lamivudine Nevirapine) and (Zidovudine, Lamivudine,
Efavirenz) was reported to decrease selenium levels in
some patients and increased production of free radicals
(Atiba et al., 2012). This is also supported by Masia ef al.
(2007) who reported that antiretroviral therapy also plays
a role in oxidative damage to DNA and membrane
polyunsaturated fatty acid, which could lead to the
generation of more free radicals potentiating cellular
damage (Masia et al., 2007). Antiretroviral combination
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therapies were reported to increased protein oxidation as
well as the level of oxidative stress already present in HIV
infection (Ngondi et al., 2006). Researchers have shown
that exposure to protease inhibitors especially nelfinavir,
suppresses glucose mediated insulin secretion in
pancreatic b-cells. This effect could be mediated through
increased oxidative stress as reported (Chandra et al.,
2009). Recent evidence showed that adjunct therapy with
antioxidants may ameliorate these deleterious effects of
highly active antiretroviral regimens containing protease
inhibitors (Ben-Romano et al., 2006).

Gil et al. (2010) evaluated the effect of two highly
active antiretroviral therapy (Zidovudine, Lamivudine,
Indinavir) and (Stavudine, Lamivudine, Nevirapine)
combinations on redox indicators. They reported
increase in oxidative stress which occurred additionally
to persistent redox imbalance associated with HIV-1
infection. Mandas et al. (2009) assessed serum oxidant
and antioxidant levels in HIV-1 infected patients on
highly active antiretroviral therapy and made comparism
with those untreated HIV-1 seropositive and HIV-1
seronegative individuals. Serum oxidant levels were
significantly higher in the HIV-1 treated group with
respect to the untreated and control groups. In addition,
decrease in serum total antioxidant status was observed
in HIV-1 treated individuals. Highly active antiretroviral
therapy may increase oxidative radicals in circulation,
possibly by producing more oxidized metabolites derived
from the interaction between ROS and infected-cell
biomolecules. This is supported by several biochemical
mechanisms, such as mitochondrial interference,
following highly active antiretroviral therapy (Lewis,
2003; Cossarizza and Moyle, 2004; Day and Lewis,
2004). Clinical trials have been conducted to determine
the effect of antioxidant supplements in HIV infection.
Results indicated beneficial effects of antioxidants
supplementation against the progression of HIV infection
as reported by (Milazzo et al., 2010; Yousefi et al., 2011;
Hurwitz et al., 2007).

4. CONCLUSION

Antiretroviral drugs are associated  with
toxicological effects and induction of oxidative stress
via the generation of oxidative radicals, decrease
antioxidants and antioxidant enzymes but more studies
are required to correlate antiretroviral toxicities with
oxidative stress.
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