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Abstract

Background—Human immunodeficiency virus type-1 (HIV-1) infection leads to acquired
immunodeficiency syndrome (AIDS), a severe viral infection that has claimed approximately
658,507 lives in the US between the years 2010-2014. Antiretroviral (ARV) therapy has proven to
inhibit HIV-1, but unlike other viral illness, not cure the infection.

Objective—Among various Food and Drug Administration (FDA)-approved ARVs, nucleoside/
nucleotide reverse transcriptase inhibitors (NRTIs) are most effective in limiting HIV-1 infection.
This review focuses on NRTIs mechanism of action and metabolism.

Methods—A search of PubMed (1982-2016) was performed to capture relevant articles
regarding NRTI pharmacology.

Results—The current classical NRTIs pharmacology for HIV-1 prevention and treatment are
presented. Finally, various novel strategies are proposed to improve the efficacy of NRTIs, which
will increase therapeutic efficiency of present-day HIV-1 prevention/treatment regimen.

Conclusion—Use of NRTIs will continue to be critical for successful treatment and prevention
of HIV-1.
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1. INTRODUCTION

According to the 2015 estimate made by Centers for Disease Control and Prevention (CDC),
in the United States, approximately 1.2 million people are living with human
immunodeficiency virus type 1 (HIV-1) infection and in recent years, the new HIV-1
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infection incidence rate is relatively constant [1]. In the United States alone between years
2010-2014, about 678,509 people died with diagnosed stage 3, HIV/AIDS infection [2].

Since, the discovery of HIV-1 as the causative agent of AIDS in 1981 [3-5], it has been
estimated that the HIV-1 pandemic main (M) group has spread the infection to over 60
million people globally within last 30 years, mainly by sexual, percutaneous and perinatal
routes [6]. HIV-1 mainly attacks CD4+ cells, causing significant reductions in the CD4+ cell
count leading to immunodeficiency, opportunistic infection(s), or opportunistic cancer. This
in turn, gradually diminishes the ability of the body’s immune system to produce new T
cells.

HIV-1 is a retrovirus; contains two copies of the RNA genome (Fig. 1). In addition, the
HIV-1 virus also encapsidates several enzymes, such as reverse transcriptase (RT), integrase,
and viral protease. These enzymes play an important role in making new copies of HIV and
are the targets of antiretroviral drugs. The HIV viral particle, or virion, has a capsid which is
cone-shaped and is enclosed in a lipid bilayer, or envelope [7]. This envelope contains viral
glycoproteins that bind specifically to CD4 and CCR5 or CXCR4 cell receptors, enabling
the virus to fuse with the host cell. While inside host cytoplasm, HIV-1 as all other
retroviruses, transcribes the viral RNA (VRNA) genome into viral DNA (VDNA) with the
help of RT enzymes. The vDNA is then shuttled to the nucleus and is incorporated into the
host genome with the help of the integrase enzyme.

Based on its mechanism of action, antiretroviral drugs (ARVs) for HIV-1 treatment are
categorized into the following different classes [8] (Fig. 1) /.e, i) viral entry blockers (the
CCRS receptors antagonists); ii) HIV-1 virus fusion inhibitors (mainly targeting the viral
gp41l protein); iii) non-nucleoside and nucleoside RT inhibitors (NNRTIs and NRTIs,
respectively); iv) integrase strand transfer inhibitors and v) protease inhibitors. Currently, the
use of these ARVs as combination ARVs (CARVS) is the standard treatment strategy for HIV,
termed antiretroviral therapy (ART). The present cCARVSs regimen involves the use of at least
two different drug classes for HIV-1 protection regime.

In this review, the focus will be on NRTIs. The NRTIs are rather interesting because the
associated viral mutations are very slow when compared to NNRTI [9]. Therefore, the
detailed knowledge of NRTI action pathways can be a prime factor for designing effective
HIV-1 therapeutic strategies. This review is focused on NRTIs mechanism of action,
metabolism, and bottlenecks of NRTIs used for HIV-1 treatment. We will not discuss NRTI
use for hepatitis B treatment. We will also comment on various strategies to improve the
efficacy of NRTIs.

In last 30 years of ARV therapeutic targets, viral RT is a primary target for ARV drug design
against HIV-1. As a matter of fact, RT was first identified using a viral reverse transcriptase
inhibitor (VRTI) known as zidovudine (AZT). In 1987, AZT was approved for the treatment
of HIV-1 infections [10]. Over 40 % of the present day ARVs approved by Food and Drug
Administration (FDA) for the prevention/treatment of HIV-1 infection target the viral DNA
(vDNA) polymerization, as RT plays a prime role in the HIV life-cycle [11]. Like DNA
polymerases, RT requires both a primer and a template for vDNA synthesis. The HIV-1 RT
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uses host transfer RNA (tRNA) primer (/.e. tRNAIlys3) and the vDNA polymerization
reaction begins at the RT/(+)vRNA binding site, leading to a conformational change of RT
which leads to the propagation of vDNA polymerization. The HIV-1 RT is a multifunctional
enzyme with p66/p21 heterodimeric subunit. The p66 and p21 are two essential subunits of
RT performing two distinct activities: the p66 subunit has the DNA polymerase property that
actively propagates VDNA production either from vVRNA or from complementary vDNA as a
template; whereas the p21 subunit, the endonucleolytic ribonuclease H (RNase H)
specifically degrades the RNA strand from the RNA:DNA duplexes [12].

There are two classes of VRTIs /.e. nucleoside and nucleotide RT inhibitors (NRTIs) and
non-nucleoside RT inhibitors (NNRTIs). While intracellular, the NRTIs upon
phosphorylation to their respective active di/triphosphate nucleoside/nucleotide base
analogue compete with the natural nucleoside/nucleotide bases during VRNA to vDNA
strand synthesis by the RT polymerase (Fig. 1a). The integration of the drug nucleoside/
nucleotide analogue causes termination of vDNA synthesis, due to lack of 3’-hydroxyl
group in NRTI active metabolite [13]. Therefore, NRTI leads to competitive inhibition
whereas NNRTI exerts a non-competitive inhibition [10].

2. FDA APPROVED NRTIS AND THEIR MODE OF ACTION

NRTIs are prodrugs that require intracellular anabolic phosphorylation to be converted into
their active form of phosphorylated NRTI metabolites; most of which have longer plasma
half-lives than their parent compounds (Table 1 and 2) [14]. NRTIs are a class of drugs that
inhibit the HIV-1 RT enzyme by competing with natural nucleosides (such as dTTP, dCTP,
dGTP and dATP) and act by incorporation into viral DNA (Fig. 1).

2.1. NRTIs Mechanism of Action and their Metabolism

NRTIs are non-functional until the compound gets converted to its active di- or tri-phosphate
metabolite form. However, transport and metabolism of NRTIs an highly dependent on the
levels of activated NRTI derivatives and endogenous dNTP levels [15, 16]. In this section,
we describe the mechanism of transportation, cellular metabolism, and catabolism of NRTIs.

2.2. Transport of NRTIs into Cells

NRTIs are transported into cells by simple diffusion or diffusion via nucleoside carrier-
mediated transporter [17]. Lipophilic NRTIs, such as tenofovir disoproxil fumarate (TDF) as
well as tenofovir alafenamide (TAF), AZT, abacavir (ABC), and stavudine (d4T), are known
to diffuse passively through cellular membranes by non-facilitated diffusion mainly due to
their hydrophobic characteristics [18-20]. However, NRTI can also diffuse across the cell
membrane utilizing various cell surface transporters that induce facilitated diffusion through
the cellular membrane. A series of transporter proteins on cellular surfaces regulates the
cellular uptake of NRTIs. Several of these transporter proteins belong to the solute carrier
transporter (SLC) families [21]. The SLC family members that are involved in NRTI
transport include: organic cation transporters (OCTSs), organic anion transporters (OATS),
concentrative nucleoside transporters (CNTSs), and equilibrative nucleoside transporters
(ENTS) [22-24]. Depending on the type of organ involved, the type of SLC families
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involved in NRTI transport varies [24-28]. In the small intestine, the absorptive cells utilize
OCT1, OCT2, CNT1-3, OAT2, ENTL, and ENT?2 transporters for NRTI uptake. In
lymphocytes, however, ENT1 and ENT2 regulate the uptake of some specific NRTIs such as
AZT and ddl. Hepatocytes, on the other hand, use OAT2 and OCT1 transporters for NRTIs
transportation. Whereas, the renal tubule epithelial cells directly transport NRTIs via CNT1,
CNT2, OAT1-4, and OCT2 transporters. Table 1, represents the different transporters
responsible for NRTIs cellular transportation [28].

NRTI Metabolism

NRTIs are taken as prodrugs or as drugs. The NRTI prodrugs after cellular uptake, first get
metabolized to their respective drug form. The drug form then gets phosphorylated to its
active form /.e. diphosphate (DP) or triphosphate (TP) form. The active form of drug acts
like functional nucleoside analogue, primarily blocking the enzymatic function of RT, in turn
causing abrupt termination of vDNA synthesis (Fig. 2). In the cytoplasm, the NRTIs active
drug-phosphate form accumulates to generate a cellular pool of analogue 2’, 3’-
dideoxynucleoside 5’-triphosphates (ddNTPs) or 2’, 3’-dideoxynucleoside 5’-diphosphates
(ddNDPs). The analogues, ddNTPs/ddNDPs, then compete with 2’-deoxynucleotide 5’-
triphosphates (dNTPs) for substrate binding by RT enzyme. Once ddNTPs/ddNDPs
analogues get incorporated, they cause premature termination of viral RNA transcription

(Fig. 1).

The NRTI gets phosphorylated to its respective active analogue ddNTPs/ddNDPs in a
stepwise fashion (Table 1). For phosphorylation, NRTIs utilize host endogenous nucleotide
synthesis and nucleoside phosphorylation pathways. Since, different NRTIs are analogues of
specific ANTP, each NRTI metabolism/phosphorylation utilizes different sets of enzymes
and pathways to get converted to their respective di/triphosphate active form. For example,
one of the highly studied NRTI drugs, TDF, a prodrug NRTI after converting to the drug
form f.e. tenofovir (TFV), undergoes 2-step phosphorylation to its clinically active DP form
1.e. from TFV-monophosphate (MP) to TFV-DP (Fig. 2). Whereas, intracellular AZT and
d4T directly gets phosphorylated to their corresponding MPs [17, 44]. These MPs are then
converted to their DPs and then to respective clinically active TP metabolite form [17] (Fig.
2).

The positive or negative feedback mechanism (=1 enzyme) regulates the intracellular
nucleoside analogue TPs concentration. In the phosphorylation pathways, there are more
than one steps that act as rate limiting steps during the formation of active drug from NRTI
prodrug. There are various cellular factors that regulate the RTs functionality of
incorporating the ddNTPs in place of dNTP analogue into nascent proviral DNA. Those
factors are: the presence of cellular kinases; the “error-prone” nature of RT; the ddNTP to
endogenous dNTP ratio and the high affinity of ddNTP over dNTPs; all these factors
contribute to promote premature proviral DNA chain termination [36]. Therefore,
characterization of NRTIs intracellular metabolites (phosphorylated/ active form of NRTI
f.e. ddNDPs or ddNTPs), instead of plasma concentrations of NRTIs, provides a better
understanding of clinical efficacy of NRTIs in the HIV-infected patients [45]. In the next
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section, we illustrate some of the major metabolic pathways of NRTIs based on their
respective analogues.

3. PYRIDINE NUCLEOTIDE ANALOGUE METABOLISM

Among various pyridine nucleotide analogues, AZT and d4T are the two most common
thymidine analogue NRTI drugs [46]. Thymidine analogues are converted in their active TP
form in three steps. The drug first converts to its MPs form by thymidine kinase 1 [47] (Fig.
2). In the second step, deoxythymidine 5’-monophosphate kinase (TMPK) phosphorylates
the drug-MP to its DP form. Finally, the nucleoside diphosphate kinase converts the drug-DP
to the respective clinically active drug-TP form. However, the phosphorylation kinetics of
each drug significantly varies from the other. The rate-limiting step in case of AZT is the
conversion of AZT-MP to AZT-DP intermediate due to poor reactivity of AZT-MP with
TMPK enzyme [47]. This leads to accumulation of the AZT-MP overtime in the cell.
Further, presence of excess AZT-MP intermediate competitively inhibits production of
endogenous thymidine-MP, which in turn results in decreased intracellular thymidine-TP
levels. Therefore, low indigenous intracellular thymidine-TP concentration increases the
probability of utilizing AZT-TPs by DNA polymerase and can potentially cause toxicity by
inhibiting normal DNA synthesis [48]. However, AZT-TP has 100 times higher affinity for
HIV-1 RT than for host DNA polymerase, therefore low level of AZT-TP can show effective
HIV-1 RT inhibition [36]. In case of non-mitotic cells of liver and heart that doesn’t
expresses thymidine kinase 1, AZT inhibits mitochondrial thymine kinase 2 enzyme
blocking production of AZT-MP as well as thymidine-MP production. This leads to
mitochondrial toxicity as reduction of AZT-TP and thymidine-MP production causing slow
mitochondrial DNA replication and thus leads to mitochondrial DNA deletion.

On the contrary, since d4T is a poor substrate for thymidine kinase, the very first step in
phosphorylation 7.e. production of d4T-MP derivative, is the rate limiting factor [49]. Even
though d4T get easily accumulated in cells, due to slow phosphorylation to its active d4T-TP
it shows delay in HIV blockage. Therefore, d4T drug is relatively less efficacious in viral
load reduction.

The cytosine analogues such as 3TC and FTC are the 2 main analogue drugs that compete
with endogenous 2’-deoxycytidine 5’-triphosphate (dCTP) during viral cDNA synthesis,
causing pre-matured cDNA chain termination [50]. They also follow the same 3 steps of
phosphorylation to get to their active drug-TP form. The deoxycytidine kinase catalyzes the
respective drug-MPs conversion. Further, the cytidine monophosphate/deoxycytidine
monophosphate kinase catalyzes the drug-MPs to the drug-DP formation. The final step of
drug-TP production from DPs is carried out by the enzyme nucleoside diphosphate kinase
(Fig. 2). The rate-limiting step for 3TC to 3TC-TPs is the conversion step from DP to TP
form [29]. On the contrary, the rate rate-limiting step for FTC-TP is the FTC-TP utilization
by RT during viral cDNA synthesis, which in turn depends upon the release of the elongated
DNA product from RT [51]. Another rate limiting factor for cytosine analogues is the
enantiomer effect. All the natural (+)D-isomers have higher RT binding affinity than their
respective (—)L-isomers. The best substrate binding demonstrates strong binding leading to
fast incorporation rate. Feng et. al. reported cytosine analogues following the incorporation
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efficiency order dCTP > ddCTP > (+)FTC-TP > (+)3TC-TP > (-)3TC-TP > (-)FTC-TP
[51].

4. PURINE NUCLEOTIDE ANALOGUE METABOLISM

Purine nucleotide analogue NRTIs, are structural analogues of natural adenosine or
guanosine. However, their phosphorylation pathways are very different. Certain purine
nucleotide NRTIs analogues such as TDF and TAF, are ester prodrugs that first need to be
converted into TFV before phosphorylation steps. The TDF prodrug has two bis
(isopropyloxymethyl) carbonate (isopropyloxymethyl carbonate is abbreviated as POC)
groups as phosphate protecting groups. After it diffuses across the cellular membrane,
carboxylesterases mediate the conversion of TDF to its mono-ester form (7.e.,
mono(POC)TFV), that further gets converted into TFV by intracellular phosphodiesterases
[52]. TAF, on the other hand, is a comparatively stable drug essentially in the biological fluid
(7.e. in plasma) and follows a unique activation mechanism than that of TDF. In the PBMCs
and liver, lysosomal serine protease cathepsin A (CatA) and carboxylesterase 1 (Cesl),
catalyze selective hydrolysis of intracellular TAF to TFV with specific intermediate steps
[53]. CatA first cleaves the carboxyester bond of the TAF prodrug moiety that generates a
metastable metabolite, followed by the elimination of phenol group and hydrolysis leading
to TFV-Alanine intermediate. The TFV-Alanine intermediate, however, spontaneously
converts into TFV due to lysosomal acidic environment. Further, TFV follows the same fate
as in case of TDF (Fig. 2). Furthermore, TFV, either converted from prodrug form (TDF or
TAF) or directly internalized via OAT1/OAT3 channel, gets converted into TFV-MP by
intracellular adenylate kinase isoform 2 (AK2) enzyme. The TFV-MP then gets converted
into the TFV-DP form by various pyruvate/creatine kinases [52]. However, depending on the
tissue type, transformation from TFV-MP to TFV-DP is carried out by various nucleotide
kinase(s) such as pyruvate kinase in muscle (PKM); pyruvate kinase in the liver and red
blood cell (PKLRY); creatine kinase in muscle (CKM). Unlike other NRTIs, in case of TDF
and TAF, diphosphate form /.e. TFV-DP is the clinically active analogue form of TFV that
competes with endogenous 2”-deoxyadenosine 5’-triphosphate (dATP) to get incorporated
into the viral cDNA by RT leading to premature chain termination [54]. Studies have shown
that TAF has 1000- and 10-fold higher efficacy against HIV infection than TFV or TDF, as
well as reduced off-target effects such as bone and kidney problem [55]. However, the rate
limiting step for TFV is its conversion into TFV-DP form, probably because cellular kinases
involved in TFV-DP conversion from TFV-MP, recognize phosphonate moiety of TFV as
TFV-MP. Hence, it by-passes the initial phosphorylation step, a common rate limiting factor
for nucleoside analogs [56].

Another adenosine analogue NRTI of the purine nucleoside group is didanosine (ddl). Ddl is
one of the first purine nucleoside analogues to be approved for HIV-1 treatment. The ddl
follows very different pathway to get converted to its TP form. The cytosolic 5’ nucleotidase
converts ddl to dideoxyinosine monophosphate (ddIno-MP) form [57]. Further, adenylate
synthetase and adenylate lyase catalyze the conversion of ddIno-MP to dideoxyadenosine
monophosphate (ddAMP) and to the diphosphate /7.e. ddADP. Adenylate kinase further
catalyzes ddADP to 2’, 3’-dideoxy- adenosine 5’-triphosphate (ddATP) conversion (Fig. 2).
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Among purine guanine analogues, ABC is one of the potent NRTI drugs. ABC differs in the
phosphorylation pathway from all other NRTIs. ABC is not a substrate for cellular
nucleoside kinases; it first gets phosphorylated to ABC-MP by adenosine
phosphotransferase [58]. Then cytosolic deaminases cause deamination of ABC-MP to
carbovir monophosphate (CBV-MP). Further, guanylate kinase phosphorylates CBV-MP to
CBV-DP and then to CBV-TP, which competes with endogenous 2’-deoxyguanosine 5’-
triphosphate (dGTP) (Fig. 2). Interestingly, there is no rate-limiting step involved in the
conversion of ABC to CBV-TP.

Based on the intracellular metabolite (mono-, di-, or triphosphate) domination, the
conversion time of NRTIs into their active forms is affected. Thus, the half-life of activated
NRTIs (either di- or triphosphate) varies significantly (Table 1), which in-turn limits their
competition and inhibition efficiency, or even turnover to show RT inhibition.

5. NRTI CATABOLISM AND ELIMINATION

Mechanisms for NRTI degradation vary and are also dependent on cell type. Mostly NRTIs
are degraded in the liver by enzymes that are involved in the purine or pyrimidine nucleoside
salvage pathway. In general, ddNTPs get degraded to the oxidized ring compound, uric acid,
in the case of purinergic bases, and to smaller compounds (such as f-amino acids), in the
case of pyrimidine bases. However, these degraded small molecules then serve as precursors
to induce de novo synthesis of purines and pyrimidines. One such enzyme, purine nucleoside
phosphorylase (PNP), plays a role in the hydrolysis or phosphorolysis of guanosine and
inosine nucleosides and is believed to be a mechanism for ddl clearance (Fig. 2) [59].
Similarly, ABC catabolism utilizes alcohol dehydrogenase to catalyze a reaction to form the
5’-carboxylic acid [60]. Further, glucuronyl transferase induces conversation of 5’-
carboxylic acid to the 5’-glucuronide of ABC (Fig. 2).

Moreover, NRTIs that are not absorbed systemically, get eliminated through the kidney
either by diffusion or via carrier-mediated transportation. ATP-binding cassette (abc)
superfamily transporters are mainly involved in the drug efflux process for various drug
classes, including NRTIs [61]. The prime members that mainly carry out NRTI efflux
process are P-glycoprotein transporters (Pgp), breast cancer resistance protein transporters
(BCRP), and multidrug resistance-associated protein transporters (MRPs) [62] (Table 2).
The type of efflux transporter involved in efflux of NRTI differs based on the type of NRTI
nucleoside analogue (Table 2). Moreover, many NRTIs also act as inhibitors, substrates,
and/or inducers of abc-transporters [28] (Table 2). Unlike TDF, TAF easily gets absorbed
and metabolized. Therefore, a minimal amount of NRTIs gets excreted via urine in
unmodified form. TAF is predominantly eliminated as TFV or TFV metabolites, and uric
acid via feces or urine. Renal elimination of some NRTIs (such as TFV) however, involves
first active tubular secretion into proximal tubule by OAT1land OAT3 and followed by efflux
by MRP4 [63, 64]. This is one of the causes of NRTI induced nephrotoxicity.

5.1. Setback for NRTIs as ARVs

Even though, NRTI1 as ARVs has improved the life expectancy of the HIV-1 infected
patients, the daily high dosing of NRTIs results in various chronic complications. Presently,
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ARV toxicity is one of the major concerns of the HIV patient management [77].
Accumulation of several such factors resulted in disadvantages of the NRTIs as ARVs.
Those factors include, the licensed NRTIs were marketed prior to their proper long-term
safety evaluation. This was mainly to overcome the severity of the HIV epidemic. Secondly,
as ARVs causes suppression of infection but not cure, therefore, daily dosage of ARVs
intake by HIV-infected patient becomes a life-long affair to preserve the clinical benefits.
Thirdly, ARV related toxicity was realized only after long-term ingestion. NRTI catabolism
and elimination rate are other factors that hold back the ultimate success of the
commercially available NRTIs (Table 2). Finally, the long-term ARVs treatment has shown
the emergence of drug resistance [78]. The subsequent sections highlight the drawbacks of
NRTIs that affect the potency of NRTIs as ARVSs.

6. MITOCHONDRIAL TOXICITY

Several side-effects common to NRTI class of drugs can be linked to mitochondrial toxicity
[79]. Mitochondria (known as power house of a cell) are present in every type of cells
(except erythrocytes), their number ranges from 1 to 1000. They regulate cellular and tissue
metabolism, by oxidative phosphorylation of adenosine triphosphate (ATP). The replication
of mitochondrial DNA (mtDNA) is performed by the polymerase y. Comparatively,
polymerase 7y results in relatively high error prone replication and has less efficient repair
capacity. /n-vitro studies have shown that the NRTIs also inhibit mtDNA synthesis by
blocking polymerase -y resulting in insufficient energy production, which results in
malfunctioning mitochondria of the tissues and organs. In addition, NRTIs also interfere
with various other mitochondrial functions causing oxidative damage, mitochondrial
enzymes inhibition, electron transport chain uncoupling affecting ATP synthesis, and
ultimately inducing cellular apoptosis [80].

Indeed, continuous administration of ddC, ddl AZT, and d4T inhibits DNA polymerase -y by
the active tri-phosphate metabolite /n7 vitro [81]. This inhibition of DNA polymerase vy is
hypothesized to be the reason for the bone marrow suppression of AZT, peripheral
neuropathy of ddl and d4T. This group of compounds known as the “d group” of NRTIs that
are relatively strong inhibitors of polymerase y, has been linked to a time- and dose-
dependent reduction in intracellular levels mtDNA [82]. These drugs target the liver, skeletal
muscle, vessel endothelia, peripheral nerves, and potentially adipose tissue of lipoatrophic
subjects [83]. Other NRTIs (/.e. tenofovir), taken up by renal tubular epithelia, could be
responsible for the reduction in renal function common with TDF. The combinations of
NRTIs reported to result in minimal toxicity /n vitro include TFV and 3TC. The combination
of TFV and FTC slightly has been observed to reduce cell proliferation without affecting
mtDNA [84, 85]. Other combinations that include ddl, d4T, or ABC lead to toxic
mitochondrial effects. Clinically, NRTIs induced mitochondrial dysfunction in patients has
been the cause of severe side-effects such as proximal renal tubular dysfunction, hepatic
steatosis, lactic acidosis, pancreatitis, cardiomyopathy, myopathy, and peripheral neuropathy.

However, mtDNA toxicity is not adequately monitored or able to be predicted, certain
inhibitors (antioxidants, vitamin E, coenzyme Q10) have been reported to reduce or
eliminate the mitochondrial toxicity from NRTIs [86-88]. These reports have been to date
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on mice/rats and thus, more research on humans is needed to make positive
recommendations for these agents [89, 90].

6.1. Renal Toxicity

Renal accumulation of NRTIs (e.g. TFV) due to inefficient efflux functionality causes their
accumulation at the proximal tubule of nephrons leading to nephrotoxicity [84]. Evidence of
TDF-associated kidney dysfunction has been reviewed previously [91]. Risk factors for the
development of TDF-associated nephrotoxicity include patients with increased age, low
body weight, pre-existing reduction in kidney function and use of nephrotoxic agents [91].
Most of the TDF-associated kidney dysfunction is associated with high circulating plasma
levels of TDF. TAF is a more efficient prodrug with higher intracellular active metabolite
levels. The dose of TAF is significantly reduced compared to TDF [55, 92], reducing the risk
of TAF-associated kidney dysfunction problems.

Unlike TDF and TAF, ddl is sensitive to low pH. Therefore, low stomach pH causes rapid
conversion of the intermediate dideoxyadenosine (ddA) to free adenosine. The free
adenosine gets metabolized to insoluble 2,8-dihydroxyadenine, which accumulates in the
renal tubules leading to renal failure [57].

6.2. Hepatic Steatosis and Lactic Acidosis

Various cases of liver failure have been reported in HIV patients receiving NRTIs. Hepatic
dysfunction is mainly associated with the mitochondrial toxicity, hampering fatty acid
oxidation, causing triglycerides and fatty acids accumulation in microvesicules and
macrovesicules. Inhibition of fatty acid oxidation, in turn, inhibits gluconeogenesis,
preventing the lactic acid oxidation to pyruvate, thus, leading to high serum lactic acid levels
and lactic acidosis (LA), a condition known as “fatty liver or hepatic steatosis disease”.
Although the severe hepatic steatosis incidence reported in patients on NRTI was relatively
low (1.7 to 25.2 cases per 1000 patient/years), the case fatality rate is very high among these
patients ranging from 30% to 60% in different studies [93]. Presently, research is underway
to overcome this serious LA problem. Thiamine supplement (e.g. Riboflavin) treatment has
been shown to be effective in reversing thiamine deficiency and LA-induced complication of
NRTI therapy [94].

However, some NRTIs such as ddl, in the gut environment cleave down to the respective
base and sugar moiety, and further catabolism of the inosine base leads to increased uric acid
[57]. This may be one of the leading causes of peripheral pancreatitis and neuropathy in
HIV-1 patients.

6.3. Bone Toxicity

Low bone mineral density (BMD) is a very common long-term consequence of therapy in
HIV patients. Moreover, highly active antiretroviral therapy (HAART) has shown to
aggravate BMD problems in HIV patients resulting in disorders such as osteopenia and
osteoporosis. Presently it has been estimated that 67% of HIV-1 patients exhibited low
BMD, among which 15% have osteoporosis [95]. The low BMD side effect was not NRTI
class specific. Randomized study has suggested that TFV has shown initial decline in the
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BMD compared to d4T. Similarly, the thymidine analogues d4T and AZT are the main
attributes to lipoatrophy but other NRTIs such as, ABC do not demonstrate such effect [96].

The chronic acidosis induced by NRTIs leads to electrolyte imbalance. To restore electrolyte
homeostasis, the calcium hydroxyapatite mobilization from bones takes place, especially
from trabecular bones leading to bone erosion. Additionally, common NRTIs may also
induce receptor nuclear factor-xB ligand (RANKL) receptor mediated osteoclastogenesis.
The NRTI mediated nephrotoxicity also impairs phosphorus and vitamin D dynamics, which
significantly deceases BMD, leading to bone fractures [97].

6.4. Resistance Development to NRTIs

NRTIs are the backbones of most first- and second-line antiretroviral therapy (ART)
regimens of HIV-1 patients. Reportedly, long-term application of NRTIs on HIV-1 patients
has been shown to develop resistance to one and multiple clinically used NRTIs [98, 99].
Historically, the use of two NRTIs combinations has become the backbone of combination
ART, as this therapeutic approach delays the emergence of resistant viruses and prolongs
viral suppression as compared to monotherapy with NRTI.

The failure of ART mostly is correlated to the NRTI resistance and cross-resistance
development. The RT enzyme lacks 3” exonuclease activity and cannot proofread it’s own
errors [99]. Errors occur at 1 base error per cycle [100]. Resistance to NRTIs results from
base changes within the RT genome allowing amino acid substitutions in the transcribed
enzyme, which then confer structural changes at the active site or functional areas. These
adaptations allow the enzyme to function again with some level of efficiency in the presence
of the NRTI drug. Table 3 shows the common NRTI mutations for the different NRTI
compounds [98]. These mutations can accumulate and is the reason for the cross-resistance
that can occur among different agents of the NRTI class.

At present as ART, NRTIs as backbone therapy are the ultimate way to control HIV
infection progression for extended period. Improving patient adherence will reduce the
development of drug resistance without affecting the ART potentiality.

7. CURRENT STRATEGIES TO IMPROVE NRTIS EFFICACY

The main drawbacks of NRTIs as ART, are lifelong requirement, daily dosing, pill fatigue,
patient non-adherence and toxicities or resistance. Presently, the next-generation ART
research focuses on developing strategies that ensure reduced dosage, longer acting, exerting
fewer side effects and thus less toxicity. All the aforesaid strategies aim to ensure patient
adherence and decrease the mutation rate to current regimens.

Certainly, investigational NRTIs are being developed to reduce long-term side-effects,
improve resistance profile, and improve the conversion to active metabolites. A newly
developed investigational NRTI, EFdA (4’-ethynyl-2-fluoro2’-deoxyadenosine) has
impressive low-nanomolar or picomolar ECsgq [88]. Additional advantage includes the oral
long-acting potential [89].
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Introduction of nano-drug delivery system has promising future that could improve the
pharmacokinetics of NRTIs such as enhanced absorption, improved target tissue penetration,
lower metabolic rate, and slower elimination rate. Some pre-clinical trials studies of
nanoformulated NRTIs have already reported to prolong the maintenance of NRTI drug
concentrations, and slow but sustained release properties with once biweekly application
potential over conventional daily dosage regimen [101, 102]. Nano-encapsulation also
reduces NRTIs toxicity by protecting drug off target effects. Additionally, nano-
encapsulation prolongs the systemic as well as cellular availability of the NRTI drugs [91,
93].

Another strategy under investigation is the use of solid drug nanoparticles (SDNs)
technology. Primarily, the SDNSs are developed by nanomilling approaches or simply drug
adherence approaches are applied. These approaches have been argued to show sustained-
release NRTIs. As other novel formulation under development is subdermal implant
delivering the potent prodrug tenofovir alafenamide (TAF) [103].

All the present strategies allow HIV-infected patients to follow one pill daily regime or
receive a parenteral dosage monthly or bimonthly dosing. This would allow improved
patient adherence to their drug regimen. Further details for medical follow-up including
laboratory monitoring have yet to be fully explained. How patients will receive their long-
acting parenteral dosage formulation may still require administration within a physician’s
office, but potentially could be deployed by community health nurses similar to directly
observed therapy for tuberculosis. Certainly, the future is optimistic for this class of
antiretroviral drugs.

CONCLUSION AND FUTURE PROSPECTIVE

NRTIs are backbone drugs for both preferred and alternative antiretroviral therapy (ART)
regimens for HIV-1 patients due to their efficient mechanism of blocking RT. However,
present day-NRTIs have significant side-effects that require potential monitoring. Currently,
the focus of major NRTI research is to develop strategies to over-come the potential
drawbacks to improve ART adherence in HIV patients. The future prospective of the
potential NRTIs will be combination of the conventional strategies with the advanced
technologies.
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Fig. (1).
(A) HIV-1 infection pathway and (B) Antiretroviral drug (ARV) action site. The numbers in

part (A), describes the ARVs target action site of part (B). VRNA, viral RNA genome;
VDNA, complimentary viral DNA.
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NRTI metabolic pathways. The box represents the NRTIs and its metabolites. The activate
metabolites of respective NRTI drugs are presented in the irregular star-shaped structure. In
red, respective NRTI drug’s (ddNTPs), natural nucleotide analogues (dNTPSs) are been
presented. In case of Tenofovir (TFV), Abacavir (ABC) and Didanosine (ddl), the broken
arrows and boxes below, represents respective catabolic pathway. NRTI, Nucleotide Reverse
Transcriptase Inhibitors; ddNTPs, 2°, 3’-dideoxynucleoside 5’-triphosphates; ddNDPs, 2,
3’-dideoxynucleoside 5’-diphosphate; ddR-1-P, 2”,3-dideoxyribose-1-phosphate, ABC,
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Abacavir; CBV, Carbovir monophosphate, ddl, Didanosine; ddIno, dideoxyinosine; FTC,
Emtricitabine; 3TC, Lamivudine; POC, isopropyloxymethyl carbonate; d4T, Stavudine;
TFV, Tenofovir; TAF, Tenofovir alafenamide; TDF, Tenofovir disoproxil fumarate; AZT,
Zidovudine; MP, Monophosphate; DP, Diphosphate; TP, Triphosphate.
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