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As antiretroviral therapy has become more accessible across the world and coformulations have improved
patient compliance; the morbidity and mortality of HIV/AIDS has decreased. However, there is still a sub-
stantial gap in knowledge regarding the impact of genetic variation on the metabolism of and response
to some of the most commonly prescribed antiretrovirals, including the nucleotide reverse transcriptase
inhibitor tenofovir. While it has been scientifically established that tenofovir must be activated to be ef-
ficacious against HIV, the enzymes responsible for this activation have not been well characterized. The
purpose of this review is to summarize and clarify the scientific knowledge regarding the enzymes that
phosphorylate and activate this clinically important drug.
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Introduction to tenofovir metabolism
The development and implementation of antiretroviral therapy (ART) has led to a substantial decrease in HIV-
related mortality [1]. Research into the drug combinations that constitute ART has aimed to decrease both the
number of adverse events and incidents of clinical inefficacy through the lens of pharmacokinetics and pharmaco-
dynamics. Although there are several drug combinations used in ART regimens, one drug that has emerged as a
preferential component is tenofovir.

Tenofovir disoproxil fumarate was approved by the US FDA in 2001 [2,3]. Tenofovir disoproxil fumarate is a
prodrug that upon hydrolysis is transformed to tenofovir, which is an adenosine monophosphate analog. As a
monophosphate analog, tenofovir requires two sequential phosphorylation steps (carried out by kinases within
host cells) to become pharmacologically active by forming the nucleotide triphosphate analog that competitively
inhibits HIV reverse transcriptase. Thus, tenofovir is first phosphorylated to tenofovir-monophosphate and then
is subsequently phosphorylated to tenofovir-diphosphate. As such, tenofovir belongs to the nucleoside/nucleotide
reverse transcriptase inhibitor class of drugs. Clinical trials demonstrated that suppression of HIV-1 by a com-
bination of tenofovir disoproxil fumarate and emtricitabine (also a nucleoside/nucleotide reverse transcriptase
inhibitor) with efavirenz, a non-nucleoside reverse transcriptase inhibitor, was superior when compared with
zidovudine/lamivudine with efavirenz [4]. Furthermore, in the CASTLE clinical trials conducted over 96 weeks,
93% of HIV-1-infected individuals maintained efficacious viral suppression when combining protease inhibitors
with tenofovir disoproxil fumarate/emtricitabine [5]. The combination of tenofovir disoproxil fumarate and emtric-
itabine is also the only US FDA approved drug for HIV pre-exposure prophylaxis, which is a pharmacologic
approach to prevent infection in HIV-naive individuals [6]. Tenofovir is well tolerated by most patients and the
majority of adverse events are reported as mild or moderate in severity [7]. In the context of HIV pre-exposure pro-
phylaxis, tenofovir has been the focus of several clinical trials designed to allow on-demand usage and prevent lapses
in adherence. These trials include the formulation and development of drug-containing vaginal rings, long-acting
subdermal implants and tenofovir-containing enemas [8–10].
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Figure 1. Schematic of the intracellular phosphorylation of TFV. TFV requires two sequential phosphorylation steps to become a
pharmacologically active triphosphate analogue, denoted as TFV-DP. Lade et al. [19] discovered that AK2 can catalyze the phosphorylation
of TFV to TFV-MP in peripheral blood mononuclear cells, vaginal, and colorectal tissues. In addition, PKM and PKLR were found to
catalyze the phosphorylation of TFV-MP to TFV-DP in peripheral blood mononuclear cells and vaginal tissue, while CKM phosphorylated
TFV-MP to TFV-DP in colorectal tissue.
AK2: Adenylate kinase 2; CKM: Creatine kinase muscle; DP: Diphosphate; MP: Monophosphate; PKM: Pyruvate kinase muscle; PKLR:
Pyruvate kinase liver and red blood cell; TFV: Tenofovir.

While the pharmacology and pharmacokinetics of tenofovir have been well characterized, there are gaps in
knowledge that persist. For instance, the mechanisms underlying instances of tenofovir inefficacy have not been fully
explored. Occurrences of HIV seroconversion during clinical trials investigating tenofovir-containing formulations
for use in HIV pre-exposure prophylaxis have been largely attributed to nonadherence to medication [11–13].
However, patient noncompliance may not be the cause of all instances of drug failure [14]. Additionally, cases of
off-target toxicity are rare, but consistently reported in the HIV treatment setting. Nephrotoxicity in the form
of Fanconi syndrome, acute renal failure and nephrogenic diabetes insipidus attributed to tenofovir has been
noted [15,16]. It has also been suggested that common ART regimens may be associated with adverse bone events,
characterized by increased risk of fractures and osteoporosis [17,18]. Taken together, gaining an understanding of
the enzymes that activate tenofovir may provide insight into both the failure of tenofovir to prevent HIV infection
in certain individuals and the development of idiosyncratic tenofovir-induced toxicities. With this in mind,
studies have been performed to investigate the phosphorylation of tenofovir in cells and tissue susceptible to HIV
infection [19]. Through this work, it has been demonstrated that adenylate kinase (AK) 2 can phosphorylate tenofovir
to tenofovir-monophosphate in peripheral blood mononuclear cells, vaginal tissue and colorectal tissue. Pyruvate
kinase muscle (PKM) and pyruvate kinase liver, red blood cell (PKLR) can both catalyze the formation of the
pharmacologically active tenofovir-diphosphate from tenofovir-monophosphate in peripheral blood mononuclear
cells and vaginal tissue. In contrast, in colorectal tissue creatine kinase muscle (CKM) has been implicated in carrying
out this step. Figure 1 outlines the current hypothesis regarding the phosphorylation of tenofovir in peripheral
blood mononuclear cells, vaginal tissue and colorectal tissue. Since two phosphorylation steps are required for the
activation of tenofovir, each of the enzymes noted may play a crucial role in tenofovir efficacy. The goal of this
review is to contribute toward a better understanding of genetic variations that exist in the kinases responsible for
the activation of tenofovir.

The AK family
The AK are abundant enzymes that play a crucial role in regulating energy metabolism and maintenance of cellular
adenine nucleotide ratios. Specifically, the adenylate kinase family enzymes regulate adenine nucleotide ratios by
catalyzing the reversible transfer of the γ-phosphate group from ATP to AMP [20]. There are nine isoforms that
make up the AK family, with homology between the enzymes being 15–60%, and all prefer AMP as the primary
substrate [21]. The main phosphate donor is ATP, though several AK enzymes have the ability to utilize GTP or
NTP [22]. The AKs have three functional domains, including the core, a phosphate donor-binding glycine rich
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region known as the P-loop, the lid domain and a substrate binding site [22]. Although there are nine known
AK enzymes present in human tissue, only AK2 has been associated with tenofovir metabolism in cells/tissues
relevant to HIV infection thus far [19,23]. Since AK2 has been implicated in performing the first phosphorylation
step required for tenofovir activation in all cells and tissue examined to date, this enzyme may be a key participant
in governing the response to tenofovir. Of note, AK2 is located within the mitochondria suggesting that this
enzyme plays a crucial role in cellular energy homeostasis. Interestingly, individuals with AK2 genetic mutations
display reticular dysgenesis, which is the absence of granulocytes and lymphocytes [24]. With this in mind, it can be
envisioned that tenofovir activation could be impacted in individuals carrying AK2 genetic variants. In line with
this, in a recent study of 505 participants from the USA, Thailand and South Africa; 17 single nucleotide variants
(detected across 16 individuals) predicted to result in a mutation at the amino acid level were identified [23]. Using
in silico tools, several of these variants were predicted to impact the activity of AK2 toward tenofovir, and indeed five
variants, namely V19G, K28R, A55V, K62E and T194I, were found to exhibit decreased ability to phosphorylate
tenofovir in vitro [23]. Two additional studies that genotyped individuals from the USA, Uganda and South Africa
similarly identified variants predicted in silico to modulate AK2-mediated phosphorylation of tenofovir [19,25] It
should be noted that since tenofovir is an adenine nucleotide analog other enzymes beyond AK2 in the AK family
of enzymes could potentially phosphorylate tenofovir and this remains to be investigated.

Pyruvate kinase – liver/erythrocyte & muscle
The pyruvate kinases (PK) are primarily responsible for catalyzing the final rate limiting step of glycolysis, which
is the conversion of phosphoenolpyruvate to pyruvate and ATP [26]. Pyruvate kinase can be found in many tissue
and cell types, including the liver and red blood cells (PKLR) and the muscle tissue (PKM). PKM is responsible
for catalyzing the final rate-limiting step of glycolysis [27]. PKM has two isoforms that are denoted as PKM-1 and
PKM-2. PKM-1 is present in differentiated adult tissues like heart and brain, while PKM-2 is present primarily in
rapidly dividing cells, such as embryonic and tumor cells [28]. Active PKM-2 occurs in both tetrameric and dimeric
forms [29], but the tetrameric form is characterized by high affinity for the substrate phosphoenolpyruvate [30].
PKM-1 is constitutively active, while PKM-2 is tightly regulated due to its critical role in development [31]. Cancer
cells have been found to preferentially express PKM-2 and mutations found in critical domains of PKM-2 result
in B-lymphoblastoid cells in Bloom syndrome patients [32,33]. PKM has been demonstrated to phosphorylate
tenofovir-monophosphate to tenofovir-diphosphate, including in peripheral blood mononuclear cells and vaginal
tissue [19,34]. Several variants of PKM have been identified including one denoted as rs778625515, which is found
in the ATP binding site and has been predicted to disrupt kinase function [23,35]. Thus, it is possible that individuals
carrying this variant or similar variants could exhibit a decrease in their ability to active tenofovir.

Active PKLR is present as a tetrameric quaternary structure formed by four 62-kDa subunits [36]. PKLR shares
approximately 70% amino acid sequence homology with the enzyme guanylate kinase 1 (GUK1), which is known
to phosphorylate other antiretroviral drugs structurally similar to tenofovir [37,38]. Deficiencies in PKLR are some
of the most frequent and well-studied enzymatic abnormalities on the Embden–Meyerhof pathway, resulting in
hereditary nonspherocytic hemolytic anemia [39]. It has been projected that 0.15% of the general population may
have some form of PKLR deficiency, based on estimations from neonatal studies involving blood cord samples [40].
Serious detrimental pyruvate kinase deficiencies have also been identified in other disease contexts [41]. With regard to
nucleoside/nucleotide reverse transcriptase inhibitor metabolism, PKLR phosphorylates tenofovir-monophosphate
into tenofovir-diphosphate in both peripheral blood mononuclear cells and vaginal tissue [19]. It has been predicted
that PKLR missense variants may result in decreased tenofovir activation [19]. In the above-mentioned study in
which 505 individuals from the USA, Thailand and South Africa were genotyped, 39 total PKLR single nucleotide
variants and deletions predicted to be nonsynonymous were detected. This included SNV rs147689373, which
has previously been associated with pyruvate kinase deficiency [36]. Additionally, in a study of 142 women from the
USA, Uganda and South Africa, 3% of these individuals carried PKLR variants predicted in silico to be deleterious
or damaging to PKLR protein function [19].

Creatine kinase
In colorectal tissue, creatine kinase muscle (CKM) has been demonstrated to carry out phosphorylation of tenofovir-
monophosphate into the pharmacologically active tenofovir-diphosphate [19]. While several different isoforms of
CK are expressed in humans, all creatine kinases catalyze the reversible transfer of the γ-phosphate from ATP to
the guanidine group of creatine to generate phosphor-creatine and ADP [42]. CKM mediates cytosolic storage of

future science group www.futuremedicine.com 107



Special Report Hamlin, Tillotson & Bumpus

phosphates for rapid replenishment of ATP, which is crucial for cellular energy homeostasis [43]. The CKM protein
consists of independent subunits that are often arranged as dimers in the cytosol [44]. Genetic variations in the CKM
gene result in altered serum CK levels, which is a biomarker for statin-induced myotoxicity [45].

Dozens of single nucleotide variants or deletions have been detected in CKM suggesting that tenofovir phospho-
rylation by CKM may be impacted by genetics [19,23,25]. For instance, a CKM variant denoted as rs11559024, which
results in the change of glutamic acid to glycine, is predicted based on in silico analysis to result in a decrease or loss
of kinase activity. Interestingly, while a majority of individuals carrying CKM variants were wild-type heterozygous,
an individual carrying rs11559024 was identified as homozygous suggesting that tenofovir phosphorylation could
be markedly impacted in certain cells/tissues in this individual [23].

Conclusion
While conventionally thought of as enzymes that solely perform important endogenous functions, AK, CK, PKLR
and PKM can also participate in pharmacology through the phosphorylation of clinically important drugs. As such,
investigation of the kinases that phosphorylate drugs such as tenofovir as well as other nucleoside/nucleotide reverse
transcriptase inhibitors is an emerging area of research with the potential to have a translational impact. Several
genetic variants in these kinases have been identified that could affect not only their endogenous activity but also
their activities toward therapeutics. Thus, genetic variation may underlie certain clinically observed interindividual
differences in response to tenofovir and NRTIs more broadly since these compounds require phosphorylation in
order to become pharmacologically active. Increased understanding of the contribution of individual enzymes to
tenofovir disposition, as well as the impact of genetic variation on kinase function has the potential to lead to the
ability to better predict drug outcomes.

Future perspective
This review presents an updated view on the metabolism of the antiretroviral drug tenofovir, with an emphasis
on the various kinases involved in its activation. Future studies that measure the levels of tenofovir, tenofovir-
monophosphate and tenofovir-diphosphate, following observed dosing, in cells/tissues of individuals that carry
AK2, CKM, PKLR and PKM genetic variants are required to move from in silico predictions to definitively
establishing the connection between genotype and drug response. Further, it would be of particular interest to
genotype HIV seroconverters in tenofovir-based HIV pre-exposure prophylaxis clinical trials in order to probe
whether differential kinase activity as a result of genetic variation could underlie tenofovir inefficacy. In addition,
the potential impact of transporters on modulating tenofovir and tenofovir-diphosphate levels, particularly within

Executive summary

Tenofovir metabolism
• Tenofovir is a common component of the most frequently prescribed antiretroviral drug combinations to treat

HIV/AIDS.
• Tenofovir is a component of the only approved regimen for HIV pre-exposure prophylaxis.
• Tenofovir is an acyclic nucleoside phosphonate diester analog that works by competition with deoxyadenosine

5′-triphosphate for incorporation into the HIV-1 DNA.
• Tenofovir must be phosphorylated in a stepwise fashion by endogenous kinases in order to become an active

drug.
Adenylate kinase family
• There are nine adenylate kinase isozymes that are found in different tissues in humans.
• Adenylate kinase (AK) 2 has been demonstrated to phosphorylate tenofovir.
• Deficiencies in AK2 expression have been identified as a causal factor in serious diseases.
• Genetic variation in AK2 may contribute to interindividual variability in tenofovir disposition.
Pyruvate kinase family
• Pyruvate kinases in the liver and red blood cells are enzymes essential for executing the final step of glycolysis.
• The pyruvate kinase muscle and pyruvate kinase liver, red blood cell also play a role in phosphorylating tenofovir

and genetic variation in these enzymes may alter tenofovir metabolism.
Creatine kinase
• Creatine kinase is primarily found in muscle tissue and responsible for maintenance of the cytosolic stores of

phosphates for production of ATP and therefore may play a role in tenofovir phosphorylation.
• Genetic variation in creatine kinase muscle may modulate tenofovir activation in certain individuals.
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the context of interindividual variability in response to tenofovir requires attention. For instance, tenofovir has been
demonstrated to be a substrate for efflux transporters multidrug resistance protein type 4 and 2 [46,47]. Further,
tenofovir has been suggested to be a substrate for drug uptake transporters human organic anion transporter 1
and 3 [48,49]. Studies to determine the relative contributions of drug transporters versus kinases to variability in
response to tenofovir are an important future direction. As such, the studies cited in this review regarding AK2,
CKM, PKLR and PKM genotyping provide a foundation for such work.
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