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Introduction: Elevated zidovudine- and lamivudine-triphosphates have been observed in peripheral
blood mononuclear cells (PBMCs) from females versus males and in patients with high inflammatory
states versus lower inflammatory states. Consistent with high triphosphate exposures, these same
patient groups also experience elevated rates of toxicity, including lipoatrophy. The purpose of this
study was to evaluate the effects of oestradiol, progesterone and testosterone as well as tumour
necrosis factor (TNF)-a and interferon (IFN)-a on zidovudine- and lamivudine-triphosphates in PBMCs
and, for the cytokines, in 3T3-L1 adipocytes.

Methods: Multiple replicates of adipocytes and human PBMCs were incubated with experimental versus
control conditions using several cytokine and sex hormone doses. Zidovudine- and lamivudine-
triphosphate concentrations were determined with validated LC-MS-MS assays. A mixed effects, cell
means model that accounted for experiment number was used to evaluate the effects of experimental
conditions relative to control.

Results: In adipocytes, TNF-a doses below 2 ng/mL increased zidovudine-triphosphate by 18%
(5–31%). Lamivudine-triphosphate was not detectable in adipocytes. In PBMCs, pooled IFN-a doses
(0.1–10 U/mL) decreased zidovudine-triphosphate 26% (10–42%); 100 and 1000 ng/mL of progesterone
decreased lamivudine-triphosphate by 22% (1–43%) and 47% (25–68%), respectively. Pooled testo-
sterone doses (10–1000 ng/mL) decreased lamivudine-triphosphate by 24% (7–41%). No other statisti-
cally significant effects were observed.

Conclusions: We found evidence that sex hormones and cytokines influence zidovudine-triphosphate
and lamivudine-triphosphate slightly in PBMCs and adipocytes in vitro. These findings provide insight
and scientific direction to address inflammation-dependent and sex-dependent phosphorylation and
responses in patients.
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Introduction

Nucleoside analogue reverse transcriptase inhibitors
(NRTIs) require stepwise phosphorylation to the intracellular
50-triphosphate for pharmacological activity. The eventual active
triphosphate blocks viral replication through inhibition of the
HIV reverse transcriptase enzyme and may also cause toxicity
through inhibition of mitochondrial DNA polymerase g or dis-
ruption of other mitochondrial/cellular functions.1 – 4 By pharma-
cological principle, the probability of both efficacy and toxicity
is associated with the intensity of exposure to the active drug
(the intracellular NRTI-triphosphate).5

NRTIs are phosphorylated by human enzymes and once
phosphorylated the NRTI-phosphate cannot freely diffuse out of
the cell given the polar phosphate moiety. This creates two
important sets of pharmacokinetics for NRTIs: one for the
parent NRTI in plasma and one for the intracellular NRTI-
triphosphate.6

Little is known about what cellular factors in patients govern
NRTI phosphorylation and intracellular NRTI-triphosphate
pharmacokinetics.5,7 In a previous pharmacological study of
zidovudine, lamivudine and indinavir in antiretroviral-naive HIV-
infected adults, we found that women had 2.3 and 1.6-fold higher
zidovudine-triphosphate and lamivudine-triphosphate, respectively,
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in peripheral blood mononuclear cells (PBMCs) compared with
men.8 One possible explanation for these results is that male or
female sex hormones influence zidovudine- and lamivudine-
triphosphate in vivo. In the same study, we also found that, early
in therapy, advanced HIV disease (CD4 ,100 cells/mm3) was
associated with elevated triphosphates in PBMCs compared with
less advanced disease. We hypothesized that this later finding
was due to the higher cellular activation state via elevated
inflammation associated with advanced compared with less
advanced HIV disease.9 This hypothesis was based on in vitro
studies that showed dramatically increased zidovudine-
triphosphates (.100-fold) and lamivudine-triphosphates
(�4-fold) in phytohaemagglutinin (PHA)-stimulated PBMCs
versus resting PBMCs.10 We hypothesized that an elevated
inflammatory state in patients (e.g. high cytokine concentrations
and activation markers in advanced HIV) may be analogous to
the effects of PHA on PBMCs in vitro and that these effects of
inflammation may extend to other tissues besides PBMCs. Given
that fat toxicity (lipoatrophy) is a common NRTI toxicity and
that inflammation in fat is a risk factor for lipoatrophy,11,12 we
hypothesize that activated cells in fat release cytokines that
stimulate NRTI phosphorylation in adipocytes, which increases
lipoatrophy risk.

The goal of the present study was to evaluate the effects of
sex hormones and pro-inflammatory cytokines on zidovudine-
and lamivudine-triphosphate concentrations in PBMCs and
3T3-L1 adipocytes.

Materials and methods

PBMC experiments

Blood was purchased from Bonfils Blood Centre under an IRB-

approved contract. Blood was discarded therapeutic draws from
haemochromatosis patients or was removed from discarded leuco-
cyte depletion filters. No demographic information about the
subjects was available.

PBMCs were isolated using the standard density centrifugation

protocol with lymphocyte separation media. Cells were counted
with a haemocytometer and assessed for viability with Trypan Blue
dye exclusion. Cells were resuspended in an incubation solution
containing 10% fetal bovine serum, 1% penicillin and streptomycin
in RPMI complete media so that the final cell concentration was

�1 million cells/mL. Equal numbers of cells (�10 million) were
aliquotted into separate 10 mL incubation vessels. Zidovudine
(Sigma-Aldrich) or lamivudine (GlaxoWellcome) were added to all
the incubation vessels. Experimental conditions (sex hormones or

cytokines) were added to a subset of vessels (not including con-
trols). No cell activators (PHA or IL-2) were used in any of the
PBMC experiments. Two doses of zidovudine were tested: 10 and
1 mg/L; the higher zidovudine dose was used to mimic previous
in vitro studies of zidovudine that have been published and the lower

dose was added to reflect typical peak concentration attained with
standard zidovudine dosing in patients.13,14 Lamivudine was
tested at one dose, 1 mg/L, which approximated both previous
in vitro work and typical concentrations in patients.10,14 The sex
hormones studied were oestradiol, progesterone and testosterone

(Sigma-Aldrich). All were studied at three dose levels: 10, 100
and 1000 ng/mL. The testosterone was mixed in 100% DMSO to
enable solubility, and DMSO controls were added for testosterone
experiments. The cytokine experiments included tumour necrosis
factor (TNF)-a and interferon (IFN)-a at various dose intervals

(0.002–20 ng/mL for TNF-a and 0.1–100 U/mL for IFN-a). The
doses chosen for the sex hormones and cytokines were designed to
include physiologically relevant concentrations. Incubation times
were studied up to 36 h and triphosphates were found to decline

starting after 24 h. Thus, controls and experiments were incubated
for up to a maximum of 16 h. Incubations were conducted at 378C
in 5% carbon dioxide. Cells were harvested simultaneously,
pelleted, lysed with 0.5 mL 70% methanol/water solution and stored
at 2708C until analysis.

Adipocyte experiments

3T3-L1 fibroblasts were a gift from Dr Dwight Klemm (VA Medical
Center, Denver, CO, USA). The original stock of 3T3-L1 fibroblasts

was stored at 2708C. Cells were removed for experiments. A homo-
geneous cell suspension was created, and an equal volume was split
among multiple equal-sized flasks. The cells were allowed to
become confluent in 10% FBS and 1% penicillin/streptomycin in
Dulbecco’s modified Eagle’s medium (DMEM) incubated at

378C for �48 h. The media was then changed to 10% FBS, 1%
L-glutamine, 1% penicillin/streptomycin, 1 mM dexamethasone,
300 mM isobutylmethylxanthine and 10 mg/L insulin in DMEM
for �48 h. The cells were then maintained in 10% FBS, 1%
L-glutamine, 1% penicillin/streptomycin and 10 mg/L insulin in

DMEM for 10 days. At the end of the 10 days, cells were inspected
for lipid accumulation to confirm the differentiation to adipocytes.
Individual flasks were then incubated with zidovudine or lamivudine
alone (controls), or zidovudine or lamivudine plus cytokines
(TNF-a or IFN-a) at the same dose levels as for the PBMCs above.

Lamivudine was studied at 1 mg/L, and only the 10 mg/L dose was
used for zidovudine. After 24 h incubation, the cells were treated
with trypsin (15% to 30%) and sonicated to release them from the
bottom of the flask. The cells were immediately washed, pelleted

and lysed with 70% methanol solution and stored at 2708C until
analysis. Cells were not counted due to significant clumping; the
amount of triphosphate was normalized per flask, which all had the
same starting volume of cell suspension.

Analytical methods

Zidovudine- and lamivudine-triphosphate concentrations were
quantified in all cell fractions with separate validated liquid
chromatography-tandem mass spectroscopy (LC-MS-MS) methods.
The complete method for zidovudine-triphosphate has been pub-

lished previously.15 The linear range of assay was 50–6400 fmol
zidovudine with a minimum quantifiable limit of 50 fmol (5 fmol
per million cells with 10 million cells analysed). Both the between-
day and within-day coefficients of variation (CVs) for the quality

controls during validation were ,20% at all concentrations. A
direct LC-MS-MS method was developed and validated for
lamivudine-triphosphate quantification.16 An internal standard,
dideoxycytidine-triphosphate, was added to cell lysates, and samples
were dried under nitrogen and then reconstituted in HPLC-grade

water. Chromatographic separation was performed on a Phenomenex
Luna Phenyl-Hexyl, 2.0�150 mm column. The mobile phase
consisted of 90% mobile phase A [20 mM triethylamine (TEA),
0.1% formic acid pH 9.0] and 10% mobile phase B (50:50
acetonitrile:40 mM TEA, 0.2% formic acid pH 9.0). Detection and

quantification of lamivudine-triphosphate and the internal standard
were achieved by MS-MS detection in negative ion mode with
electro-spray ionization. The assay was linear in the range of
5–500 pmol with a minimum quantifiable limit of 5 pmol (1 pmol/
million cells with 5 million cells analysed). Both the between-day
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and within-day CVs and percent deviation for the quality controls
were ,15%.

Data analyses

Each experimental condition and control condition were run in
multiple replicates for each experiment. The ratio of experimental to
control condition was calculated for each replicate. Thus, a ratio

above 1 indicated enhanced NRTI phosphorylation for the experi-
mental conditions.

All tests assumed a two-sided test of hypothesis with a signifi-
cance level of 0.05, and analyses were considered to be hypothesis-

generating with no corrections for multiple comparisons. For each
stimulation, separate models assuming linear, log-linear, categorical
and combined stimulation doses were considered, with the final
choice based on Akaike’s information criterion.17 In all cases, the
best stimulation dose classification was categorical, using either all

or combined doses. A mixed effects, cell means model was then uti-
lized to provide a mean ratio and 95% confidence interval for each
observed combination of drug, dose, stimulation, stimulation dose
and cell type. The model was programmed using SAS’s MIXED
procedure (SAS Institute, Inc., Cary, NC, USA) with a random inter-

cept to account for the source (experiment number). A mean ratio
that was significantly greater or less than 1.0 indicated that NRTI
phosphorylation was enhanced or decreased, respectively.

Results

Adipocyte experiments

Lamivudine-triphosphate was not detectable in the 3T3-L1
adipocytes under any of the conditions studied (neither with
controls nor with three doses of TNF-a or two doses of IFN-a).
Zidovudine-triphosphate concentrations were influenced by

TNF-a in a dose-dependent manner. At TNF-a doses below
2 ng/mL (0.02 and 0.2 ng/mL), zidovudine-triphosphate was
increased by 18% (5–31%), but no effect was observed at higher
TNF-a doses (2 and 20 ng/mL). No other significant effects were
found; sex hormones were not tested in the 3T3-L1 adipocytes.
The experimental data are summarized and displayed in Figure 1.

PBMC experiments

Zidovudine-triphosphate was decreased by 26% (10–42%) when
the IFN-a dose levels were combined and the 1 mg/L zidovudine
dose was studied. On the other hand, there were increased
lamivudine-triphosphate concentrations by 13% (22% to 27%;
P ¼ 0.08) in the combined IFN-a dose groups. The cytokine data
are summarized and displayed in Figure 2. The middle and
highest progesterone dose levels (100 and 1000 ng/mL) decreased
lamivudine-triphosphate by 22% (1–43%) and 47% (25–68%),
respectively. Pooled testosterone doses decreased lamivudine-
triphosphate by �24% (7–41%). The sex hormone data are
summarized and displayed in Figure 3. No other statistically
significant relationships were found.

Discussion

We found that TNF-a, at doses ,2 ng/mL, increased zidovudine-
triphosphate by 18% in 3T3-L1 adipocytes, but not in PBMCs.
We also found that lamivudine-triphosphate was not detectable
in adipocyte experiments. In PBMCs, pooled IFN-a doses
lowered zidovudine-triphosphate by 26%, but lamivudine-
triphosphate tended to be higher by 13% under the same con-
ditions. Finally, we found that pooled doses of testosterone and
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middle and high doses of progesterone decreased lamivudine-
triphosphate by 24%, 22% and 47%, respectively.

This study is the first to evaluate the perspective that TNF-a
and IFN-a may influence zidovudine-triphosphate and lamivudine-
triphosphate concentrations in adipocytes, although others have
quantified NRTI-triphosphate in adipocytes in vitro.18 The
rationale for this perspective is that pro-inflammatory cytokines
such as TNF-a are over-expressed in adipocyte tissue in those
with lipoatrophy.12,19 Infiltrated activated macrophages and the
adipocytes themselves are the source of pro-inflammatory cyto-
kine release in fat.19 Furthermore, the risk severe lipoatrophy

is much greater in those with the most advanced HIV, a con-
dition associated with very high production of pro-inflammatory
cytokines.20,21 We hypothesize that over-production of inflam-
matory mediators in fat leads to over-production of zidovu-
dine-triphosphate in adipocytes, which leads to increased
mitochondrial (or other cellular) toxicity and lipoatrophy seen
clinically. However, in this study, we could not find major
changes in zidovudine-triphosphate when 3T3-L1 adipocytes
were exposed to TNF-a. Zidovudine-triphosphate was
increased slightly (by 18%) at TNF-a doses below 2 ng/mL.
These findings provide a starting point for additional research
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to evaluate the interaction between inflammation and NRTI-
triphosphate in fat.

The rationale for including PBMCs in the cytokine studies
stems from an observation that zidovudine-triphosphate in
PBMCs was 3-fold higher in patients with advanced HIV com-
pared with less advanced HIV when measured early in therapy.8

Also, others have found elevated zidovudine-phosphates in
HIV-infected patients versus HIV-negative volunteers.22,23 In
line with this finding, a recent study found that thymidine kinase
activity (phosphorylates zidovudine and stavudine) in PBMCs

was higher in people with HIV infection versus without.24 We
believe that these in vivo studies are providing evidence that
elevated inflammation associated with HIV causes elevated
NRTI-triphosphate in PBMCs, particularly for zidovudine.
Evidence also comes from the in vitro setting, which showed
that zidovudine-triphosphates were over 100-fold higher and
lamivudine-triphosphates were �4-fold higher in ‘activated’
(PHA-stimulated) versus ‘resting’ PBMCs.10,25 Examples from
the clinical setting provide high human health relevance to this
area as NRTI responses are exaggerated in advanced HIV
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infection, consistent with the idea that NRTI-triphosphates are
higher in this setting. As one example, patients with advanced
HIV experience the highest rate of zidovudine-associated blood
cell toxicities (anaemia and neutropenia) and lipoatrophy.5,8,22,26

However, there is at least one alternative hypothesis to
explain the elevated zidovudine- and lamivudine-triphosphate
concentrations in PBMCs from advanced HIV patients versus
HIV-negative volunteers. Zidovudine- and lamivudine-triphosphate
concentrations in PBMCs may be influenced by the CD4 content
in the PBMCs, which is severely depressed in HIV, especially
in advanced HIV. To address this alternative hypothesis, we
evaluated zidovudine- and lamivudine-triphosphate in PBMCs,
CD4-depleted PBMCs and CD4-enriched cells of HIV-negative
volunteers taking standard zidovudine and lamivudine doses (to
remove the possible effects from HIV immune ‘activation’). We
found that zidovudine-triphosphate and lamivudine-triphosphate
were slightly elevated in CD4-depleted PBMCs (and lower in
CD4 purified cells), but our findings could not explain the
observed 3-fold higher zidovudine-triphosphate concentrations
that we observed in advanced HIV-infected patients.8,16

Thus, in this study, we hypothesized that pro-inflammatory
cytokines, TNF-a and IFN-a, would increase zidovudine- and
lamivudine-triphosphate in PBMCs. However, we did not
observe this to be the case. In fact, zidovudine-triphosphate was
decreased by 26% in the pooled IFN-a dose conditions (with
the low zidovudine dose), whereas lamivudine-triphosphate
tended to be higher in the pooled IFN-a dose conditions. We
attempted to use physiological cytokine and NRTI concen-
trations to create the most physiologically relevant conditions.
Our in vitro results are in line with the new in vivo data that
evaluated zidovudine-triphosphate, stavudine-triphosphate and
lamivudine-triphosphate in HCV–HIV co-infection before and
after pegylated IFN-a 2a/ribavirin therapy was added.27 There was
an arm in the study of pegylated IFN-a 2a-only (without ribavirin).
No evidence was found that either ribavirin or pegylated IFN-a
2a influenced zidovudine-triphosphate, stavudine-triphosphate or
lamivudine-triphosphate (or the corresponding endogenous
deoxynucleotide-triphosphates) in PBMCs. Inter-subject variability
was pronounced in this study,27 which limited the statistical
power to detect small to moderate differences. Overall, we cannot
find evidence that TNF-a and IFN-a cause large changes in
zidovudine- and lamivudine-triphosphate in PBMCs.

The impetus to study the effects of sex hormones on NRTI-
triphosphate in PBMCs arose from a previous study in which we
observed 1.6-fold higher lamivudine-triphosphate and 2.3-fold
higher zidovudine-triphosphate in HIV-infected women versus
men.8 Another previous study had also observed �2-fold higher
zidovudine-phosphates in women versus men.28 These data align
with clinical experiences, as women experience exaggerated
NRTI effects compared with men. As an example, a recent
study found that the incidence of life-threatening lactic acidosis
in African persons taking NRTIs was 13.4 higher in women
than in men.29 However, some controversy exists for zidovudine-
phosphate differences between the sexes, as shown in a recent
study that investigated intracellular zidovudine and zidovudine-
phosphates in 16 men and 18 women and according to hormonal
birth control therapy in the women.30 The study found that
men had elevated intracellular zidovudine (�3-fold), zidovudine-
monophosphate (�8-fold) and zidovudine-triphosphate (�2-fold)
AUCs compared with women. Furthermore, in 14 women
who initiated hormonal contraception (8 intramuscular

depo-medroxyprogesterone and 6 oral norethindrone/ethinyl
oestradiol), there was a trend for elevated intracellular
zidovudine-phosphates after hormonal contraception, but none
of the parameters reached statistical significance. In our study,
lamivudine-triphosphate concentrations were lower with middle
and high progesterone doses and pooled testosterone doses. No
significant effects were observed with zidovudine. The effects
observed for lamivudine-triphosphate, particularly the larger
effects with progesterone, warrant follow-up research in patients
receiving exogenous hormone therapy.

There were some limitations to this in vitro study. First, our
study was not designed to elucidate mechanisms for our find-
ings. This was a pilot study to probe whether sex hormones and/
or cytokines caused large NRTI-triphosphate changes under our
experimental conditions, and given the exploratory nature of
the study, all findings should be considered to be hypothesis
generating. Further confirmatory research is needed to under-
stand the mechanisms for our findings. Second, we felt it was
important to evaluate multivariate models that considered the
effects of different blood donors and different zidovudine doses
on the experimental results. The model was conservative in that
the observed effects had to be consistent enough to persist after
adjusting for these effects. Conversely, we did not have a great
deal of statistical power under this model to detect small experi-
mental effects, and thus some small effects may have been
missed. Third, we did not identify major effects on zidovudine-
and lamivudine-triphosphate (e.g. several-fold). We do not know
what the clinical significance is of the smaller effects that were
observed. We would point out that it is important that we ruled
out large effects (under our study conditions), and taken
together, our findings provide scientific direction for future
research in this area. Lastly, as in all in vitro research, we
cannot predict how our findings translate to patients. The in vivo
system is many times more complex than in vitro conditions,
and we cannot rule out that sex hormones and TNF-a and
IFN-a may have different effects in vivo.

Finally, we wish to highlight the potential clinical relevance
of this line of research. For example, one hypothesis for the sur-
prisingly poor efficacy of the triple NRTI regimens that included
tenofovir plus lamivudine and either didanosine or abacavir is
that low NRTI-triphosphates in the activated cell compartment
may have allowed virological breakthrough in activated
cells.31,32 This is because none of the triphosphates of these
drugs are preferentially phosphorylated or virologically active in
activated cells (PHA-stimulated in vitro).33,34 Other studies have
shown better virological outcomes with triple NRTI regimens
including zidovudine, which theoretically targets the activated
cell compartment.35,36 Another example already mentioned
above is that women experience exaggerated responses to NRTIs
and the mechanism for this difference has not been elucidated.
More research is needed to elucidate the pharmacological basis
for sex differences in response to NRTIs and to provide a better
understanding of how the cellular activation state in patients
affects NRTI-triphosphate pharmacology and responses.
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