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The cellular pharmacology of zidovudine (ZDV) and lamivudine (3TC) in vivo is not completely understood. This prospective
longitudinal study investigated the relationship between HIV-1 serostatus, sex, race, and time on therapy with intracellular and
plasma ZDV and 3TC concentrations. Of 20 HIV-seronegative and 23 HIV-seropositive volunteers enrolled, 16 (8 women) and
21 (5 women) completed all 12 study days, respectively. Volunteers began ZDV-3TC therapy (plus a third active drug in HIV-
seropositive volunteers), and steady-state concentrations (Css) were determined after days 1, 3, 7, and 12. A repeated-measures
mixed model was utilized. HIV-seronegative status was associated with 22% (95% confidence interval [CI], 0%, 50%) and 37%
(15%, 67%) higher Css estimates compared to those of HIV-seropositive individuals for intracellular ZDV-TP and 3TC-TP levels,
respectively. African-Americans had 36% (8%, 72%) higher ZDV-TP estimates than non-African-Americans. Sex was not associ-
ated with ZDV-TP or 3TC-TP (P > 0.19). Women had 36% (4%, 78%) higher plasma ZDV, but the effect was lessened when nor-
malized by lean body weight (5% [�19%, 38%]; P � 0.68). Plasma 3TC was 19% (0%, 41%) higher in HIV-seropositive volun-
teers and 22% (0%, 48%) higher in African American volunteers, but these effects were not significant when corrected for
creatinine clearance (7% [�9%, 20%] and �5% [�26%, 12%] for HIV serostatus and race, respectively; P > 0.35). These results
suggest that HIV-seropositive status decreases and African American race elevates the cellular triphosphates of ZDV and 3TC.
This information extends knowledge of ZDV and 3TC cellular pharmacology in vivo and provides new leads for future cellular
pharmacology studies aimed at optimizing HIV prevention/treatment with these agents.

Zidovudine (ZDV) and lamivudine (3TC) are nucleoside ana-
log reverse transcriptase inhibitors (NRTI) with a long history

of use in HIV-seropositive persons for treatment and at-risk HIV-
seronegative persons for prevention (7, 11). NRTI efficacy and
toxicity is dependent on the concentration of the triphosphate
(TP) moiety of the drug inside cells (16, 25). NRTI are sequentially
phosphorylated to the TP moiety, with the resulting NRTI phos-
phates being ion trapped inside the cell, which confers a unique
pharmacokinetic (PK) profile for the TP versus the parent NRTI
(5, 7). Drug-TP blocks human immunodeficiency virus 1 (HIV)
replication by competing with endogenous nucleotides for incor-
poration into viral DNA chains and terminating chain elongation
when incorporated (16). The TP is hypothesized to inhibit mito-
chondrial DNA (mtDNA) replication in the same manner, al-
though other mechanisms of mitochondrial toxicity are possible
(25, 27). As such, it is crucial to understand the disposition of
NRTI-TP in vivo.

ZDV, a thymidine analog, is phosphorylated to the monophos-
phate (MP) anabolite by thymidine kinase 1 (TK1) and then to the
diphosphate (DP) by thymidylate kinase 1, and finally by nucleo-
tide diphosphate kinase to the TP moiety (9, 16). 3TC, a deoxycy-
tidine analog, is anabolized to the MP by deoxycytidine kinase, to
the DP by uridylate-cytidylate kinase, and to the active TP by
3=-phosphoglycerate kinase or nucleotide diphosphate kinase (9,
21, 40). Membrane transporters contribute to eventual TP con-
centrations through the influx of the parent NRTI and/or the ef-
flux of the NRTI-MP (34). Nucleotidases and phosphatases de-
grade nucleotides, decreasing the efficiency of TP production (13,
22). Despite knowledge of these processes and clinical experience

with the drugs, the patient-specific factors that affect cellular
pharmacology in vivo are not clear.

In vitro results demonstrate up to 200-fold more ZDV-TP in
mitogen-stimulated cells than in resting cells (17, 18). Similarly,
3TC-phosphates were increased 4- to 6-fold in phytohemaggluti-
nin (PHA)-stimulated cells (18, 28). These in vitro findings may be
important in the clinical setting, because HIV infection increases
cellular activation directly and/or through microbial transloca-
tion (14, 24). However, it is unclear how these in vitro results with
PHA extrapolate to the in vivo setting of HIV infection.

Lactic acidosis, a rare but life-threatening mitochondrial tox-
icity associated with long-term NRTI use, occurs approximately
20-fold more frequently in women (31, 41), suggesting possible
sex-based differences in NRTI cellular pharmacology. Current
data regarding associations between the cellular pharmacology of
these drugs and sex are variable and inconclusive. One study of
ZDV-3TC-indinavir among 29 men and 4 women demonstrated
approximately 2-fold higher ZDV-TP and 1.4-fold higher
3TC-TP levels in women (4). Other studies have shown similar
results for ZDV-phosphates (10, 38), but still others have shown
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opposite results for ZDV-phosphates (8). Given possible differ-
ences in NRTI response, there is an urgent need for additional
comparisons of NRTI cellular pharmacology by sex.

The objective of the present study was to evaluate the effect of
HIV infection and sex on the cellular pharmacology of the anti-
retroviral medications ZDV and 3TC.

MATERIALS AND METHODS
Study design and protocol. This was an open-label, prospective, longitu-
dinal, observational PK study with the specific aim of determining the
effects of HIV serostatus and sex on ZDV and 3TC cellular pharmacology.
HIV-seronegative and HIV-seropositive volunteers were recruited with
the goal of enrolling equal numbers of men and women in each group.
HIV-seronegative participants received 300 mg ZDV/150 mg 3TC (cofor-
mulated as Combivir) twice daily for approximately 12 days. HIV-in-
fected subjects were either antiretroviral naïve or without therapy in the
preceding 6 months. Their clinician provider must have prescribed a reg-
imen that included 300 mg ZDV/150 mg 3TC (coformulated as Combi-
vir) with another active antiretroviral component not from the NRTI
class. This study was not interventional with respect to therapy for partic-
ipants with HIV infection. General eligibility requirements included the
ability to give informed consent; age of 18 to 55 years; no medical condi-
tions that would interfere with the study conditions; no recent investiga-
tional medications or concomitant drugs that might alter renal drug clear-
ance or cellular activation, including probenecid, chemotherapy,
glucocorticoids, hematopoetic growth factors, or sex hormones (subjects
were instructed to use two forms of nonhormonal birth control); no daily
warfarin or aspirin; no lidocaine allergy; no hepatitis B virus infection in
HIV-seronegative volunteers; no pregnancy or plan to become pregnant;
estimated creatinine clearance of �60 ml/min; and body mass index
(BMI) of �34. The study was approved by the Colorado Multiple Insti-
tution Review Board, and all subjects gave written consent.

Intensive PK studies were conducted on the first dose of therapy and
then on days �3, �7, and �12. HIV-infected participants had additional
visits at days �30 and �60 and months 6, 12, 18, and 24, if available. This
report describes the PK visits shared by HIV-seronegative and HIV-sero-
positive volunteers, which were up to and including day 12. Each PK dose
was given after an overnight fast and with a standardized meal (�640 kcal;
15% protein, 40% fat, 45% carbohydrates). The PK sampling consisted of
paired plasma and peripheral blood mononuclear cells (PBMCs) at 2, 5,
and 8 h after the observed dose. During all visits, adverse events were
monitored by safety laboratories and subjective well-being assessments.
Adherence was quantified with medication counts and a questionnaire for
HIV-seronegative participants and a questionnaire and viral load for the
HIV-seropositive participants.

PBMC isolation. Blood-draw cell preparation tubes (two 8-ml sam-
ples) were centrifuged at 1,800 � g for 30 min to harvest the PBMCs.
PBMCs were suspended in phosphate-buffered saline (PBS) (ThermoSci-
entific HyClone, Logan, UT), and then the cells were counted using a
hemocytometer. PBMCs were pelleted, lysed with 500 �l of 70:30 meth-
anol-water, and stored at �80°C until analysis.

Analytical determination of intracellular NRTI. Intracellular sam-
ples were analyzed by a previously validated high-performance liquid
chromatography tandem mass spectrometry (HPLC-MS/MS) method
(12). Briefly, two million cells from the cellular extract (70:30 methanol-
water lysate) were applied to a strong anion exchange solid-phase extrac-
tion (SPE) column (Waters QMA). The TP were isolated using a potas-
sium chloride salt gradient. The TP fraction was then incubated with an
acid phosphatase enzyme solution in a warm water bath to dephosphor-
ylate the fraction to the parent drug.

The total volume of each dephosphorylated TP fraction was applied to
a second SPE cartridge (Phenomenex Strata-X) to desalt and concentrate
the fraction. The samples were eluted from the cartridge with methanol,
dried, and reconstituted. Samples were analyzed by HPLC-MS/MS, uti-
lizing a TSQ Vantage triple-quadrupole mass spectrometer (Thermo Sci-

entific Fisher, San Jose, CA). The assay was linear from 5 to 2,000 fmol/
sample for ZDV-TP and 0.1 to 100 pmol/sample for 3TC-TP.
Concentrations were normalized to fmol/106 cells for ZDV and pmol/106

cells for 3TC.
Analytical determination of plasma drug levels. Plasma samples

were analyzed by a previously validated HPLC-MS/MS method (37) with
a linear range of 1 to 3,000 ng/ml when 100 �l of plasma was assayed.

Pharmacokinetic methods. The average concentration (Css) from 2
to 8 h after dose was calculated as the area under the concentration-time
curve (AUC) from 2 to 8 h by the trapezoidal rule divided by the time
interval (6 h). The Css was determined for each moiety (plasma and TP)
for each study day (first dose and days 3, 7, and 12). The half-life was
estimated by the accumulation factor [AF � 1/(1 � e�kel�), where � is the
dosing interval] between the first-dose Css and steady-state Css (days 0 to
12, as appropriate) and solving for the elimination rate constant (kel). The
half-life was calculated as ln(2)/kel.

Statistical analyses. The mixed procedure in SAS (SAS Institute Inc.,
Cary, NC) was used with a repeated statement to determine appropriate
models for the Css of each drug. This approach utilized all PK data gener-
ated by all subjects, including those who did not complete all 12 days of the
study. Model selections were based on Akaike’s information criterion
(AIC) (3). A full model (including HIV serostatus, sex, race, day of ther-
apy [categorical], and all possible interactions) was used to select the vari-
ance-covariance structure for each drug. Variance-covariance structures
tested include unstructured (the least parsimonious model; 10 parame-
ters, 1 for every possible variance or covariance), compound symmetry
(the most parsimonious; 2 parameters, 1 for the variance and one for the
covariance), and others (30), including spatial and heterogeneous models.
After the final determination of the covariates to be included (as described
below), each model was tested against a model with the same covariates
but with the unstructured variance-covariance structure. This ensured
that the chosen variance-covariance structure remained the best structure
despite a less than full covariate model. Covariate model determination
started with a full model that included HIV serostatus, sex, race, day of
therapy (categorical), and all interactions, and it continued through all
possible combinations of two- and three-way interactions before reduc-
tion to a model consisting of any one of the single covariates (HIV serosta-
tus, sex, race, or day of therapy), encompassing all possible covariate mod-
els. The covariate model resulting in the minimum AIC was chosen as the
most parsimonious and was used for subsequent analyses. Maximum like-
lihood estimation was used until the final model was chosen, after which
restricted maximum likelihood estimation was utilized to determine the
effect of HIV serostatus, sex, race, and day of therapy on drug levels. For
each outcome, estimates of percent difference, along with the correspond-
ing confidence intervals (CI) and P values, are reported for all covariates
included in the final AIC model.

The study was designed to enroll 16 HIV-seronegative volunteers (8
women) and 32 HIV-seropositive volunteers (16 women) who completed
at least the day 12 visit. The power analysis was based on 8 men and 8
women and an effect size of 125% for ZDV-TP concentrations in women
compared to those in men. These estimates were founded on a ZDV-TP
coefficient of variation of 50% and a 130% higher ZDV-TP in women
than men from a previous study (4). The power to detect 3TC-TP differ-
ences was higher because variability was about 20% versus 50% for
ZDV-TP (4). Additional HIV-seropositive subject numbers were sought
to determine if sex differences were disease dependent and to provide data
for different disease strata (advanced versus less-advanced disease), if pos-
sible.

RESULTS
Summary results. (i) Demographics and safety. Twenty HIV-
seronegative and 23 HIV-seropositive individuals started the
study, and all PK data from these individuals were analyzed. The
HIV-seronegative group (n � 20) consisted of 12 men and 8
women, while the HIV-seropositive group (n � 23) consisted of
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17 men and 6 women, as shown in Table 1. The goal of enrolling
half women in the HIV-seropositive group was not achieved. The
median ages for HIV-seropositive subjects were 43.0 years for men
and 39.5 years for women and were 30.5 years and 28.5 years for
HIV-seronegative volunteers, respectively. The HIV-seronegative
group contained two male and two female African-Americans; the
HIV-seropositive group contained three male and four female Af-
rican-Americans. The median CD4� cell count for HIV-seropos-
itive individuals was 270 cells/�l, while the median viral load was
4.5 log10 copies/ml. CD4� cell counts and viral loads are separated
by sex in Table 1. The third active antiretroviral drug (HIV-sero-
positive participants) was efavirenz (n � 9), lopinavir/ritonavir
(n � 7), or atazanavir/ritonavir (n � 7). Creatinine clearance
determined using lean body weight and the Cockcroft-Gault
method is summarized in Table 1.

Sixteen HIV-seronegative (8 women) and 21 HIV-seropositive
volunteers (5 women) completed 12 days. Four HIV-seronegative
(all men, 1 African-American) and two HIV-seropositive volunteers
(1 African-American woman, 1 non-African-American man) did not
complete all 12 days of the study. The four HIV-seronegative non-
completers withdrew due to moderate (grade II) nausea, vomiting,
and/or diarrhea associated with the drug regimen. One HIV-seropos-
itive subject withdrew due to personal reasons, the other due to nau-
sea and vomiting. Typical adverse events in all subjects were mild
(grade I) nausea, headache, and/or fatigue/malaise. The most com-
mon abnormal laboratory result in HIV-seronegative subjects was a
mild (grade I) increase in bilirubin (n�7). Adverse laboratory results
for HIV-seropositive subjects included mild (grade I) decreases in
albumin (n � 6) and moderate (grade II) increases in total bilirubin
(n � 8), alanine aminotransferase (ALT) (n � 7), aspartate transam-
inase (AST) (n � 7), and amylase (n � 7).

(ii) Analytical results. Median ZDV-TP Css levels were 30, 36,
36, and 31 fmol/106 cells at first dose and on days 3, 7, and 12,
respectively. The same values for 3TC-TP were 1.8, 4.6, 5.2, and
6.1 pmol/106 cells, respectively. Css ranged from 5.4 to 123 fmol/
106 cells for ZDV-TP and 0.48 to 25 pmol/106 cells for 3TC-TP.
Similarly, median plasma Css levels were 180, 198, 149, and 164
ng/ml for ZDV and 565, 769, 706, and 737 ng/ml for 3TC, respec-
tively. ZDV plasma Css ranged from 57 to 715 ng/ml, while 3TC
plasma Css were between 315 and 2,327 ng/ml. Intersubject vari-
ability as judged by percent coefficient of variation ranged from
39% (day 12) to 68% (day 7) for ZDV-TP and from 31% (day 12)
to 63% (day 7) for 3TC-TP. Variability in ZDV plasma levels
ranged from 49% (first dose) to 59% (day 3) and 34% (day 0) and
42% (day 3) for 3TC plasma. Five of 20 HIV-seronegative individ-
uals and four of 23 HIV-seropositive subjects were not fully ad-
herent to the regimen by patient report. Of those who missed
doses, none missed more than three during the 12 days of study.
Average adherence during the course of the study was 99%.

Model development. (i) Variance-covariance structure. A
model consisting of HIV serostatus (positive [HIV � 1] or nega-
tive [HIV � 0]), sex (men [sex � 1] or women [sex � 0]), race
(African-American [race � 1] or non-African-American [race �
0]), day of therapy (0, 3, 7, or 12), and the associated two-, three-,
and four-way interactions were used to determine the optimal
variance-covariance structure.

As shown in Fig. 1, the variance on day 7 was greater than the
variances on days 0, 3, and 12 for both ZDV- and 3TC-TP, sug-
gesting the need for a model which allowed the variances for each
study day to be distinct. A heterogeneous compound symmetry
(CSH) model yielded the best AIC for both ZDV- and 3TC-TP.

ZDV and 3TC plasma levels demonstrated less variability
within and between study days (Fig. 2). A spatial linear logarithm
[SP(LINL)] variance-covariance structure was chosen for both
plasma models. In all cases, the chosen structure [CSH for TP and
SP(LINL) for plasma] performed better by AIC than the unstruc-
tured variance-covariance structure for the determined covariate
model.

(ii) Determination of significant covariates. For each analysis
described below (ZDV-TP, 3TC-TP, ZDV plasma, and 3TC
plasma), models with interaction terms (two, three, or four way)
were tested and resulted in poorer AIC values than models not
containing the interaction terms. For all comparisons, two-sided
tests were utilized with a significance level of 	 � 0.05.

(iii) ZDV-TP. The optimal ZDV-TP model consisted of the
HIV serostatus, race, and categorical study day covariates (Fig.
3A). This model predicted no significant ZDV-TP difference be-
tween men and women (difference [95% CI], 16% [�7%, 46%];
P � 0.19). HIV-seronegative subjects were estimated to have
higher ZDV-TP levels than HIV-seropositive volunteers (22%
[0%, 50%]; P � 0.05). Raw data showed the direction of this effect
to be the same on all study days. ZDV-TP was significantly lower at
day 0 (the first dose) than at days 3, 7, and 12 (P 
 0.0008). The
model predicted an accumulation of ZDV-TP from 28 fmol/106

cells at day 0 to 36 fmol/106 cells at day 12 (29% [12%, 48%]).
Days 3, 7, and 12 were all predicted to be approximately the same,
36 fmol/106 cells. The predicted accumulation of ZDV-TP sug-
gested an 8-h intracellular half-life. Finally, the model predicted
African-Americans to have 36% higher ZDV-TP concentrations
than non-African-Americans (36% [8%, 72%]; P � 0.01). Final
model estimates of percent difference, with corresponding 95%

TABLE 1 Subject demographics

Subject demographics

Result

Men Women

HIV seronegative
Sex (no.) 12 8
Race
African-American (no.) 2 2
Non-African-American (no.) 10 6

Age (yr; median [IQR]) 30.5 (28, 39) 28.5 (24, 35)

Weight (kg; median [IQR]) 86 (77, 91) 68 (61, 73)

Creatinine clearance (ml/min;
median [IQR])

128 (112, 140) 109 (95, 121)

HIV seropositive
Sex (no.) 17 6
Race
African-American (no.) 3 4
Non-African-American (no.) 14 2
Age (yr; median [IQR]) 43.0 (40, 47) 39.5 (36, 46)
CD4� (cells/�l; median [IQR]) 329 (241, 459) 219 (160, 318)
Plasma HIV-RNA (log10; median

[IQR])
4.53 (4.26, 4.68) 4.90 (4.61, 5.04)

Weight (kg; median [IQR]) 80 (71, 83) 74 (63, 85)
Creatinine clearance (ml/min;

median [IQR])
118 (89, 131) 85 (74, 99)
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confidence intervals and P values, are reported for all covariates in
Table 2 and for drug accumulation in Table 3.

(iv) 3TC-TP. The chosen model for 3TC-TP included the co-
variates HIV serostatus, race, and study day without any interac-
tions (Fig. 3B). 3TC-TP was not different between women and
men (3% [�15%, 24%]; P � 0.79). HIV infection was a highly
significant predictor of 3TC-TP levels (P � 0.0006). HIV-serone-
gative volunteers had higher 3TC-TP estimates than HIV-sero-
positive volunteers (37% [15%, 62%]). Raw data showed the di-

rection of this effect to be the same on all study days. 3TC-TP
accumulated during the duration of the study. Both day 0 and day
3 3TC-TP levels were significantly lower than those of the other
study days (P 
 0.0001 and 0.03, respectively). The model esti-
mate of the first-dose 3TC-TP Css was 1.8 pmol/106 cells, day 3 was
approximately 3-fold higher (4.99 pmol/106 cells), and concentra-
tions at days 7 and 12 were similar and 20% higher than that on
day 3 (5.95 and 6.20 pmol/106 cells, respectively). The accumula-
tion in Css during the study predicted a half-life of 27 h. Estimates

FIG 1 Boxplots of TP levels by day. Boxplots show medians and IQR of ZDV-TP (A) and 3TC-TP (B) Css. Unfilled circles represent data outside 1.5 IQR
(whiskers).

FIG 2 Boxplots of plasma levels by day. Boxplots show medians and IQR of ZDV (A) and 3TC (B) plasma Css. Unfilled circles represent data outside 1.5 IQR
(whiskers).
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of 3TC-TP levels were higher in African-Americans than non-
African-Americans (18% [�3%, 43%]; P � 0.09), but the covari-
ate failed to reach significance at the 	 � 0.05 level, despite being
included in the model based on AIC. Estimates of percent differ-
ence, with corresponding 95% confidence intervals and P values,
are reported for all covariates included in the final AIC model in
Table 2, while drug accumulation in the final AIC model is in
Table 3.

(v) ZDV plasma. The final ZDV plasma model included only
study day and sex as covariates (Fig. 4A), as the inclusion of nei-
ther HIV infection nor African-American race lowered the model
AIC. HIV serostatus did not affect plasma ZDV levels (95% CI,
�24%, 29%; P � 0.95), with both groups of subjects having pre-
dicted concentrations near 175 ng/ml. ZDV plasma levels were not
different between non-African-Americans and African-Ameri-
cans (18% [�14%, 59%]; P � 0.29). In contrast, sex was a signif-
icant covariate. Women were predicted to have ZDV plasma con-
centrations that were 36% higher than those of men (95% CI, 4%,
78%; P � 0.03), but this effect failed to achieve significance in
subsequent analyses with body weight-normalized plasma ZDV
levels (5%, [�19%, 38%]; P � 0.68). ZDV plasma concentrations
decreased by approximately 20% during the duration of the study.
Higher concentrations were predicted on days 0 and 3 (191 and
198 ng/ml, respectively) than on days 7 and 12 (158 and 155 ng/

ml, respectively) (P 
 0.01). Further investigation demonstrated
that this effect occurred in HIV-seropositive but not HIV-serone-
gative volunteers (Fig. 5) and may be explained by the inductive
properties of the third drug in the individual’s ART regimen (Fig.
6). Estimates of percent difference, with corresponding 95% con-
fidence intervals and P values, are reported for all covariates in-
cluded in the final AIC model in Table 2, while drug accumulation
in the final AIC model is in Table 3.

(vi) 3TC plasma. The 3TC plasma model consisted of HIV
serostatus, race, and study day (Fig. 4B). Sex was not a significant
covariate (11% [�8%, 34%]; P � 0.28 for women versus men).
Higher 3TC plasma levels were predicted for HIV-seropositive
volunteers (19% [0%, 41%]; P � 0.05). African-American race
was predictive of 22% higher 3TC plasma concentrations (95%
CI, 0%, 48%; P � 0.05). However, these effects failed to achieve
significance (P � 0.35) in subsequent analyses with creatinine
clearance-normalized 3TC levels, with predicted changes of 7%
(�9%, 20%) and �5% (�26%, 12%), respectively. Unlike ZDV
in plasma, 3TC plasma levels increased during the duration of the
study by approximately 20% (8%, 28%) (P 
 0.0001). In contrast
to 3TC-TP levels, 3TC plasma did not continue to accumulate to
higher levels on each day of the study, as levels on days 3, 7, and 12
were similar (790, 762, and 751 ng/ml, respectively). The 3TC
plasma half-life was 6.5 h based upon the accumulation factor.

FIG 3 Covariate effects on TP levels. Parameter estimates by day for ZDV-TP (A) and 3TC-TP (B) Css. AA, African-American.

TABLE 2 Covariate results in final model

Compound

Covariate ratio (95% CI) results by:

HIV serostatus Sex Racea

ZDV-TP HIV�, 22% increase (0%, 50%); P � 0.05 AA, 36% increase (8%, 72%); P � 0.01
3TC-TP HIV�, 37% increase (15%, 62%); P � 0.0006 AA, 18% increase (�3%, 43%); P � 0.09
ZDV plasma Women, 36% increase (4%, 78%); P � 0.03
3TC plasma HIV�, 19% increase (0%, 41%); P � 0.05 AA, 22% increase (0%, 48%); P � 0.05
a AA, African-American.
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Estimates of percent difference, with corresponding 95% confi-
dence intervals and P values, are reported for all covariates in-
cluded in the final AIC model in Table 2, while drug accumulation
in the final AIC model is in Table 3.

DISCUSSION

This study investigated the relationship between HIV serostatus,
sex, race, and day of therapy and the in vivo pharmacology of
plasma and intracellular ZDV and 3TC.

Two main aims of this study were to determine the effect of
HIV serostatus and sex on the pharmacology of ZDV-TP and
3TC-TP. Previous results and in vitro literature led us to hypoth-
esize that female sex and cell activation associated with HIV infec-
tion would increase intracellular drug levels (4, 17, 18, 38). How-
ever, the results from this study indicate that HIV-seropositive
volunteers were predicted to have diminished ZDV-TP levels and
significantly lower 3TC-TP levels than HIV-seronegative volun-
teers. Furthermore, no significant sex differences were observed in
intracellular drug concentrations.

ZDV phosphorylation is well known to be activation state de-
pendent, resulting in up to 200-fold higher intracellular triphos-
phate levels when cells were stimulated with PHA in vitro (17, 18).
By extrapolation, it was expected that HIV infection would in-
crease TP levels relative to those of HIV-seronegative volunteers
because of higher cellular activation associated with the infection

(14, 24). This discrepancy between in vitro and in vivo systems
likely arises from the relative complexity of chronic HIV infection
in vivo compared to PHA stimulation in vitro. Chronic cellular
activation in vivo may, over time, downregulate enzymes that
phosphorylate or influx drug or upregulate enzymes that dephos-
phorylate or efflux drug. Jacobsson et al. showed a 10-fold de-
crease in thymidylate kinase activity in PHA-stimulated cell ex-
tracts from HIV-seropositive versus HIV-seronegative subjects,
suggesting that the continuous cellular activation with HIV infec-
tion causes an anergic effect (23). The present study demonstrates
that in vivo studies are ultimately needed to best understand the
effects of HIV infection and cell activation on cellular pharmacol-
ogy in patients.

3TC has been labeled an activation-independent or resting
cell-dependent phosphorylated drug by virtue of the smaller effect
of PHA on 3TC phosphorylation in vitro, as well as a more favor-
able 3TC-TP/dCTP ratio in resting cells (18). The results from this
study show that HIV infection was associated with significantly
lower 3TC-TP concentrations than those found in HIV-seroneg-
ative volunteers (dCTP was not measured in the current study).
This finding suggests that 3TC-TP production or elimination fa-
vors higher TP in the HIV-seronegative individual. One in vivo
study showed lower enzymatic activity of deoxycytidine kinase in
HIV-seropositive than in HIV-seronegative volunteers, which
would be consistent with the findings in this study (39). The phos-

TABLE 3 Drug accumulation in final model

Compound

Accumulation (95% CI) from day 0 to day:

3 7 12

ZDV-TP 31% increase (14%, 51%); P � 0.0002 37% increase (14%, 64%); P � 0.0009 29% increase (12%, 48%); P � 0.0004
3TC-TP 177% increase (139%, 220%); P 
 0.0001 231% increase (179%, 291%); P 
 0.0001 245% increase (199%, 297%); P 
 0.0001
ZDV plasma 4% increase (�9%, 19%); P � 0.57 17% decrease (�27%, �5%); P � 0.0077 18% decrease (�29%, �5%); P � 0.0057
3TC plasma 26% increase (17%, 36%); P 
 0.0001 22% increase (12%, 32%); P 
 0.0001 20% increase (12%, 30%); P 
 0.0001

FIG 4 Covariate effects on plasma levels. Parameter estimates by day for ZDV (A) and 3TC (B) plasma Css. AA, African-American.
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phorylation of 3TC in HIV-seronegative individuals suggests that
3TC is well suited to the HIV prevention field, similarly to emtric-
itabine (FTC), a structurally similar deoxycytidine analog (19).

HIV infection was associated with increased 3TC, but not
ZDV, plasma concentrations. The likely explanation for the in-
crease in 3TC plasma levels was HIV-associated decrease in renal
function, as 3TC is excreted primarily renally and the effect was
attenuated when 3TC plasma levels were normalized to creatinine
clearance (20). Of interest, despite the increased systemic plasma
3TC concentration in HIV-seropositive individuals, the 3TC-TP
levels were still significantly lower than those of HIV-seronegative
volunteers.

Sex did not significantly influence intracellular levels of either
drug. This is contrary to the anticipated increase in intracellular
concentrations in women from work done previously (4). Other
studies have also shown higher levels of ZDV-phosphates in

women than men (38) and higher ZDV-TP (10) and 3TC-TP (35)
in women. Another study showed the opposite relationship,
namely, higher levels of intracellular ZDV-phosphates in men (8).
Finally, a recent ex vivo study showed no significant effect of sex on
intracellular metabolite levels (32). When the entirety of the liter-
ature is considered, no definitive statement on the effect of sex on
intracellular levels of ZDV and 3TC in PBMC can be made at this
time. Additional pharmacology studies with large sample sizes are
warranted to help explain the 20-fold higher risk for lactic acidosis
in women than in men (31, 41). Sex differences in phosphoryla-
tion in tissues other than PBMC, such as liver, would be one ave-
nue to explore. Additionally, women may have a lower threshold
of drug exposure that leads to lactic acidosis than men.

The lack of sex effect on intracellular levels was despite higher
plasma ZDV levels in women than in men. The differences in ZDV
plasma levels appeared to be explained by the lower body weight of
women, as the effect was attenuated when ZDV levels were lean
body weight normalized. The influence of glucuronidation on the
metabolism of ZDV likely explains this finding. A review by Liston
et al. suggests that male sex and increased body weight (correlated
to increased liver size) result in higher rates of clearance for nu-
merous drugs which are metabolized primarily through glucu-
ronidation (29).

Although it was not a specific aim at the beginning of the study,
African-American race was found to be associated with increased
intracellular levels of ZDV-TP (P � 0.01) and 3TC-TP (P � 0.09)
and plasma 3TC levels (P � 0.05). While the difference for 3TC
plasma appeared to be explained by renal function, the differences
in intracellular levels suggest genetic differences within the en-
zyme system pathways for ZDV- and 3TC-TP disposition. As one
example, African-Americans and non-African-Americans carry
genetic variants in the MRP4 enzyme with different frequencies
(2, 6). Further analyses of race differences in larger sample sizes are
needed to verify and extend these findings.

FIG 5 Boxplots of ZDV plasma levels by HIV serostatus. Boxplot showing medians and IQR of HIV-seronegative (A) and HIV-seropositive (B) Css. Unfilled
circles represent data outside 1.5 IQR (whiskers).

FIG 6 Influence of ritonavir (/r) on ZDV plasma levels. The boxplot shows
medians and IQR and whiskers (5th to 95th percentile) of ZDV plasma Css in
HIV-seropositive subjects on days 0 and 12 of the study, separated by the third
drug used in their highly active antiretroviral therapy regimen. NNRTI, non-
nucleoside reverse transcriptase inhibitor; ATV/r, atazanavir/ritonavir; LPV/r,
lopinavir/ritonavir.
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Finally, the effect of study day on intracellular levels was exam-
ined to determine the accumulation patterns and half-lives of the
drugs in vivo. ZDV-TP accumulated to steady state by day 3. The
half-life was estimated to be 8 h based on the accumulation factor.
This value is similar to previous estimates of 7 to 11 h (4, 36). In
contrast, 3TC-TP accumulated during the duration of the study.
Intracellular 3TC levels increased at each study day through day
12, although the difference between days 7 and 12 was not statis-
tically significant. The half-life was estimated to be 27 h by accu-
mulation factor, which is consistent with previous estimates of 22
to 32 h (4, 36).

The decrease in ZDV plasma concentrations during the dura-
tion of the study was likely due to inductive drug-drug interac-
tions with the ritonavir-boosted protease inhibitor used by the
HIV-seropositive participants. The further examination of ZDV
plasma levels, separated by HIV serostatus, showed that the de-
crease was apparent only in the HIV-seropositive group (Fig. 5).
Additionally, Fig. 6 suggests that regimens that included either
atazanavir/ritonavir or lopinavir/ritonavir resulted in decreased
ZDV plasma concentrations between days 0 and 12. This is con-
sistent with the known glucuronidation induction properties of
lopinavir with ritonavir (1). Ritonavir by itself is also known to
induce glucuronidation in a dose-dependent fashion (15). Never-
theless, ritonavir-boosted protease inhibitor-zidovudine combi-
nations are clinically effective (33), despite the induction of ZDV
glucuronidation by ritonavir.

3TC plasma levels increased from day 0 to day 3 before leveling
off and staying consistent for the duration of the study. The accu-
mulation factor predicted a half-life of 6.5 h, which is consistent
with previous work, which showed a plasma half-life of between 5
and 7 h for 3TC (26).

In summary, results from this study show that HIV serostatus,
but not sex, was associated with differences in intracellular
ZDV-TP and 3TC-TP. Additional work is needed to further char-
acterize cellular pharmacology in African-Americans versus non-
African-Americans, elucidate female susceptibility to lactic acido-
sis, and to extend these findings with similar results in a larger
sample size.
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