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Jacques Grassi,1 and Bonaventura Clotet2,4
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Previous work has demonstrated the existence of systemic interaction between tenofovir (TFV) disoproxil
fumarate (TDF) and didanosine as well as between TDF and lopinavir-ritonavir (LPV/r). Here we investigated
TDF interactions with the nucleoside reverse transcriptase inhibitors (NRTIs) lamivudine (3TC) and abacavir
(ABC), comparing both the concentrations of nucleoside/nucleotide reverse transcriptase inhibitors in plasma
and the intracellular concentrations of their triphosphate metabolites (NRTI-TP) for human immunodefi-
ciency virus-infected patients receiving these NRTIs with TDF and after 4 weeks of TDF interruption. We also
looked at interactions between TDF–ABC and LPV/r, comparing patients receiving or not receiving LPV/r.
Blood samples were taken at baseline and at 1, 2, and 4 h after dosing. Liquid chromatography-tandem mass
spectrometry was used to measure NRTIs and NRTI-TPs. Statistical analyses were performed on pharmaco-
kinetic parameters: the area under the concentration-time curve from 0 to 4 h (AUC0–4), the maximum
concentration of the drug (Cmax), and the residual concentration of the drug at the end of the dosing interval
(Ctrough) for plasma and the AUC0–4 and Ctrough for intracellular data. Among the groups of patient discon-
tinuing TDF, the very long intracellular half-life of elimination (150 h) of TFV-DP (the diphosphorylated
metabolite of TFV, corresponding to a triphosphorylated species) was confirmed. Comparison between groups
as well as the longitudinal study showed no significant systemic or intracellular interaction between TDF and
ABC or 3TC. Significant differences were observed between patients receiving LVP/r and those receiving
nevirapine. For ABC, plasma exposure was decreased (40%) under LVP/r, while, in contrast, plasma exposure
to TFV was increased by 50% and the intracellular TFV-DP AUC0–4 was increased by 59%. A trend for a gender
effect was observed for TFV-DP at the intracellular level, with higher and Ctrough values for women.

Highly active antiretroviral therapy regimens include at least
three antiretroviral agents combining a nucleoside/nucleotide
reverse transcriptase inhibitor [N(t)RTI] backbone with a pro-
tease inhibitor (PI) or a nonnucleoside reverse transcriptase
inhibitor (NNRTI) (51). The issue of drug-drug interaction
between NRTIs, including N(t)RTIs, and also between N(t)RTIs
and PIs or NNRTIs needs to be addressed (37).

All these drugs or prodrugs could interact at the systemic
level (absorption, metabolism, distribution, or elimination) or
at the cellular level through membrane transport, or through
intracellular metabolism for the N(t)RTIs.

Several in vitro and in vivo intracellular interactions have
been reported between NRTIs sharing the same metabolic
pathways for thymidine analogues (14, 17) and for cytidine
analogues (24).

More recently, a significant interaction between didanosine
(ddI) and tenofovir (TFV) disoproxil fumarate (TDF) has

been clinically demonstrated (6, 23, 29, 32), showing a higher
plasma exposure to ddI when it is combined with TDF than
when it is given alone. As a result, the ddI dosage was reduced
to 250 mg in combination with TDF, allowing plasma to reach
the same exposure to ddI as that obtained when 400 mg ddI
was given alone (i.e., without TDF). Intracellular investigation
of this new combination (35) has shown no significant differ-
ence between the levels of ddATP (the triphosphate metabo-
lite of ddI) reached with 250 mg of ddI in combination with
TDF and those reached with 400 mg of ddI without TDF,
further proving that the dose adjustment of ddI was correct.

To explain the ddI-TDF interaction, an interesting hypoth-
esis based on the inhibition of the purine nucleoside phosphor-
ylase (PNP) by TFV phosphate was proposed (39). This en-
zyme, which is involved in the catabolism of the purine bases
inosine and guanine, when inhibited by phosphorylated forms
of TFV, would lead to increased levels of ddI (a purine ana-
logue) in addition to increased concentrations of GTP and
consequently dGTP (2). The corresponding increased levels of
dGTP might be responsible for a decrease in ribonucleotide
reductase activity and for mitochondrial DNA damage, which
would be the main cause of the CD4� cell depletion reported
when TDF and ddI are combined (3, 30). Nevertheless, recent
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in vitro data showed no alteration in endogenous deoxynucleo-
side triphosphate (dNTP) pools by TDF (41, 46).

The aim of this pilot study was first to explore possible
interactions between TDF and nucleoside reverse transcrip-
tase inhibitors (NRTIs) other than ddI (i.e., lamivudine [3TC]
and abacavir [ABC]) and also to confirm a previous observa-
tion regarding a potential interaction between TDF and lopi-
navir-ritonavir (LPV/r) (34). Just after the initiation of this
pilot study, a publication reporting the intracellular pharma-
cokinetics of a triple-nucleoside regimen in human immuno-
deficiency virus (HIV)-infected patients (15), trying to explain
the early lack of virologic response to this combination (12),
showed no intracellular drug interaction between TDF, ABC,
and 3TC. Finally, it was also reported in other work (22) that
coadministration of TDF and LPV/r resulted in increased TFV
exposure at the plasma level.

In this study, by using validated liquid chromatography-tan-
dem mass spectrometry (LC–MS-MS) techniques, we con-
firmed the previously reported lack of interaction between
3TC, ABC, and TDF at both the plasma and the intracellular
level. We also evaluated, in HIV-infected patients, the inter-
action between TDF and LPV/r at both the plasma and the
intracellular level; previously, this interaction was described for
healthy volunteers at the plasma level only. As secondary ob-
jectives, we investigated possible interactions between 3TC,
ABC, and LPV/r or nevirapine (NVP) at the plasma and in-
tracellular levels. Finally, on the basis of the hypothesis of PNP
inhibition by TFV phosphate, we measured and compared the
intracellular dGTP concentrations between groups of patients.

(The data reported in this study were presented in part as
poster and abstract 56 at the 8th International Workshop on
Clinical Pharmacology of HIV Therapy, Budapest, Hungary,
16 to 18 April 2007.)

MATERIALS AND METHODS

Patients. The study enrolled subjects who had been receiving a triple highly
active antiretroviral therapy regimen for more than 42.2 (�8.2) months, includ-
ing 300 mg of TDF once daily, taken with food; 300 mg of 3TC once daily or 300
mg of ABC twice daily; and an NNRTI (NVP; 400 mg once daily) or a PI (LPV/r;
400 and 100 mg, respectively, twice daily). Patients were seen consecutively
between January 2005 and August 2005 in the HIV Unit of Germans Trias i Pujol
University Hospital (Badalona, Spain). Patients who consented were included in
the study and were classified depending on the NRTI combination. Exclusion
criteria were suspected improper drug adherence, treatment discontinuation, or
treatment changes during the previous 3 months.

Patients were asked to come fasting to the clinical unit and then took antiret-
roviral therapy after the first blood draw (baseline). After that, they ate a
breakfast consisting of a mini-sandwich and coffee or juice.

Study design. This was a single-center, pilot cross-sectional study followed by
a longitudinal prospective study (after 4 weeks of TDF interruption).

(i) Cross-sectional study. The four groups were assigned treatment regimens
as follows: group 1 (seven patients, five male and two female) received TDF,
3TC, and LPV/r; group 2 (eight patients, five male and three female) received
TDF, 3TC, and NVP; group 3 (seven patients, five male and two female) received
TDF, ABC, and LPV/r; and group 4 (five patients, all male) received TDF, ABC,
and NVP.

(ii) Longitudinal study of patients discontinuing TDF. TDF was withdrawn for
4 weeks in order to assess the pharmacokinetic (PK) interactions between TDF
and ABC or between TDF and 3TC, only for patients receiving LPV/r (groups 1
and 3), in order to avoid viral rebound during the dual therapy. For groups 1 and
3, measurements of plasma ABC or 3TC levels and intracellular carbovir triphos-
phate (CBV-TP) or 3TC-TP levels were repeated after this 4-week interruption.

Blood samples were taken from all subjects at baseline (just before dosing) and
at 1, 2, and 4 h postdosing.

Chemicals. 3TC, 3TC-TP, ABC, and CBV-TP were from GlaxoSmithKline
(Research Triangle Park, NC). TFV and TFV-DP (the diphosphorylated metab-
olite of TFV, corresponding to a triphosphorylated species) were from Gilead
Sciences (Foster City, CA). 2-Chloroadenosine and 2-chloro-ATP, both used as
internal standards (IS), were from Sigma-Aldrich (St Quentin-Fallavier, France).

Analytical methodology and performance. (i) NRTIs in plasma. Calibration
standards were made in blank human plasma (Biopredic, Rennes, France) at
concentrations ranging from the lower limit of quantification (LLOQ), 5.0 ng/ml,
to the upper limit of quantification, 1,500 ng/ml, with quality controls at 15.0
(low), 800 (intermediate), and 1,400 (high) ng/ml. On the day of analysis, samples
were thawed; 50 �l of IS solution (3,750 ng/ml in water) was added to a 200-�l
aliquot of plasma diluted with 200 �l of 0.1 N HCl in a polypropylene tube; and
the mixture was vortex mixed. Solid-phase extraction was performed on Oasis
MCX 60-mg, 3-ml cartridges (Waters, Saint-Quentin-en-Yvelines, France) using
a positive-pressure processor (Speedisk 48; Mallinckrodt Baker, Paris, France).
After the cartridge was washed with 2 ml of acetonitrile and conditioned with 2
ml of water, the sample (450 �l) was loaded under low pressure. Cartridges were
washed first with 2 ml of 0.1 N HCl and then with 2 ml of acetonitrile and were
dried under a stream of nitrogen for 30 s. Analytes were eluted with a threefold
500-�l methanol–2% ammonia solution. The extract sample was evaporated to
dryness at 50°C in a Turbovap LV evaporator (Zymark, Roissy, France). Extracts
reconstituted with 200 �l of mobile phase A (see below) were held at �4°C in the
autosampler, and 10 �l was injected into the LC–MS-MS system (Alliance
2795–Quattro Micro; Waters, France). The LC assay method coupled with spec-
trometric detection (MS-MS) for the simultaneous determination of 3TC, ABC,
and TFV in human plasma has been validated and described previously (27). To
sum up, LC separation was achieved on a Synergi Polar-RP 4-�m, 50- by 2-mm
column (Phenomenex, France) maintained at around 40°C. Gradient analysis
was performed from 98% water–formic acid (99.5:0.5, vol/vol) (mobile phase A)
up to 80% methanol–formic acid (99.5:0.5, vol/vol) in 4 min at a flow rate of 300
�l/min. MS-MS detection was performed after positive electrospray ionization,
with monitoring of ion transitions 230.23111.7, 287.23191.1, 288.13176.03,
and 302.053169.88 for 3TC, ABC, TFV, and 2-chloroadenosine, respectively.
The calibration curves were fitted to a 1/x2-weighted quadratic regression model
for 3TC and ABC. For TFV, a 1/x2 weighted linear regression model was used.
The LLOQ was 5 ng/ml when 200 �l of the biological sample was used (50 pg on
the column). Mean extraction recoveries over the entire calibrated range were
88.7% � 4.9%, 85.3% � 3.8%, and 80.3% � 3.8% for ABC, 3TC, and TFV,
respectively. Mean ionization recoveries were 92.7% � 2.5%, 91.5% � 13.4%,
and 86.3% � 5.9% for ABC, 3TC, and TFV, respectively. Extraction and ion-
ization recoveries were 92 and 102%, respectively, for the IS at working concen-
trations. The accuracy and precision values for intra-and interanalytical runs met
the international requirements (48). Stability experiments performed with
plasma (for 4 h at room temperature and after three freeze-thaw cycles) and
processed samples (72 h at �4°C in the autosampler) gave precision and accu-
racy results within the regulatory limits (48).

(ii) NRTI-TPs in peripheral blood mononuclear cells (PBMCs). The purity of
the master stock solutions was checked using the same chromatographic system
previously described (4) coupled with UV detection (�, 254 nm). For the simul-
taneous determination of 3TC-TP, CBV-TP, and TFV-DP levels, the validated
LC–MS-MS assay method previously reported (36) was used. For dGTP mea-
surement, a previously described method (16) was used, slightly modified ac-
cording to the work of Pruvost et al. (36) for LC and MS detection.

Clinical subject samples. After thawing at room temperature, patients’ plasma
samples were treated in the same manner as the calibration standards and quality
control samples, as described above. PBMCs collected from 7 to 8 ml of blood
from treated patients were kept frozen at �80°C. PBMCs were transferred on
dry ice to the analytical laboratory and were subjected to the same treatment as
previously described (36).

Cell counting. The PBMCs of each clinical sample were counted in our lab-
oratory using a validated biochemical test as previously described (5).

PK parameters and statistical analysis. The area under the concentration-
time curve from 0 h to the last sampling time, 4 h (AUC0–4), was calculated for
both N(t)RTIs and NRTI-TPs by using WinNonlin Professional software (ver-
sion 3.1; Pharsight Corporation, CA). A noncompartmental analysis program
and a linear trapezoidal rule were used to compute the AUC. For plasma, the
highest of the concentrations of the drug found at the four sampling times was
considered the maximum concentration of the drug (Cmax) in plasma and was
used for comparison. Since for ABC, 3TC, and TFV, the time to maximum
concentration of the drug is around 1 h, we were in the terminal phase of
elimination at 4 h. Under these conditions, the AUC0–4 was a representative part
of the total AUC, which can be used for comparison. Owing to the particularly
flat intracellular PK profiles of these NRTI-TPs, Cmax was not used for compar-

1938 PRUVOST ET AL. ANTIMICROB. AGENTS CHEMOTHER.



isons of NRTI-TPs. The residual concentration of the drug at the end of the
dosing interval (Ctrough) was also used and was the first concentration read at
time zero just before the new dosing. Since dGTP is an endogenous compound
with low intra-variability (here 16%), the mean concentration for the four sam-
pling times was calculated and used for comparisons between groups. GraphPad
Prism (version 5.01; GraphPad Software Inc., CA) was used to report descriptive
statistical values such as means, coefficients of variation, geometric least squares
means, and 95% confidence intervals. Statistical comparisons by treatment group
using the PK parameters discussed above were performed using SigmaStat soft-
ware (version 3.0.1; SPSS Inc., IL). According to the situation, one-way analysis
of variance (Kruskal-Wallis one-way analysis of variance on ranks when the
normality test failed), a paired t test, or two way analysis of variance was used.
Statistical comparisons were accepted as significant at a P value of �0.05.

RESULTS

Twenty-seven patients were included in the cross-sectional
part of the study: seven in group 1, eight in group 2, seven in
group 3, and five in group 4. Fourteen of these patients (groups
1 and 3) also participated in the longitudinal study. Most pa-
tients were men (26% were women), and the mean age was
43.8 � 9.5 years, with no differences between treatment groups
(the mean age of each group differs less than 7.5% from the
global mean). All participants were Caucasian. The mean CD4
cell count was 650 � 367/mm3 (the mean CD4 cell count of
each group differs less than 14.2% from the global mean), and
all participants maintained viral suppression (�50 copies/ml)
throughout the study. On entering into the study, none of the
participants presented with an acute infection or another op-
portunistic disease. The mean (standard deviation) baseline
plasma creatinine level was 99.5 (24.5) �mol/liter. For patients
participating in the prospective study, no changes were ob-
served at the end of the study, with a mean (standard devia-
tion) plasma creatinine level of 91.9 (24.4) �mol/liter.

Plasma and intracellular interactions. To study the possible
plasma and intracellular interactions between NRTIs and TDF
as well as between NRTIs and the third antiretroviral agent
(LPV/r or NVP), we measured the concentrations of both
NRTIs in plasma (272 results in 164 plasma samples) and those
of NRTI-TPs within the cells (in PBMC samples). Assay per-
formance measurements gave results similar to those obtained
during the validation (27, 36). For NRTIs, mean precision and
accuracy ranged from 3.3 to 12.8% and from 92.3 to 114%,
respectively. For NRTI-TPs, mean precision and accuracy
ranged from 9.5 to 19% and from 91.6 to 102%, respectively.

Effects of TDF on NRTIs and NRTI-TPs in the presence of
LPV/r. To evaluate the impact of TDF on the pharmacokinet-
ics of NRTIs, the PK parameters of group 1 (TDF–3TC–
LPV/r) for 3TC and 3TC-TP were compared (by a paired t
test) with those of the same patients discontinuing TDF. Geo-
metric means (GM) for the 3TC AUC0–4, Cmax, and Ctrough in
plasma for group 1 with and without TDF were 5,636 and 6,896
h � ng/ml, 2,360 and 2,448 ng/ml, and 107.3 and 101.6 ng/ml,
respectively, showing no significant difference. Comparison of
the GM of the intracellular 3TC-TP AUC0–4 and Ctrough (48.2
and 58.0 h � pmol/106 cells and 10.4 and 12.4 pmol/106 cells,
respectively) led to the same conclusion. Similar observations
were made for plasma ABC and intracellular CBV-TP PK
parameters by comparing group 3 (TDF–ABC–LPV/r) with
group 3 discontinuing TDF. ABC AUC0–4, Cmax, and Ctrough

GM were 3,202 and 2,842 h � ng/ml, 1,510 and 1,621 ng/ml, and
57.7 and 36.3 ng/ml, respectively, and CBV-TP AUC0–4 and

Ctrough GM were 1,388 and 1,022 h � fmol/106 cells and 296.1
and 212.3 fmol/106 cells, respectively, showing no statistically
significant difference. It is worth noting that for the two groups
discontinuing TDF, after 4 weeks, no quantifiable level of TFV
was found in the plasma samples. In contrast, 48% of the
PBMC samples (27/56) had quantifiable concentrations of
TFV-DP (median, 17 fmol/106 cells; range, 7 to 39 fmol/106

cells), allowing us to calculate an intracellular half-life of elim-
ination. The other half of the patients presented intracellular
TFV-DP levels that were detectable but below the LLOQ. To
include these patients, very likely associated with a shorter
TFV-DP half-life, in the analysis, the LOQ/2 value according
to their cell counts was also used to evaluate the half-life of
TFV-DP; the median half-life was estimated as 150 h, with a
range of 120 to 266 h.

Effects of NRTIs (3TC and ABC) on TFV and TFV-DP. The
effects of 3TC and ABC on the pharmacokinetics of both TFV
and TFV-DP were evaluated by comparing group 1 (TDF–
3TC–LPV/r) with group 3 (TDF–ABC–LPV/r) and group 2
(TDF–3TC–NVP) with group 4 (TDF–ABC–NVP). The GM
of the AUC0–4, Cmax, and Ctrough of TFV for groups 1 and 3
were 962.0 and 845.9 h � ng/ml, 356.0 and 290.2 ng/ml, and 90.6
and 86.3 ng/ml, respectively, and the GM of the AUC0–4 and
Ctrough of TFV-DP were 1,150 and 839.8 h � fmol/106 cells and
247.4 and 213.9 fmol/106 cells, respectively, showing no signif-
icant difference between groups 1 and 3. The same observation
was made in the comparison of group 2 versus group 4; the GM
of the AUC0–4, Cmax, and Ctrough of TFV for groups 2 and 4
were reported as 581.8 and 637.7 h � ng/ml, 248.6 and 232.4
ng/ml, and 55.4 and 45.8 ng/ml, respectively, while the GM of
the AUC0–4 and Ctrough of TFV-DP were 651.9 and 564.2
h � fmol/106 cells and 176.2 and 108.5 fmol/106 cells, respec-
tively.

Effect of LPV/r or NVP on NRTIs and NRTI-TPs. As shown
from the data presented above, we can observe apparent dif-
ferences in the PK parameters of both TFV and TFV-DP
between regimens including LVP/r or NVP. As a result, the
effects of LPV/r and NVP on ABC, 3TC, and TFV and their
corresponding triphosphate metabolites were investigated. For
this purpose, comparisons were performed between groups 1
and 2, groups 3 and 4, and groups 1 plus 3 and 2 plus 4 for
plasma and intracellular PK parameters of 3TC and 3TC-TP,
ABC and CBV-TP, and TFV and TFV-DP, respectively. PK
parameters are reported in Tables 1 and 2 for NRTIs and
NRTI-TPs, respectively. For 3TC and 3TC-TP, no significant
differences were evidenced. For ABC (group 3 versus group 4),
the Cmax and AUC0–4 were decreased by 46% (P � 0.012) and
40% (P � 0.048), respectively, when ABC was dosed with
LVP/r compared to NVP. At the PBMC level, intracellular PK
parameters for CBV-TP showed an opposite trend, but it did
not reach statistical significance. In contrast, for TFV (groups
1 and 3 versus groups 2 and 4), the Ctrough, Cmax, and AUC0–4

were increased by 72% (P � 0.013), 33% (P � 0.033), and 50%
(P � 0.026), respectively, when TDF was dosed with LVP/r
compared to NVP. This difference was also seen for TFV-DP
at the PBMC level, where the Ctrough and AUC0–4 were 57%
and 59% higher, respectively, with TDF–LVP/r than with TD-
F–NVP.

dGTP concentrations. Comparison of mean intracellular
dGTP concentrations in the same patients with and without
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TDF showed no effect of TDF on the intracellular concentra-
tion of dGTP: the GM for group 1 with and without TDF were
117 and 127 fmol/106 cells, respectively, and the GM for group
3 with and without TDF were 88 and 99 fmol/106 cells, respec-
tively. Moreover, no gender effect was observed.

Gender effect. In order to detect a possible gender effect in
the results described above, a two-way analysis of variance
taking into account two factors, gender and associated treat-
ment (LPV/r or NVP), was performed. PK parameters are
reported in Table 3. For TFV-DP, a significant gender effect
(P � 0.045) was evidenced at the intracellular level: AUC0–4

values for women were 72% and 41% higher than those for

men in the LPV/r and NVP groups, respectively. The relative
rank order of mean AUC0–4 values for TFV-DP was as follows:
highest for women with LPV/r (1,745.2 fmol � h/106 cells), in-
termediate and similar for men with LPV/r (921.2 fmol � h/106

TABLE 1. Plasma PK parameters of lamivudine, abacavir, and tenofovir in the presence of lopinavir-ritonavir or nevirapine

Drug No. of
patients

PK parametera

AUC0–4 (ng � h/ml) Cmax (ng/ml) Ctrough (ng/ml)

3TC
With LPV/r 7 5,748 (3,932–7,365) 2,241 (2,014–2,299) 161 (62.0–178)
With NVP 8 4,974 (3,707–7,414) 1,850 (1,666–2,599) 84.3 (55.6–99.1)

GMRb (P value) 1.11 (0.491) 1.21 (0.121) 1.45 (0.232)

ABC
With LPV/r 7 3,630 (2,248–3,762) 1,783 (954.9–1,992) 42.4 (32.7–181)
With NVP 5 5,257 (3,868–7,802) 2,665 (2,173–3,718) 76.3 (56.5–135)

GMR (P value) 0.60 (0.048) 0.54 (0.012) 0.71 (0.343)

TFV
With LPV/r 14 1,006 (612–1,344) 349.5 (228.2–453.4) 96.7 (54.6–119)
With NVP 13 582.7 (456.7–811.7) 252.1 (195.6–306.3) 54.4 (33.5–62.1)

GMR (P value) 1.50 (0.026) 1.33 (0.033) 1.72 (0.013)

a Given as median (interquartile range).
b GMR, ratio of the GM of the PK parameter of the LPV/r combination to that of the NVP combination.

TABLE 2. Intracellular PK parameters of 3TC-TP, CBV-TP, and
TFV-DP in the presence of lopinavir-ritonavir or nevirapine

Drug No. of
patients

PK parametera

AUC0–4
(fmol � h/106 cells)

Ctrough (fmol/106

cells)

3TC-TP
With LPV/r 7 37,390 (33,730–80,810) 9,951 (8,001–11,460)
With NVP 8 35,850 (26,910–59,250) 7,628 (6,000–11,320)

GMRb (P value) 1.18 (0.397) 1.16 (0.189)

CBV-TP
With LPV/r 7 1,346 (927.9–2,234) 298.8 (219.1–472.8)
With NVP 5 654.3 (656.0–1,497) 129.2 (98.30–298.3)

GMR (P value) 1.45 (0.241) 1.84 (0.119)

TFV-DP
With LPV/r 14 915.0 (697.7–1,386) 222.8 (160.4–376.5)
With NVP 13 652.2 (476.4–783.6) 164.6 (116.5–186.9)

GMR (P value) 1.59 (0.013) 1.57 (0.042)

a Given as median (interquartile range).
b GMR, ratio of the GM of the PK parameter of the LPV/r combination to

that of the NVP combination.

TABLE 3. Intracellular PK parameters of 3TC-TP and TFV-DP in
men and women in the presence of lopinavir-ritonavir

or nevirapine

Drug No. of
patients

AUC0–4 Ctrough

Mean
(fmol � h/
106 cells)

CVa

(%)

Mean
(fmol/106

cells)

CV
(%)

3TC-TP
With LPV/r

In women 2 86,710 67 15,310 36
In men 5 43,160 49 9,112 12

GMRb 1.91 1.64

With NVP
In women 3 61,520 79 14,010 86
In men 5 38,330 43 8,185 32

GMR 1.40 1.42
P valuec 0.084 0.082

TFV-DP
With LPV/r

In women 4 1,745 78 315 35
In men 10 921.2 45 233.1 54

GMR 1.72 1.45

With NVP
In women 3 829.3 30 241.5 28
In men 10 590.8 27 137.7 36

GMR 1.41 1.84
P valuec 0.045 0.039

a CV, coefficient of variation.
b GMR, ratio of the GM for women to the GM for men.
c By two-way analysis of variance.
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cells) and women with NVP (829.3 fmol � h/106 cells), and
lowest for men with NVP (590.8 fmol � h/106 cells). The same
observation was made for Ctrough values (P � 0.039), which
were 45% and 84% higher for women than for men in the
LPV/r and NVP groups, respectively. No such significantly
higher exposure was observed for TFV at the plasma level,
despite a trend in AUC0–4 and Cmax in the LPV/r group. Also,
no statistically significant difference was observed for 3TC in
plasma. A trend toward higher 3TC-TP exposure was observed
at the intracellular level. Such a comparison was not performed
for CBV-TP, because there were too few patients in this group.

DISCUSSION

In this study, we have been able to describe detailed systemic
and intracellular drug-drug interactions between TDF, ABC,
and LPV/r.

These data confirm previous reports showing the lack of
interaction between TDF, 3TC, and ABC at the level of plasma
(11, 21, 49), as well as the lack of interaction at the intracellular
level in vitro (38) and in vivo (15).

Interestingly, the median intracellular half-life of elimina-
tion of TFV-DP found in this study, 150 h, provides confirma-
tion of our previous estimate of 180 h (35) and is very close to
the value reported by Hawkins et al. (15), around 150 h.

By comparing the LPV/r and NVP groups, we have observed
a decrease in ABC exposure (40%) when ABC was combined
with LPV/r similar to that recently published by Waters et al.
(50), who reported a 32% decrease in plasma ABC exposure
following the addition of LPV/r for HIV-infected patients on
ABC (600 mg once daily). The mechanism of induction of
ABC glucuronidation by ritonavir and/or LPV proposed by
Waters et al. on the basis of their own work and previous work
(10, 31, 44, 45) seems to be well founded. To our knowledge,
PK data for intracellular CBV-TP in the presence and absence
of LPV/r were not reported. While a lower plasma ABC con-
centration was observed in this group receiving ABC–LPV/r,
our observation of a reverse trend for CBV-TP at the PBMC
level was very surprising and certainly deserves confirmation.
Globally, as expected, TFV-DP, 3TC-TP, and CBV-TP pre-
sented flat PK profiles from 0 to 4 h. However, for a few
patients of the LPV/r group, the CBV-TP profile fluctuated
more than usual. It seems likely that, for these patients, the
intracellular CBV-TP concentration at the 4-h time point was
near the Cmax but was not included in the 0- to 4-h period.
Consequently, for CBV-TP, AUC0–4 was not a representative
part of the total AUC and was possibly underestimated. This
does not challenge our findings but rather explains why only a
trend was observed for increased intracellular CBV-TP expo-
sure in the presence of LPV/r. Nevertheless, this observation is
consistent with the efficacy of the combination containing ABC
plus LPV/r in comparison with other nucleoside combinations,
as seen in the present study and in the KLEAN study (9).

In contrast to ABC, we may observe an increase of around
50% in plasma TFV exposure when TDF is administered with
LPV/r, confirming the systemic interaction between TDF and
LPV/r already observed in a previous study (22) conducted
with healthy volunteers. In the present study, conducted with
chronically treated HIV-infected patients, the effect was a bit
more pronounced. But these results in this study cannot be

directly compared with those of the crossover drug interaction
study with healthy volunteers, and this weak gap could be
explained either by differences in the two populations studied
(healthy volunteers versus chronically treated patients, age,
gender structure, sample size, and diet) or by the way PK
parameters were estimated. Nevertheless, regarding our eval-
uation of PK parameters (over only 4 h instead of 24 h), we
may note that the mean Ctrough with or without LPV/r was 91.8
or 60.8 ng/ml, respectively, which compares well with that re-
ported by Kearney et al., 99.8 or 63.8 ng/ml, respectively. This
shows, furthermore, that Ctrough is not the parameter involved
in the difference in the AUC increase. Since Ctrough is the same
in both studies, and considering that the Ctrough could also be
used as the 24-h concentration, because after the last sampling
time (4 h) we are in the terminal phase of TFV elimination, as
shown by Kearney et al., we may evaluate the AUC0–24 for
TFV. By doing so, we obtain a mean TFV AUC0–24 (without
LPV/r) of 2,904 ng � h/ml, a value very close to that for the
group of healthy volunteers without LPV/r, reported at 2,870
ng � h/ml. Thus, the use of AUC0–4 for group comparison was
suitable here. It is worth noting that our results and those of
Kearney et al. contradict recently published data (25), where
no statistically significant difference was found between PK
parameters for HIV-infected patients receiving TDF with and
without LPV/r. Since the patient demographic structure (age
and gender) was very close to that of our study, the reason for
this discrepancy remains unclear to date.

Interestingly, the original contribution of this study is to
show that the TFV increase observed at the plasma level is
accompanied by a TFV-DP increase of a similar magnitude at
the intracellular level. TFV-DP exposure was increased by
59% when LPV/r was coadministered. This confirms the exis-
tence of an interaction and demonstrates a direct correlation
between plasma TFV levels and intracellular TFV-DP concen-
trations.

As far as the mechanism of the TDF–LPV/r interaction is
concerned, several hypotheses that involve intestinal or renal
function have been proposed. In fact, PIs are known to interact
with efflux transporters such as P-glycoprotein (Pgp) and mul-
tidrug resistance-associated proteins (7, 18, 19, 26, 33, 47).
LPV and ritonavir could thus affect TDF absorption by inhib-
iting Pgp activity, as previously observed in in vitro experi-
ments (43). Other investigators recently reported on a possible
renal implication (40), but some of these results are contradic-
tory, and so far there is no clear demonstration of involvement
of kidney function in this interference. Nevertheless, in parallel
with this increase in exposure, patients had not developed
overt adverse effects such as nephrotoxicity (20).

Another original contribution of this paper is the observa-
tion that intracellular TFV-DP exposure is significantly higher
for women than for men, even if we must remain cautious
owing to the low number of women in the patient groups and
the P value of 0.045. A similar trend was observed for 3TC-TP
but was not statistically significant, very likely due to the lower
number of patients receiving 3TC than TDF. Sex-related dif-
ferences in intracellular concentration for NRTI-TP metabo-
lites have already been reported for zidovudine (1, 42), 3TC
(1), and ABC (13, 28); such differences are shown here for
TFV-DP and have to be confirmed by other studies. This
significant difference was seen only for the triphosphate me-
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tabolite at the intracellular level, not for TFV at the plasma
level, suggesting a difference in the capacities of men and
women to phosphorylate NRTIs and N(t)RTIs, whether di-
rectly related to sex hormones or not.

Finally, concerning the possible inhibition of PNP by TDF
phosphate metabolites and its possible consequence on an
increase in the dGTP pool, no difference was seen in dGTP
levels between patients receiving or not receiving TDF. These
in vivo results are in agreement with previous in vitro obser-
vations showing similar dGTP levels in uninfected human
CD4� and CD8� T cells treated with ABC, TDF, TDF–ABC,
and TDF–ABC–3TC (41) and revealing no effect of TDF alone
or with other NRTIs on dNTP pools (46). Of note, TFV-DP
was not entirely washed out after 4 weeks in patients of groups
1 and 3. Still, considering the half-life and the washout period,
the remaining TFV-DP level was around only 4.5% of the
initial TFV-DP level. In addition, TFV monophosphate (TFV-
MP) is known to be the main inhibitor of PNP (39). Because
there is no enzymatic limiting step in the TFV phosphorylation
cascade, TFV-MP levels cannot be higher than those of TVF-
DP; the former are approximately fivefold lower than the latter
(8). Thus, taking into account the TFV-DP concentration after
the washout period, the remaining TFV-MP level would be
markedly lower than its Ki for PNP inhibition (39). Therefore,
under these conditions, we can reasonably consider that the
comparison of dGTP levels as a marker of PNP inhibition
(before and after TDF washout) is relevant.

Some limitations of this study have to be pointed out. First
of all, the sample sizes of the groups included in this study were
small and do not allow high-powered statistical tests. The study
design also leads to limitations. For example, the potential
impact of TDF on 3TC or ABC was directly investigated with
the same patients receiving TDF and after TDF discontinua-
tion, whereas the influence of 3TC or ABC on TDF was indi-
rectly observed by comparison of TDF PK parameters in the
two combinations.

Nevertheless, this work clearly shows the interest of address-
ing both systemic and intracellular metabolism for the under-
standing of N(t)RTI- and NRTI-based anti-HIV therapies.
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