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A phase I study was conducted to formally evaluate the steady-state pharmacokinetics (PK) of tenofovir
disoproxil fumarate (TDF) and ritonavir (RTV)-boosted saquinavir mesylate (SQV) when coadministered in
healthy volunteers. Forty subjects received multiple doses of TDF (300 mg, once daily) and SQV/RTV (1,000
mg/100 mg, twice daily) alone and together under steady-state conditions in an open-label, fixed sequence
design. Blood samples for tenofovir (TFV) and SQV/RTV PK were drawn over respective 24- and 12-h dosing
intervals, and drug concentrations were measured by liquid chromatography-tandem mass spectrometry.
Safety was assessed periodically by clinical and laboratory monitoring. Thirty-two subjects completed the study
and were fully evaluable; three subjects discontinued participation in the study due to adverse events, three
subjects withdrew for personal reasons, and two subjects withdrew because of inadequate venous access for
blood sampling. Steady-state TFV PK were not significantly altered upon coadministration with SQV/RTV.
Steady-state SQV (administered as SQV/RTV) AUC,,,,, C,....» and C,,, increased 29, 22, and 47%, respectively,
upon coadministration with TDF, and all subjects achieved a C,,, of >100 ng/ml. These modestly increased
SQV exposures are not clinically meaningful given its clinical use with RTV already results in >10-fold-higher
SQV levels. Steady-state RTV AUC,,, and C,,,, levels were not significantly altered, whereas C,,, was 23%
higher upon coadministration of SQV/RTV and TDF. Thus, no clinically relevant interactions between TDF

and RTV-boosted SQV were observed under conditions simulating clinical practice.

In the United States and Europe, the standard of care for the
treatment of human immunodeficiency virus type 1 (HIV-1)
infection uses a combination of antiretroviral drugs based
on a backbone of two nucleoside or nucleotide reverse transcrip-
tase inhibitors and either a non-nucleoside reverse transcrip-
tase inhibitor or a protease inhibitor (http://aidsinfo.nih.gov
/guidelines) (11).

While protease inhibitors have proven to be among the most
potent antiretroviral drugs available to clinicians, because of
their low and variable bioavailability and short plasma elimi-
nation half-lives most have required the administration of high
doses two or three times a day. However, due to their metab-
olism in the gastrointestinal tract and liver by cytochrome P450
(CYP450), primarily the 3A4 isoenzyme (CYP3A4), these
drugs may be combined with a subtherapeutic dose of ritonavir
(RTV), a potent inhibitor of CYP3A4, to effectively increase
their bioavailability and half-life (4). The use of ritonavir as a
pharmacokinetic booster in combination antiretroviral thera-
pies involving dual protease inhibitors has been so successful
that the use of RTV is recommended with all of the currently
approved protease inhibitors except for nelfinavir mesylate,
for which boosting is unnecessary, due to its metabolism by
CYP450 enzymes other than CYP3A4 (http://aidsinfo.nih.gov
/guidelines). Therefore, with the increasing prevalence of an-
tiretroviral regimens containing RTV-boosted protease in-
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hibitors, it is appropriate to conduct prospective studies to
evaluate the potential for drug-drug interactions between these
agents and other antiretroviral drugs.

The nucleotide analogue, tenofovir DF is a recommended
component of antiretroviral regimens (http://aidsinfo.nih.gov
/guidelines) (11), hence the likelihood of concurrent administra-
tion of this drug with RTV-boosted protease inhibitors is high,
and an understanding of the potential for drug-drug interaction
between these agents is valuable. Saquinavir mesylate (SQV) is a
commonly prescribed protease inhibitor that is recommended to
be boosted with a subtherapeutic dose of RTV (according to the
Invirase [saquinavir mesylate] capsule product summary [Roche
Laboratories, Inc., Nutley, NY]), and we present here the results
of a phase I study designed to evaluate the potential for a phar-
macokinetic interaction between tenofovir, administered as teno-
fovir disoproxil fumarate (tenofovir DF [TDF]), and both ritona-
vir-boosted and unboosted saquinavir mesylate.

The primary objective of the study was to evaluate whether
coadministration of tenofovir DF and ritonavir-boosted sa-
quinavir mesylate would alter the steady-state pharmacokinet-
ics of either tenofovir or saquinavir and whether coadminis-
tration of these drugs raised any safety concerns. A secondary
objective was to investigate the effects of single and multiple
(steady-state) doses of tenofovir DF on exposure to unboosted
saquinavir mesylate and the effects of a single dose of ritonavir-
boosted or unboosted saquinavir mesylate on exposure to
tenofovir. These latter investigations were exploratory in nature
and intended to provide additional information on the poten-
tial mechanisms of any drug-drug interactions that might be
observed between TDF and protease inhibitors.
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FIG. 1. Dosing schema. Day 1, administration of a single 1,000-mg dose of saquinavir mesylate (SQV) in the morning; day 2, coadministration
of a single 300-mg dose of tenofovir DF (TDF) with a single 1,000-mg dose of SQV in the morning; days 3 to 8, administration of a single 300-mg
dose of TDF once daily (QD) in the morning; day 9, coadministration of a single 300-mg dose of TDF and a single 1,000-mg dose of SQV in the
morning; day 10, coadministration of a single 300-mg dose of TDF and a single 1,000/100-mg dose of ritonavir-boosted saquinavir (SQV/r) in the morning;
days 11 to 24, coadministration of 1,000/100 mg of SQV/r twice daily (BID) in the morning and evening with a 300-mg dose of TDF QD in the morning;
days 25 to 38, administration of 1,000/100 mg of SQV/r BID in the morning and evening; day 39, administration of a single 1,000/100-mg dose of SQV/r

in the morning.

(This study was presented in part at the 44th International Con-
ference on Antimicrobial Agents and Chemotherapy, Washington,
D.C., 30 October to 2 November 2004.)

MATERIALS AND METHODS

Subjects. Healthy male and female (nonpregnant, nonlactating) volunteers
aged from 19 to 55 years, with no more than a 20% deviation from either extreme
of the ideal body weight range for their frame size and gender, an estimated
creatinine clearance of at least 75 ml/min (using the Cockcroft and Gault equa-
tion [3] and serum creatinine and actual body weight at screening), and con-
firmed negative serologies for HIV, hepatitis B virus (HBV), and hepatitis C
virus (HCV) infection were eligible to participate in the present study. Subjects
could be current smokers (maximum of 20 cigarettes/day) but were asked to keep
their tobacco use consistent throughout the study.

Exclusion criteria included a history of clinically relevant disease, including
prior relevant alcohol or drug abuse, and current illness or infection. Subjects
were also ineligible if they needed treatment with drugs known to be competitors
for renal excretion, nephrotoxic or potentially nephrotoxic, or if they had taken
drugs known to induce or inhibit hepatic enzymes within 3 months prior to entry
into the study. In general, other than the ongoing use of hormonal contracep-
tives, the use of all prescription and nonprescription medications (including
herbal supplements) was discouraged during the study, with exceptions to be
approved by the investigator and sponsor. Potentially hepatotoxic drugs and
drugs contraindicated for either saquinavir or ritonavir were prohibited at all
times, as were the consumption of grapefruit/grapefruit juice and the use of St.
John’s wort-containing products. Alcohol and caffeine were prohibited during
each confinement for pharmacokinetic sampling. Subjects were required to avoid
strenuous or prolonged exercise, saunas, steam baths, and sunbathing or other
prolonged exposure to UV radiation.

This study was performed at a single study center, MDS Pharma Services (US),
Inc., Lincoln, Nebraska, in the United States between December 2003 and May
2004 (first screening evaluation through last subject observation). Approval for
the study was obtained from the MDS Pharma Services Institutional Review
Board prior to initiation of the study, and all prospective subjects were required
to provide written informed consent prior to their participation in the study.

Study design and procedures. This was a 39-day, open-label, single- and multiple-
dose, drug-drug interaction study. After screening procedures and baseline assess-
ment (medical history, physical examination, and blood and urine laboratory tests)
had confirmed study eligibility, each subject received the single- and multiple-dose
treatments represented schematically in Fig. 1. All doses of tenofovir DF (one
300-mg tablet) were administered in the morning. Saquinavir mesylate (five 200-mg
hard gelatin capsules), unboosted or boosted with ritonavir (one 100-mg soft gelatin
capsule), was administered in the morning when given as a single dose and in the
morning and evening when dosed twice daily. Each dose was to be taken at or close
to the same time each day to maintain a 12- or 24-h dosing interval. When tenofovir
DF and saquinavir or ritonavir-boosted saquinavir were given in combination, sub-
jects took both study drugs together in the morning, with the evening dose of
ritonavir-boosted saquinavir taken as close as possible to 12 h later. Study drugs
given in combination were swallowed in the following order: tenofovir DF > sa-
quinavir mesylate > ritonavir (where applicable).

Serial venous blood samples were collected to determine plasma drug con-
centrations on days 1, 2, 8, 9, 10, 24, and 39. Concentrations of tenofovir were

measured over a 24-h period on days 2, 8, 9, 10, and 24, and concentrations of
saquinavir and, where applicable, ritonavir were measured over a 12-h period on
days 1, 2, 9, 10, 24, and 39. Blood samples were collected at the following time
points: =5 min before dosing (predose) and at 0.25, 0.50, 0.75, 1, 1.5, 2, 3, 4, 6,
8, 10, 12, 16, and 24 h postdose, as appropriate.

While sequestered at the study center, each study drug dosing was completed
under the supervision of staff and no more than 30 min after the subject had
consumed a standard meal (breakfast or dinner/supper) containing at least 20%
of the total caloric content from fat, which is consistent with the original label
recommendation for saquinavir to be taken with food. To minimize variation in
pharmacokinetics due to food, on pharmacokinetic sampling days the same
standard breakfast containing 20% of the total caloric content (373 kcal) from fat
was consumed prior to administration of the morning dose of drug(s). Admin-
istration of tenofovir DF with a light meal has no significant effect on the
pharmacokinetics of tenofovir compared to fasted administration of the drug (5).
On the morning of the pharmacokinetic sampling days, other than the water (240
ml) provided with dosing, water was withheld for 1 h before dosing until 2 h after
dosing. Subjects were required to remain in an upright position (sitting or
semisupine) for 2 h after dosing.

When self-administered by the subjects outside of the clinic, the study drug(s)
was to be taken with or within 30 min after the subject consumed a meal. Subjects
were to complete a dosing diary recording the date and time of each self-
administered dose of study drug, the amount of study drug(s) taken, and whether
study drug(s) was taken with food.

Safety assessment. The safety and tolerability of the study drugs were evaluated
at each study visit on the basis of reported clinical adverse events, clinical laboratory
test results, vital sign measurements, and physical examination findings. The severity
of clinical adverse events and laboratory tests was graded by using modified NIH/
DAIDS toxicity grading scales. The severity of adverse events and the investigator’s
assessment of their causality to study drugs were recorded.

Analytical methods. Plasma concentrations of tenofovir, saquinavir, and ritonavir
were determined by using validated liquid chromatography-tandem mass spectrom-
etry (LC/MS/MS) bioanalytical methods. The assay for tenofovir concentrations was
performed by Gilead Sciences Bioanalytical Laboratory (Durham, NC). In brief, the
plasma sample (100 ul) was deproteinized by using methanol (400 wl) containing
adefovir as internal standard. An aliquot (5 l) of the extract was analyzed by
the LC/MS/MS system. Chromatography was performed on a reversed-phase
ThermoFinnigan Keystone Aquasil C;g column (100 by 2.1 mm, 3 wm) under
isocratic conditions (0.1% formic acid in water-methanol, 85:15 [vol/vol]) at a flow
rate of 125 wl/min. Tenofovir and the internal standard were detected by MS/MS in
the selected reaction monitoring mode by using electrospray ionization with positive
polarity. The calibration curve was validated and linear over the concentration range
from 10 to 1,000 ng/ml, with the lower limit of quantification of 10 ng/ml. Interassay
accuracy and precision ranged from —5.2 to 4.0% and from 4.4 to 7.9%, respectively.

The assay for simultaneous determination of saquinavir and ritonavir concen-
trations was performed by Quest Pharmaceutical Services, LLC (Newark, DE).
In brief, plasma sample (50 wl) was mixed with an internal standard (diazepam,
50 wl) and phosphate buffer (0.1 M, 50 pl) and then extracted with methyl #-butyl
ether (4 ml). The supernatant was evaporated to dryness and reconstituted with
0.5 ml of 0.1% acetic acid in water-methanol (50:50 [vol/vol]). An aliquot (2 )
was injected onto a Phenomenex Luna Cg column (30 by 2 mm, 3 wm) and eluted
under gradient conditions (A = H,O:NH,OH, 100:0.01 [vol/vol]; B = MeOH:
NH,OH, 100:0.01 [vol/vol]; 0 min/40% B, 1 min/100% B, and 3.1 min/40% B) at
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FIG. 2. (A) Steady-state plasma tenofovir (TFV) concentration ver-
sus time profiles after administration of tenofovir DF alone (day 8, solid
circle) or with multiple doses of ritonavir-boosted saquinavir mesylate
(day 24, open circle). (B) Steady-state saquinavir (SQV) concentration
versus time profiles after administration of ritonavir-boosted saquinavir
mesylate alone (day 39, open circle) or with multiple doses of tenofovir
DF (day 24, solid circle). (C) Steady-state ritonavir (RTV) concentration
versus time profiles after administration of ritonavir-boosted saquinavir
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a flow rate of 400 pl/min. Saquinavir, ritonavir, and the internal standard were
detected by MS/MS in the multiple reaction monitoring mode using electrospray
ionization with positive polarity. The calibration curve was validated and linear
over the concentration range from 1 to 1,000 ng/ml with the lower limit of
quantification of 1 ng/ml for both saquinavir and ritonavir. Interassay accuracy
and precision ranged from —6.4 to 0.5% and 6.1 to 10.1% for saquinavir and
from —7.7 to 1.6% and 6.4 to 7.4% for ritonavir, respectively.

Pharmacokinetic analysis. Individual plasma concentration-time profiles were
analyzed by application of a nonlinear curve-fitting software package (WinNonlin,
Professional Edition, version 3.3; Pharsight Corp., Mountain View, CA) using non-
compartmental methods.

Single-dose pharmacokinetic parameters determined after administration of a
single dose of tenofovir DF (day 2), saquinavir mesylate (days 1, 2, and 9), or
ritonavir-boosted saquinavir mesylate (day 10) included the following: maximum
observed concentration of drug (C,,.,), time (observed time point) of C,.,
(Tmax), estimate of the terminal elimination half-life of the drug (¢,,,), and area
under the concentration versus time curve extrapolated to infinite time (AUC;¢).
Parameters estimated after multiple dosing of tenofovir DF (days 8, 9, 10, and
24) and ritonavir-boosted saquinavir mesylate (days 24 and 39) included: C,,,,,
the observed drug concentration at the end of the dosing interval (Cy.,), Tax
t1, and the area under the concentration versus time curve over the dosing
interval (AUC,,,).

Statistical analysis. All statistical analyses were performed by using SAS,
version 8.02 (SAS Institute, Cary, NC). The critical pharmacokinetic parameters
for assessing the potential interaction between tenofovir DF and ritonavir-
boosted saquinavir were AUC,,,,, C, and Cy,, using the parameters for teno-
fovir or ritonavir-boosted saquinavir administered alone as a reference. These
parameters were log transformed and compared by analysis of variance using a
mixed-effects linear model. Ninety percent confidence intervals (Cls) were con-
structed for the ratio of geometric least-squares means of AUC,,,, C and
C,, for each drug when dosed in combination relative to alone. The CIs were
obtained by analyzing the logarithms of the pharmacokinetic parameters and
computing 90% ClIs for the difference in least-squares means on a logarithmic
scale with or without the other drug. The resulting CIs were then transformed
back to and reported on the original measurement scale. The study was powered
to detect a 30% difference in steady-state pharmacokinetics, and each drug’s
pharmacokinetics were considered to be not significantly altered if the 90% CI
about the ratio of geometric least-squares means fell within the range of 70 to
143% (0.7 to 1.43). A maximum change of 30% was selected, based on the
demonstrated higher tenofovir exposures (+34% in terms of AUC) when it is
used with lopinavir/ritonavir, a combination with proven safety and efficacy in
HIV-infected patients (J. M. Molina, A. Wilkin, P. Domingo, R. Myers, J.
Hairrell, C. Naylor, T. Podsadecki, M. King, and G. Hanna, Abstr. Third IAS
Conf. HIV Pathog. Treatment, abstr. WePe12.3C12, 2005).

max> tau

max>

RESULTS

Demographics. A total of 40 healthy subjects were enrolled
in the study; most (90%) were white, with approximately equal
numbers of male (45%) and female (55%) subjects. The mean
(range) age was 31 (19 to 55) years, the mean (range) weight
was 72 (58 to 91) kg, and most (80%) subjects had a medium
frame size.

Pharmacokinetics. Thirty-five subjects completed pharma-
cokinetic evaluations for tenofovir, and thirty-two subjects
completed pharmacokinetic evaluations for saquinavir and
ritonavir. Figure 2A shows the mean (plus the standard devi-
ation [SD]) steady-state plasma concentration-versus-time pro-
files for tenofovir after administration of multiple doses of
tenofovir DF alone (day 8) or with multiple doses of ritonavir-
boosted saquinavir mesylate (day 24). Tenofovir was absorbed
after oral administration of tenofovir DF alone or coadminis-

mesylate alone (day 39, open circle) or with multiple doses of tenofovir
DF (day 24, solid circle). Values are expressed as means plus the SD
(error bars).
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This study was conducted in healthy subjects to eliminate the
potentially confounding effects of background antiretroviral
and other therapies and to avoid the need for multiple, short-
term changes in existing treatment regimens of HIV-infected
patients for the purpose of examining pharmacokinetics. Pre-
vious analyses have demonstrated that the pharmacokinetics of
tenofovir are comparable between healthy subjects and HIV-
infected patients and, while minor differences may be observed
in the pharmacokinetics of saquinavir, differences observed in
healthy subjects are insufficient to warrant exploration of drug-
drug interactions in patients (5).

Tenofovir DF is a prodrug, converted by plasma and tissue
esterases to tenofovir, which is then phosphorylated intracel-
lularly to the active form, tenofovir diphosphate. Unlike pro-
tease inhibitors, tenofovir is not metabolized by CYP450 isoen-
zymes, nor is it an inducer or inhibitor of these enzymes.
Tenofovir is renally eliminated as unchanged drug by a com-
bination of glomerular filtration and active tubular secretion
(5). In contrast, saquinavir mesylate is metabolized by
CYP450, with >90% mediated by CYP3A4 (Invirase product
summary [Roche]). Therefore, the potential for an interaction
between such pharmacokinetically distinct compounds is low.
Furthermore, no interactions between tenofovir and a variety
of drugs have been observed, including other medications that are
cleared predominantly by CYP450 isoenzymes, such as the
protease inhibitors nelfinavir mesylate (G. Kruse, S. Esser, H.
Stocker, A. Breske, C. Mockling-Hoff, A. Hill, and M. Kurowski,
Abstr. 44th Intersci. Conf. Antimicrob. Agents Chemother., abstr.
A-446, 2004) (2) and indinavir (B. Kearney, J. Flaherty, J. Wolf,
J. Sayre, S. Gill, and D. Coakley, Abstr. 8th European Conf. Clin.
Aspects Treatment of HIV-Infection, abstr. 171, 2001). Atazanavir
remains the only protease inhibitor to have a clinically meaningful
interaction with tenofovir (an ~24% increase in AUC,_,, of
tenofovir and an ~25% decrease in AUC,,_,, of atazanavir),
and pharmacokinetic boosting of atazanavir with 100 mg of
ritonavir is recommended when these two drugs are used
in combination (9; Reyataz [atazanavir] product summary
[Bristol Meyer Squibb]). The mechanism of this interaction
remains unclear.

In the present study, similar steady-state tenofovir plasma
concentration-time profiles were observed when tenofovir DF
was coadministered with single or multiple doses of saquinavir
mesylate alone or with ritonavir compared to tenofovir DF
alone. These data indicate that neither saquinavir nor ritonavir
has a clinically meaningful effect on the pharmacokinetics of
tenofovir after its oral administration.

Coadministration with tenofovir DF under steady-state condi-
tions increased saquinavir C,,,,, (22%), C\,, (47%), and AUC,,,
(29%), and all subjects achieved saquinavir Cy,,, values of >0.100
pg/ml, which exceeds the minimum target levels recommended in
the current U.S. Department of Health and Human Services HIV
Treatment Guidelines for Adults and Adolescents (http://aidsinfo
.nih.gov/guidelines). Tenofovir-dependent increases in saquinavir
exposure are not clinically meaningful because they are small
relative to the >10-fold increase in exposure that results from the
pharmacokinetic boosting by ritonavir routinely used in clinical
practice (Invirase product summary [Roche]). Steady-state sa-
quinavir trough values (C,,,) were somewhat less variable upon
coadministration with tenofovir DF. In the exploratory assess-
ments, a single dose of tenofovir DF increased the saquinavir
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Cihax DY 31% and the AUC,,; by 66%, whereas multiple doses of
tenofovir DF increased C,,,, by 29% and AUC,; by 49%. The
reason why saquinavir exposures after single dose administration
should be higher upon its coadministration with tenofovir DF is
unclear but could be due to both saquinavir and the prodrug
(disoproxil) form of tenofovir being putative substrates for the
drug transporter p-glycoprotein, which is known to actively efflux
drugs at their site of absorption (6-8, 10; A. Ray, L. Tong, K.
Robinson, B. Kearney, T. Cihlar, and G. Rhodes, unpublished
data). A direct effect on absorption would explain similar saquina-
vir pharmacokinetic parameters after coadministration of sa-
quinavir mesylate with either single or multiple doses of tenofovir
DF, indicating no time-dependent effect on the absorption and
disposition processes.

The results of the present study in healthy subjects are consis-
tent with the results of studies reported by Boffito et al. in HIV-
infected patients, in which tenofovir DF (300 mg QD) was added
to existing antiretroviral regimen that included ritonavir-boosted
saquinavir mesylate (1,000/100 mg BID). In the first study, coad-
ministration with ritonavir-boosted saquinavir did not signifi-
cantly affect tenofovir pharmacokinetic parameters (C,,. Ciaus
AUC,,, t,5, or T,,.,) at steady state (day 13) relative to values
measured on day 1 (1). Furthermore, the tenofovir steady-state
pharmacokinetic parameters when tenofovir DF was coadminis-
tered with ritonavir-boosted saquinavir mesylate (AUC,, =
3,005 ng - h/ml; C,,, = 287 ng/ml; C,,, = 64 ng/ml; t,,, = 13.0 h;
Tmax = 1.7 h) are comparable to values measured in the present
study (see Table 1). In the second study, neither saquinavir or
ritonavir pharmacokinetics were determined to have been af-
fected by the addition of tenofovir DF to their background anti-
retroviral regimen (M. Boffito, A. D’Avolio, G. Di Perri, M.
Sciandra, S. Bonora, D. Back, A. Hill, G. Moyle, M. Nelson, C.
Higgs, J. Tomkins, B. Gazzard, and A. Pozniak, Abstr. 5th Int.
Workshop Clin. Pharmacol. HIV Ther., abstr. 4.19, 2004). Such
complementary data indicate that the results of the present study
in healthy subjects are applicable to HIV-infected patients.

In summary, the results of the present study confirm the lack
of a clinically meaningful drug-drug interaction between teno-
fovir DF and ritonavir-boosted saquinavir mesylate under
steady-state conditions simulating actual clinical practice. Co-
administration of tenofovir DF and ritonavir-boosted saquina-
vir mesylate was generally well tolerated in this study. No dose
adjustments are recommended when these agents are to be
coadministered as part of an antiretroviral regimen.
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