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The pharmacokinetic interaction between indinavir and ritonavir was evaluated in five groups of healthy
adult volunteers to explore the potential for twice-daily (b.i.d.) dosing of this combination. All subjects received
800 mg of indinavir every 8 h (q8h) on day 2. In addition, subjects in group I received one dose of 800 mg of
indinavir on day 1 and 800 mg of indinavir q8h on day 17. Subjects in Groups II and IV each received one dose
of 600 mg of indinavir on days 1 and 17, and subjects in groups III and V each received one dose of 400 mg
of indinavir on days 1 and 17. During days 3 to 17, ritonavir placebo or ritonavir at 200, 300, 300, or 400 mg
q12h was given to groups I, II, III, IV, and V, respectively. Ritonavir at steady state probably inhibited the
cytochrome P-450 3A metabolism of indinavir and substantially increased plasma indinavir concentrations,
with the area under the plasma concentration-time curve (AUC) increasing up to 475% and the peak concentra-
tion in serum (C,,,,) increasing up to 110%. The C,,,./trough concentration ratio decreased from 50 in stan-
dard q8h regimens to less than 14 when indinavir was administered with ritonavir. For a constant indinavir
dose, an increase in the ritonavir dose yielded similar indinavir AUCs, C,,..S, and concentrations at 12 h
(C,,5). For a constant ritonavir dose, an increase in the indinavir dose resulted in approximately proportional
increases in the indinavir AUC, less than proportional increases in C,, ,,, and slightly more than proportional
increases in C,,. Ritonavir reduced between-subject variability in the indinavir AUC and trough concentrations
and did not affect indinavir renal clearance. With the altered pharmacokinetic profile, indinavir likely could
be given as a b.i.d. combination regimen with ritonavir. This could potentially improve patient compliance and

thereby reduce treatment failures.

Recent advances in the management of human immunode-
ficiency virus (HIV) infection have led to a new perception of
the disease and new treatment paradigms (10). These advances
include an improved understanding of the pathogenesis of
HIV infection (20, 52), the development of reliable assay
methodologies for the detection and quantification of viral
load (48, 49), the availability of new, potent antiviral agents,
and an appreciation that combination antiretroviral therapy
reduces disease progression and mortality risks (7, 8, 16, 19,
37). In this context, indinavir, ritonavir, saquinavir, and nelfi-
navir are the promising new HIV protease inhibitors for the
treatment of HIV infection. More potent and sustained sup-
pression of viral replication and durable immunoreconstitution
has been shown with the use of dual protease inhibitors or pro-
tease inhibitors in combination with nucleoside analogs com-
pared with the suppression achieved with monotherapy (9, 13,
15, 37, 42, 43, 54, 55, 57, 60, 62).

Despite these encouraging advances, anti-HIV therapy re-
mains suboptimal. The durability of the antiviral effect is tran-
sient in some individuals. Furthermore, effective combination
therapies often demand complex regimens that may involve
burdensome frequent dosing, side effects, food restrictions,
and hydration requirements. These factors reduce the level of
patient adherence to the treatment regimen and may ulti-
mately lead to treatment failure.

Indinavir is a potent HIV protease inhibitor, with an in vitro
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90% inhibitory concentration (IC,,) (HIV-1y;) of approxi-
mately 0.1 pg/ml in a system containing 50% human serum and
10% fetal calf serum (1, 46, 47). Indinavir is rapidly metabo-
lized by cytochrome P-450 3A isoenzymes (CYP3A), the major
enzymes present in the liver and gastrointestinal tract, with
an elimination half-life of 1.8 h (11, 45). The renal clearance
(CLyR) of indinavir is reported to be relatively constant over a
wide range of concentrations (4, 63). When given as an 800-mg
regimen three times a day (t.i.d.) under fasting conditions, the
mean steady-state area under the concentration-time curve
(AUC) of indinavir for HIV-infected patients over one dose
interval was reported to be 18.8 g - h/ml (37% coefficient of
variation [CV]), and the maximum concentration of drug in
serum (C,,,,) and the minimum concentration in serum (C,;,)
were reported to be 7.73 pg/ml (32% CV) and 0.154 pg/ml
(71% CV), respectively (45). Meals with high fat and protein
contents decreased the indinavir AUC and C,,, by 80 and
85%, respectively (45). To maintain therapeutic concentrations
in plasma, indinavir is given at high doses on a strict schedule
of once every 8 h (q8h) with rigid meal schedules.

Ritonavir has relatively high bioavailability and an elimina-
tion half-life of 3 to S h (1, 25, 27, 38). Although it is about 99%
protein bound when it is given at a dosage of 600 mg twice daily
(b.i.d.) concentrations in plasma in excess of the protein bind-
ing-adjusted ICy, (2.1 wg/ml) are usually maintained through-
out the dosing interval (14). The bioavailability of ritonavir is
minimally affected by food (1).

Ritonavir is a potent CYP3A inhibitor in vitro (34), with an
estimated K; of 0.085 wg/ml for indinavir in experiments with
human liver microsomes (33a). In rats, the combined admin-
istration of ritonavir and indinavir (10 mg/kg of body weight for
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each drug) resulted in an eightfold increase in the indinavir
AUC compared to that for indinavir given alone (26, 28).
Recently, we described a clinically significant interaction be-
tween ritonavir and saquinavir (22). Probably due to the inhi-
bition of the CYP3A metabolism of saquinavir by ritonavir,
saquinavir AUC values were greatly enhanced (>50-fold)
when saquinavir was coadministered with ritonavir; the com-
bination regimen given b.i.d. with reduced doses of both drugs
has been shown to suppress the level of viral RNA to below
quantitation limits (<200 copies/ml) in 90% of the patients
treated for 60 weeks (9). Coadministration with ritonavir is
expected to significantly alter the pharmacokinetic profile of
indinavir in patients. Since the extent of interaction was un-
known, to avoid over- or underexposure to protease inhibitors
in HIV-infected patients, this study was conducted with non-
HIV-infected healthy volunteers.

In contrast to reverse transcriptase inhibitors, significant cor-
relations between antiviral activity and plasma drug concentra-
tions have been demonstrated for HIV protease inhibitors in
various clinical studies (2, 6, 14, 17, 27, 59). Suboptimal con-
centrations in plasma are clearly associated with a rebound in
viral titer, indicating the importance of maintaining high con-
centrations of protease inhibitors in plasma. For indinavir, al-
though the average concentration in plasma from a standard
800-mg q8h regimen is well above the 1C,,, the mean C,,;, is
only slightly above the IC,,. Furthermore, C,;, is highly vari-
able between individuals, suggesting that some patients may
have low antiviral coverage for several hours each day. Thus, if
ritonavir inhibition of indinavir metabolism can increase the
Cnin Of indinavir and allow twice-daily administration, then the
combination therapy is expected to reduce treatment failures
associated with noncompliance or subtherapeutic lapses in C

min*

MATERIALS AND METHODS

Study design. This study evaluated the pharmacokinetics of indinavir in the
absence and presence of ritonavir in five groups of non-HIV-infected healthy
volunteers by a randomized, multiple-dose, open study design. On day 1, all
subjects received an assigned single dose of indinavir (800 mg for group I, 600 mg
for groups II and IV, and 400 mg for groups III and V). On day 2, all subjects
received 800 mg of indinavir q8h. During days 3 to 17, subjects in groups L, II, III,
IV, and V received ritonavir placebo or ritonavir at 200, 300, 300, or 400 mg
every 12 h (q12h), respectively. On day 17, in addition to ritonavir doses, subjects
in group I (control group) received 800 mg of indinavir q8h, while subjects in
groups IT and IV each received one dose of 600 mg of indinavir and subjects in
groups III and V each received one dose of 400 mg of indinavir.

A total of 39 healthy subjects (8 in groups I, II, IV, and V and 7 in group III),
including 14 females, were enrolled in and completed the study. Since a large
interaction was expected, the sample size for the study was determined on the
basis of the variability observed from previous interaction studies. All subjects
were between the ages of 18 and 45 years, tobacco nonusers, and negative for
recreational drug and alcohol as determined by screens with an enzyme multi-
plied immunoassay test kit. No statistically significant differences in demographic
characteristics were found among the five treatment groups. Across the groups,
the mean =* standard deviation age, body weight, height, and creatinine clear-
ance were 29.0 = 7.9 years, 72.0 = 8.9 kg, 171.6 £ 9.4 cm, and 105 * 18 ml/min,
respectively. All subjects gave written informed consent to participate in this
study.

Subjects were confined on study days 1, 2, and 17. Breakfast, morning snack,
lunch, dinner, and evening snack were served at approximately 0630, 0930, 1230,
1700, and 2130 h, respectively. Indinavir doses were given at approximately
0700 h on day 1 for all groups and at 0700, 1500, and 2300 h on day 2 for all
groups. On day 17, indinavir doses were given at approximately 0700, 1500, and
2300 h for group I and at 0700 h for groups II to V. Ritonavir doses were given
at 0700 and 1900 h on day 17. The morning indinavir doses were given after a
low-fat breakfast, which consisted of 370 kcal, with 5% of the calories from fat.
The afternoon and evening indinavir doses were given between meals. The meals
served were identical for days 1, 2, and 17. With the exception of breakfast, all
meals and snacks served on days 1, 2, and 17 were regular meals containing
approximately 30 to 35% fat. During days 4 and 15, subjects received ritonavir or
ritonavir placebo doses at the study site after consuming breakfast and dinner at
approximately 0600 and 1800 h, respectively, but were otherwise allowed to be
outpatients. During the days that indinavir was given (days 1, 2, and 17), subjects
were encouraged to drink at least 1.5 liters of fluid per day. All doses were given
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with 240 ml of water. Commercial formulations were used in the study. This
study was approved by the Institutional Review Board of Victory Hospital,
Waukegan, Il

Blood sampling and determination of ritonavir and indinavir concentrations.
Blood samples (5 ml on days 1 and 2 and 7 ml on day 17) for the determination
of indinavir concentrations were collected on days 1, 2, and 17, and samples for
the determination of ritonavir concentrations were collected on days 4, 5, 6, 7, 8,
10, 12, and 14 immediately before administration of the morning doses and on
day 17 over a 40-h period. On day 1, samples were collected at 0 (predosing), 0.5,
1,1.5,2,3,45,6,8, 10, 12, and 18 h after administration of the morning dose on
day 1. On day 2, samples were collected predosing and at 0.5, 1, 1.5, 2, 3, 4.5, 6,
8,8.5,9,95, 10, 11, 12.5, 14, 16, 16.5, 17, 17.5, 18, 19, 20.5, 22, and 24 h after
administration of the morning dose on day 2. On day 17, blood samples were
collected predosing and at 0.5, 1, 1.5, 2, 3, 4.5, 6, 8, 8.5, 9, 9.5, 10, 11, 12.5, 14, 16,
16.5,17,17.5, 18, 19, 20.5, 22, 24, 26, 28, 32, 36, and 40 h after the administration
of the morning dose for group I. For groups II to V, blood samples were
collected predosing and at 0.5, 1, 1.5, 2, 3, 4.5, 6, 8, 10, 12, 12.5, 13, 13.5, 14, 15,
16.5, 18, 20, 22, 24, 28, 32, 36, and 40 h after administration of the morning dose.
For the determination of concentrations of ritonavir and indinavir in plasma, a
total of 440 ml of blood was collected for group I and 398 ml was collected for
groups II to V. In addition, approximately 90 ml of blood was collected through-
out the study for clinical laboratory tests. Urine samples (0 to 24 h) for the
determination of indinavir concentrations were collected on days —1 (over a 12-h
period, as a baseline), 1, 2, 17, and 18 for all groups.

The concentrations of ritonavir and indinavir in plasma were simultaneously
measured on the basis of a validated reverse-phase high-performance liquid
chromatography (HPLC) procedure with UV detection at 205 nm (44) and with
a modified mobile phase. The assay precisions for indinavir and ritonavir were
high, with CVs from replicate results ranging from 2.2 to 7.0% for indinavir and
2.9 to 6.7% for ritonavir. The lower limits of quantitation for the assay were 3.63
ng/ml for indinavir and 3.81 ng/ml for ritonavir with 1 ml of plasma.

In brief, plasma samples were supplemented with saquinavir prepared in
methanol-water (1:1; vol/vol) as the internal standard. The samples were then
alkalinized with 0.5 M Na,COj; and extracted with hexane-ethyl acetate (1:1;
vol/vol). The organic layer was evaporated to dryness and was redissolved in 300
ul of the reconstitution solution, a mixture of acetonitrile-methanol-aqueous
tetramethylammonium perchlorate solution with trifluoroacetic acid, and washed
with an aliquot of hexane. The aqueous layer was injected onto the HPLC
system. Separation was achieved on a YMC ODS-AQ column (3-4-5; 50 by 4.6
mm; particle size, 3 um) in conjunction with a YMC ODS-AQ cartridge (23 by
4.0 mm; particle size, 5 um). The mobile phase for the separation was a mixture
of acetonitrile, methanol, and an 0.05 M octanesulfonic acid solution containing
0.1% trifluoroacetic acid (37:5:58, by volume). The flow rate was maintained at
1.5 ml/min.

The extraction recoveries of indinavir and ritonavir at concentrations of 10.18,
101.8, and 1,018 ng/ml ranged from 85 to 111%. Standard curves were linear over
the range of 3.63 to 3038 ng/ml for indinavir and 3.63 to 3,186 ng/ml for ritonavir.
Samples with concentrations higher than the upper limit of the standard curve
were diluted and reassayed. Mean correlation coefficients for the calibration
curves for plasma and urine samples ranged between 0.9907 and 0.9999. Inter-
assay CVs ranged from 4.5 to 6.8% for quality control samples for indinavir and
from 4.7 to 6.3% for quality control samples for ritonavir for the following three
pairs of ritonavir-indinavir concentrations: 20.24-20.36, 202.4-203.6, and 2,024-
2,036 ng/ml.

Data analysis. (i) Noncompartmental analysis. The pharmacokinetics of
ritonavir and indinavir were characterized by standard noncompartmental meth-
ods (56). The C,,,,, hour 8 concentration (Cg), hour 12 concentration (C,,) and
the time to reach C,,,, (Tp,a) Were obtained directly from the observed data. The
AUC from hour 0 to infinity (AUC,,_..) was computed as AUC, + C,/B, where ¢
is the time of the last measurable concentration, C, is the last measurable
concentration, and B is the terminal elimination rate constant, which was com-
puted from the last three measurable concentrations. AUC was calculated by
using the linear trapezoidal rule. Apparent plasma clearance (CL/F) was com-
puted as the quotient of daily dose and AUC,,_.. for indinavir. For ritonavir, the
day 17 CL/F was computed as dose/AUC,,, where AUC,, is the AUC over a
24-h period. CLi was computed as the quotient of the amount of unchanged
indinavir recovered in urine over a time interval (4,,,) and AUC,. The day 17
CLy, for indinavir was computed as A,, 45/AUC,g, where AUC,g is the AUC over
a 48-h period. Indinavir plasma concentration-time profiles follow polyexponen-
tial decay; to evaluate the effect of ritonavir on the elimination of indinavir, the
clinically relevant elimination rate constant (k.) within one dose interval was
computed by using the concentrations from hours 4.5 to 8 (k,5_g).

(ii) Pharmacokinetic modeling. To derive a greater appreciation of the factors
affecting the interaction between ritonavir and indinavir, median ritonavir and
indinavir concentration data were fitted with ADAPT II (written by David
D’Argenio, University of Southern California, Los Angeles) by using the tenets
of the well-stirred model of hepatic metabolism and quasiphysiologic parame-
terization that accounted for the first-pass metabolism of indinavir and CYP3A
induction produced by ritonavir (56).

Assuming that a single dose of indinavir had little or no effect on the phar-
macokinetics of ritonavir on day 17, ritonavir data for groups II to IV were
simultaneously fitted first. The model is similar to the model described previously
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TABLE 1. Pharmacokinetic parameters for indinavir and ritonavir administered alone or in combination”

Study (time) and RTV Grou AUC Criax Cgor Cy, Trnax (e CL/F CLg
IDV dose (mg) or dosage dosage P (ug - h/mly (ng/ml)” (pg/mly? (h)* 1z (liters/h) (liters/h)
Indinavir IDV alone (day 1)
800 I 17 x5 572+1.62 015+010 19x05 1.0 55+129 9.23 =275
600 11 12=3 495+1.06 007003 1804 11  55+14 953 =464
400 I 4+1 1.82+080 0.03+001 16*+02 13 113+37 143 +7.35
600 v 10=4 383+131 006002 1806 10 70+28  105=2.94
400 v 4+2 1.66 = 0.65 0.03+0.02 18*04 1.3 180 = 2417 12.0 = 3.86
IDV alone (day 2)
800 q8h 1 57 =16 7.14*+111 0.18*+0.10 2.0=*=0.5 1.1 45 = 14 8.57 =3.90
800 q8h II 5113 6.86 =154 014*+005 18*x03 1.0 50 =10 9.38 = 4.28
800 g8h III 50 =15 597124  0.11 £0.05 1.7+0.3 1.0 51+12 9.17 = 1.17
800 q8h v 54 =16 697 =234 013*+0.04 16x04 1.0 51+26 9.25 = 3.49
800 g8h \% 49 = 18 576 £1.52  0.13x£0.08 1.8=05 1.1 58 =31 9.11 = 1.97
IDV with placebo or RTV (day 17)
800 g8h Placebo 1 57+ 15 625+1.01 0.15x0.08 1.7=04 1.1 45 =13 9.59 = 3.19
600 200 q12h I 33=x5 597+112 043014 23%=05 2.7 182 8.36 = 3.29
400 300 q12h 111 203 372+0.64 026*+0.08 19*02 28 213 9.92 = 2.02
600 300 q12h v 338 506 =116 055*+026 23*=0.7 2.7 19 %5 9.14 = 3.76
400 400 q12h \Y% 22*3 348052 040*+018 24x07 27 18 2 8.14 = 2.16
RTV with IDV (day 17)
600 200 q12h II 5212 506*+127 071+018 28*05 27 9+2 0.24 = 0.11
400 300 q12h III 78 =22 742*+1.16 0.89*+040 29*x04 2.5 9+3 0.18 = 0.07
600 300 q12h v 81 =26 6.84 =245 127 £0.66 29 %08 3.1 9+4 0.22 = 0.06
400 400 q12h \% 127 £33 843 +1.07 159*+082 29*=04 2.8 72 0.26 = 0.09

¢ Abbreviations: IDV, indinavir; RTV, ritonavir; ¢, ,, half-life.
> AUC,, for day 1 and AUC,,_, for days 2 and 17.
< After the first dose on days 2 and 17.

4 Cg for days 1 and 2 for indinavir, C,, for day 17 for indinavir and ritonavir, and day 17 Cy for indinavir were 1.55 = 0.33, 0.89 + 0.27, 1.70 = 0.57, and 1.08 + 0.34

wg/ml for groups II to V, respectively.

¢ Harmonic means; estimated from hour 4.5 to hour 8 concentrations for indinavir and from hour 8 to hour 12 concentrations for ritonavir.

/Excluding subject 120, the CL/F would be 95.3 = 17.3 liters/h.

(25), with a few modifications. Exploratory analyses revealed that a zero-order
input describes the characterization of the absorptive phase better than first-
order input does, probably because ritonavir is poorly soluble at neutral pH, with
absorption appearing to be dissolution rate limited. Thus, the rate was computed
as dose/T .. With a lag time added as appropriate. Since ritonavir induces its
own metabolism, the model estimated the extent of enzyme induction as a
function of ritonavir dose. All four groups were fitted with a common value for
the initial maximum rate of metabolism [V,ax Ry initial] and the Michaelis-Men-
ten constant [K,,,g,], where R represents ritonavir. The effect of CYP3A induc-
tion on V.. as a function of time was modeled as Viaxr)inducea * [1 —
exp(TKOYPIA) 1] where Vpnay(r).induced I8 the maximum rate of metabolism due to
induction at steady state and kcypsa is the degradation rate constant of the
CYP3A enzyme. Thus, at any time, the total maximal rate of metabolism is the
sum Of Vina(r),initiat A0 Vimax(r) inducea * [1 — exp(~¥CYP3N *1]. Since groups IIT
and IV received the same ritonavir dose, these two groups were modeled to have
the same V,.x(r).inducea- The volumes of distribution was estimated for each of
the four groups.

After the extent of enzyme induction was estimated for each ritonavir dose
level, the indinavir data for all five dose groups were fitted simultaneously,
also with one set of Vvt initial @0d K1), where I represents indinavir. The
extent of enzyme induction by ritonavir was assumed to be the quotient of
Vimax(R).induced aNd Vinax(r) initial SINCE steady state was achieved on day 17. The
intrinsic clearance for indinavir [CLy)] in the absence of ritonavir was modeled
as CL(1y = Vinaxy.initiat/[Kmry + CP(py), where CP yy is the observed indinavir
concentrations and the fraction of the dose surviving first-pass metabolism
was modeled as 1 — ER(;) = 1 — {[CL;/(Qy, + CL)]}, where ERy, is
hepatic extraction ratio and Q, is hepatic plasma flow, which was assumed to
be 50 liters/h (56). On day 17, the CLj, in the presence of ritonavir was modeled
as CLayinduced = [Vinaxyinitiat T Vinaxiyinitial *© Vimax(r),induced/Vmax(R),initiall/
[Kinqy * (1 + CPg)/K;) + CP()], where CP g, is the fitted ritonavir concentra-
tions, and the fraction of the dose surviving first-pass metabolism was modeled
as 1 = ER¢pyinqucea = 1 — {CL(1y induced/[50 + CL(pyinguceal }- A two-compart-
ment model was assumed for indinavir, with CLg being assumed to be 9 liters/h
for all groups. The two intercompartmental rate constants were highly correlated
and weighting dependent. After inspection of residual errors, k,; (first-order rate
constant for transfer of drug from compartment 2 to compartment 1) was fixed
as 0.12 h™', and k,, was estimated by curve fitting. Since indinavir also has
limited aqueous solubility, the rate of absorption of indinavir was also computed
as dose/T ., and the volume of distribution was estimated for each dose group.
Since only predose ritonavir concentrations were obtained during days 4 to 16, to

characterize the extent of induction, the day 17 plasma ritonavir concentrations
were downweighted relative to the predose concentrations at a 1:5 ratio. For
fitting of indinavir data, all datum points had a weight of unity. The final model
was selected on the basis of R values, weighted sum of residuals, and percent CV
for parameter estimates.

(iii) Statistical analysis. For analyses other than paired ¢ tests, ritonavir and
indinavir concentration measurements (AUC, C,,.., Cs, Cy5,4,,,, and CLg) were
logarithmically transformed to provide approximately normal probability distri-
butions and/or approximately equal variances across groups. With the exception
of T, paired ¢ tests were performed on the differences between day 1 and day
17 indinavir pharmacokinetic parameters to assess the effect of ritonavir on the
pharmacokinetics of indinavir. A signed rank test was performed on the changes
of indinavir T,,,,. To assess whether indinavir and ritonavir can potentially be
coadministered as b.i.d. regimens, indinavir pharmacokinetic parameters be-
tween the combination regimens and the standard 800-mg q8h regimen on day 17
were compared by one-way analyses of covariance (ANCOVAs) with effects for
group, body weight, an appropriate day 2 indinavir pharmacokinetic variable,
and an interaction term of that variable with group. The appropriate day 2
indinavir pharmacokinetic covariate was selected on the basis of the fraction of
variability accounted for by the model. Within this ANCOVA framework, all
possible pairwise ¢ tests were performed for testing whether group means were
the same. In addition, since all subjects received indinavir at 800 mg q8h on day
2, paired ¢ tests were also performed on the differences of indinavir C,,,,,, AUC
(adjusted for the q12h regimen for day 17 for groups II to V), C, (relative to Cy),
and CLy between day 17 and day 2 for each combination-dose group. To assess
dose proportionality for indinavir in the presence of a fixed ritonavir dose,
ANCOVAs were performed for groups III and IV, with effects for body
weight, an appropriate day 2 indinavir pharmacokinetic variable, and its inter-
action term with indinavir dose level. In all statistical analyses, any P value less
than or equal to 0.05 was considered statistically significant. Results with P values
of >0.05 and =0.1 were considered a priori as marginally significant.

RESULTS

Indinavir pharmacokinetics. (i) Effect of ritonavir on indi-
navir pharmacokinetics. As shown in Table 1 and Fig. 1, rito-
navir statistically significantly increased plasma indinavir con-
centrations compared to those achieved when indinavir was



VoL. 42, 1998

10

0.01 -

Indinavir Concentration (ug/mL)
o

0.001 -

RITONAVIR-INDINAVIR PHARMACOKINETIC INTERACTION 2787

Day 1 Day 17
IDV (mg) IDV(mg) RTV(mg)
--=- 800 - 800 0
o 600 e 600 200
v 400 v 400 300
1 600 # 600 300
o 400 ¢ 400 400

20 24 28 32 36 40

Time (h)

FIG. 1. Mean plasma indinavir (IDV) concentration-time profiles after an administration of single dose of 400 mg (groups IIT and V), 600 mg (groups II and IV),
or 800 mg (group I) alone or in combination with ritonavir (RTV) maintained at 200 mg (group II), 300 mg (groups III and IV), or 400 mg (group V) q12h for 2 weeks.

given alone. Across the four combination regimens, the in-
creases in AUC, C,,,, and Cq ranged from 185 to 475%, 21 to
110%, and 11- to 33-fold, respectively. The k_ values (rate of
disappearance from C, 5 to Cg) decreased by 53 to 67%, with
the corresponding half-life increasing from 1.2 = 0.2 to 2.7 =
0.1 h. In general, the effects were larger for the 400-mg indi-
navir dose (groups III and V) than for the 600-mg dose (groups
IT and IV). The slightly delayed T,,,, (averaging 20 to 40 min
later) when indinavir was given with ritonavir was only mar-
ginally significant (P = 0.063 for groups II and V) or was not
statistically significant (P > 0.125 for groups III and IV). Also,
with the exception of group V (from 12.0 to 8.1 liters/h; P =
0.030), indinavir CLy was not affected by ritonavir. The phar-
macokinetic parameters for the control group (group I) deter-
mined for the morning dose on day 17 were not statistically
significantly different from those determined on day 1.

On the basis of ANCOVA of day 17 data, the regimen of
indinavir at 400 mg plus ritonavir at 400 mg, if given ql2h,
would likely yield AUC values that are only marginally signif-
icantly lower (P = 0.053) than those achieved with the control
regimen of indinavir at 800 mg q8h. The other three combina-
tion regimens likely would have AUC values statistically sig-
nificantly different from that for the standard regimen (P =
0.003, 0.005, and 0.003 for groups II, II1, and IV, respectively).
The two 600-mg indinavir-containing regimens (groups II and
IV) would likely yield a slightly higher ql2h-adjusted AUC,
while the regimen of indinavir at 400 mg plus ritonavir at 300
mg (group III) would likely yield a slightly lower AUC. The
mean C,,,, for group II was not statistically significantly dif-
ferent from that for the control group, while those for groups
IIL, IV, and V were all statistically significantly lower than that
for the control group (P < 0.05 for all comparisons). All four
combination-dose groups had statistically significantly higher
C,,s compared to the Cgs for the control group (P < 0.001 for
all comparisons). The CLy for all four combination-dose
groups was not statistically significantly different from that for
the control group (group I), averaging 9.1 liters/h across the
five dose groups. Body weight was shown to be a statistically

significant explanatory variable for indinavir C,,,,, AUC, and
CLy, in the analyses described above. There was no correlation
between the creatinine clearance and CLy of indinavir given
alone or with ritonavir, probably in part due to the small crea-
tinine clearance range for those subjects with normal renal
function.

The results of paired ¢ tests comparing the pharmacokinetic
parameters determined on day 17 and day 2 are generally
consistent with those obtained from ANCOVA. For the con-
trol group (group I), the AUC,,, C,,... Cs, and CLy values
determined on day 2 and day 17 were not statistically signifi-
cantly different, indicating the lack of any study day effects on
the pharmacokinetics of indinavir.

(ii) Effect of ritonavir dose. To assess whether an increase in
the ritonavir dose had corresponding effects on plasma indi-
navir concentrations for a fixed indinavir dose, indinavir phar-
macokinetics were compared between groups II and IV and
between groups III and V in the framework of ANCOVA. The
results showed that a 600-mg dose of indinavir yielded similar
AUC and trough concentrations (Ci,,e,8) When it was admin-
istered with 200 or 300 mg of ritonavir q12h. However, the
Chax for group IV was marginally significantly lower than that
for group II (P = 0.051). For the 400-mg indinavir doses, group
V, which received the higher dose of ritonavir, yielded mar-
ginally significantly higher Cy o8 (P = 0.053) compared
with those for group IIT but AUCs and C,,,,s similar with those
for group III.

(iii) Dose proportionality of indinavir. To assess whether
plasma indinavir concentrations increased proportionally with
indinavir dose for a fixed ritonavir dose, indinavir pharmaco-
kinetics were compared between groups III and IV in the
framework of ANCOVA. The results showed that compared to
group III, group IV had statistically significantly higher AUCs,
Croass, and Coos (P = 0.0001, 0.006, and 0.002, respectively).
The CLgs were similar between the two combination regi-
mens. The estimates for AUC and C,, ratios for the two
combination regimens (1.64 and 1.95, respectively) were
slightly higher than the theoretical value of 1.5 (600 mg/400
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mg = 1.5); however, the C,,,, ratio (1.27) was slightly less than
the theoretical value of 1.5.

Ritonavir pharmacokinetics. The mean steady-state plasma
ritonavir concentrations determined in this study were compa-
rable to those of a previous 2-week study of ritonavir with
healthy HIV-infected subjects (25). Predose ritonavir concen-
trations reached a maximum level after dosing for about 2
days; however, due to autoinduction, plasma ritonavir con-
centrations decreased with time, with stable concentrations
reached by the end of 2 weeks.

Pharmacokinetic modeling results. The observed data were
well described by pharmacokinetic models that used the prin-
ciples of the well-stirred model of hepatic metabolism, com-
petitive inhibition, and autoinduction. The R? values from the
regression for indinavir ranged between 0.87 and 0.93, and
those for ritonavir ranged between 0.89 and 0.96. The model
estimated that the extents of induction were 107, 148, and
149% for ritonavir dosages of 200, 300, and 400 mg ql2h,
respectively. The half-life for CYP3A turnover was estimated
to be 44.5 h, which is similar to that reported in the literature
(36). The V., and K,,, for indinavir was estimated to be 86.3
mg/h and 1.11 pg/ml, respectively. The in vivo K; was estimated
to be 0.10 pg/ml, which agrees reasonably well with the esti-
mated in vitro K; of 0.085 wg/ml. The volume of distribution
ranged from 37.9 to 40.1 liters for ritonavir for the four groups
and ranged from 54 to 67 liters for indinavir. No apparent
correlation was found between the volume of distribution and
dose size for either drug. The errors associated with all param-
eter estimates were under 37%. However, it should be noted
that the estimates presented above were based on the median
data, which did not account for intersubject variability associ-
ated with both drugs.

Intersubject variability. Intersubject variability in indinavir
pharmacokinetic parameters was reduced when indinavir was
coadministered with ritonavir. Across groups, the CVs for
AUC,,, C,,.» and Cg averaged 30, 21, and 50%, respectively,
for the standard indinavir regimen of 800 mg q8h on day 2.
When indinavir was given with ritonavir on day 17, the CVs
averaged 16, 19, and 39% for AUC,,, C,,..., and C,,, respec-
tively. For ritonavir, the CVs for day 17 AUC,,, C,,.., and
predose concentration were 28% * 4%, 23% * 10%, and
39% = 11%, respectively.

Safety assessment. All 39 subjects enrolled in the study
completed the study. It should be noted that since the study
design does not permit statistical analyses on whether the com-
bination regimen had effects on the safety of either drug given
alone, no such analysis was performed. However, it was possi-
ble to assess the dose-response relationship for ritonavir dur-
ing the ritonavir-alone period (day 3 to day 16).

Overall, there were no changes of clinical relevance in vital
signs recordings, physical examinations, or electrocardiograms
during the conduct of the study. All adverse events observed
were mild in nature. The most frequently occurring adverse
events that were possibly or probably related to the study drugs
were headache and asthenia during indinavir dosing alone and
circumoral paresthesia, headache, and nausea after dosing
with ritonavir alone or during dosing with indinavir and ritona-
vir in combination. Circumoral paresthesia was the only event
that showed a statistically significant monotonic increasing
trend with ritonavir dose during dosing with ritonavir alone.
There was no clear correlation between the incidence of ad-
verse events, including circumoral paresthesia, and C, s or
AUG: of either drug within the same treatment group.

The results of hematology analyses were generally unre-
markable. One subject in group IV exhibited a low hematocrit
(31.3%) and hemoglobin (10.7 g/dl) during days 10 through 16.
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This was attributed to repetitive blood drawing and resolved in
the poststudy follow-up visits.

For abnormal clinical chemistry values, one subject had in-
creased triglyceride levels (435 and 409 mg/dl on days 10 and
19, respectively) and cholesterol levels (292 mg/dl on day 19),
one subject had an increased bilirubin level (2.5 mg/dl on days
10 and 12), and three subjects had increased gamma-glutamyl
transferase levels (ranging from 106 to 201 IU/liter); all of
these were attributed to ritonavir. Two subjects had increased
bilirubin levels (1.8 and 2.3 mg/dl on day 3) that were attrib-
uted to indinavir. For triglycerides, the ritonavir placebo group
(group I) had a statistically significantly lower mean level (90
mg/dl) than the groups receiving ritonavir at 300 mg (groups
III and IV; 160 mg/dl) and the group receiving ritonavir at 400
mg (group V; 163 mg/dl) on day 16. Similar results were ob-
served for cholesterol (175, 201, and 211 mg/dl for group I,
groups III and IV, and group V, respectively).

DISCUSSION

Ritonavir induces its own metabolism. This study assessed
the pharmacokinetics of indinavir in the presence of ritonavir
under steady-state (induced) conditions, which are generally
achieved after dosing for approximately 2 weeks. It should be
noted that since the pharmacokinetics of indinavir alone were
assessed under noninduced conditions, the actual magnitude
of the inhibitory effect is underestimated in this study.

Indinavir is reported to be primarily eliminated by metabo-
lism via CYP3A, with less than 20% of a dose being recovered
as unchanged drug in the urine after oral dosing. The fecal
recovery of unchanged indinavir after oral administration of a
400-mg dose was 19%, suggesting that the fraction of dose
absorbed is at least 0.8 (45). The results of our study confirmed
that the pharmacokinetics of indinavir are moderately nonlin-
ear, with CL/F averaging 104 (excluding one subject who had a
CL/F value of 774 liters/h), 63, and 55 liters/h for doses of 400,
600, and 800 mg, respectively. The CLy of indinavir averaged
9 liters/h after the administration of three 800-mg doses given
q8h. Assuming that the fraction of the indinavir dose absorbed
and reaching the portal circulation is 0.8 and that the CLy is 9
liters/h on the basis of well-stirred model of hepatic metabo-
lism (56), the extents of first-pass hepatic metabolism, ex-
pressed as percent extraction = 100 - CL/(CL,, + Q,), where
CL, is the metabolic clearance from pl%sma and Q, is the
hepatic plasma flow rate at 50 liters/h, are computed to be 62,
50, and 47% for a 400-, 600-, or 800-mg dose given alone.

Consistent with the interaction effect observed in human
liver microsomes and in rats, the results of this study showed
that ritonavir increased the AUC of indinavir by 2.9- to 5.8-fold
and the C,,,, by 1.2- to 2.1-fold compared to those on day 1 for
the indinavir-alone regimens. The net change in AUC could
theoretically arise from two main effects: reduction in the sys-
temic clearance and increase in the fraction of the dose sys-
temically available, F. The F term has at least three compo-
nents: f,,, the fraction of the dose absorbed; f,,;, the fraction of
the dose not metabolized or otherwise eliminated by gastroin-
testinal tissue; and f;, the fraction of the dose surviving first-
pass hepatic metabolism.

Effect of ritonavir on F of indinavir. Although the oral
bioavailability of indinavir has been theorized to be limited by
pH-dependent solubility (3, 4, 12, 40) and regiospecificity
(35), the fraction of indinavir dose absorbed was approxi-
mately 0.8 (45). Therefore, the observed increases in indinavir
AUC cannot be accounted for by an improvement in the f,;  of
indinavir.

For drugs with high intrinsic clearance, the gut wall may
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contribute substantially to the overall first-pass effect (30, 50).
It is well known that CYP3A, the major isoform in the metab-
olism of ritonavir and indinavir, is present in intestinal tissue
(31, 32, 41, 50, 61). However, assuming that the enterocyte
CYP3A content is not greater than 10% of hepatocytes (50),
and the maximal hepatic metabolic rate is 86 mg/h, as deter-
mined from the curve fitting described above, then V. . is
approximately 9 mg/h. Assuming that indinavir is absorbed
with zero-order kinetics over a 1.5-h period, then the metab-
olism in the intestinal epithelial cells represents less than 4% of
the administered dose.

However, in considering potential changes in indinavir f,; by
ritonavir, the role of glycoprotein P should be addressed. Gly-
coprotein P is a transmembrane protein associated with a phe-
notype of multidrug resistance (MDR1). It is capable of ac-
tively transporting drug out of intestinal, hepatic, and brain
capillary endothelial cells. Recent reports have shown that
HIV protease inhibitors are substrates of glycoprotein P and
are capable of inhibiting, although not potently inhibiting, the
transport of some known glycoprotein P substrates (21, 29, 39).
Therefore, it is theoretically possible that ritonavir may in-
crease the f; of indinavir by inhibiting glycoprotein P trans-
port.

In contrast to f,;, the fraction of the dose surviving first-pass
hepatic metabolism (f;,) can be estimated with a higher degree
of certainty. When given with ritonavir, CL/F averaged approx-
imately 19 liters/h for the four combinations. The fraction of
indinavir dose surviving the first-pass hepatic metabolism when
indinavir was given with ritonavir should be greater than 0.8,
which is substantially higher than the day 1 f;, under nonin-
duced conditions. Therefore, part of the inhibitory effect of
ritonavir should be due to the inhibition of the first-pass me-
tabolism of indinavir.

Effect of ritonavir on the postabsorptive systemic indinavir
clearance. As can be seen from Fig. 1, the decline in plasma
indinavir concentrations after T, for day 17 during coadmin-
istration with ritonavir was significantly slower compared to the
decline when indinavir was given alone. The disappearance
rate constant during hours 4.5 to 8 decreased about 50 to 63%,
suggesting an effect (clearance ratio) of approximately two- to
threefold on the basis of indinavir-alone data determined on
day 1. Again, since the day 1 data were obtained under non-
induced conditions, the comparison presented above probably
also underestimates the postabsorptive inhibitory effect ex-
erted by ritonavir.

In vitro-in vivo correlation in K;. The estimate of the in vivo
K; must be appreciated as being highly model dependent and is
limited by factors that are indeterminate. For example, the
model did not address the possibility of time delays in inhibi-
tion (hysteresis), the protein binding effects, and the potential
for inhibitory effects from metabolism in intestinal epithelial
cells or glycoprotein P transport. Despite these uncertainties,
the estimated K; value (0.10 pwg/ml) agrees extremely well with
the in vitro K; (0.085 wg/ml).

Factors affecting the ritonavir-indinavir interaction. (i)
Fraction of indinavir dose excreted in urine (f,). Since the
renal component of indinavir’s elimination clearance was not
affected by ritonavir, the expected AUC ratio should be larger
for subjects who metabolize a relatively large fraction of the
dose, f,, (56). Indeed, a positive relationship between AUC
ratio and f,, was observed (data not shown), where f,, was
estimated as the fraction of dose not excreted in the urine.

(ii) Indinavir dose. For a fixed ritonavir dose, an increase in
the indinavir dose resulted in a relatively proportional increase
in AUC, a more than proportional increase in C,,, and a
slightly less than proportional increase in C For a fixed
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FIG. 2. Relationship between day 17 ritonavir AUC and day 17 indinavir
AUC for 400- and 600-mg indinavir doses (subjects in groups II and IV each
received 600 mg of indinavir alone or with 200 or 300 mg ritonavir q12h,
respectively; subjects in groups III and V each received 400 mg of indinavir alone
or with 300 or 400 mg ritonavir q12h, respectively).

indinavir dose (400 or 600 mg), an increase in the ritonavir
dose did not have a proportional effect on the concentrations
of indinavir in plasma. However, as shown in Fig. 2, there is a
shallow but positive correlation between ritonavir AUCs and
indinavir AUC:s for a fixed indinavir dose. Indinavir metabolic
clearance via CYP3A becomes less dominant with increasing
ritonavir exposure, and the postabsorptive total clearance as-
ymptotically approaches the non-CYP3A clearance, which is a
composite of CL; and perhaps contributions from glucuroni-
dation (3) (potentially induced) and other noninhibited iso-
forms. These factors may explain why indinavir AUCs for the
two 600-mg and the two 400-mg regimens were relatively sim-
ilar.

In this study, ritonavir significantly reduced the intersubject
variability in indinavir pharmacokinetic parameters, particu-
larly AUCs and Ci,oygp$- Since the indinavir AUC was nega-
tively correlated with f,, when it was given alone and since the
inhibitory effect by ritonavir was larger for subjects with a high-
er f,,, it is not unexpected that the intersubject variability in
indinavir AUC and C,,,,., Was significantly reduced when indi-
navir was coadministered with ritonavir.

Ritonavir and indinavir combination as potential b.i.d. reg-
imens. Since treatment of HIV infection requires long-term
therapy, the requirements of rigid restrictions on dosing and
meal schedules in indinavir-containing regimens are expected
to result in challenges for patient compliance. This study was
conducted to evaluate if combination therapy with indinavir
and ritonavir can be given as b.i.d. regimens and therefore im-
prove upon the drawbacks of indinavir therapy. Since no sig-
nificant accumulation was observed after the administration of
multiple doses of indinavir (45), the single-dose data obtained
in this study can be used to project multiple-dose exposures.

The results of this study showed that compared to the stan-
dard 800-mg q8h regimen, all four combination regimens, if
given q12h, will likely have higher C,, 018 (C;, versus Cg of the
standard q8h regimen), lower C,,,, values, and similar CLgs.

max
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The lower C,,,, values associated with the combination regi-
mens are expected to have a minimal effect on antiviral activity,
particularly for combination regimens that yield comparable
indinavir AUCs, because the Ci,q,q,8 fOr combination regi-
mens are expected to be at least 2.5-fold greater than the
protein-binding corrected 1Cy,, of indinavir. This study also
showed that ritonavir significantly reduced the intersubject
variability in indinavir AUCs and C,,,.ps. In addition, the
results of a recent study showed that the bioavailability of
indinavir, when given together with ritonavir, was not affected
by regular meals containing 32% of calories from fat (23).
Thus, the combination regimens offer several significant prac-
tical benefits.

Ritonavir and indinavir combination in renal complications.
The CLy of indinavir, when given alone at 800 mg t.i.d., ac-
counts for roughly 20% of the total clearance. Under such con-
ditions, renal impairment is unlikely to have substantial effects
on total clearance. However, in the presence of ritonavir, the
CLg of indinavir approaches 50% of CL/F. Thus, in patients
with substantial impairment in renal function, the possibility of
a dosage reduction should be entertained.

Due to highly pH-dependent aqueous solubility, nephroli-
thiasis, which is associated with indinavir crystals, is reported in
approximately 10% of patients treated with indinavir (5, 18, 33,
40, 45, 53, 58). The results of this study showed that ritonavir
has no overall effect on the CLy of indinavir. Thus, for com-
bination regimens that maintain the AUCs of the standard in-
dinavir regimen, the total daily urinary excretion of unchanged
indinavir should remain unchanged. It should be noted that the
results of two recent clinical studies showed that in patients
treated with 400 mg of ritonavir plus 400 mg indinavir b.i.d.
combination regimen, no nephrolithiasis was reported. Since
the combination regimen provides similar indinavir AUC, but
substantially lower indinavir C,,,, compared to that provided
by the indinavir 800-mg t.i.d. regimen (55, 62), it is possible
that the decreased indinavir C,,,, in the combination regimen
is responsible for the reduction in the incidence of nephroli-
thiasis.

Antiviral activities of combination regimens. For protease
inhibitor combination regimens, there are concerns about
whether low drug concentrations (concentrations less than the
IC,,) in the combination regimen will favor the emergence of
resistant viral strains. The results of our recent in vitro exper-
iments with MT4 cells in the presence of 50% human serum
and 10% fetal calf serum showed that there are additive or
synergistic anti-HIV-1,;;5 (wild type) effects between ritonavir
and other protease inhibitors, particularly at concentrations
near or below the ICsys (24, 46). It should be noted that the
ongoing clinical studies show that regimens with dual protease
inhibitors have potent antiviral effects (9, 13, 51, 55, 60, 62).

In conclusion, in addition to allowing the use of reduced
doses of both drugs, use of the combination of ritonavir and
indinavir can also offer the benefit of two potent HIV protease
inhibitors. The preliminary results from use of the regimen of
400 mg of ritonavir and 400 mg of indinavir in combination
b.i.d. in patients have shown that the regimen may be highly
efficacious and well tolerated (55, 62).
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