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Abstract

The interest in the pharmacokinetics of antiretroviral drugs has gained
considerable interest during the last years. It has been shown that the
pharmacokinetics of a drug can be an important determinant of antiviral efficacy or
toxicity, especially for the protease inhibitors, but also for the non-nucleoside
reverse transcriptase inhibitors. For the nucleoside reverse transcriptase inhibitors,
such relationships are less clear. This manuscript deals with the basic
pharmacokinetic properties of the currently available antiretroviral drugs.
Furthermore, several drug-drug interactions are discussed, and the penetration of
drugs in several compartments of the body, such as the brain, are highlighted.
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Introduction resentatives are licensed by the FDA: zidovudine,

In this paper an overview of the clinical pharma-
cokinetics of the currently available antiretroviral
drugs is provided. Three classes of drugs will be
discussed: the nucleoside reverse transcriptase in-
hibitors, the non nucleoside reverse transcriptase
inhibitors, and the protease inhibitors. The repre-
sentatives of these classes are discussed sepa-
rately, and key pharmacokinetic parameters are

provided, as well as the, penetration of-the drugs
B 1@l

Nucleoside reverse transcriptase

inhibitors (NRTIs) \[thoUt the prior

NRTIs belong to the first class of antiretroviral
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the cerebrospinal fluid), and some drug-drug inter-
actions.
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didanosine, zalcitabine, stavudine, lamivudine, and
abacavir; several other NRTIs are now in (pre)clini-
cal development.

Combinations of NRTIs have now become estab-
lished as the foundation of regimens for the treat-
ment of HIV-infection.

Zidovudine
7] W (A7) /3azido-2' 3-dideoxythymi-
ine(,(’jﬁ\g.1 was approved by the FDA in 1987, and
itir\gas the first antiretroviral agent to be clinically

@5@5@@%@%@ basis. Zidovudine is a de-

oxythymidine analogue, and the structural differ-
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monophosphorylated by thymidine kinase, a cell-

U@*I'ps pandent enzyme, and zidovudine is there-

fore more active in dividing than in resting cells’?,
Zidovudine is rapidly and well absorbed after
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in the range of 1.2 pg/mL. The plasma elimination
half-life of the drug is about one hour. Since the in-
tracellular half-life of the pharmacologically active
anabolite, zidovudine-triphosphate, is longer (about
3 h), zidovudine can be ingested in tid or bid dos-
ing regimens. Zidovudine penetrates the cere-
brospinal fluid (CSF) well (ratios of CSF and plasma
concentrations can be well over unity)®®. Zidovu-
dine has been detected in semen, saliva, and pen-
etrates the placenta®®.

Concomitant ingestion of zidovudine with food
reduces the maximum plasma concentration C__
and delays the time to C_ . However, the area un-
der the plasma concentration versus time curve
(AUC) is not affected®'2. It is now recommended
that zidovudine can be ingested with or without a
meal. Decreased absorption of zidovudine after
oral administration has been observed in patients
with diarrhea’.

Zidovudine is metabolised to an inactive glu-
curonide metabolite and this is the main route of
elimination of the drug from the body (75%). Ap-
proximately 15-20% of an oral zidovudine dose is
excreted unchanged in the urine. Another pathway
of ‘metabolism is the reduction of the azido-function
to yield 3-amino-3’-de xythym|d|ne 4. This com-
pound is 5-7-fold moreﬁd;@)t i@ fifiaf) |de/11
but concentrations of this metabollte are 100-fold

therefore questionable
Zidovudine glucur h)@q? [rh
in patients with sever dysfu t% Eam IZ(TT?P

ysis removes the glucuromde metabolite fr

centrations. Thus, patients with endstage renal d|s—

efficacy and tOXICIty In general, these efforts have
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Table 1. Steady-state pharmacokinetics of nucleoside reverse transcriptase inhibitors.
Drug Dose Bioavailability Half-life AUC* Crrax
(mg) (%) (h) (h*pg/mL) (ng/mL)
Zidovudine 200 65 1 2.0 1.2
Stavudine 40 82-99 1.6 1.9 0.85
Zalcitabine 0.75 86 1.5 0.03 0.012
Lamivudine 150 82 6 12 15
Didanosine 200 19-40 1.4 1.2 0.9
Abacavir 300 76-100 1.2 5.8 2.2
*during one dosing interval
S S failed™®. This is not surprising if we realise that all
HiC - ﬁ HaC - NRTIs can be considered prodrugs. They are only
. )\O )\ . )\O pharmacologically active after intracellular phos-
HOCHz o Hocm ° HOCH, o phorylation to their corresponding triphosphates.
w 7 Yj Intracellular zidovudine phosphate concentrations
Ny OH correlated better with efficacy (triphosphate deriva-
tive) and toxicity (monophosphate derivative) and,
Fig. 1. Molecular structure of zidovudine (left), stavudine though technically more difficult to assess than
(midde) and deoxythymidine (righ) plasma concentrations, show more promise as a

predictor of efficacy or toxicity of the drug.

Stavudine

Stavudine (d4T, 2',3-didehydro-2'-3"-dideoxythymi-
dine, Fig. 1) is, like zidovudine, a deoxythymidine
derivative. Stavudine is monophosphorylated by
thymidine kinase, a cell-cycle dependent enzyme,
and the drug is more active in dividing than in rest-
ing cells'?. The affinity for thymidine kinase is high-
er for zidovudine as compared to stavudine (K val-
ues for this enzyme are 138 uM and 3 pM for zi-
dovudine and stavudine, respectively), and these
drugs should therefore not be administered con-
comitantly'”-'8, Concomitant administration leads to
decreased phosphorylation of stavudine.

Stavudine is rapidly and well absorbed with a
bioavailability between 82 and 99%'9?". C__ s
reached 0.5 to 0.75 h after administration and is in
the range of 0.85 pg/mL after a 40 mg dose. The
absorption rate of stavudine is decreased by intake
of food, but the overall bioavailability is not affect-
ed?. Therefore, stavudine can be ingested with or
without food. Stavudine penetrates the cere-
brospinal fluid of HIV-1-infected patients well®®. The
drug readily crosses the placenta in animal studies,

B]F’fé.f%ﬂy giésmégmggibelow 60 kg, the

recommended dose is twice daily 30 mg, for pa-
ight of 60 kg or higher, the rec-
mg bid. The elimination half-
life of the drug in plasma after an oral 40 mg dose

hartlife‘ofthelintracellular stavudine
trlphosphate is 3.5 h, making bid dosing posslble26
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Fig. 2. Molecular structure of zalcitabine (left), lamivudine
(middle) and deoxycytidine (right).

Zalcitabine

Zalcitabine (ddC, 2’,3"-dideoxycytidine, Fig. 2) is
a deoxycytidine analogue in which the 3-hydroxyl
group of the sugar compound is replaced with a hy-
drogen atom (Fig. 2). Zalcitabine is intracellularly
phosphorylated to the pharmacologically active
zalcitabine triphosphate®. Zalcitabine is mainly ac-
tive in resting cells'?.

Zalcitabine is well absorbed after oral adminis-
tration, with a bioavailability of approximately
86%°%31. Maximum concentrations in plasma are
reached 1-2 h after ingestion of the drug. Concomi-
tant administration of zalcitabine with food de-
creased the C__ and increased the time to C__..
The AUC was also reduced with 14%, but this
change was not considered clinically significant®.
Zalcitabine penetrates the cerebrospinal fluid mod-
erately, with concentrations in this matrix reaching
approximately 20% of those reached in plasmas3?,

The elimination half-life of the drug is approxi-
mately 1.5 h. Zalcitabine is mainly excreted un-
changed in the urine; 62% of an oral dose is ex-
creted unchanged via this route. The main metabo-
lite of zalcitabine in the urine is dideoxyuridine. Ap-
proximately 10% of an oral dose of zalcitabine is ex-
creted in the faeces, as unchanged drug or as
dideoxyuridine®. Patients with impaired renal func-
tion show a decreased clearance of the drug, and
dosage adjustment (0.75 mg bid, or 0.75 mg gd) is
advised in these patients®. The recommended
dosage of zalcitabine in patients with normal renal
function is 0.75 mg tid.

Zalcitabine pharmacokinetics in children have
been investigated. In general, lower bioavailability
and/or increased clearance of the drug is observed
in'this population as compared with adults®®®.

The coadministration of zaIcﬂabme and an alu-
minium hydroxide/mag roxjdle m
mixture led to a 25% di‘gg ein %lfgvaﬂt bility
the drug. Zalcitabine should therefore not be cead-
ministered with antacids™. Z&lit @6}(5
be administered concomitantly W|th Iam|vud|ne an-
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synthesized as a racemic mixture of (+) and (-)
enantiomers and showed potent activity against
HIV®. Subsequently, it was demonstrated that the (-)
enantiomer had greater antiretroviral activity than
the (+) enantiomer, but less activity against DNA
polymerase, and less cellular toxicity in vitro*®*!,
Thus, the (-) enantiomer (lamivudine) was further
developed as an antiretroviral drug.

Lamivudine is rapidly absorbed after oral admin-
istration with a time to C__ of about 1 h, and 82%
bioavailability. Ingestion of lamivudine with food de-
creases C__ and increases time to Cmax, but does
not affect the bioavailability of the drug. The C__ in
plasma after an oral dose is in the range of 1.5
ug/mL. The elimination half-life of the drug is ap-
proximately 6 h, which is relative long for an nucle-
oside reverse transcriptase inhibitor. The majority of
the drug is excreted as unchanged drug in the
urine (70%), and 5-10% of an oral dose is
metabolised to inactive sulfoxide metabolites.

Concomitant use of zidovudine leads to an in-
crease of the zidovudine bioavailability of 13%. This
interaction is not considered significant and no ad-
justment of the dosage is required.

The oral clearance of lamivudine is decreased in
patients with impaired liver function. Patients with a
creatinine clearance below 50 mL/min require dosage
adjustment (150 mg gd), and the dosage should be
further reduced in patients with a creatinine clear-
ance below 30 mL/min.

Lamivudine penetrates the cerebrospinal fluid (the
mean ratio of concomitant cerebrospinal fluid
and plasma concentrations is approximately 0.12).
The absolute concentrations in the cerebrospinal
fluid exceed IC50 values for most wild-type viruses®.

Didanosine

Didanosine (ddl, 2’,3"-dideoxyinosine, Fig. 3) is
intracellularly converted to didanosine monophos-
phate and is subsequently aminated to dideoxyadeno-
sine monophosphate. This compound is converted
to dideoxyadenosine triphosphate, the putative
pharmacologically active anabolite of didanosine
(Fig. 3).

Didanosine is an acid-labile compound, which
makes it susceptible to degradation in the acidic
environment of the stomach. Didanosine is there-
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creases the bioavailability with approximately
50%%245, The buffer of the didanosine formulation
gives rise to several drug-drug interactions. Drugs
that require an acidic environment of the stomach to
be absorbed (indinavir, delavirdine, ketoconazole)
should not be taken concomitantly with didanosine.
Drugs that adsorb to the metal ions of the buffer
(tetracyclines, ciprofloxacin) should also be ingested
separately.

The elimination half-life of the drug in plasma
is relatively short (1.4 h), but the half-life of the
intracellular dideoxyadenosine triphosphate an-
abolite is 12-24 h, making once daily dosing of the
drug feasible*®. Didanosine penetrates the cere-
brospinal fluid moderately*’.

Approximately 30-60% of an oral dose of didano-
sine is excreted unchanged in the urine. Patients
with renal impairment (creatinine clearance below
60 mL/min) require adjustment of the dosage. The
advised dose of didanosine (chewable tablets) is
200 mg bid (400 mg qd) for patients with a body
weight of 60 kg or more, and 125 mg bid (250 mg
qd) for patients with a body weight below 60 kg.

Abacavir is metabolised to abacavir glucuronide,
and is a substrate of alcohol dehydrogenase.

Non nucleoside reverse transcriptase
inhibitors (NNRTIs)

Non nucleoside reverse transcriptase inhibitors
share the same target enzyme as the NRTIs. The
NNRTIs, however, are non-competitive inhibitors of
the viral reverse transcriptase. They comprise a
heterogeneous group of compounds. The pharma-
cokinetics of nevirapine, delavirdine, and efavirenz
will be discussed in this section.

Nevirapine

Nevirapine (11-cyclopropyl-5,11-dihydro-4-methyl-
6H-dipyrido-(3,2-b:2’,3™-e)(1,4)diazepin-6-one, Fig. 5)
is a member of the dipyridodiazepinone class.
Nevirapine does not compete with template or nu-
cleoside triphosphates, but binds directly to the re-
verse transcriptase enzyme. The activity of nevirap-
ine is specific for HIV-1; it is inactive against HIV-2
and does not bind to human DNA polymerases.

Fig. 4. Molecular structure of abacavir (left), carbovir
(middle) and deoxyguanosine (right).

Nevirapine is readily absorbed after oral admin-
istration with a bioavailability exceeding 90%°%.
Concurrent administration of food or antacids does
not affect the bioavailability of the drug. Administra-
tion of the drug with food decreases C__ and in-
creases the time to reach C__ . Nevirapine can be
ingested with or without food.

Nevirapine readily penetrates different compart-
ments of the body, such as the cerebrospinal fluid,

Abacavir

Abacavir (1592U89, Fig. 4) is anabolised via a
unique intracellular mechanism to yield carbovir
triphosphate, a deoxyguanosine analogue. The first
step is the phosphorylation to abacavir monophos-
phate*®. A cytosolic enzyme subsequently converts
abacavir monophosphate to carbovir monophos-
phate, that is further phosphorylated to the phar-
macologically active carbovir triphosphate.

Abacavir has good bioavailability in animal stud-
ies after oral administration (76-100%)%-%0. The
drug is rapidly absorbed (the C__ is reached after
0.7 — 1.7 h) and administration with food]gdilﬁh
time to C_,,. decreases chgam% 85
creases the AUC with only 5%51. The drug shows

ys the
g
favourable penetration of ther@ﬁ‘;6ﬁu%w52or

the placenta, and the drug can be detected in
breast milk5%, The drug is approximately 60%
bound to plasma proteins.

Nevirapine shows the phenomenon of autoinduc-
tion. This results in a 1.5- to 2-fold increase of the
apparent oral clearance of nevirapine after pro-
longed administration. The half-life of nevirapine in
plasma decreases accordingly from 45 h after sin-
gle dose administration, to 25-30 h after multiple
doses. Due to the autoinduction phenomenon, the
licensed dose of nevirapine is 200 mg gd during
the first two weeks of therapy, and 200 mg bid after
2 weeks of therapy. Regarding the long half-life of
the drug in plasma, nevirapine can most likely also
be administered in a 400 mg qd regimen, and sev-

Brrnl studies are now investigating this option.
UD INevrapiiélinducay cE&throme P450 enzymes,

and this gives rise to a number of drug-drug inter-
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Drug Dose Bioavailability Half-lig Auc* max
(mg) it : _(h) (h*pg/mL) (ng/mL)
? _ of the publiser ¢ ?
Nevirapine 200 93 25-30 86 5.0
Delavirdine 400 85% 538 , 99 19

Srelative bioavailability of tablets as compared with an oral solution.

*40-55




Fig. 5. Molecular structure of nevirapine.

Interaction studies with nevirapine and the pro-
tease inhibitors saquinavir, indinavir, ritonavir and
nelfinavir revealed that nevirapine decreases the
exposure of saquinavir and indinavir with approxi-
mately 30%. Nevirapine has no effect on the expo-
sure to ritonavir, and the reported effect on the
pharmacokinetics of nelfinavir are contradictional
(either no change or a 30% decrease in exposure to
nelfinavir).

It is now recommended not to combine nevirap-
ine and saquinavir (Invirase® formulation, hard
gelatin capsules). Whether or not the dosage of in-
dinavir and nelfinavir require adjustment when com-
bined with nevirapine (to 1,000 mg tid for the pro-
tease inhibitors) is subject of discussion and war-
rants further investigation.

Nevirapine reduces concentrations of ketocona-
zole, methadone and ethinyl estradiol. The concen-
trations of nevirapine are reduced by coadministra-
tion of rifampin and rifabutin, and these drugs
should not be used together.

Delavirdine

Delavirdine (1-(3-(isopropylamino)-2-pyridyl)-4-
((5-methane sulfonaminodoindol-2-yl) carbonyl)
piperazine, Fig. 6) is a bisheteroarylpiperazine
(BHAP) non nucleoside reverse transcriptase in-
hibitor with high activity against HIV-1, and no affin-
ity for HIV-2 reverse transcriptase or DNA poly-
merases.

Delavirdine is—ingeneral well-and rapidly ab-
sorbed (C,,, is reached 1 h after administration),
but requires an acidic
molecule is not soluble
dine should therefore not be administered W|th di-

danosine (the formulation g];m@a

buffers to increase gastric gﬁ@ﬁ@ trrgj?r
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Fig. 6. Molecular structure of delavirdine.
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tion of H2-receptor antagonists and proton pump
inhibitors is expected to decrease bioavailability of
delavirdine®. Delavirdine can be ingested with or
without food in the recommended dosage of 400
mg tid. The bioavailability of delavirdine tablets rel-
ative to an oral solution of the drug is 85%.

Delavirdine is extensively bound to plasma pro-
teins (98%) and appears to penetrate the cere-
brospinal fluid poorly (0.4% of concomitantly
achieved concentrations in plasma). Delavirdine
concentrations in saliva and semen are approxi-
mately 6% and 2%, respectively, as compared with
plasma concentrations.

Delavirdine is converted to several inactive
metabolites, mainly via N-desalkylation and pyri-
dine hydroxylation by the cytochrome P450 en-
zymes 3A4 and 2D6. The half-life of the drug in
plasma is reported to be 5.8 h, with a wide range
from2to 11 h.

Delavirdine is an inhibitor of the cytochrome
P450 system. When combined with saquinavir, or
indinavir, the exposure to these protease inhibitors
is increased by 5-fold, and 2-fold, respectively®’.
Delavirdine does not affect exposure to ritonavir.
Several drugs are contraindicated, because of the
inhibition of their metabolism by delavirdine, and
the subsequent increase of their exposure: Terfena-
dine, astemizole, cisapride, triazolam, alprazolam,
and midazolam.

Several drugs increase the exposure of delavir-
dine when concomitantly administered, such as ke-
toconazole, clarithromycin, fluoxetine, and ritonavir.
The exposure to delavirdine is decreased by coad-
ministration of inducers of the cytochrome P450 3A
enzyme, such as rifampin, rifabutin, carbamazepine,
phenobarbital, and phenytoin.

Efavirenz

Efavirenz (DMP-266, (S)-6-chloro-4-(cyclopropy-
lethynyl)-1,4-dihydro-4-(trifluoromethyl)-2H-3,1-
benzoxazin-2-one, Fig. 7) is an HIV-1-specific non
nucleoside reverse transcriptase inhibitor with no
activity against HIV-2 reverse transcriptase or hu-
man DNA polymerases.

Cax Values for efavirenz in plasma are reached
3-5-h-after administration-of the drug (in the recom-
mended dosage of 600 mg gd). Efavirenz can be

of t%wiaagscf as U“E)ullf egéw[t thﬁo(,gVoE)d a high-fat meal can in-

Fig. 7. Molecular structure of efavirenz.

AIDSREVIEWS

o (171 o



AIDSREVIEWS

e 172 »

AIDS Rev 1999; 1

crease the bioavailability of efavirenz and should
be avoided.

Efavirenz is highly bound to plasma proteins
(> 99%), predominantly to albumin. Cerebrospinal
fluid concentrations of efavirenz are approximately
0.7% of those concomitantly observed in plasma
(and free-drug concentrations are approximately 3-
fold higher in the cerebrospinal fluid as compared
with plasma). Efavirenz is primarily metabolised via
the cytochrome P450 enzyme system to a number
of hydroxylated metabolites. These metabolites are
subsequently glucuronidated and are inactive
against HIV-1 infection. In vitro studies have re-
vealed that the isozymes 3A4 and 2B6 are mainly
responsible for the metabolism of efavirenz%.

Efavirenz, like nevirapine, is subject to autoin-
duction of its metabolism. After single doses, the
half-life in plasma is 52-76 h, and after administra-
tion of the drug for 10 days, the half-life decreases
to 40-55 h. This long half-life makes gd dosing of
the drug feasible.

Efavirenz induces the cytochrome P450 3A4 en-
zyme, and in vitro studies showed that efavirenz in-
hibits the isozymes 2C9, 2C19, and 3A4. Astemi-
zole, midazolam, triazolam, cisapride, and ergot
derivatives should not be coadministered with
efavirenz due to the increase of plasma concentra-
tions of these drugs by the inhibition of their me-
tabolism by efavirenz. Efavirenz decreases plasma
concentrations of saquinavir (Fortovase®) and
these drugs should not be administered concomi-
tantly. Surprisingly, saquinavir (Fortovase®) de-
creased efavirenz concentrations with 12%. When
combined with indinavir, the dosage of this pro-
tease inhibitor should be increased to 1,000 mg tid.
The exposure to nelfinavir is increased when com-
bined with efavirenz (approximately 20%), and no
dose adjustment is required when these drugs are
combined®®. Combination of ritonavir and efavirenz
results in a 20% increase of exposure of both
drugs, and the clinical consequence of this inter-
action is not known. Rifampin decreases efavirenz
exposure with 26%; the clinical significance of this
interaction is currently not known.

Protease inhibitors
Protease inhibitors exert their action by the inhi-

structural proteins and replicative enzymes®. Inhi-
bition of the viral protease leads to production of
immature, non-infectious virus particles.

In 1996, approximately 30 protease inhibitors
were in (pre)clinical development. In this section, 4
currently licensed protease inhibitors (saquinavir,
indinavir, ritonavir, and nelfinavir) will be discussed.

Saquinavir

Saquinavir (RO 31-8959. N-Tert-butyl-decahy-
dro-2-[2(R)-hydroxy-4-phenyl-3(S)-[[N-(2quinolyl-
carbonyl)-L-asparaginyllamino]butyl]-(4aS, 8aS)-
isoquinoline-3(S)-carboxamide metharesulfonate).
(Fig. 8) was the first member of its class to be ap-

a
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YNHg H
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Fig. 8. Molecular structure of saquinavir.

proved in 1995 in the USA by the FDA under its ac-
celerated approval regulations for use in combina-
tion with approved nucleoside reverse transcrip-
tase inhibitors in patients with advanced HIV infec-
tion. Saquinavir has been approved in the Euro-
pean Community in October 1996. It is a peptide
derivative, which is a transition-state mimetic of the
Phe-Pro peptide bond. Two pharmaceutical formu-
lations of the drug are Invirase® («hard gelatin cap-
sules») and Fortovase® («soft gelatin capsules»)
with an improved oral bioavailability.

Hard gelatin formulation, Invirase®. As a result
of limited absorption and extensive first-pass me-
tabolism, the bioavailability of a single 600 mg oral
saquinavir dose (Invirase®) taken with food is 4%.
In the fasting state the bioavailability is 18 times
lowers%8' In healthy volunteers the maximum plas-
ma.concentration (C_ ) after a single 600.mg_oral
dose taken with food is 66.1 ng/mL%%2, Saquinavir
should always be taken with food. After multiple

bition of a viral proteas t proces t L%, Time to C
es and cleaves large E)\rlgu@?rl rpﬁ)@if]stﬁ) Fﬁepu (T $€ghm3m5y9(b@ng/m { saquinau

nax) 18 3-4 h after” administration of saquinavir
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Table 3. Steady-state pharmacokinetics of protease inhibitors.

Y Ry — RPN I TP . : P
g WGt UTE R TSR E TSR c
(mg) . (°/|o) L I(h) (h*pg/mL) (ng/mL)
Saquinavir (Invirase®) 600 Ul L[ Ic p UDITS [2I(}jl 0.8 0.20
Saquinavir (Fortovase™) 1,200 NR 2.0 2.2

7.0,

#during one dosing interval
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capsules with food®6' Administration of saquinavir
suspension in a fasted state yielded a T value of
0.77 hes, Steady-state plasma concentrations of
saquinavir in HIV-1 infected patients appear to be
higher than in healthy volunteers with a C_

242 .3 ng/mL after multiple oral doses of 600 mg60
Saquinavir is highly bound to plasma proteins (>
98%)%. The value for total plasma clearance was
98.8 L/h, and the terminal plasma half-life was 13.2
h; in steady-state, the observed elimination half-life
from plasma is approximately 2 h6'. Elimination of
saquinavir is predominantly non-renal; after a 600
mg oral dose, 88% was detected in the faeces,
whilst 1% was excreted in the urine®. Saquinavir
pharmacokinetics appear to be non-linear, with
higher dosages leading to a more than proportion-
al increase in the area under the concentration ver-
sus time curve (AUC) and C__%°. Saquinavir is
rapidly metabolised by the cytochrome P450-3A4
isoenzyme to a number of inactive mono- and dihy-
droxylated metabolites®8. The pharmacokinetics
of saquinavir in HIV-1 infected patients with severe
diarrhoea or wasting syndrome have been investi-
gated®. Preliminary results indicate that plasma
concentrations of saquinavir are at least equal to
those achieved in healthy volunteers. Saquinavir
pharmacokinetics have not been studied in patients
with hepatic or renal insufficiency. Concentrations
of saquinavir in the cerebrospinal fluid are negligi-
ble.

Like all protease inhibitors, a number of drug-
drug interactions are reported for saquinavir. (For a
review on drug-drug interactions with protease in-
hibitors, see reference 67). Rifampin, rifabutin, nevi-
rapine, efavirenz, carbamazepine, phenytoin and
phenobarbital decrease saquinavir concentrations
to subtherapeutic levels and should not be admin-
istered concomitantly. The use of terfenadine,
astemizole, and cisapride is contraindicated since
saquinavir increases exposure to these drugs to
possibly toxic levels.

Saquinavir concentrations are greatly improved
by coadministration of ritonavir, and nelfinavir, with
approximately 20- and 3-fold, respectively. This has
led to widespread use of the combination of riton-
avir and saquinavir (both 400 mg bid).

Soft gelatin formulation, Fortovase®. The
newly developed so elatm for ion of
saquinavir provides im;N)& Ala r%lll oftHe
drug. Concentrations of saqumavw in plasma are
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Fig. 9. Molecular structure of indinavir.

bonyl]-4-(3-pyridinylmethyl)-1-piperazinyl]-2-(fenyl-
methyl)-D-erytro-pentonamide, Fig. 9) is another
and potent representative of the protease inhibitors.
It is also recommended as part of the post expo-
sure prophylaxis regimen. In the USA indinavir is
approved by the FDA under its accelerated ap-
proval regulations for use as monotherapy or in
combination with approved nucleoside analogues
in patients with HIV infection. Indinavir has been ap-
proved in the European Community in October 1996.

Initially starting from a peptide renin lead com-
pound, a series of hydroxyethylene dipeptide in-
hibitors of HIV protease were developed?®8?,
Though highly potent, these compounds lack aque-
ous solubility and desirable pharmacokinetic prop-
erties. The incorporation of an amine resulted in hy-
droxyaminopentane amides, in which potent antivi-
ral activity and acceptable bioavailability are com-
bined’07.

Indinavir is rapidly absorbed with a bioavailabili-
ty of approximately 30% (C,_,, values are generally
reached within 1 h after administration). The drug
should be ingested on an empty stomach, or with a
light meal. Indinavir requires an acidic environment
of the stomach and should therefore not be admin-
istered with didanosine. The plasma elimination
half-life of indinavir is 1.5 h. The sulphate salt of in-
dinavir results in smaller inter-subject variability
compared to the base, and indinavir is now being
administered as a sulphate. In single- and multiple-
dose studies the AUC increased disproportional
with dose. Little accumulation in plasma occurred
following multiple doses (< 30% increase in AUC).
The plasma protein binding of 60% is relatively low
compared to saquinavir and ritonavir’2. Indinavir
might benefit from lower plasma protein binding;

s may result in more substantial penetration into
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Rifampin decreases indinavir concentrations to sub-
therapeutic levels, and should not be administered
with indinavir. Indinavir (1,000 mg tid) can be used in
combination with rifabutin (with decreasing the ri-
fabutin dose with a factor 2). Indinavir should not be
concomitantly used with terfenadine, astemizole,
and cisapride due to the increase of exposure to
these drugs to possibly toxic concentrations.

Ritonavir

Ritonavir  (ABT-538, (2S,3S,5S)-5-[N[N-[[N-
methyl-N-[(2-isopropyl-4-thiazolyl)methyl] amino]-
carbonyl]valinyllamino]-2-[N[(5-thiazolyl)methoxy-
carnonyllamino]-1,6-difenyl-3-hydroxyhexane,
Fig. 10) was approved by the FDA in the USA for
use alone or in combination with approved nucleo-
side analogues in patients with advanced HIV in-
fection. Approval for patients with advanced HIV
infection was based on data demonstrating delay in
disease progression and reduction of mortality. Ri-
tonavir was also approved by the FDA under its ac-
celerated approval regulations for patients with ear-
ly HIV infection based on a beneficial effect on sur-
rogate parameters. In the European Union ritonavir
was the first HIV protease inhibitor to be approved
in August 1996 for use in combination with anti-
retroviral nucleoside analogue(s) in HIV-infected
adult patients with advanced or progressive im-
munodeficiency.

/ ‘
| Nﬂ OH OH
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N :
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CH3%\ \7/
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Fig. 10. Molecular structure of ritonavir.

The pharmacokinetics of ritonavir were studied in
two groups of HIV-1 infected patients’. Ritonavir
was-administered under fasting conditions in-single
oral doses of 100, 200, 400, 600, 800, and 1 ,000 mg.

faeces’. Renal clearance of ritonavir is less than 2
mL/min. The half-life of ritonavir is approximately
3-5h.

The pharmacokinetics of the currently recom-
mended dose (600 mg bid) in 10 HIV-1 infected pa-
tients have been characterized’®. A C__ of 11.2
pg/mL after 3.3 h, an AUC of 60.8 pg-h/mL and a
trough plasma concentration of 3.03 ug/mL were re-
ported. The half-life of ritonavir was 3.2 h with an
apparent clearance of the drug of 8.9 L/h. With this
recommended dose regimen ritonavir plasma con-
centrations were above the targeted effective
concentration (based on in vitro data, the function-
al 90% effective concentration, after adjustment for
binding to protein, is 2:1 pg/mL)7e.

Ritonavir is approximately 99% bound to plasma
proteins. Limited data in patients showed that riton-
avir is present in very low concentrations in the
cerebrospinal fluid, reflecting the free concentration
in plasma’. No effect on relative bioavailability was
detected when ritonavir oral liquid formulation was
administered with either water, Advera®, Ensure®,
or chocolate milk in healthy volunteers™. The oral
bioavailability in humans has not been reported.
Subgroup analyses revealed a significant reduction
of the AUC of 18% in smokers versus non-smokers.
Another subgroup analysis of patients with high
versus low body weight revealed that AUC values
did not correlate with body weight’®.

Ritonavir shows autoinduction of its metabolism,
and the dosage of the drug is gradually increased
after start of therapy, generally from 300 mg bid
during the first 3 days, to 400 mg and 500 mg
bid during the subsequent two periods of three
days. Finally, the dosage for ritonavir is increased to
600 mg bid. Due to its potent inhibition of the me-
tabolism of other protease inhibitors, ritonavir is in-
creasingly being coadministered with saquinavir,
indinavir and nelfinavir.

Ritonavir is a potent inhibitor of cytochrome P450
isozyms 3A4 and 2D6. Furthermore, ritonavir in-
duces several hydroxylation and glucuronidation
steps, making this drug prone to many drug-drug
interactions. (For an extensive review on drug-drug
interactions with ritonavir,7).

Nelfinavir
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Fig.11. Molecular structure of nelfinavir.
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(fenylthio)-butyl] decahydro-3-isochinolinecarbox-
amide, Fig. 11) is the most recently licensed pro-
tease inhibitor for the treatment of HIV-1 infection.

Maximum plasma concentrations of nelfinavir are
reached approximately 3.5 h after administration of
the drug’®€°. The absorption of nelfinavir is reduced
when taken on an empty stomach. Preferably, the
drug should therefore be ingested with food. Nelfi-
navir is extensively bound to plasma proteins (98%)
and shows poor penetration of the cerebrospinal
fluid. Nelfinavir is extensively metabolised by the
cytochrome P450 enzyme system and two active
metabolites have been identified: One with anti-HIV
activity comparable to the parent compound, and
one with an activity in the range of 10-20% of the
parent compound?®’.

Nelfinavir is metabolised by 4 isozymes of the cy-
tochrome P450 system: 3A4, 2C19, 2C9, and 2D6.
The mean elimination half-life of nelfinavir is be-
tween 3.5 and 5 h, and the drug can most likely also
be administered in a bid dosing regimen (1,250 mg
bid) as well as in the licensed dosage of 750 mg tid.

Nelfinavir acts as an inhibitor of cytochrome P450
enzymes and shows a number of drug-drug inter-
actions (see reference 80 for an overview). Of note,
nelfinavir shows also some liver enzyme inducing
properties, causing a decrease of ethinyl estradiol
concentrations when this drug is concomitantly ad-
ministered. Concentrations of nelfinavir are de-
creased when administered with rifampin, and
these drugs should not be administered together.
When concomitantly given with rifabutin, the ri-
fabutin dose should be halved, and the dosage of
nelfinavir should be increased to 1,000 mg tid. Nel-
finavir should not be administered with amiodarone,
astemizole, cisapride, quinidine, ergot derivatives,
midazolam, triazolam, and terfenadine, as nelfinavir
may increase concentrations of these drugs to pos-
sibly toxic levels.
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