CHAPTER 2

REVIEW OF LITURATURE

2.1. Ketoconazole

il
‘ J Cl
|
CH, 1

O

0 o
I—L CHO M H— lLl— CH,

MW = 531.44

Figure 1 : The chemical structure of ketoconaozle

Ketoconazole is a synthetic imidazole derivative antifungal agent. The
structural formula of ketoconazole is shown in Figure 1, it has five-membered ring
which contains two nitrogen atoms. It is a highly lipophilic compound. This property lead
to high concentration of ketoconazole in fatty tissue and purulent exudates. Its oral
absorption and solubility is optimal at acidic gastric pH (van der Meer et al., 1980;

Carlson et al., 1983).

Mechanism of Action

As with all azole antifungal agents, ketoconazole has usually fungistatic
action. The exact mechanism of action of the drug has not been fully determined.
However, it has been suggested that ketoconazole may interfere with ergosterol
synthesis, probably via inhibition of cytochrome P450 lanosterol 14-a-demethylase
(Erg11p). This enzyme is in the sterol biosynthesis pathway that leads from lanosterol to
ergosterol. On the molecular level, one of the nitrogen atoms of the azole ring is thought
to bind to the heam moiety of Erg11p (Lyman et al., 1992; McEvoy ed., 2001; Sanglard

et al., 2002). The mechanism is shown in Figure 2.
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Figure 2 : Model for mechanism of action of ketoconazole (adapted from

Sanglard et al., 2002)

Pharmacokinetics
(1) Absorption
Ketoconazole is lipophilic drug (pK, = 6.51, 2.94) and it should be
absorbed across the gastrointestinal mucosa when it is in the solution (Carlson et al.,

1983). The mean maximum plasma concentration (C of the single 200-mg

max)



ketoconazole tablet in healthy volunteers has been reported to be 4.2 ug/ml at 1.7 hours
after oral administration (Huang, 1986). The bioavailability of oral ketoconazole depends
on the pH of gastric contents in stomach. An increase in the pH results in decreased
absorption of the drug (van der Meer et al., 1980; Daneshmend, 1990; McEvoy ed.,
2001).

(2) Distribution

Ketoconazole has been detected in urine, bile, saliva, sebum,
cerumen, synovial fluid and cerebrospinal fluid following oral administration of a single
200-mg dose of the drug in adults (McEvoy ed., 2001). In blood, 84% of ketoconazole is
bound to plasma proteins, primarily albumin, 15% is bound to erythrocytes, and 1% is
free (Daneshmend et al., 1988; Bennett, 1996).

The mean+SD of apparent oral clearance and the volume of distribution
after 200-mg ketoconazole solution were 209.9+82.9 ml/min and 88.31+68.72 L,

respectively (Huang et al., 1986).

(3) Elimination
Ketoconazole is extensively metabolized in the liver. The major
metabolic reactions in human are hydroxylation of the imidazole ring and oxidative N-
deacetylation of piperazine ring. Ketoconazole itself appears to be oxidized by
cytochrome P450 3A (Shannon et al., 2005; Daneshmend et al.,, 1988). Plasma
concentration of the drug appeared to decline in biphasic manner, with a mean+SD half-
life (t,) of 1.7+0.6 h during the first 8 to 12 h and a mean+SD f, of 7.9+3.8 h after the
administration of 200-mg of ketoconazole tablet (Huang et al., 1986). The major route of
elimination of ketoconazole and its metabolites appears to be excretion into feces via
bile (Graybill et al., 1980; McEvoy ed.,2001). There may be enterohepatic circulation
because the double peaks plasma concentrations was seen at higher doses of
ketoconazole (Brass et al., 1982). Renal excretion of the drug is 13%, as unchanged

form 2% to 4% (Graybill et al., 1980). Renal insufficiency does not affect the plasma



concentration or half-life, but the half-life is prolonged in patients with hepatic

insufficiency (Brass et al., 1982).

Clinical use

Oral ketoconazole is used for treatment of susceptible fungal infections,
including candidal infection (i.e. oropharyngeal candidiasis and/or esophageal
candidiasis, vulvovaginal candidiasis, candiduria, chronic mucocutaneous candidiasis),
dimosphic infection (i.e. histoplasmosis, blastomycosis, paracoccidioidomycosis,
coccidioidomycosis, penicilliosis) and certain recalcitrant dermotophytosis (Como et al.,

1994; McEvoy ed.,2001).

Contraindication

Ketoconazole is contraindicated in patients with known hypersensitivity
to the drug and do not use for treatment of fungal meningitis because it penetrates
poorly into the CSF. Concomitant administration of ketoconazole and terfenadine,
astemizole, or cisapride is contraindicated due to the risk of potentially fatal cardiac

arrest (McEvoy ed., 2001; Micromedex, 2004).

Adverse Drug Reaction
The major drawbacks of ketoconazole therapy are from the occasionally

seen adverse reaction.

(1) Gastrointestinal (Gl) effects
The most common adverse reactions of ketoconazole are nausea
and/or vomiting (3% to 10%) (Como et al.,1994; Dismukes et al., 1983). Other Gl effects
include abdominal pain, constipation, flatulence, Gl bleeding and diarrhea (less than
1%). Adverse Gl effect appear to be dose related. Administration of ketoconazole with
food minimized adverse Gl effect, which usually subside with continued therapy

(McEvoy ed., 2001; Micromedex, 2004).



(2) Hepatic effects
Several cases of hepatotoxicity, hepatitis and transient elevation in
liver enzymes (SGOT, SGPT and alkaline phosphatase), have been reported with
ketoconazole therapy (Lewis et al., 1984; Walsh et al., 1991). Onset of the symptom has
ranged from short-term (1 to 3 weeks) to long-term (12 to 15 months after initiation of
therapy). Accompanying symptom include nausea, backache, fever and weakness.
Hepatotoxicity has been observed in patients receiving 200 to 800 mg daily. Symptoms
may progress to jaundice, anorexia, malaise and potential death. Ketoconazole should
be discontinued, when signs or symptoms of hepatotoxicity occur (McEvoy ed., 2001;
Micromedex, 2004). The severity of ketoconazole-induced hepatotoxicity was closely
related to the exposure level (AUC) of the drug (Ma et al., 2003). Ketoconazole have
been reported in the literature of which the deacetylated metabolite, N-deacetyl
ketoconazole (DAK), is the major metabolite which undergoes further metabolism by the
flavin-containing monooxygenases (FMO) to form a potentially toxic dialdehyde

(Rodriguez et al., 1997a).

(3) Endocrine effects
Bilateral gynecomastia with breast tenderness has occurred in some
men during the therapy. A possible mechanism of ketoconazole-induced gynecomastia
is inhibition of sterol synthesis through its direct inhibitory effect on adrenal
steroidogenesis with a blunting of the cortisol response to adrenocorticotropin hormone.
These would indicate that in some patients receiving ketoconazole, there may be a
decrease in adrenal reserve. The steroid blockade usually persists for 4 to 16 hours
following a daily dose and should not be of major significance. Although available data
indicate that ketoconazole must be given in higher dose for certain resistant fungal
diseases and more frequently (2 to 3 times daily), the patients may be at higher risk of
developing a state of hypoadrenalism. The incidence of gynecomastia was 21%.
Endocrinologic toxicity was dose related and increased at doses greater than 800 mg

(O’Connor et al., 2002; Thompson et al., 1993; McEvoy ed., 2001; Micromedex, 2004).
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(4) Other adverse effects
About 2% of patients receiving ketoconazole have experienced pruritus
and less than 1% experienced rash, dermatitis and urticaria. Anaphylactic reactions
occurring after the first dose of the drug has rarely been reported.
Headache, dizziness, somnolence, lethargy, asthenia, nervousness,
insomnia, abnormal dreams, photophobia and paresthesia occurred in less than 1% of

patients receiving ketoconazole (McEvoy ed., 2001; Micromedex, 2004).

Drug interactions

Since gastric acidity is necessary for the dissolution of ketoconazole,
concomitant administration of drugs with decrease gastric acid output or increase
gastric pH, such as, antacids, cimetidine, ranitidine, omeprazole, antimuscarinics, may

decrease absorption of ketoconazole (McEvoy ed., 2001; Micromedex, 2004).

Amprenavir
Twelve healthy male volunteers received amprenavir 1200 mg,
ketoconazole 400 mg, and amprenavir 1200 mg plus ketoconazole 400 mg. Each
treatment was separated by 14 days. Coadministration of the drugs, the maximum
concentration (C_,) and the area under the concentration-time curve (AUC) of
ketoconazole were increased by an average of 19% and 44%, respectively.
Ketoconazole decreased the amprenavir C_, by 16%, but the AUC was increased by

31% (Polk et al., 1999).

Didanosine
Twenty-four healthy volunteers were randomized to received 200 mg of
ketoconazole, single dose, or 200 mg of ketoconazole plus 400 mg capsule of
didanosine, as an encapsulated enteric bead formulation. Concomitant administration of
didanosine 400-mg and ketoconazole 200-mg, indicated a lack of interaction (Damle et

al., 2002).
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Phenytoin
Concomitant administration of phynytoin 300 mg/d and ketoconazole 600
mg/d, the area under the steady-state concentration of ketoconazole were 0.16 pug/ml
during concurrent and 4.6 pg/ml after discontinue phenytoin. Patient failed to respond
during concurrent therapy. The coadministration of phenytoin with ketoconazole leads to
a profound reduction in serum ketoconazole concentrations. This decrease has an effect
on the clinical response to therapy that appears to correlate with in vitro susceptibility

results for the relevant fungal pathogen (Tucker et al., 1992).

Rifampicin and isoniazid

Eleven tuberculous patients who were given rifampicin 10 mg/kg and
ketoconazole 200 mg concurrently, plasma concentration of ketoconazole decreased
85% at 2 h (p<0.025) and 98% at 5 h (p<0.025). Another studies, eight male
tuberculous patients were given isoniazid 5 mg/kg and ketoconazole 200 mg. Plasma
concentrations were measured at 0, 2 and 5 hs after taking the drugs. When both drugs
were given simultaneously ketoconazole plasma concentration decreased 75% at 2 hs
(p<0.025) and 85% at 5 hs (p<0.05) (Pilheu et al., 1989).

As in another pharmacokinetic study, concomitant administration of
rifampicin  600-mg, isoniazid 300-mg and ketoconazole 200-mg, the AUC of

ketoconazole after 5 months was decreased by 88.3% (Brass et al., 1982).

Nevirapine
Twenty six HIV-infected patients with CD,, count 2 100 cell/mm’ were
administered 400-mg of ketoconazole, q.d., for 5 days. Nevirapine was add on day 5
(200 mg/d for 14 days, than 400 mg/d for 14 days). Coadministration resulted in a
significant 62.8% (p<0.05) and 39.5%(p<0.05) reduction in the AUC and C_, of
ketoconazole, respectively. Ketoconazole had a slight inhibitory effect on nevirapine
of

metabolism by 15 to 20% increase in C,_, and minimum concentration (C

X min)
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nevirapine, although the inhibitory interaction may have been muted by the induction

effect by nevirapine on ketoconazole (Lamson et al., 1998).
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2.2. Efavirenz

MW = 315.68

Figure 3 : The chemical structure of efavirenz

Efavirenz is a non-nucleoside reverse transcriptase inhibitor (NNRTI)
which shows good inhibitory activity against HIV-1. In the treatment of HIV infection,
efavirenz is used only in combination regimens (Adkins ef al., 1998; Micromedex, 2004).

The structure formula of efavirenz is shown in Figure 3.

Mechanism of Action

The reverse transcriptase (RT) of human immunodeficiency virus type 1
(HIV-1) is a heterodimer that consists of a 66 kDa subunit (p66) and a 51 kDa subunit
(p51). Only the p66 polymerase domain has a DNA-binding cleft, a functional
polymerase active site, and a site for binding non-nucleoside reverse transcriptase
inhibitors (NNRTIs). The inhibition mechanism of HIV-1 RT by NNRTI, efavirenz, has
been suggested that there are significant conformational differences in the p66
polymerase domain when efavirenz is thought to bind to the amino-acid residues of

NNRTI-binding pocket in RT (Hsian et al., 1996).

Pharmacokinetics
(1) Absorption
Efavirenz plasma concentrations reached steady-state level within 6 to
10 days during administration of the drug at 200, 400 or 600 mg/day to HIV-1-infected

patients. The trough plasma concentration (C maximum plasma concentration (C

min)’ max)
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and AUC at steady state of the single 600-mg once daily of efavirenz tablet in HIV-
infected individuals have been reported to be 1.8 pg/ml, 4.1 pg/ml and 58.1 pug/ml.h,
respectively (Adkins, 1998; Micromedex, 2004). The bioavailability of oral efavirenz was
42 % in animal studies after 2-mg/kg doses (Balani et al., 1996; Young et al., 1995).
Treatment failure has been discussed as being associated with low efavirenz levels
(<1ug/ml), and central nervous system (CNS) toxicity may be associated with high

efavirenz levels (>4 pg/ml)(Marzolini et al., 2001).

(2) Distribution
Efavirenz has been detected in urine, bile and cerebrospinal fluid
following oral administration of a single 600-mg dose of the drug in adults (Micromedex,
2004). In HIV-1-infected patients who received efavirenz 200 to 600 mg once daily for at
least one month, cerebrospinal fluid concentrations ranged from 0.26 to 1.19% (mean
0.69%) of the corresponding plasma concentration. In blood, 99.5% to 99.75% of

efavirenz is bound to plasma proteins, mainly albumin (Adkins et al., 1998).

(3) Elimination

Efavirenz is extensively metabolized in the liver, predominantly by the
CYP3A4 and 2B6 isoenzymes (Chen et al., 2003; Deeks, 1998). Hydroxylated
metabolites are produced which have negligible antiviral activity. Appoximately 14 to
34% of radiolabelled dose of efavirenz 400 mg was excreted in urine in the form of
metabolites and 16 to 61% was excreted in the faeces as unchanged drug. Less than
1% of an administered dose of efavirenz is excreted unchanged in the urine. The
terminal plasma elimination half-life (f,) of efavirenz was 52 to 76 and 40 to 55 hours,
respectively, after single- and multiple- dose oral administration (Micromedex, 2004;
Adkins, 1998). Several in vivo studies have reported a reduction in the plasma levels of
other CYP3A4 substrates when they are co-administered with efavirenz 600-mg per day
(Aarnoutse et al., 2002; Clarke et al., 2001, Falloon et al., 2000). Efavirenz caused a

concentration-dependent CYP3A4 induction and activation of the human pragnane X
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receptor (hPXR), a key transcriptional regulator of CYP3A4, in vitro (Hariparsad et al.,
2004). However, efavirenz did not appear to induce intestinal CYP3A4 or intestinal P-

glycoprotein (Berruet et al., 2005; Mouly et al., 2002).

Clinical use
Efavirenz in combination with other anitiretroviral agents is indicated for

the treatment of HIV-1 infection (Micromedex, 2004).

Contraindication

Efavirenz is contraindicated in patients with known hypersensitivity to the
drug. Concomitant administration of efavirenz and midazolam or triazolam is
contraindicated due to the risk of excessive sedation and confusion. Concomitant
administration of the drug and astemizole, or cisapride is contraindicated due to the risk

of potentially fatal cardiac arrest (Micromedex, 2004).

Adverse Drug Reaction
The major drawbacks of efavirenz therapy are from the occasionally seen

adverse reactions.

(1) Central nervous system

The most common adverse reactions of efavirenz on central nervous
system symptom occur in 53% of patients on efavirenz and 25% of patients on control
regimen. The adverse reactions which have been reported were dizziness 28%,
insomnia 16%, somnolence 7%, abnormal dreams 6% and hallucinations 1.2%, with 2%
of patients rating these symptoms severe enough to require discontinuation. Onset is
rapid, within the first or second day of treatment, but may resolved spontaneously over 2
to 4 weeks of treatment, if tolerable. These symptoms are more tolerable if the drug is

taken just prior to bedtime (Deeks, 1998; Micromedex, 2004).
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(2) Gastrointestinal (Gl) effects
The Gl adverse reactions of efavirenz are diarrhea, nausea
and/or vomiting and have been reported in 5% to 25% of adult patients and 12% to 39%

of pediatric patients who received the drug (Micromedex, 2004).

(3) Hepatic effects
Elevation of liver enzymes (SGOT, SGPT and alkaline phosphatase) to 5-
times of the upper limits of normal range has been observed in approximately 3% of
1,008 patients treated with efavirenz combinations. Up to 8% of patients with a prior
history of hepatitis B or C may develop elevations of these enzymes (Micromedex,

2004).

(4) Other adverse effects

New onset rash was reported in 26% efavirenz-treated patients compare
with 17% of patients in control group. Onset of rash was a median of 11 day.
Antihistamines and/or corticosteroids may improve the tolerability and hasten the
resolution of the rash (Micromedex, 2004).

Teratogenic effect, anencephaly, anophthalmia and cleft palate, have
been occurred in some animal studies as monkeys, but have not been observed in rats
and rabbits following standard dose of efavirenz. Efavirenz therapy should be avoided in
the first trimester in pregnant women infected with HIV-1 ( Deeks, 1998; Micromedex,

2004).

Drug interactions
Amprenavir
Concomitant administration of amprenavir 700-mg twice daily and
efavirenz 600-mg once daily for 14 and 21 days, the area under the concentration-time
curve (AUC) of amprenavir were decreased an average of 46% and 61%, respectively

(Morse et al., 2005). As in other pharmacokinetic studies involving fosamprenavir and
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efavirenz, AUC and C_, of fosamprenavir were decreased by 13% and 36%,
respectively after coadministration with fosamprenavir 1400-mg and efavirenz 600-mg

daily for 2 weeks (Micromedex, 2004).

Atorvastatin/Simvastatin/Pravastatin
Concomitant administration of efavirenz 600-mg once daily and
atorvastatin 10-mg, simvastatin 40-mg or pravastatin 40-mg daily for 3 days decreased
the area under the concentration-time curve (AUC) of atorvastatin, simvastatin and

pravastatin by 43%, 58% and 40%, respectively (Gerber et al., 2005).

Clarithromycin
In healthy volunteers given efavirenz 400-mg once daily and
clarithromycin 500-mg twice daily for 7 day, the AUC of clarithromycin was decreased
by 39% and the AUC of its hydroxyl-metabolite was decreased by 34% (Benedek et al.,
1998).

Ethinyl estradiol
The AUC of a single 50 ug dose of ethinyl estradiol was significantly
decreased by 37% in healthy female volunteers who received concomitant efavirenz

400-mg once daily for 10 day (Adkins et al., 1998; Joshi et al., 1998).

Indinavir
Concomitant administration of efavirenz 200-mg once daily and indinavir

800-mg 3 times daily for 14 days decreased the maximum concentration (C and the

)
area under the concentration-time curve (AUC) of indinavir by 16% and 31%,
respectively. An increase in the dosage of indinavir from 800 to 1000-mg 3 times daily is
recommended in patients receiving concomitant efavirenz therapy (Adkins et al., 1998;
Micromedex, 2004). As in other pharmacokinetic studies involving indinavir, ritonavir

and efavirenz, 18 healthy male volunteers received a combination of 800-mg indinavir
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and 100-mg ritonavir twice daily plus 600-mg efavirenz once daily for 14 days.

Efavirenaz resulted in significant reductions in AUC, C__., and C_,. of indinavir by 25%,

n

50% and 17%, respectively. The significant decrease in the AUC, C__,, and C_, were

max’

36%, 34% and 39%, respectively (Aarnoutse et al., 2002).

Lopinavir/ritonavir
45 HIV-infected patients received 533.3/133.3-mg of lopinavir/ritonavir
twice daily plus efavirenz 600 mg once daily. Efavirenz increased the mean steady state

elimination rate constant of lopinavir by 36% (Dailly et al., 2005).

Methadone
Eleven HIV-infected patients attending on stable methadone
maintenance therapy. When combined with 600-mg once daily of efavirenz for 7 days
there was marked decreased in the AUC,,, and C__ of methadone by 52%(p=0.007)
and 45%(p=0.012), respectively (Clarke et al., 2001).

Nelfinavir
Concomitant of 750-mg nelfinavir 3 times daily plus 600-mg efavirenz
once daily for 7 day decreased the mean clearance of nelfinavir metabolite (M8) by 43%

(Labbe et al., 2005).

Ritonavir
24 normal volunteers received 1875 mg of nelfinavir plus ritonavir 200
mg qg.d. with a 300-kcal snack for 10 days. During days 11-20 efavirenz 600 mg q.d.

was added to the regimen. Decreases were observed in ritonavir AUC,, (-20%), C

max

(-24%), and C_. (-12%) after the addition of efavirenz to the regimen, due to induction

min

effect of efavirenz (Porte et al., 2004).
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Saquinavir
Administration of efavirenz 600-mg once daily for 10 days greatly

decreased the C_ ., and AUC by 50% and 60%, respectively, of coadministered

saquinavir 1200-mg 3 times daily as soft gelatin capsule in healthy volunteers. Use of
efavirenz in combination with saquinavir as the sole protease inhibitor is not

recommended (Adkins et al., 1998; Micromedex, 2004).

Voriconazole
34 healthy male subjects received 400-mg once daily of efavirenz for 19
days and voriconazole 200-mg 2 times daily for 9 days after 10 days of efavorenz alone.
Efavirenz decreased the mean steady state AUC and C_,, of voriconazole by 77% and
61%, respectively. While voriconazole had a inhibitory effect on efavirenz metabolism

by 38% and 44% increase in C_, and AUC of efavirenz, respectively (Liu et al., 2005).
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2.3. Cytochrome P450 System

The liver is frequently the target organ of toxic chemicals. It receives a
dual supply of blood via the hepatic artery, arising from the aorta (25%), and via the
portal vein (75%), which is a conglomerate of venous returns from the intestinal, spleen,
and mesenteries. By lying between the portal and systemic circulation, the liver will
receive drugs entering via portal system during oral absoption. Each liver cell carries out
all chemical reactions associate with metabolism.

Drugs are usually lipophilic substances so they can pass plasma
membranes and reach the site of action. Drug metabolism is basically a process that
introduces hydrophilic functionalities onto the drug molecule to facilitate excretion. This
biotransformation is an essential part of self-protection against toxic effects of drug. Two
important detoxification mechanism in normally functioning livers are Phase | and Phase
Il metabolic reaction. Phase | reactions convert the parent hydrophobic drug to a more
polar metabolite by oxidation, reduction, or hydrolysis. These reactions expose or
introduce a functional group (-OH, -NH,, -SH, or —-CO,H), and usually result in only a
small increase in the hydrophilicity of the drug. Some examples of Phase | reactions are
presented in Figure 4. The bioactivation of drug candidates metabolites that sometimes
can be even more toxic than the original drug. These Phase | metabolites are detoxified
by Phase Il conjugation reactions with cellular macromolecules such as glucuronide,
sulfate, acetate, or an amino acid (as shown in Figure 5). Some examples of Phase |l
reactions are presented in Figure 6. Phase |l preceding Phase | reaction, although less
common, can also occur. These reactions, either alone or in concert, are responsible for

the generation of readily excretable metabolites (Yan et al., 2001).
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Figure 4 : Examples of Phase | Reactions (Yen et al., 2001)
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Figure 5 : Structures of cofactors for phase Il biotransformation (Yen et al., 2001).
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Figure 6 : Reaction of electrophilic metabolites with GSH (Yen et al., 2001)
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Cytochrome P450 (CYP), a cellular chromophore, was first named in
1961, because the pigment (P) has a 450-nm spectral peak when reduced and bound
to carbon monoxide (Nebert et al., 2002). It refers to a family of over 100 enzymes in
human body that modulate various physiologic functions (Preskron et al., 1995). The
CYP450 enzyme system contains two large subgroups: steroidogenic and xenobiotic
enzymes. The steroidogenic group is involved in pathways of steroid biosynthesis and
do not metabolize foreign compounds. The xenobiotic group includes four major
enzyme families, CYP1, CYP2, CYP3, and CYP4. These enzymes perform a number of
physiologic functions, they are vital formation of arachidonic acid metabolites, but their
primary role involves the Phase | metabolism of drugs (Gonzalez,1992; Guengerich et
al.,1993; Nebert, 1991; Nelson et al., 1993). Most of the metabolism enzymes are
located in the endoplasmic reticulum (ER) (Yan et al., 2001).

Approximately 70% of human liver CYP is accounted for by CYP1A2,
CYP2A6, CYP2B, CYP2C, CYP2D6, CYP2E1 and CYP3A enzymes. Among these,
CYP3A and CYP2C are the most abundant subfamilies, accounting for 30% and 20%,
respectively (Lin et al., 1998).

In general, significant drug-drug interaction occurs only when two or
more drugs compete for the same enzyme and when the metabolic reaction catalysed
by this enzyme is a major elimination pathway. Drug-drug interactions can also occur
when the CYP responsible for the metabolism of a drug is induced by long term
treatment with an other drug.

The human CYP3A4 is responsible for approximately 60% of P450-
mediated metabolism of drugs in therapeutic use today implicating this enzyme as
important with respect to the action, duration, and disposition of drugs and their
metabolites (Gibson et al., 2002). Because of the considerable role that CYP3A4 plays
in drug metabolism, hepatic and intestinal expression of this P450 can mediate the
therapeutic outcome of many agents. Wide variation in tissue concentrations of this
enzyme has been found among individuals that ultimately affects drug disposition often

making disposition difficult to predict (Wrighton et al., 2000). Variability in CYP3A4
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expression can result from a variety of factors and is partially explained by the ability of
various xenobiotics to increase the expression of this P450. Of these xenobiotics, many
are therapeutic agents that enhance hepatic and/or intestinal CYP3A4 expression
(Guengerich, 1999). At least five categories of agents are considered CYP3A inducers:
steroid hormones having either glucocorticoid or anti-glucocorticoid activities,
Phenobarbital (PB) and PB-like agents such as PCBs and organochlorine pesticides,
macrolide antibiotics, imidazole antifungal agents, and receptor and enzyme
antagonists (e.g., nifedipine, troglitazone, lovastatin) (Quattrochi et al., 2001). The
inducibility of CYP3A4 gene expression, coupled with the remarkable versatility of

CYP3A catalytic activities, creates the potential for drug-drug interactions.

Mechanisms of inhibition of CYP
The catalytic cycle of CYP consist of at least 7 discrete steps :
(i) binding of the substrate to the ferric form of the enzyme
(ii) reduction of heam group from the ferric to the ferrous state by an
electron provided by NADPH via CYP reductase
(iii) binding of molecular oxygen
(iv) transfer of a second electron from CYP reductase and/or cytochrome b5
(v) cleavage of the O-O bond
(vi) substrate oxygenation

(vii) product release (Figure 7).

Although impairment of any one of steps can lead to inhibition of CYP enzyme activity,

step (i), (i) and (vi) are particularly vulnerable to inhibition.
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Fig 7 : The catalytic cycle of cytochrome P450 (Siroka et al., 2004)

The mechanisms of CYP inhibition can be divided grossly into three categories :

1) Reversible inhibition

Reversible inhibition is probably the most common mechanism
responsible for documented drug interactions. In mechanistic terms, reversible
interactions arise as a result of competition at the CYP active site and probably involve
only the first step of the CYP catalytic cycle. Many of the potent reversible CYP inhibitor
are nitrogen-containing drugs, including imidazole, pyridines and quinolines. These
compounds can not only bind to the prosthetic heam iron, but also to the lipophilic
region of the protein. Inhibitors that simultaneously bind to both regions are inherently

more potent inhibitors. The potency of an inhibitor is determined both by its lipophilicity



26

and by the strength of the bond between its nitrogen lone electron pair and the

prosthetic heam iron (Lin et al., 1998).

2) Quasi-irreversible inhibition via metabolic intermediate complexation

A large number of drug, including methylenedioxybenzenes,
alkylamines, macrolide and hydrazines, undergo metabolic activation by CYP enzyme to
form inhibitory metabolites. These metabolites can form stable complexes with the
prosthetic heam of CYP, called metabolic intermediate (MI) complex, so that the CYP is
sequestered in the functionally inactive state. Ml complexation can be reversed, and the
catalytic function of ferric CYP can be restored by in vitro incubation with highly
lipophilic compounds that displace the metabolic intermediate from the active site.
Dissociation or displacement of Ml complex results in the reactivation of CYP functional
activity. However, in in vivo situations, the MI complex is so stable that the CYP involved
in the complex is unavailable for drug metabolism, and synthesis of new enzymes is the
only means by which activity can be restored. The nature of MI complexation is,

therefore, considered to be quasi-irreversible (Lin et al., 1998).

3) Irreversible inactivation of CYP

Drug containing certain functional groups can be oxidized by CYP to
reactive intermediates that cause irreversible inactivation of the enzyme prior to its
release from the active site. The mechanism-based inactivation of CYP may result from
irreversible alteration of heam or protein, or a combination of both. In general,
modification of the heam group invariably inactivates the CYP, whereas protein alteration
will result in loss of catalytic activity only if essential amino acids, which are vital for
substrate binding, electron transfer and oxygen activation, are modified.

Drug containing terminal double-bond (olefins) or triple-bond
(acetylenes) can be oxidized by CYP to radical intermediates that alkylates the
prosthetic heam group and inactivate the enzyme. The evidence for heam alkylation

includes the demonstration of equimolar loss of enzyme and heam, as well as the
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isolation and structural characterization of the heam adducts. Heam akylation is initiated
by the addition of activated oxygen to the internal carbon of the double or triple bond
and is terminated by binding to heam pyrrole nitrogen.

The best known example of inactivation of CYP through protein
modification by suicide inactivator is that of chloramphenicol. The dichloroacetamido
group is oxidised to an oxamyl moiety that acylates a lysine residue in the CYP active
centre. This acylation event interferes with the transfer of electrons from CYP reductase
to the heam group of the CYP and thereby prevents catalytic turnover of the enzyme

(Lin et al., 1998).

Mechanisms of induction of CYP

A central part of this defense is the adaptive increase of CYP gene
expression, induction, which leads to enhanced metabolism and termination of the
pharmacological action of drugs (Okey, 1990). The induction mechanisms for major
drug metabolising CYP genes have been studied intensively, and recent findings
indicate that a common general pathway is utilized : exposure to drugs activates
specific members of the nuclear receptor (NR) superfamily which in turn bind to their
cognate DNA elements and stimulate the CYP target gene transcription (Johnson et al.,
1996; Kliewer et al., 1999; Honkakoski et al., 2000). This leads to increased synthesis of
CYP enzymes and enhanced metabolism and clearance of the drugs.

Several clinical studies have reported a reduction in the plasma levels of
other cytochrome P450 (CYP) 3A4 substrates when they are coadministered with
efavirenz (600 mg/d) (Aarnoutse et al., 2002; Falloon et al., 2000; Clarke et al.,2001).
Furthermore, the mechanism may be efavirenz increase CYP3A4 activity. Recent studies
suggest that the human pregnane X receptor (hPXR), an orphan nuclear receptor,
serves as a key regulator of the CYP3A4 gene, and the transactivation of this receptor
leads to upregulation of CYP3A4. In the presence of an activating ligand, PXR forms a
heterodimer with the retinoid X receptor (RXRa). This heterodimer binds to the

xenobiotic response element in the promoter sequence of CYP3A4, leading to increased
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gene transcription (Honkakoski et al., 2000). Efavirenz is an efficacious activator of

hPXR (Hariparsad et al., 2004).
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2.4. The HIV life cycle (CATIE, 2003; Lythgo, 2004)

Like all retroviruses, HIV cannot multiply by itself. It must get inside a cell
in order to make copies of itself. When HIV infects a cell, it takes over the cell's control
centre. From there, the virus starts to make new copies of itself (it reproduces or
replicates). These newly minted viruses then go on to infect other cells. Without
treatment, experts estimate that up to 10 billion copies of HIV may be made every day.

The HIV virus is part of the lentivirus family, and is a sexually transmitted
pathogenic retrovirus which can be divided into two types. HIV-1 is currently
widespread among humans, and begins showing symptoms within 5 years of infection.
HIV-2 is localized in Africa, and it takes longer for symptoms to appear. HIV-1 is
classified into three sub-groups based on the sequences of gag and env genes: Group

O (outliers), Group M (majority), and Group N (non-M/O).

The HIV Virus

Human immunodeficiency virus (HIV) is made up of two strands of
genetic material called RNA. Along with the RNA, HIV contains three key enzymes:

® reverse transcriptase

® integrase

® protease

These enzymes are chemicals that help the virus make copies of itself.
The outer surface of the virus is covered with glycoproteins called gp120 and gp41 (as

shown in Figure 8).
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Figure 8 : The structure of HIV (CATIE, 2003)

2.4.1. HIV enters a cell

HIV has an affinity for CD4+ T-cells and monocytes. HIV uses the
glycoproteins that mediate entry are transmembrane protein gp41 and gp120,
gp120 is non-covalently linked to gp41, and recognizes the CD4 ligand on host cells.
Upon binding, a conformational change within gp120 is induced which exposes co-
receptor binding sites in gp120. The coreceptors bind a host chemokine receptor —
either CXCR4 or CCR5 depending on the type of HIV particle. Once HIV is attached to
the receptors, the virus can fuse with the cell into the cytoplasm.Then the contents of
the virus are inserted into the cell. Not all of the cells in your body have CD4 receptors;
the most important cells that do are called CD4+ T cells or T4 cells.

Drugs known as entry inhibitors are being developed to prevent HIV from
getting inside cells. Some of these experimental drugs are designed to block the co-
receptors while others prevent the virus from fusing with the cell. Although none of these
drugs are approved for use yet, there are several currently being studied in clinical
trials. Included are T-20, also known as pentafuside, which is likely to be the first entry
inhibitor approved, and a similar drug, T-1249, which may be a better drug but is not as

far along in the approval process (as shown in Figure 9).
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Figure 9 : Model for HIV enters a cell (CATIE, 2003)
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2.4.2. HIV takes control of the cell

Inside the cell, the viral lipid envelope is left behind in the host’s lipid
bilayer, and the viral capsid is released into the cell. Immediately after entry, viral
reverse transcriptase (RTase) transcribes the viral genome into cDNA, and the cDNA
travels to the nucleus. Now the genetic material of the virus matches the genetic material
of the cell (as shown in Figure 10). Drugs called reverse transcriptase inhibitors slow
down or stop the action of the RT enzyme. The three types of these drugs are:

2.4.2.1 .nucleoside analogue reverse transcriptase inhibitors (NRTIs)

2.4.2.2. non-nucleoside analogue reverse transcriptase inhibitors

(NNRTIs)

2.4.2.3. nucleotide analogue reverse transcriptase inhibitors (nucleotide

RTIs)

HIV enters cell

reverse
transcriptase

HIV RNA is
converted
to DNA

l CO4+ cell
HIV takes control of the cell :‘

Figure 10 : Model for HIV takes control of the cell (CATIE, 2003)




32

2.4.3. HIV becomes part of the infected cell

The second viral enzyme, called integrase, inserts the newly converted
viral DNA into the host's chromosomal DNA. It has been proposed that distortion
characteristics in the DNA (for example bound proteins) influence where the viral cDNA
is inserted. With the viral DNA integrated into the DNA of the cell, the virus has become
part of the cell.

This process has sometimes been compared to putting a “bug” in a
computer software program. Researchers are working to develop drugs that will
interfere with the action of integrase. Right now, there are no approved integrase

inhibitors (as shown in Figure 11).

cell's DNA

integrase o’

HIV DNA

HIV-infected CD4+ (:EID

Figure 11 : Model for HIV becomes part of the infected cell (CATIE, 2003)

2.4.4. HIV tricks the infected cell into making copies of itself
At this point, if the infected CD4+ cell is activated — which happens any
time the immune system is called upon to respond to an infection or allergen or
cancerous cell — instead of performing its proper functions, it will start making and
releasing new virus. The first step is to make long chains of viral protein. The protease
enzyme works like scissors to cut these protein chains into the smaller pieces that make
up HIV. The newly cut pieces are assembled into new virus particles, which then “bud”

out from the host cell and can go on to infect other cells (as shown in Figure 12).
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