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212 Typed pages
Directed by Dr. William R. Ravis
St. John’s Wort is a flowering plant whose extracts have gained increasing

popularity in the treatment of mild to moderate depression. This investigation
examined the impact of long-term St. John’s Wort administration upon the
pharmacokinetic profiles of the glucocorticoid drugs prednisone and
prednisolone, and upon the pharmacokinetic profile of enantiomeric ibuprofen.
The pharmacokinetics of prednisone and prednisolone were not significantly
changed by St. John’s Wort co-administration. Mean prednisone parameters (for
control samples and St. John’s Wort treatment samples, respectively) were 3.85
+/- 1.49 hrs and 5.10 +/- 2.77 hrs for drug elimination half-life, 115.89 +/- 39.52
Mg*hr/L and 128.76 +/- 32.71ug*hr/L for area under the curve (AUC), 15.42 +/-
4.19 pg/L and 15.11 +/- 3.41 pg/L for maximum plasma concentration (Cmax),

and 6.44 +/- 0.92 hrs and 8.56 +/- 3.88 hrs for mean residence time (MRT).
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Mean prednisolone parameters (for control samples and St. John’s Wort
treatment samples, respectively) were 2.97 +/- 0.59 hrs and 3.09 +/- 0.83 hrs for
drug elimination half-life, 714.19 +/- 153.29 ug*hr/L and 700.74 +/- 89.68 ug*hr/L
for AUC, 128.10 +/- 25.33 ug/L and 128.58 +/- 23.65 pg/L for Cmax, and 5.03 +/-
0.88 hrs and 5.23 +/- 1.23 hrs for MRT. Average ratios of prednisolone to
prednisone AUC were 6.40 +/- 0.970 and 5.64 +/- 1.15 before and after St.
John’s Wort co-administration, respectively. Minimal significant changes in
ibuprofen pharmacokinetics resulted from long-term St. John’s Wort therapy.
Mean S(+)-ibuprofen parameters (for control samples and St. John’s Wort
treatment samples, respectively) were 3.24 +/- 1.61 hrs and 2.17 +/- 0.477 hrs for
drug elimination half-life, 131.6 +/- 26.8 ug*hr/mL and 122.4 +/- 32.9 ug*hr/mL for
AUC, 31.8 +/- 7.33 yg/mL and 33.6 +/- 7.83 pg/mL for Cmax, and 5.20 +/- 1.95
hrs and 3.60 +/- 0.322 hrs for MRT. A clinically significant decrease in S-
enantiomer mean residence time was seen following St. John’s Wort treatment.
Mean R(-)-ibuprofen parameters (for control samples and St. John’s Wort
treatment samples, respectively) were 2.28 +/- 1.34 hrs and 1.55 +/- 0.641 for
drug elimination half-life, 85.1 +/- 26.6 ug*hr/mL and 87.7 +/- 30.1 pg*hr/mL for
AUC, and 28.4 +/- 8.72 yg/mL and 30.0 +/- 8.97 pg/mL for Cmax, and 3.76 +/-
1.71 hrs and 2.78 +/- 0.631 hrs for MRT. Average ratios for S- to R-enantiomer
AUC were 1.69 +/- 0.654 before St. John’s Wort dosing and 1.49 +/- 0.496 after

St. John’s Wort co-administration, respectively.
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INTRODUCTION

The proliferation of herbal products has perhaps permanently altered the
landscape of modern therapeutics. Many herbal remedies have achieved
mainstream popularity in recent years, in some cases becoming relied-upon
alternatives to conventional drug treatments. St. John’s Wort, for instance, is a
popular alternative to synthetic agents. Clinical trials have found the herb to be
comparably effective to tricyclic anti-depressants in the treatment of mild to
moderate depression. The preparation is easily obtained as an over-the-counter
remedy, and therefore is self-prescribed by many without physician advisement.
St. John’s Wort is an herbal dietary supplement that is not regulated by the
United States Food and Drug Administration. St. John’s Wort can vary in terms
of product purity and active ingredients from batch to batch, and from brand to
brand. Furthermore, the product has not undergone the intensive level of safety
and efficacy testing as have synthetically derived products; thus, knowledge is
yet to be gained concerning its compatibility with many well-established
medications.

In recent years, St. John’s Wort has received attention due to its apparent
capability to alter human hepatic and intestinal cytochrome P450 enzymatic
activity. The product consists of multiple xenobiotic components that are
individually capable of affecting cytochrome function. Previous case reports and

pharmacokinetic studies have shown this supplement to reduce the plasma
1



concentrations of a wide range of medications metabolized by several
cytochrome moieties. Drastic alterations have been observed in various
pharmacokinetic parameters of drugs such as warfarin, phenprocoumon,
theophylline, cyclosporine, amitryptyline, indinavir, and various oral
contraceptives (Henderson et al., 2002).

Ibuprofen is a stereo-isomeric, non-steroidal anti-inflammatory drug that is
used in the treatment of body aches most commonly associated with various
types of arthritis, dysmenorrhea, and headache. |buprofen is also used for body
temperature regulation in instances of fever. Developed in the 1960s as an anti-
rheumatic agent, the drug has been available without a prescription in the United
States since 1984.

A proprionic acid derivative, ibuprofen potently inhibits prostaglandin
biosynthesis to elicit its effects. The S(+)-enantiomer displays the majority of
pharmacological activity. Ibuprofen is usually administered orally in either
conventional or sustained release preparations. lts standard dosing ranges from
200-400 mg, taken every four hours (Davies, 1998). The agent is rapidly
absorbed, and exhibits peak plasma concentrations within three hours of
administration. Ibuprofen displays nonlinear kinetics at high doses due to its
extensive binding to plasma proteins. Ibuprofen is metabolized through
enantiomeric inversion of R(-)-ibuprofen to its stereocisomer. In addition,
ibuprofen is extensively oxidized to its hydroxy and carboxy metabolites via

cytochrome P450 2C9 catalysis (Davies, 1998).



Prednisone and prednisolone are well-known glucocorticoid agents that
have been widely used during the past three decades. The corticosteroids act as
immunosuppressant and anti-inflammatory agents largely by their inhibition of
cytokine secretion. Antibody production is therefore suppressed, and the
inflammatory process is slowed and weakened to reduce heat, swelling, redness,
and pain in affected areas. The agent also stabilizes the immune system in
instances of over-activity (Schimmer and Parker, 2001).

Either prednisone or prednisolone can be administered orally in tablet
form in daily doses ranging from 2.5 mg to 100 mg (Frey and Frey, 1990). Oral
absorption is rapid and complete. Both compounds display significant plasma
protein binding, and prednsiolone in particular binds extensively to transcortin
(Rose et al., 1981). The agents are metabolized in the liver via cytochrome P450
3A4 catalysis, resulting in the formation of several hydroxy and ketosteroid
metabolites (Frey and Frey, 1990). Prednisone and prednisolone are especially
intriguing due to their reversible systemic conversion following the administration
of either drug form. However, prednisolone has considerably stronger
pharmacological activity than its reversible counterpart. The two drugs are also
noted for their dose-dependent pharmacokinetic profiles (Rose et al., 1981).

The effects of treatment with St. John’s Wort on the pharmacokinetics and
plasma concentrations of prednisone, prednisolone or ibuprofen have not been
studied. St. John’s Wort has been noted to affect the metabolism and clearance
of several drugs that are substrates of cytochrome P450 3A4 and 2C9
isoforms— cytochrome pathways that are largely responsible for the metabolism

3



of prednisone and prednisolone, and ibuprofen, respectively. Due to their
enormous popularity and easy accessibility, prednisone, prednisolone and
ibuprofen are worthwhile candidates for investigation of drug interactions with St.
John’s Wort.

The primary objective of this investigation was to compare
pharmacokinetic parameter profiles of prednisone, prednisolone and ibuprofen
when the agents were taken with and without the dietary supplement St. John’s
Wort. Ibuprofen was given to 8 volunteers as a single oral dose followed by
blood sampling, and prednisone was given as a single oral dose one week later.
The volunteers self-administered St. John’s Wort 300 mg TID (900 mg daily) for 4
weeks. After 3 weeks of St. John’s Wort administration, a single dose of
ibuprofen was again given, followed by blood sampling. Prednisone was
administered by single dose 1 week later following a fourth week of herbal
supplementation. All plasma samples obtained during the study were placed into
frozen storage before extraction of drug residues. Drug concentrations were
analyzed by high performance liquid chromatography, and drug pharmacokinetic

parameters were determined using model independent methods.



REVIEW OF LITERATURE:

HUMAN METABOLISM AND THE CYTOCHROME P450 SYSTEM

The concept of biological transformation of chemical substrates has been
researched extensively for over 50 years. During this time it has been
determined that drug metabolism (in its most useful sense) refers to the body’s
chemical reaction-mediated formation of increasingly polar and water-soluble
derivatives of foreign compounds, ultimately resulting in the pharmacological
nullification and rapid expulsion of those compounds (Mandel, 1971). Though
often understated, the importance of the body’s metabolic processes is
enormous. It was once boldly estimated, for instance, that the pharmacological
effects of the anticonvulsant pentobarbital would linger for a century in the
absence of drug metabolism, simply due to its lipophilic nature (Brodie, 1964)!
Water solubility and xenobiotic expulsion

The mechanisms by which drugs are transformed and expelled are as
numerous as they are complex. Enhanced water solubility of metabolites is
usually accomplished by the addition of a variety of hydrophilic functional groups,
or by the addition of adequately lipophobic conjugates to a parent compound.
There are some instances in which enhanced water solubility is not achieved
through drug biotransformation; however, such scenarios are usually avoided
when drug is excreted before metabolites of lower water solubility can be formed.

The excretion of some metabolites is enhanced due to their relative ease of
5



ionization at physiological pH compared to their parent structures, thus favoring
the formation of water-soluble salts. In addition, many acidic metabolites are
advantageously secreted by the renal tubules of the kidney, leading to even
faster drug expulsion (Williams, 1959).

Metabolic systems are not always predictable processes and do not
always produce desirable outcomes. Despite the vast majority of drug
metabolites possessing reduced pharmacological activity compared to parent
compounds, there exist many exceptions to the rule in which metabolites display
increased pharmacological activity. The phenomenon can at times be
advantageous, as in the case of prodrug catabolism to yield a therapeutically
active product. The metabolic conversion of prednisone to its therapeutically
superior metabolite prednisolone serves as an example (M. Frey and F. Frey,
1990). However, the phenomenon can also be quite problematic, as in the case
of toxic metabolite formation. A notorious example of this occurs in sulfonamide
metabolism, which features the production of very water insoluble metabolites.
The subsequent crystallization of these metabolities in the renal tubules is
capable of causing considerable kidney damage (Ylitalo et al., 1985). The
determination of a metabolite’s pharmacologic activity is ultimately dependent
upon its solubility and interaction with individual tissues and organs (Mandel,
1971).

The most common pathways of drug metabolism feature the structurally-
altering processes of oxidation, reduction, hydrolysis, and conjugation. Drug
catabolism may often involve several of these reactions in sequence. Drug

6



catabolism can also occur by simultaneous transformation by several reactions,
as the extent of metabolite formation is greatly impacted by relative reaction
rates. This versatility of action makes the prediction of a compound’s metabolic
fate an arduous task. Fortunately, research has provided much understanding
regarding the details of drug metabolism. Central to this understanding is an
appreciation of the liver and its role in drug metabolism.

The liver’s role in drug metabolism

The human liver serves as the body‘s chief detoxification and metabolic
processing center. The organ is highly perfused with blood and therefore is
exposed to a large array of hormonal and exogenous substrates. The liver’s
anatomy is well suited for this rapid transit and processing of blood. The
functional units of the liver are the cylindrically-shaped lobules, which number
anywhere between 50,000 and 100,000 in the average person. Within each
lobule exists a number of hepatic cells that are located amongst an intricate
vascular network of central veins, septal portal venules, and hepatic arterioles.
Cumulatively, these hepatocytes form a chemically reactive conglomerate
capable of a high rate of metabolism. This conglomerate is responsible for the
conversion and synthesis of various substrates for further circulation throughout
and/or excretion from the body (Guyton and Hall, 1996).

Oxidative metabolism accounts for a large portion of the liver’s
contribution to drug detoxification. Within each liver hepatocyte exists enzymes
called cytochrome P450 (CYP) monooxygenases. Cytochrome
monooxygenases are found within the inner membranes of cellular mitochrondria

7



and endoplasmic reticulum (Shen, 1995). The human cytochrome P450
monooxygenase system is a superfamily of enzymes that act in the oxidative
metabolism of a wide range of drugs. In general, oxidative reactions such as
various forms of dealkylation and hydroxylation are characteristic processes by
which CYPs facilitate the degradation of a long list of lipophilic substrates
(Guengerich, 1990).

Phase reactions and cytochrome P450

The metabolic mechanisms involved in cytochrome action are classified
as phase | and phase Il reactions. Phase | reactions convert parent substrates to
more polar forms via the introduction or cleavage of specific functional groups,
including -OH, -SH, -CO2H, and -NH,. Functional group manipulation can occur
by a variety of specific reactions, including deamination, dehalogenation,
epoxidation, O-, N- and S- dealkylation, N- and S-oxidation, N-hydroxylation,
hydroxylation of alkyl and aryl hydrocarbons, and alkylol derivative formation
(Gillette, 1966). Phase | metabolites can be further altered by phase |l
conjugation reactions such as glucuronidation, sulfation, acetylation, and
methylation (Testa and Jenner, 1976). Phase |l reactions can also precede
phase | conversion of parent compounds (loannides, 1996).

An interesting feature of the cytochrome P450 system is its versatility.
Singular CYP isoforms are capable of metabolizing multiple xenobiotic
substrates; by the same token, some CYPs have substrate activity spectrums
that overlap to impose cumulative metabolic effects upon single substrates
(Gonzalez, 1992). It comes as no surprise that several isoforms within the

8



superfamily have been implicated in a number of drug interactions that have
been either documented and/or investigated in recent years. In general, drug
interactions involving cytochrome metabolism have been associated with either
inhibition or induction of drug catalysis (Lewis and Pratt, 1998).

Cytochrome P450 is distinguished from other enzyme classes by virtue of
structural and spectroscopic characteristics. Originally discovered in the
membrane fractions of rat liver microsomes, the enzymes in this class could not
be adequately observed by standard spectroscopy due to the turbidity of
microsomal suspensions and their light scattering tendencies. By utilizing
difference spectroscopy (ie., subtracting out light scattering through the use of
two beams during spectrum measurement), the absorption of cytochrome
residues was later determined. A cytochrome isoform displays its trademark
absorbance at a wavelength of 450 nm, due in part to the presence of a single
protophorphyrin IX prosthetic heme iron at the cytochrome’s center (Schenkman,
1993).

The heme group of cytochrome P450 consists of four nitrogens and a
thiolate anion. A sixth ligand binding site provides the enzyme the important
dimension of binding and activating molecular oxygen. CYP P450 incorporates
one of the two oxygen atoms of an oxygen molecule into a given substrate with
adjoining reduction of the second oxygen by two electrons to molecular water
(Ortiz de Montellano and Correia, 1995). The term “monoxygenase” refers to the
process by which cytochrome enzymes incorporate single oxygen atoms into
bonded substrates. The arduous task of breaking the oxygen-oxygen bond is

9



made feasible by the addition of two electrons to the heme iron of P450 complex.
The electrons are donated by another protein that binds briefly to the P450 and
passes an electron from a prosthetic group. Movement of these electrons
between proteins occurs by the electron transfer chain. NADPH or NADH
provides the electron source that flows from ferredoxin reductase to ferridoxin
and then to the P450 heme iron (Cashman, 2000). The redox reaction adheres

to the scheme:

RH +0, > ROH + H»0O

where RH is the drug substrate to be oxidized, and ROH is the hydroxylated
metabolite that results from enzyme catalysis. The ROH metabolite is more
water soluble and better-suited for elimination from the body (Lewis and Pratt,
1998).
The specific steps involved in the cytochrome activation process include:
1. The binding of the substrate species to the enzyme complex.
2. The reduction of the ferric CYP species of the complex to the ferrous CYP
state.
3. The binding of molecular oxygen to yield a ferrous CYP — dioxygen
complex.
4. The transfer of a second electron to the CYP- dioxygen complex to yield a
peroxoiron (l11) complex.
5. The protonation and cleavage of the oxygen-oxygen bond with the
incorporation of an oxygen into a water molecule and the reaction iron-oxo

species.
10



6. The oxygen atom transfer from the oxo complex to the bound substrate.
7. The dissociation of the product (White et al., 1980).

Each CYP isoform’s interaction with a substrate is dependent upon the
entry and orientation of the substrate with amino acids in the CYP active site.
This interaction is generally non-specific from a configuration standpoint such
that several substrate orientations are possible at the active site, resulting in the
production of multiple metabolites with regio- and stereospecificity characteristic
of each individual CYP (Guengerich, 1995).

The cytochrome P450 superfamily is made up of gene families and gene
subfamilies that are classified and grouped according to their amino acid
sequences and sequence similarities. Sequences that are greater than 40%
identical at the amino acid level belong to the same family, while sequences
greater than 55% identical belong to the same subfamily. Some 481 CYP genes
and 22 pseudogenes are known to exist across all species (Nelson et al., 1996).
Thirty-five of these genes have been identified in humans, occupying 14 families.
Human cytochrome families can be separated into two basic classifications by
virtue of function. Some families aid in the synthesis and/or metabolism of
endogenous compounds such as bile acids, biogenic amines, eicosanoids, fatty
acids, phytolexins, retinoids and steroids. The remaining families are responsible
for drug metabolism. In fact, 18 gene forms contained within 3 families-- CYP1,
CYP2 and CYP3-- impact the metabolism of drug and xenobiotics in humans and

largely dominate liver metabolism. These families are further divided into related
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subfamilies (eg., CYP1A, CYP2C, and CYP2E) that differ only by their protein
structures around their identical heme centers (Shimada et al., 1994).

Cytochromes 1A2, 2A6, 2B6, 2C, 2D6, 2E1 and 3A make up about 70% of
all CYPs in the human liver. CYPs 3A and 2C are particularly prevalent,
accounting for 30% and 20% of all CYP, respectively (Guengerich and Turvy,
1991). The human genome is known to consist of at least seven genes within
the family CYP2C, with 2C8 and 2C9 accounting for 35% and 60% of that total.
Similarly, CYP3A4 is the most abundant 3A isoform in human adult liver,
accounting for approximately 25% of that family’s representation (Romkes et al.,
1991).

Various factors can affect CYP isoform activity. Regulation of gene
expression often differs from one isoform to another. In addition, an individual’s
isoform phenotype can influence the metabolic clearances of drugs undergoing
CYP biotransformation. Environmental, genetic, and physiological influences can
lead to interindividual variability in drug pharmacokinetics and
pharmacodynamics (Wrighton and Stevens, 1992).

The contents of individual cytochrome isoforms can vary greatly amongst
individuals and amongst populations. For example, a study of human liver
microsomes in Japanese and Caucasian volunteers revealed a 6-fold difference
in CYP3A4, and 10 to 50-fold differences in CYP2D6 across racial groups
(Shimada et al., 1994). Genetic polymorphisms play an important role in this
variability as a result of mutations in genes that control drug metabolism. The
increased, decreased, or absence of enzyme activity that is a result of
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polymorphism may have significant clinical impact (Meyer et al., 1992). In
particular, polymorphisms in CYP2D6 and CYP2C19 have a profound impact
upon the incidences of rapid and poor metabolizers in certain segments of the
population. For example, it is estimated that 5% to 10% of Caucasians are poor
metabolizers due to CYP2D6 polymorphism, while 1% to 2% of Asians share
similar status. CYP2C19 polymorphism has an opposing effect. In its case, 2%
to 6% of Caucasians reveal the poor metabolizer phenotype, while 18% to 22%
of Asians exhibit the phenotype. Cases of rapid metabolism have also been
noted in small segments of Ethiopian and Swiss populations as a result of
CYP2D6 polymorphism (Johansson et al., 1993; Aklillu et al., 1995).
Inhibition of cytochrome-mediated drug metabolism

Cytochrome inhibition is the phenomenon that occurs when one of the
seven-steps in the process of catalytic activation is impaired. Of these seven
steps, three steps are most vulnerable to the interference that most commonly
causes enzyme inhibition:
Step 1-- The binding of substrate to the enzyme.
Step 3-- The binding of molecular oxygen to the cytochrome species.
Step 6-- The oxidation of the substrate through oxygen transfer from the oxo-
complex. (Ortiz de Montellano and Correia, 1995)

Cytochrome inhibition can be classified into three categories: inhibition
through reversible mechanisms, inhibition through quasi-irreversible

mechanisms, and inhibition through irreversible mechanisms.
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Reversible enzyme inhibition, the most common form of inhibition, results
from the competitive binding of substrates at an enzyme’s active site and impacts
the first step of catalytic activation. Substances that successfully occupy the
cytochrome’s hydrophobic domain (via competitive or noncompetitive inhibition)
interact with the cytochrome’s prosthetic heme iron, or interact with
miscellaneous active site regions through hydrogen bonding or ionic interaction.
Although this manner of inhibition is temporary in duration, it is very capable of
rendering significant metabolic effects (Correia and Ortiz de Montellano, 1993).

The resting ferric state of the heme iron in cytochrome P450 is often
bound by strong iron ligands (particularly those of ionic character) that effectively
change the redox potential of the enzyme. This redox shift makes the reduction
of the enzyme by cytochrome P450 reductase substantially more difficult.
Altered reduction potential is therefore as integral a part in cytochrome inhibition
as the physical coordination of the heme iron during strong ligand interaction
(Guengerich, 1983). Inhibition by substrates binding to the reduced ferrous state
of heme also may occur. Carbon monoxide inhibition is a well-known example of
this phenomenon. This form of inhibition is quite uncommon, however, due to
the fact that many reactions catalyzed by cytochrome P450 are resistant to
carbon monoxide interference (Gibbons et al., 1979).

Substrates that bind to both the prosthetic heme iron and to lipophilic
portions of the protein structure are more effective in cytochrome inhibition than
substrates that can only accomplish one of these feats. An agent that is capable
of this optimally balances the properties of hydrophobic character with the ability
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to form a strong bond between its heteroatomic lone pair and heme at the CYP
active site. Amongst the most potent reversible inhibitors are nitrogen containing
substrates, particularly agents possessing pyridine, quinoline, and imidizole
moieties. In general, inhibitor potency is largely dependent upon substrate
lipophilicity and heme bond strength (Rogerson et al., 1977). Quinoline
derivatives such as quinidine are strong reversible inhibitors of debrisoquine 4-
hydroxylation, which is a reaction catalyzed by CYP2D in humans. It's
interesting to note that although quindine inhibits CYP2D, the drug is metabolized
by CYP3A4 (Boobis et al., 1990).

Quasi-irreversible enzyme inhibition is characterized by the oxidation of
substrates to metabolite intermediates that form strong, stable complexes with
the prosthetic heme of cytochrome P450. This complex renders the enzyme
functionally inactive such that it can only be displaced by specific in vitro
methods. Under in vivo circumstances, enzyme inhibition in this manner can
only be overcome by synthesis of new enzymes (Dickins et al., 1979). The
macrolide antibiotic troleandomycin is perhaps the best known agent capable of
quasi-irreversible inhibition. The tertiary amine contained within the compound is
transformed by a series of reactions to produce a nitroso metabolite intermediate
that binds closely to ferrous cytochrome isoforms. Many agents like
troleandomycin act as both cytochrome inhibitors and inducers after repeated
dosing. Due to rapid inactivation of the enzymes affected by these agents,
detection of enzyme induction is often masked by inhibition of metabolic function
(Pessarye et al., 1982).

15



Irreversible inhibition of drug substrates differs in mechanism from quasi-
irreversible inhibition by virtue of the step in which inhibition occurs. A substrate
that causes this form of inhibition is oxidized upon interaction with a cytochrome
isoform, leading to inactivation of the enzyme (Silverman, 1988). During the
inhibition process, the heme iron and/or the protein structure of the enzyme is
permanently altered following substrate binding. Loss of catalytic activity is
dependent upon the modification of essential amino acids, while alteration of the
heme iron results in unconditional cytochrome inactivation (Ortiz de Montellano,
1988).

Enzyme inhibition through protein alteration usually involves disruption of
oxygen activation or electron transfer processes at the activation site. Some
sulfur-containing compounds inhibit enzymes in this manner. These compounds
alter cytochrome isoforms by facilitating the creation of reactive sulfur
metabolites, which form covalent bonds with the host protein (Lopez-Garcia et
al., 1993). For example, chloramphenicol can disrupt electron transfer. Upon
cytochrome interaction, chloramphenicol is oxidized to an intermediate that
acylates lysine in the enzyme’s active center. This acylation prevents the
transfer of electrons from CYP reductase and halts enzyme catalysis (Halpert et
al., 1985). Other compounds such as spironolactone can generate reactive
intermediates capable of covalently modifying both protein and prosthetic heme.
Cytochrome-catalyzed hydrolysis of spironolactone transforms its thioester

moiety into a free thiol group before further oxidation by the CYP enzyme.
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Oxidation of this group creates a highly electrophilic species that covalently
bonds and structurally alters both protein and heme (Decker et al., 1986).
Induction of cytochrome-mediated drug metabolism

An intriguing quality of the cytochrome P450 system is that of inducibilty.
During this process, exposure to a chemical stimulus causes enzyme activity to
increase over time, at times by large orders of magnitude (Whitlock and Denison,
1995). The induction of these enzymes may cause a change in the
pharmacological response of the body to a chemical substrate, often resulting in
shortened action and lessened effectiveness of the substrate (Remmer and
Merker, 1963). Cytochrome isoforms that have been confirmed as inducible in
humans include CYPs 1A2, 2C9, 219, 2E1, and 3A4 (Lin and Lu, 2001).
Cytochrome induction is believed to serve dual functions at the cellular level.
The phenomenon provides a means by which an interacting substrate can
facilitate its own metabolism. Additionally, enzyme induction provides an efficient
means of cell detoxification, the most striking example of which is the role
cytochrome P450 plays in lowering the incidence of neoplasia after animals are
exposed to potent chemical carcinogens (Conney, 1982).

Although induction is inherently a mechanism by which cells protect
themselves, it can be troublesome phenomenon when it interferes with drug
efficacy. Many enzymes are capable of metabolizing multiple drug substrates.
Metabolic induction of these enzymes by one drug may affect the metabolism of
other substrates that share these enzymes (Park and Breckinridge, 1981). This
phenomenon is capable of causing a drastic reduction in the efficacy of
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therapeutic agents through increased drug clearance, shortened half-life, and
reduced area under the concentration versus time curve. In addition, enzyme
induction may be particularly troublesome in the case of enhanced chemical
toxicity. For instance, the induction of CYP1A isoforms has been proven to
lessen the carcinogenic properties of some compounds. By the same token, its
induction has also been found to enhance the carcinogenic qualities of another
compound, benzopyrene, by activating the substrate to produce carcinogenic
metabolites (Gelboin, 1980). Excessive production of reactive metabolites
produced during enzyme induction can eventually lead to systemic toxicity (Lin
and Lu, 1998). Acetaminophen toxicity is a notorious example of reactive
metabolite production. High concentrations of the analgesic not only saturate
detoxification pathways, but also cause an accumulation of metabolites that lead
to hepatic necrosis (Thomas, 1993).

Sometimes metabolites formed during enzyme induction possess equal
pharmacological activity as the parent drug, a situation that deviates from the
expected inductive effect. Collste and colleagues (1979) demonstrated this
phenomenon during an investigation of the inductive effects of pentobarbital
upon alprenolol metabolism. Pentobarbital administration caused a decrease in
alprenolol bioavailability, along with a 45% reduction in AUC. Despite these
pharmacokinetic changes, only a slight reduction in pharmacological response
was observed, as indicated by inhibition of tachycardia. The comparable
pharmacological activity was attributed to the equipotent actions of metabolic 4-
hydroxyalprenolol upon beta-adrenergic receptor function.
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Dose-adjustment, though a commonly-used approach by many physicians
to combat the effects of enzyme induction, can become problematic in cases of
severe induction. The metabolically-induced medication can hazardously
accumulate when the enzyme inducer is withdrawn. For instance, the
discontinued use of phenobarbital by heart patients who were also taking
anticoagulant medications caused severe bleeding once anticoagulant induction
was no longer apparent (Mutschler and Derendort, 1995).

Cytochrome induction occurs in a time-dependent manner. Whereas drug
inhibition is virtually instantaneous, drug induction has a slower onset and varies
with inducer potency. For example, rifampicin induces CYPs 1A2, 2C, and 3A4
within 24 hours of administration, whereas phenobarbital requires one week of
consistent administration before induction is seen. St. John’s Wort generally
requires dosing for two weeks or more before its effects become apparent (Lin
and Lu, 2001).

The molecular mechanisms involved in CYP induction are varied, but
many studies suggest that major classes of CYP genes are selectively regulated
by certain ligand-activated nuclear receptors. Two types of nuclear receptors
commonly implicated in enzyme induction are the constitutive androstane
receptor (CAR) and the pregnane X receptor (PXR). These receptors code for
transcription factors that transform extracellular and intracellular signals into
cellular responses by initiating nuclear receptor target gene transcription
(Honkakoski and Negishi, 2000). Nuclear receptors consist of a DNA binding
domain and a ligand binding domain, not unlike the makeup of classical steroid
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receptors. These DNA binding domains are tightly wrapped within histone
proteins to form chromatin structural units. When a ligand binds to a nuclear
receptor, structural changes in the receptor’s ligand binding domain cause the
formation of a sufficiently hydrophobic region that can be accessed by co-
activators. Such co-activators may possess histone acetyltransferase activity
capable of altering chromatin structure to expose DNA molecules for activation of
gene transcription (Mangelsdorf et al., 1995). In general, most transcriptional
processes consist of:
1. Activation of nuclear receptors, usually by ligand-dependent receptor
dimerization. In some cases, protein phosphorylation and
dephosphorylation facilitate the transcriptional activation of nuclear
receptors.
2. Interaction between transcription factors and drug-responsive enhancers.
3. Induction signaling from the enhancer to a transcription promoter.
4. Alteration of chromatin structure to facilitate transcription (Yan and
Caldwell, 2001).
Various cytochrome genes are regulated by various transcriptional factors. The
constitutive androstane receptor, for example, regulates the induction of
cytochrome 3A and can be activated by a broad range of substrates, including
antibiotics, barbiturates, and glucocorticoids (Wei et al., 2000).

The majority of cases of enzyme induction involve increases in gene
transcription; however, there also exist examples of enzyme induction by non-
transcriptional processes. The CYP3A4 inhibitor troleandomycin is also capable
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of non-transcriptional induction by simply preventing the enzyme’s degradation

(Park et al., 1995). Isoniazid’s induction of CYP2E1 can similarly be attributed to

protein stabilization (Park et al., 1993).

Inducible cytochrome P450s fall into five catagories:

e Aromatic hydrocarbon inducible, whose drug substrates are chiefly
metabolized by CYP1A1 and are known to increase the rate of carcinogen
metabolism in rodents (Conney, 1982). CYP1A1 provides one of only a few
well-understood examples of how transcriptional induction can take place
(Okey, 1992).

e Peroxisome inducible, whose drug substrates tend to be structurally
dissimilar. They induce hepatic peroxisome proliferation, cause an increase
in hepatic smooth endoplasmic reticulum, and are metabolized by CYP4A1
(Lock et al., 1989).

e Phenobarbital inducible, which include a wide range of isoforms such as
CYP2A1, CYP2B2, and CYP3A2. They induce hepatic ER proliferation and
increase expression of phase | and Il enzymes (Waxman and Azaroff, 1992).

e Ethanol inducible, namely CYP2E1, whose induction produces an increase in
the amount of enzyme protein while causing a stabilization of CYP mRNA.
This induction action is implicated with ethanol’s infamous toxicity with
increased dosing (Song et al., 1987).

e Steroid inducible, characterized by the famously abundant CYP3A isoform,

whose induction results in the proliferation of hepatic endoplasmic reticulum
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and an increase in hepatic CYP3A enzyme content (Elshourbagy and
Guzelian, 1980).
The CYP2 enzyme family and CYP2C9

The cytochrome 2 family is the largest cytochrome family in humans.
Many are strongly involved in steroid hydroxylation and serve an important
purpose in assisting in the detoxification of food products. Members of this family
include CYPs 2A, 2B, 2C, 2D, 2E, and 2F (Hamman et al., 1997).

Specifically, members of the CYP2C subfamily were among the first to be
purified from human liver and used in animal models (Wang et al., 1980). The
subfamily is quite extensive, consisting of at least seven different genes and
operating under a variety of different modes of regulation, including inducibility
and polymorphism. The CYP2C subfamily initially drew interest because of its
involvement in human S-mephenytoin polymorphism. This phenomenon is
observed in 2% to 5% of Caucasian populations, and is noted in 23% of
Japanese individuals who altogether lack S-mephenytoin 4’-hydroxylation activity
(Wilkinson et al., 1989). Interest in the subfamily inevitably led to thorough
examination of CYP2C9, by far the most abundant hepatic member of the 2C
subfamily (Hamman et al., 1997).

CYP2C9 is one of four known members of subfamily 2C, sharing an 82%
amino acid identity with isoforms 2C8, 2C18, and 2C19 (Goldstein and de
Morais, 1994). CYP2C9 displays a high catalytic activity in the metabolism of
widely-used drugs such as warfarin, phenytoin, tolbutamide, and several non-
steroidal agents. For instance: CYP2C9 is the chief facilitator of (S)-warfarin 7-
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hydroxylation, as evidenced by the emergence and predominance of warfarin’s
7-hydroxy metabolite in humans (Rettie et al., 1992). It has also been suggested
that the troublesome interpatient variability displayed in humans after warfarin
administration may have a direct relation to the interindividual variation of
CYP2C9 expression in humans. Phenytoin metabolism by 2C9 occurs by
phenytoin 4’-hydroxylation to its primary metabolite 5-(4 p-hydroxyphenyl)-5-
phenylhydantoin, accounting for about 80% of phenytoin elimination (Veronese et
al., 1991). Tolbutamide is similarly catalyzed by tolbutamide methyl
hydroxylation (Brian et al., 1989). In addition, the oxidation of tolbutamide has
been shown to be favored by barbiturates and rifampicin, thus indicating the
inducibility of 2C9 (Zilly et al., 1977). CYP2C9 has proven important to the
oxidative metabolism of acetic acid, propionic acid, fenemate and oxicam
NSAIDs. Inhibition and kinetic studies have indicated that 2C9 is responsible for
the 4’-hydroxylation of enantiomeric flurbiprofen (Tracy et al., 1995) and the O-
demethylation of S-naproxen (Miners et al., 1996).

The subject of polymorphism as it relates to CYP2C9 has garnered much
attention in recent years. As early as the 1970s, polymorphism was reported in
2C9 substrates phenytoin and tolbutamide, but it wasn’t until years later that the
responsible allele, CYP2C9*3, was identified. The CYP2C9*3 allele has been
detected in approximately 6% of Caucasian and Asian populations, with a
homozygous poor metabolizer frequency of about 0.3% (Sullivan-Close et al.,
1996). CYP2C9*3 carries a Leu 359 mutation that can manifest itself in poor
metabolizers of 2C9 substrates like losartan and tolbutamide. For example, a
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homozygous carrier of the CYP2C9*3 allele exhibited decreased clearance of S-
warfarin and associated untoward effects, not unlike previously observed
instances of warfarin toxicity seen in CYP2C9 poor metabolizers (Steward et al.,
1997). In addition, recombinant CYP2C9*3 has been linked with lowered in vitro
Vmax values for the hydroxylations of piroxcam, tenoxicam, and mefenamic acid,
in turn resulting in decreased intrinsic clearance. These results have been
attributed (in part) to changes in substrate -- enzyme affinity. Slower metabolism
of non-steroidal agents in CYP2C9*3 homozygous individuals has also been
implied (Takanashi et al., 2000).

Another mutant CYP2C9 allele, CYP2C9*2, has also been observed in
humans, and has exhibited decreased catalytic activity upon some 2C9
substrates in vitro. Effects upon warfarin metabolism have been particularly
intriguing. Higher incidences of the variant CYP2C9*2 allele have been observed
in individuals requiring lower does of warfarin (Furuya et al., 1995), as has been
the case in individuals with higher incidences of combination (2C9*2 and 2C9*3)
variant alleles (Aithal et al., 1999). The CYP2C9*2 allele has essentially no
expression in Asian populations, but is found in about 8% of Caucasian
populations (Sullivan-Close et al., 1996).

Inhibition of CYP2C9 enzymes has been noted upon administration of
several drugs hailing from distinctly different classes. In fact, reports of enzyme
inhibition have been more common than that of enzyme induction both in vitro

and in vivo.
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e Fluconazole potently inhibited CYP2C9 during in vitro investigations. Studies
have indicated fluconazole inhibition of the metabolic hydroxylations of
tolbuamide (Back et al., 1998), diclofenac (Hargreaves et al., 1994) and
warfarin (Kunze et al., 1996). In in vivo investigations, fluconazole
pretreatment increased AUC values of several medications, including S-
warfarin by 184% (Black et al., 1996), tolbutamide by 109% (Lazar and
Wilner, 1990), phenytoin by 75% (Blum et al., 1991), and losartan by 153%
(Kazeriad et al., 1997). Other azole antifungals have inhibited CYP isoforms
in in vitro and in vivo studies. O’Reilly et al. reported that miconazole reduced
plasma clearance of S-warfarin by 80% (O’Reilly et al., 1992). The potent
CYP3A4 inhibitor ketoconazole has shown little effect upon clearances of
commonly sensitive CYP2C9 substrates, however (McCrea et al., 1996;
Touchette et al., 1992).

e Another potent CYP2C9 substrate, phenylbutone, competitively inhibited
human liver microsomal activity in vitro, and affected the metabolism of
warfarin and tolbutamide. Interestingly, phenybutazone pretreatment caused
stereoselective reduction of S-warfarin clearance, while it simultaneously
elevated clearance of R-warfarin (Lewis et al., 1974). Moderately long (1
week) treatment of phenylbutazone also significantly increased the
elimination half-life of tolbutamide (Pond et al., 1977). The pyrazolone
congener sulphinpyrazone similarly decreased S-warfarin plasma clearance
while it increased R-warfarin clearance, and also decreased the plasma

clearance of tolbutamide by 40% (Miners et al., 1982).
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Amiodarone administration has been linked with potentiation warfarin effects
in humans, as evidenced by the O’Reilly et al. study (1987) in which R- and
S- warfarin plasma clearances were reduced by 33% and 47% following
amiodarone treatment for 3 days. It was later determined that amiodarone
inhibited all oxidation pathways of warfarin in human microsomal studies
(Heimark et al., 1992). Amiodarone has also been implicated with elevation
of phenytoin AUC by 40% and resistance of metabolite formation (Skovsted
et al., 1976).

Cimetidine has provided low-level inhibition of CYP2C9 in vitro (Miners et al.,
1988). In vivo, cimetidine administration in high doses decreased tolbutamide
by 40% (Back et al., 1988), while cimetidine caused clinically significant
increases in phenytoin after long-term anti-convulsant treatment (Nation et al.,
1990). In addition, cimetidine pretreatment reduced warfarin plasma
clearance by 25% in normal subjects (Serlin et al., 1979), and produced
stereoselective reduction in the plasma clearance of R-warfarin due to
inhibition of hydroxy metabolite formations (Toon et al., 1987; Niopas et al.,
1991).

Enzyme induction of CYP2C9 has been observed in both in vitro and in

vivo investigations. Evidence of in vitro induction has been indicated in pregnane

X receptor-mediated interactions of rifampicin, phenobarbital and hyperforin with

CYP2C9 (Chen et al., 2004). Barbiturate medications have shown inconsistent

enzyme induction during in vivo studies, exemplified by phenobarbitone’s impact

on warfarin pharmacokinetics. Phenobarbitone administration to patients on
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long-term warfarin therapy resulted in decreased steady-state plasma
concentrations of the anticoagulant, as well as decreased effectiveness of the
agent (Serlin and Breckinridge, 1983). In addition, long-term rifampicin treatment
has been shown to approximately double the clearances of drugs such as
phenytoin (Kay et al., 1985), tolbutamide (Zilly et al., 1975), S-warfarin and
losartan (Heimark et al., 1987).
The CYP3A enzyme subfamily

The CYP3A subfamily of enzymes is the single most abundant of the
human P450 subfamilies, representing about 30% of total CYP protein content in
the human liver (de Wildt et al., 1999) and 70% of the total CYPs in the intestines
(Kolars et al., 1992). Members of the subfamily have also been found in
locations as diverse as the lungs and kidneys (Haehner et al., 1996).
Remarkably, CYP3A is responsible for CYP-mediated phase-I metabolism of
over 50% of all drugs administered in humans. The subfamily’s most important
and well-recognized isoform is 3A4, the major CYP3A protein found in the liver,
small intestine, colon and pancreas (Zhang and Benet, 2001). CYP3A4 has a
remarkably wide spectrum of substrate activity and therefore has a profound
impact on the metabolism of a large number of drugs and xenobiotics. 3A4’s
presence in the small intestine has been contraindicated in the metabolism of
orally administered drugs during drug transport across the intestinal wall (Kolars
etla., 1991).

The major metabolic pathways catalyzed by CYP3A4 include
dehalogenation, dehydration, nitroreduction, C-dealkylation, N-dealkylation, and

27



C-hydroxylation (Li et al., 1995). This broad catalytic activity of 3A4 exists
despite drastic conformational differences amongst its substrates. It has been
observed that with each interacting substrate there is amazing regio- and
stereoselectivity that directs substrate oxidation. For example, the substrate
testosterone is oxidized exclusively at the 6-beta position on CYP3A4’s active
site implying that the 3A4 active site features a complex structure, in spite of its
ability to accommodate substrates of varied sizes (Waxman et al., 1988). Itis
noteworthy that catalysis of many CYP3A4 substrates has an added dimension
of intestinal metabolism. The fates of some CYP3A4 substrates are largely
decided by a second factor, the efflux pump P-glycoprotein, which acts to
enhance the effects of enzymatic induction and inhibition (Wacher et al., 2001).
CYP3A4 inhibition
CYP3A4 inhibition has been involved in several cases of clinically

significant drug interactions. Such interactions have occurred via metabolic
interference of structurally unique substrates with differing potencies of action.
Among the most potent agents are various macrolide antibiotics, protease
inhibitors, azol antifungals and even xenobiotic components found in grapefruit
juice (Dresser et al., 2000). Particularly important pharmacokinetic and
pharmacodynamic interactions are listed below:
e Sedative medications metabolized by CYP3A4 such as the benzodiazepine

midazolam and its congeners, and non-benzodiazepines like buspirone have

been implicated in drug inhibition capable of causing excessive sedation in

humans. For example, midazolam AUC increased 800% above baseline
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values when the drug was administered alongside itraconazole (Backman et
al., 1998). In another study, co-administration of midazolam with itraconazole
and its congener ketoconazole resulted in increased midazolam AUCs 10- to
15-fold in both scenarios (Olkkola et al., 1994). Macrolide antibiotics
erythromycin and clarithromycin have also significantly altered midazolam
pharmacokinetics, as the agents caused 4-fold and 3.5-fold increases in
midazolam AUC after oral dosing (Olkkola et al., 1993; Yeates et al., 1996).
In addition, midazolam AUC, Cmax and Tmax values increased 52%, 56%,
and 79%, respectively, when combined with grapefruit juice (Kupferschmidt et
al., 1995).

Significant interactions have been reported for dihydropyridine
antihypertensive medications. Felodipine exhibited 8-fold, 6-fold, and 2-fold
increases in Cmax, AUC, and elimination half-life, respectively, when
administered with itraconazole (Jalava et al., 1997). Itraconazole similarly
increased the average trough concentration of another antihypertensive,
nifedipine, by 4.4-fold (Tailor et al., 1996). Nifedipine metabolism was also
inhibited when the drug was given with grapefruit juice, as evidenced by
significantly increased AUC and bioavailability (1.6-fold) (Rashid et al., 1995).
CYP3A4 is responsible for the metabolism of HMG-CoA reductase inhibitors,
namely lovastatin, simvastatin, atorvastatin, and cervastatin. When
administered with itraconazole, simvastatin and lovastatin exhibited significant
increases in Cmax (17-fold and 13-fold, respectively) and AUC (19-fold and

20-fold, respectively) after oral dosing (Neuvonen et al., 1998, Neuvonen and
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Jalava, 1996). Elevation of plasma concentrations of drugs in this class have
been linked to severe rhabdomyolysis and eventual renal failure (Corpier et
al., 1988).

e The antiepileptic agent carbamazepine is substrate of CYP3A4 that induces
its own metabolism, among other agents. It is also prone to enzyme inhibition
by other 3A4 substrates, including clarithromycin, erythromycin, diltiazem,
fluoxetine, and fluvoxamine. For example, carbamazepine coadministration
with fluoxetine caused an increase in AUC of carbamazepine by 127%
(Barzaghi et al., 1987). In addition, administration of carbamazepine with
erythromycin doubled serum carbamazepine concentrations (Miles and
Tennison, 1989).

e Co-administration of ketoconazole and the antihistamine terfenadine was
reported to cause excessive increases in terfenadine plasma concentrations
and fatal ventricular arrhythmia in several patients. This outcome occurred
despite terfenadine’s extensive first-pass metabolism that generally maintains
the drug at undetectable plasma levels (Honig et al., 1993). Similar
alterations upon terfenadine’s plasma profile were observed following
itraconanzole (Crane and Shih, 1993) and erythromycin (Honig et al., 1992)
co-administration. The antihistamine was eventually either withdrawn or
greatly restricted in several countries due to its susceptibility to CYP3A4
inhibition (Lin and Lu, 1998).

The enzymatic induction of CYP3A4 is an issue that impacts the efficacy

of administered drugs moreso than the safety of those agents. In comparison to
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CYP3A4 inhibition, the number of xenobiotics and drugs that induce CYP3A4 is
limited. In most cases, enzyme induction by a capable drug substrate requires a
sufficiently high dose and/or sustained drug/receptor interaction to render
significant changes to drug action and body profile. The influence of the
intestinal component P-glycoprotein is more prominent in 3A4 induction by virtue
of this lower occurrence (Smith, 2000). Interestingly, there exists a large overlap
of substrate coverage and tissue distribution between CYP3A and P-glycoprotein
(Wacher et al., 1995).
P-glycoprotein as a facilitator of drug induction

P-glycoprotein is a large plasma membrane-bound protein classified as
one of a large family of ATP-binding cassette transporters (Higgins, 1992). The
glycoprotein functions as a drug efflux pump that lowers intracellular drug
concentrations, and was first recognized as a transport protein that facilitated
multi-drug resistance in cancer cells. P-glycoprotein is expressed in tumor cells
and normal tissues, acts upon a wide range of drug substrates, and can play a
very important role in both enzyme inhibition and enzyme induction (Cordon-
Cardo, et al., 1990). P-glycoprotein can be found on the apical surfaces of
epithelial cells in the liver, kidney, and pancreas, and both intestines (Thiebaut et
al., 1987). The protein is even expressed in the capillary endothelia of the brain
and the testes (Schinkel et al., 1994). P-glycoprotein has a relatively
homogenous distribution in the liver and other regions, whereas its expression is

quite uneven along the intestine. In fact, the protein is most abundantly
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expressed in the small intestine, found only in mature enterocytes lining the villi
(Fojo et al., 1987).

The magnitude of P-glycoprotein’s effect on metabolism is in part
dependent upon its proximity to CYP3A enzymes. P-glycoprotein in the liver and
kidney is localized along exit sites of hepatocytes and renal epithelial cells;
therefore, it only interacts with drug molecules after those molecules undergo
cellular uptake, cellular distribution, and metabolism. This situation is in stark
contrast with that of intestinal P-glycoprotein, which is localized at the entrance
site of epithelial cells of the intestines. Intestinal P-glycoprotein is exposed to
drug molecules before cellular distribution and metabolism (Lin, 2003). Intestinal
P-glycoprotein extrudes drug molecules from within epithelial cells into the
intestinal lumen. By the same token, a portion of the drug molecules extruded by
P-glycoprotein can be reabsorbed into epithelial cells. The processes of
extrusion and reabsorption occur continuously to increase the availability of drug
species to catalytic enzymes via an extension of the intercellular residence times
of drug molecules. Thus, intestinal P-glycoprotein plays a greater role in
intestinal metabolism than in other organs where the protein is significantly
expressed (Thummel et al., 1997). Evidence of P-glycoprotein’s influence upon
orally administered drugs metabolized by CYP3A4 has been substantial, as the
protein has been observed to significantly contribute to the first-pass metabolism
of various agents. P-glycoprotein has also been implicated in the poor

bioavailability observed in many CYP3A4 joint substrates (Wacher et al., 1995).
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CYP3A4 induction

CYP3A4 induction has been most commonly observed during the long-

term treatment of potent inducers such as rifampicin, and the anti-convulsants

phenytoin, phenobarbital and pentobarbital. Several examples of the impact of

enzyme induction are described below:

Rifampicin has been involved in several cases of CYP3A4 enzyme induction.
For instance, concomitant administration of the drug with fexofenadine
significantly increased fexofenadine average clearance by 2-fold and
significantly reduced fexofenadine average peak serum concentrations by
1.8-fold (Mitchell et al., 2001). Rifampicin decreased the total AUCs of
simvastatin and its active metabolite by 87% and 93%, respectively (Kyrkland
et al., 2000), and decreased the total AUC and peak plasma concentration of
the anti-diabetic medication repaglinide by 57% and 41%, respectively (Niemi
et al., 2000). Benzodiazepines are sensitive to induction as well, as
pretreatment with rifampicin decreased AUCs of midazolam and triazolam to
3% and 5% of control values, respectively (Backman et al., 1996, Villikka et
al., 1997). Diazepam total body clearance increased 300% after rifampicin
interaction (Ohnhaus et al., 1987). In addition, anti-retroviral agents such as
indinavir, amprenavir and saquinavir caused reductions in AUC of 82%, 82%
and 70%, respectively, after rifampicin co-administration (McCrea et al., 1997,
Polk et al., 2001, Grub et al., 2001).

The anti-convulsant medications phenobarbital and phenytoin are strong

inducers of CYP activity, both in vitro and in vivo. Phenobarbital increased
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the level of CYP3A4 mRNA transcripts by 536% and 205% in human
hepatocytes in separate in vitro investigations (Raucy, 2003, Raucy et al.,
2002). In addition, phenobarbital significantly increased the oral clearance
and decreased the AUC and half-life of metronidazole in vivo (Eradiri et al.,
1988). Similarly, phenytoin induced the metabolism of itraconazole and its
metabolite by lowering AUCs by 93% and 95%, respectively, and by lowering
half-lives by 83% and 75%, respectively, after co-administration of the two
drugs (Ducharme et al., 1995).

e The glucocorticoid agent dexamethasone caused dehydrogenation of the
calcium channel blocker nifedipine (5-fold) when both drugs were applied to
human hepatocytes (Meunier et al, 2000). Dexamethasone treatment also
caused a 2-fold to 7-fold increase in CYP3A4 activity in human hepatocytes,
as monitored by the erythromycin breath test (McCune et al., 2000).

CYP3A4’s expression is sex-dependent. The enzyme is expressed twice
as extensively in the livers of women than in men. In a study conducted by

Wolbold et al. (2003), surgically excised female human liver samples not only

yielded higher levels of CYP3A4 in female volunteers, but also exhibited a fifty

percent increase in CYP3A-dependent dealkylation of the substrate verapamil. It
was noted that this sex-based difference was not the result of preferential
induction in women, but rather linked to a higher prevalence of CYP3A4
messenger RNA transcripts. This sex difference may well be worth considering
alongside the results of the investigation described in this document, as only

male volunteers were used.
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REVIEW OF LITERATURE:
ST. JOHN’'S WORT AND HERB- DRUG INTERACTION

The herbal explosion and herb-drug interactions

Human beings have long desired control of their health and well-being.
Consistent with that desire, herbal medications have become widely-used
alternatives to synthetic drugs for the treatment of common ailments. Natural
products are generally viewed as benign and easily accessible to the general
public, thus tremendously augmenting their mass appeal (Henderson et al.,
2002). The economic impact of herbal medicines has been staggering in recent
years, as evidenced by the proliferation of various exotic, now household-name
products featured in drug, discount, and grocery stores across the United States.
It is estimated that between 1988 and 1997, U.S. herbal product sales surged
from $200 million to $3.3 billion (Mahady, 2001). Herbal product use has steadily
increased since then, with about 50% of all Americans relying upon them, and
recent sales estimates exceeding $10 billion (Stys et al., 2004).

The results of a recent survey revealed an estimated 16% of prescription
drug users also used some type of herbal remedy concurrently (Kaufman et al.,
2002). Despite the widespread use of herbal products, overall preclinical and

clinical information (ie., case reports and interaction studies) regarding herb-drug
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interactions are limited in number. Herb-drug interactions may be underreported

or underestimated for various reasons, including:

e Lack of herbal usage disclosure by patients to their care providers, estimated
as common as in 70% of all cases (Eisenberg et al., 1993).

e Lack of requirement of rigorous preclinical and clinical testing of herbal
supplements by regulatory authorities due to their natural product profile.

e Limited value of clinical investigations, due to poor study designs, small
sample sizes, and usage of herbal products with uncertain active ingredient
compositions and batch consistency (Goldman, 2001).

e Lack of case reporting of herb-drug interactions due to underestimation of
herbal potency.

e Presence of multiple active ingredients in a given herbal product, each with
distinct pharmacological actions (Zhou et al., 2003).

Herbal medicines are characterized by their pharmacological makeup.
These medicines are most commonly mixtures of multiple active ingredients;
therefore, ambiguity regarding which and how many herbal constituents possess
pharmacological activity is not uncommon. The situation is complicated by the
fact that herbal medicines generally lack uniformity in terms of ingredient
compositions among brands and batches, thus making these medications difficult
to analyze and to evaluate (I1zzo and Ernst, 2001).

It has been estimated that most herbal drug users additionally use
prescription medications for chronic ailments, thereby increasing the likelihood of

pharmacokinetic and/or pharmacodynamic interaction (Eisenberg et al., 1998).
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Both pharmacodynamic and pharmacokinetic interactions involving herbal
products have been identified in case reports and controlled investigations.
Intriguing instances of herb-drug interaction have involved several popular herbal
supplements, including ginkgo biloba, ginseng, garlic, kava, echinacea, and St.
John’s Wort.
Depression as a disease state

Depression is one of the most common disorders treated clinically, with
about 75% of depressive illnesses of mild to moderate severity treated in primary
care settings (Muller and Volz, 1996). According to World Health Organization
estimates, severe depression will become the number two cause of death within
the next ten years. It is also estimated that approximately 10% to 17% of the
U.S. population will experience a major episode of depression at least once
(Keith and Matthews, 1993). The disorder is often difficult to accurately diagnose
due to its ambiguous symptoms, and is often difficult to treat. Specifically, both
patients and physicians are at times reluctant to utilize standard antidepressant
therapies due to side effects and the high cost of such medications (Gaster and
J. Holroyd, 2000). It is not uncommon for patients prescribed synthetic
antidepressants to discontinue treatment prematurely. In general, 65% to 75% of
patients receiving conventional drug therapy in the treatment of depression
achieve successful regression of symptoms, while only 40% to 50% achieve
complete recoveries (Muller and Volz, 1996). These conditions have contributed

to the gradual rise in popularity of St. John’s Wort as a treatment in depression,
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despite conflicting research claims and views regarding the supplement’s
effectiveness.
The duplicitous nature St. John’s Wort

Saint John’s Wort (hypericum perforatum) is a flowering perennial plant
found in various regions of Europe, Africa, and Asia, and in parts of the western
United States. The plant derives its name from its yellow flowers, traditionally
gathered for the feast of St. John the Baptist. In ancient times, the plant was
revered for its medicinal properties. St. John’s Wort was used for a wide range
of conditions, including neuralgic ailments, sciatica, and even poisonous reptile
bites. In recent times, the herb has been used for the treatment of psychiatric
disorders ranging from anxiety, neurosis, depression and even hysteria
(Rasmussen, 1998), and has even enjoyed use as an external treatment for
wounds, sprains, and bruises (Snow, 1996). The leaves and flowers of the plant
consist of over two dozen constituents owing to its pharmacological properties,
with 0.1% of the herb consisting of the naphthodianthrones hypericin (a key
active ingredient) and pseudohypericin. Also contained within the plants are the
flavonoids amentoflavone, luteolin, kaempferol, and quercetin, the glycosides
hyperoside and rutinoside, and the phloroglutinol derivative hyperforin (Barnes et
al., 2001).

St. John’s Wort is marketed in Europe as a mood and sleep enhancer.
The supplement generated $6 billion (U.S.) in European sales in 1998 alone
(Harrison, 1998). Similarly, St. John’s Wort has seen an unprecedented rise in
popularity in the United States since the FDA’s Dietary Supplement Health and
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Education Act of 1994, with its sales increasing from $20 million in 1995 to $200
million in 1997 (Brevoort, 1998).

Crude or purified Hypericum perforatum L. extracts are obtained using
mixtures of methanol/water or ethanol. Important components such hypericin are
then standardized by UV spectroscopy. The United States Pharmacopoeia
requires that standardized St. John’s Wort extracts contain no less than 0.2%
hypericin and pseudohypericin and no less than 3% hyperforin as assayed by
HPLC (U.S.P., 1999). Complicating the situation is the fact that St. John’s Wort
constituents are very light- and temperature-sensitive, resulting in unreliable label
claims by some manufacturers due to ingredient decay (Bilia et al., 2001). For
example, when ten separate St. John’s Wort products were tested for active
ingredient content in a 1998 survey, it was found that half the products surveyed
contained less than 80% stated hypericin, while a third of the products contained
less than 50% of stated hypericin (Monmaney, 1998).

St. John’s Wort’s mechanism of action in the treatment of depression and
anxiety has been difficult to ascertain. Hypericin, hyperforin, pseudohypericin,
and quercetin are constituents believed to be responsible for St. John’s Wort
antidepressant effects. Research has suggested that St. John’s Wort’s
effectiveness is dependent upon the supplement’s impact on several
neurotransmitters in the body. Although the manipulation of an individual
neurotransmitter may not be potent enough to account for trademark xenobiotic
effects, the manipulation of several may combine to achieve these results (Wills
et al., 2000).
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St. John’s Wort extracts have exhibited the ability to prevent serotonin
uptake in animal models. Specifically, it has been demonstrated that
hydromethanolic hypericin extracts rapidly deplete 5-HT storage vesicles,
dramatically raising 5-HT concentrations in the cytoplasm and inhibiting its
cellular uptake. The herbal supplement inhibits serotonin uptake through the
elevation of free intracellular sodium ion concentrations via increased Na*/H"
exchange. Prolongation of neurotransmitter availability augments
antidepressant effects. However, these seritonergic effects are less potent than
those of the SSRI class of antidepressants (Gobbi et al., 1999). St. John’s Wort
similarly increases dopaminergic effects through apparent dopamine-beta-
hydroxylase inhibition. This inhibition is thought to increase synaptic dopamine
concentrations (Kleber et al., 1999). Furthermore, St. John’s Wort
hydroethanolic extracts weakly inhibit monoamine oxidase types A and B (Suzuki
et al., 1984), and also inhibit catechol-O-methyltransferase. It has been
concluded, however, that the antidepressant action of St. John’s Wort relies
neither upon MAO inhibition alone nor COMT inhibition alone (Thiede and
Walper, 1994).

Specific components of St. John’s Wort have been implicated in
alterations of neurotransmitter action in animal studies. Hyperforin, for instance,
induces increased levels of extracellular dopamine, norepinephrine, and
glutamate through uptake inhibition (Muller et al., 1997). Hyperforin also inhibits
the uptake of 5-HT, GABA, and L-Glutamate (Singer et al., 1999; Kaehler et al.,
1999). The component quercetin inhibits mono-amine oxidase levels in rat brain;
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however, St. John’s Wort does not significantly affect MAO in humans at clinical
dosages (Demisch et al., 1989). The key component hypericin is believed to
impact cellular ion channels, acting to antagonize NMDA receptors by inhibiting
AMPA- and GABA-mediated responses. Hypericin has shown inhibitory activity
upon dopamine- beta-hydroxylase (Kleber et al., 1999), and has also shown
strong inhibitive affinity for muscarinic cholinergic and sigma receptors (Raffa,
1998). In addition, biflavone components in St. John’s Wort have displayed
partial agonist effects on brain benzodiazepine receptors in vitro, although the
fact that hypericum does not readily cross the blood brain barrier lowers the
probability of a clinical effect (Nielsen et al., 1988).

OH O OH

Rhesehh

OH O OH
Figure 2.1: Structure of hypericin.

St. John’s Wort and mainstream therapy

Studies undertaken to examine St. John’s Wort antidepressant effects
have yielded mixed results. Investigations comparing St. John’s Wort to
synthetic antidepressants produced promising results, including several studies
involving imipramine. In one such study, no significant difference was found
between imipramine and St. John’s Wort extract treatments in terms of both von
Zerssen depression scale and clinical global impression scale scores (Woelk,

2000). Similarly, St. John’s Wort extract was deemed therapeutically equivalent
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to various doses (100 mg, 150 mg daily) of imipramine by virtue of Hamilton
anxiety score, global impression score, and Zung self rating depression score
evaluations (Vorbach et al., 1994; Philipp et al., 1999; Vorbach et al., 1997).
When compared to amitriptyline, fluoxetine, and maprotiline, St. John’s Wort
displayed no significant differences compared to the tricyclic antidepressants in
overall anti-depressive outcomes (Harrer et al., 1994; Wheatley, 1997; Schader,
2000). In large, multicenter studies, St. John’s Wort was consistently effective in
the treatment of mild to moderate depression. For instance, in a study involving
1060 patients, a 66% improvement rate and a 27% “symptom free” rate was
seen in patients who received the supplement for four weeks (Smet and Nolen,
1996). St. John’s Wort was found to be 77% and 76% effective by patient
assessment in separate studies involving 2404 and 1606 volunteers, respectively
(Bilia et al., 2002). Success was even observed when St. John’s Wort extract
was given to post-menopausal women in a multicenter study. Post-menopausal
climacteric symptoms decreased or disappeared in 79% of women based upon
physician clinical global impression scale assessment (Grube et al., 1999). St.
John’s Wort, however, has produced less impressive results in severe
depression. For example, in a study conducted by Shelton et al. (2001), St.
John’s Wort failed to distinguish itself from placebo action in the treatment of
individuals diagnosed with severe depression.

St. John’s Wort’s popularity is greatly strengthened by its high tolerability
and low incidence of adverse effects, particularly when compared to the side
effect profiles of commonly-used synthetic anti-depressants. The supplement
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has been associated with mild, self-limiting adversities such as fatigue, anxiety,
confusion, dizziness, headache, dry mouth, and upset stomach. Several studies
have deemed St. John’s Wort adverse effects as comparable to those of placebo
treatments (Linde et al., 1996). In a large, multicenter study of 3250 adult
patients in primary care settings, adverse effects included gastrointestinal
irritation or dyspepsia (0.6%), allergic reactions (0.5%), lethargy and drowsiness
(0.4%), and descriptions of anxiety or restlessness (0.3%). Only 1.5% of patients
who participated in the study required discontinuation of therapy due to adverse
effects (Woelk et al., 1994). Other studies have reported supplement adverse
effects to occur at a rate of 1% to 3% (Schulz, 2001). In addition, a review of
several clinical trials (totaling 1757 patients) reported adverse reactions in 19.8%
of patients who received St. John’s Wort treatment. The review reported adverse
reactions in 52.8% of patients who received conventional anti-depressants
(Wheatley, 1998).

Photosensitization is a rare but intriguing side effect associated with St.
John’s Wort use. Photosensitivity reactions cause serious sunburn and often
result in blisters or lesions of the skin. The side effect has long been observed in
grazing animals following ingestion of the St. John’s Wort plant (Araya and Ford,
1981). Studies have yielded mixed results concerning photosensitivity in
humans, although most results suggest a correlation between increased dose
and increased sensitivity (Brockmoller et al., 1997). Investigations have also
indicated a higher prevalence of photosensitivity in HIV and hepatitis C infected
patients (Gulick et al., 1999; Jacobson et al., 2001).
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St. John’s Wort has gained recent notoriety for the role it plays in various
herb-drug metabolic interactions, with most attention directed toward the

supplement’s interaction with cytochrome P450 monooygenase system.

Figure 2.2: Structure of hyperforin.  Figure 2.3: Structure of 13, 118 biapigenin.

St. John’s Wort: in vitro and in vivo interface with cytochrome P450
Components of St. John’s Wort extract inhibit the activity of various CYP

subfamilies. For instance, Moore and colleagues (2000) reported a marked
increase in CYP3A4 mRNA levels following hyperforin exposure to human
hepatocytes. An in vitro study found the flavonoid compound biapigenin to be a
potent, competitive inhibitor of CYP3A4 (Ki= 0.038 uM), CYP2C9 (Ki= 0.32 uM),
and CYP1A2 (Ki= 0.95 uM), and a 50% inhibitor of CYPs 2D6, 3A4, and 2C9 at
concentrations below 10 yM. Hyperforin was a potent noncompetitive inhibitor of
CYP2D6 activity (Ki =1.5 uM) and was a competitive inhibitor of CYP2C9 and
CYP3A4 (1.8 uM and 0.48 pM, respectively). At concentrations less than 10 pM,
the constituent exhibited 50% inhibition of CYPs 2D6, 3A4, and 2C9. Hypericin
similarly inhibited CYP2C9 competitively with an inhibition constant of 1.4 pM.
Like hyperforin, hypericin displayed 50% inhibition of CYPs 2D6, 3A4, and 2C9.

Quercetin, a fourth constituent of St. John’s Wort, displayed 50% inhibition
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(concentration below 10 pyM) in only one cytochrome subfamily, CYP1A2 (Obach,
2000). In another in vitro investigation, the herbal constituent hyperforin was
found to inhibit CYPs 2C9, 2C19, 2D6, 3A4 and 1A2, while quercetin inhibited
CYPs 2C9, 2D6, 3A4, and 1A2. Notably, hyperforin produced very potent
inhibition of cytochrome subfamilies 2C9 and 2C19, resulting in IC50 values of
0.01 uM and 0.02 uM, respectively (Zou et al., 2000). Hypericin potently
inhibited CYP3A4 in vitro in both tincture and ethanolic extract forms, with 1Cso
values of 0.04% (of full strength preparation) and 0.33 uM, respectively
(Budzinski et al., 2000).

Despite substantial in vitro evidence of St. John’s Wort and its extracts
inhibiting cytochrome isoforms, in vivo reports have indicated enzyme induction.
A number of in vivo drug interactions have been observed involving St. John's
Wort and widely used medications. The interactions have been largely
pharmacokinetic in nature and have indicated alterations of normal drug
metabolism through several cytochrome pathways, including CYPs 2C9, 3A4,
1A2, 2C19 and 2D6.

Several case reports have indicated St. John’s Wort to impact the
metabolism of CYP2C9 substrates warfarin and phenprocoumon. For example,
between 1998 and 2000 there were 22 case reports of decreased international
normalized ratio (INR) in patients taking both warfarin and the herbal supplement
(Ernst, 1999). An altered profile of the anticoagulant’s pharmacologically active
S-enantiomer suggests enzyme induction in cases of decreased INR (Yue et al,
2000); however, neither in vitro nor in vivo testing has been performed to confirm
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this induction. It has even been hypothesized that such interactions involving
warfarin may be the result of P-glycoprotein induction, possibly in concert with
induction of adjacent cytochrome pathways CYP1A2 and CYP3A4 (Cott, 2001;
Kaminsky and Zhang, 1997). In addition, a clinical study examining the effect of
St. John’s Wort dosing upon phenprocoumon revealed a significant decrease in
anticoagulant AUC after 11 days of supplementation (Donath et al., 1999). A
randomized in vivo study involving St. John’s Wort co-administration with a drug
cocktail that included the CYP2C9 substrate tolbutamide yielded no significant
pharmacokinetic effects on drug metabolism in 12 volunteers (Wang et al., 2001).

St. John’s Wort has been linked to CYP2C19 induction in polymorphic
volunteers. In a study conducted by Wang et al, the pharmacokinetic profile of
the proton pump inhibitor omeprazole and its hydroxylated metabolites were
affected by coadministered St. John’s Wort after 14 days of supplement
treatment. Specifically, .Cmax and AUC-extrapolated values in CYP2C19
mutant-allele individuals were significantly decreased (37.5 % and 37.9%,
respectively) after St. John’s Wort treatment. Likewise, significant differences in
Cmax and AUC-extrapolated were observed in wild-type allele carriers as well
(49.6% and 43.9%, respectively). Additionally, St. John’s Wort produced
significant increases in Cmax and AUCextrap vValues in omeprazole’s hydroxylated
metabolite (Wang et al., 2004).

CYP1AZ2, too, is believed to be susceptible to enzyme induction by St.
John’s Wort. In a well-documented case report, a patient experienced lowered
theophylline levels with co-administration of St. John’s Wort. Theophylline
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dosing was increased substantially to overcome St. John’s Wort’s inductive
effect, and discontinuation of the supplement’s administration resulted in a
doubling of the patient’s plasma theophylline concentrations (Nebel et al., 1999).

Perhaps the most infamous cases of drug interaction involving St. John’s
Wort have involved the CYP3A4 isoform. CYP3A induction by St. John’s Wort
occurs through the pregnane-X receptor, a member of the steroid/thyroid
receptor family that mediates CYP3A expression (Moore et al., 2000). The
pregnane-X receptor is strongly favored by St. John’s Wort constituent
hyperforin, implicating this component as a chief inducer of CYP3A4 (Wentworth
et al., 2000). This fact is also consistent with the in vitro findings of Budzinsky et
al (2000), in which hyperforin was identified as a potent CYP3A4 inhibitor.
Administration of St. John’s Wort with a broad range of CYP3A substrates has
resulted in dramatic examples of drug induction:

e The interaction between St. John’s Wort and cyclosporin is well-
documented as a potentially fatal herb-drug interaction. The popular
immunosuppressant cyclosporine is often used following instances of
organ transplantation and has a very small therapeutic concentration
range. Drug plasma levels that fall below the minimum effective
concentration can lead to tissue or organ rejection and an increased risk
of kidney and/or liver toxicity. Several instances of organ rejection in the
presence of St. John’s Wort have been reported in recent years (1zzo,
2004). For instance, Ruschitzka and associates (2000) observed acute

cellular transplant rejection in heart transplant patients who were
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stabilized on cyclosporine therapy for 11 months and 20 months,
respectively. Significantly lowered cyclosporine plasma trough
concentrations and transplant rejection were also associated with St.
John’s Wort co-administration in a patient 25 years after kidney
transplantation (Mai et al, 2000). Furthermore, St. John’s Wort
significantly lowered cyclosporin plasma concentrations in 30 kidney
transplant patients with a mean decrease of 47%. After discontinuation
of St. John’s Wort therapy, cyclosporin levels exhibited a mean increase
of 187% (Breidenbach et al., 2000). Cessation of St. John’s Wort
treatment generally resulted in spontaneous recovery in patients who
experienced kidney, heart, and pancreas transplants. Some recoveries
were augmented by additional immunosuppressive therapy (Rey and
Walter, 1998).

Analogous results were seen in the pharmacokinetics of another
immunosuppressant, tacrolimous. Fourteen days of St. John’s Wort
extract administration decreased its AUCo-12 by greater than 50%.
Reductions in tacrolimus peak and trough plasma concentrations were
observed as well. Again, dose adjustment was necessary to achieve
pharmacological effects. However, the immunosuppressant
mycophenolic acid displayed no pharmacokinetic alterations under
identical circumstances, (Mai et al., 2003).

Long-term (2 or more weeks) administration of St. John’s Wort caused a

significant increase in midazolam clearance (121.8 L/hr to 254.5 L/hr)
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after oral midalzolam dosing. Likewise, oral bioavailability of midazolam
significantly decreased (0.28 +/- 0.15 to 0.17 +/- 0.06), matched with a
greater than 50 percent decrease in AUC during the same time span.
Although a non-significant change, midazolam AUC after intravenous
dosing was decreased by 21% following two weeks of St. John’s Wort
administration (Wang et al., 2001). St. John’s Wort also affected the
pharmacokinetics of the congener alprazolam, resulting in a 2-fold
decrease in the drug’s AUC, a 2-fold increase in clearance, and a 2-fold
decrease in half-life after two weeks of St. Johns’ Wort administration
(Markowitz et al., 2003).

Volunteers administered racemic verapamil exhibited 80% and 78%
decreases in plasma AUC values for the S- and R- enantiomers,
respectively, following 14-day treatments of St. John’s Wort. In addition,
78% and 76% decreases in S- and R- verapamil Cmax values were
observed. Metabolic norverapamil S- and R- AUCs declined by 63% and
51%, respectively (Tannergren et al., 2004).

St. John’s Wort has been shown to interact with HIV protease inhibitors.
Fourteen days of administration of the herbal supplement caused a
decrease in indinavir mean AUC by 57% in a study consisting of healthy
volunteers. Similarly, mean Cmax values for indinavir decreased by 28%
following St. John’s Wort treatment (Piscitelli et al., 2000).

The tricyclic antidepressant amitriptyline is metabolized by both CYP3A4

and CYP2C19, while its active metabolite nortriptyline is metabolized by
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both CYP3A4 and CYP2D6 (Venkatakrishnan et al., 1998). Co-
administration of St. John’s Wort with amitriptyline resulted in 20% and
40% decreases in AUC parameters for amitriptyline and nortriptyline,
respectively. It was hypothesized that St. John’s Wort caused an up-
regulation of CYP3A4 to yield these results (Roots et al., 2000).
Fourteen days of St. John’s Wort treatment lowered plasma AUC and
Cmax parameters of the HMG CoA reductase inhibitor simvastatin after
single dosing, although the reductions were not statistically significant.
However, the AUC value for simvastatin’s hydroxyl acid metabolite was
significantly reduced following supplementation. St. John’s Wort did not
affect the pharmacokinetics of the pravastatin, though. The difference in
induction results was speculated to be due to differences in P-
glycoprotein influence between the two congeners (Sugimoto et al.,
2001).

Several reports of breakthrough bleeding have been observed in cases
involving the co-administration of oral contraceptives and St. John’s
Wort. In all reports, women reported no breakthrough bleeding for at
least seven months prior to supplement treatment. Unplanned
pregnancies, too, have been reported in some women following
simultaneous use of birth control and St. John’s Wort (I1zzo, 2004). For
example, one pregnancy occurred when synthetic antidepressant therapy
was substituted with herbal supplementation by a woman who also used

ethinyl estradiol/ dienogesterol contraceptive (Schwartz et al., 2003). In
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clinical investigations, the supplement caused a clinically significant
increase in the oral clearance of the contraceptive agent norethindrone
(Gorski et al., 2002), a significant reduction in ethinyl estradiol half-life,
and a 3.5-fold increase in breakthrough bleeding in human volunteers
(Hall et al., 2003).

P-glycoprotein and St. John’s Wort

Induction of P-glycoprotein, too, may be a result of long-term St. John’s Wort
therapy and thus may dramatically affect the metabolism of co-administered
drugs. Intestinal P-glycoprotein is responsible for the efflux of drugs from the
intestinal lumen. Increased efflux resulting from pump induction may reduce the
bioavailability of P-glycoprotein substrate drugs, therefore antagonizing the
absorptive transport and/or diffusion of the drugs (Durr et al., 2000). Although St.
John’s Wort induces hepatic CYP3A expression and activity, there has been little
evidence of increased drug clearance following intravenous administration of the
supplement. The majority of reports regarding cytochrome induction occur
following oral administration of drugs (Perloff et al., 2001), perhaps emphasizing
the importance of intestinal induction and P-glycoprotein’s possible mediation of
the process.

A study by Hennessy et al. (2002) revealed that St. John’s Wort increases
the expression and activity of P-glycoprotein, as indicated by peripheral blood
lymphocyte measurements. Several constituents of St. John’s Wort, too, may
contribute to P-glycoprotein induction, as the xenobiotic contains flavonoid
compounds proven to interact with the transporter (Conseil et al., 1998).
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Furthermore, evidence suggests that hypericin may be a significant facilitator of
this protein’s induction. Hypericin caused potent low-concentration induction of
P-glycoprotein in an in vitro investigation (Perloff et al., 2001).

Vast overlap amongst substrates of intestinal CYP3A4 and P-glycoprotein
has been observed in various xenobiotics, and it even appears that the two
intestinal structures are coordinately regulated in some instances. For example,
CYP3A4 and P-glycoprotein have been located in close quarters on the same
chromosome, and studies have indicated a tendency for tumors that express P-
glycoprotein to also express CYP3A4 (Wacher et al., 1995). It has been
postulated that P-glycoprotein and CYP3A4 act synergistically to control drug
metabolism in spite of differing mechanisms of action (Katoh et al., 2001). Three
popular scenarios by which this synergism may occur include:

1. P-glycoprotein acts to divergently limit proximal bowel absorption.
Reduction in the rate of drug absorption by P-glycoprotein may
facilitate a shift in the site of absorption from the proximal bowel to
distal segments that possess lower concentrations of CYP3A4. Such
regions of the intestine are catalytically less efficient; hence, the net
result of this process may be decreased drug metabolism and
increased bioavailability (Homsy et al., 1995).

2. P-glycoprotein acts to prolong the duration of exposure to intestinal
CYP3A4. In this popular scenario, a drug substrate of P-glycoprotein
circulates between luminal and epithelial cells in the intestine. The
process repeats in such a fashion that the drug receives maximal
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exposure to CYP3A4 for metabolic oxidation, in turn increasing the
rate of drug metabolism while reducing oral bioavailability. This
process has been noted in the metabolism of cyclosporin A in the
small intestine (Gan et al., 1996).

3. P-glycoprotein acts to remove primary drug metabolites from
enterocyte structures. This process prevents further metabolism of
these by-products by CYP3A4 and thus accelerates the rate of parent
drug metabolism. Hence, the process is contingent upon the affinity
of primary metabolites for P-glycoprotein efflux being greater than that
of the parent drug. Cyclosporin A has been observed to be
metabolized in this manner, particularly in individuals with high P-
glycoprotein expression (Christians and Sewing, 1993).

St. John’s Wort has indicated significant inductive effects upon intestinal
P-glycoprotein and CYP3A4 in vivo; therefore, the supplement is likely to interact
with a wide range of medications whose metabolism is affected by these
intestinal proteins. Several case reports and studies conducted in both animals
and humans have implicated St. John’s Wort in P-glycoprotein mediated
interactions. For instance, studies in rats indicated a 3.8-fold increase in P-
glycoprotein expression. Male rats given St. John’s Wort for 14 days exhibited
an 18% decrease in digoxin plasma concentrations, and exhibited 1.4-fold
increase in duodenal P-glycoprotein and 1.5-fold increase in duodenal CYP3A4
(Durr et al., 2000). CYP3A influence on digoxin metabolism has not been
detected in humans, as evidenced in in vitro investigations involving human
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hepatocytes and human liver microsomes (Lacarelle et al., 1991). In a human
investigation by Johne and associates (1999), digoxin AUC values were reduced
by 25% in 25 healthy subjects after ten days of St. John’s Wort treatment,
although no clinically significant alterations in digoxin pharmacokinetics were
seen. In a similar investigation by Dresser et al. (2003), fexofenadine AUC
decreased by 49% in human volunteers after 12 days of herbal therapy, an effect
also believed to be mediated by P-glycoprotein.

Other case reports and clinical investigations have suggested a combined
influence of P-glycoprotein and CYP3A4 in altered drug metabolism. For
example, de Maat reported a 35% reduction in nevirapine plasma levels in 5
human volunteers after St. John’s Wort administration (de Maat et al., 2001).
Nifedipine plasma values were decreased by 53% after 18 days of St. John’s
Wort treatment in 22 volunteers (Henderson et al., 2002). As alluded before, the
immunosuppressant cyclosporine has been involved in several incidences of P-
glycoprotein/CYP3A4 metabolic induction. Reports range from singular
incidences of organ transplant rejections resulting from cyclosporine plasma
reductions (Henderson et al., 2002; Mai et al., 2000), to controlled clinical trials
confirming reduced cyclosporine efficacy after long-term St. John’s Wort therapy
(Breidenbach et al., 2000).

There even exist situations in which P-glycoprotein and CYP3A-mediated
metabolism may be further complicated by the production of potent metabolites
that may also alter enzyme function. Studies have indicated that CYP3A4-
mediated metabolism may have inhibitory effects upon P-glycoprotein, as in the
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work performed by Katoh and colleagues (2001). Transcellular transport of
tritiated daunorubicin and digoxin were strongly inhibited by CYP3A4 substrates
azelastine and their corresponding desethylamiodarone and desmethylazelastine
metabolites following parent drug treatment upon intestinal epithelia. These
findings present a cautionary reminder of the unpredictable nature of drug
interactions, particularly when active metabolite scenarios are taken into account.
In recent years, St. John’s Wort has enjoyed an unprecedented rise in
popularity for the treatment of mild depression in Europe and the United States,
due in part to its seemingly benign adversity profile. The supplement’s liberal
use, lenient regulation, and dispersed effects on metabolism via the cytochrome
P450 monoxygenase system has generated much attention and legitimate
concern regarding its interaction with other agents that may be metabolized by
common pathways. St. John’s Wort and several of its individual components
have shown considerable activity upon multiple cytochrome P450 isoforms. This
xenobiotic has also been implicated in an alarming number of herb-drug
interactions citing pharmacokinetic and pharmacodynamic influences. St. John'’s
Wort’s broad usage, combined with its strong safety profile, make it a relevant

and convenient candidate for use in in vivo studies.
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REVIEW OF LITERATURE:
OVERVIEW OF PREDNISONE AND PREDNISOLONE
Corticosteroid drugs: history, mechanism of action and pharmacology
The corticosteroid era of drug therapy began in the 1930s, when adrenal
steroids such as cortisol, cortisone and corticosterone were purified and
identified. By the late 1940s, corticosteroids suitable for human use were
developed and subsequently introduced to the public for the treatment of immune
system-exacerbated conditions such as rheumatoid arthritis and respiratory
disorders such as asthma. Although therapeutically effective, these compounds
were hampered by troublesome mineralocorticoid side effects that threatened to
limit their therapeutic value. Considerable research was devoted to the
development of cortisone analogs with equivalent-to-superior therapeutic profiles
and diminished side-effects. Researchers soon learned that modifications to
corticosteroid structure could be performed to greatly manipulate either
glucocorticoid or mineralocorticoid potency. This triggered a rapid proliferation of
adrenal steroid compounds such as prednisolone and dexamethasone that have
since become widely-utilized, front-line medications across the globe (Barnes
and Mueller, 1995).
Corticosteroids elicit their effects through either positive or negative
control of gene expression. Glucocorticoid action, for instance, is initiated when

the drug enters target tissue cells by diffusion across plasma membranes. Drug
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molecules bind tightly with human glucocorticoid receptors found both on the
surface of the cell membrane and within the cellular cytoplasm (Schimmer and
Parker, 2001). The binding of drug to a glucocorticoid receptor causes a
conformational change of the receptor in route to the formation of a receptor
steroid-receptor complex. The structural change also enhances the DNA binding
affinity of the receptor complex. The newly-modified receptor complex is then
transported to the cell nucleus for chromatin binding and activation of
glucocorticoid response elements. Located near promoter regions of
glucocorticoid-responsive genes, the response elements become conduits
through which the steroid receptor complex regulates gene promoter activity and
messenger RNA transcription. Increased or decreased accumulation of mMRNA
transcripts within the target cell causes changes in the rate of protein synthesis.
The proteins that arise from this process code for the production of enzymes that
influence either anabolic or catabolic processes in affected tissues to render
glucocorticoid effects (Wahli and Martinez, 1991).

The effects of corticosteroid treatment on the body’s homeostatic
processes are well-understood. In general, corticosteroid agents either exhibit
predominate glucocorticoid properties, predominate mineralocorticoid properties,
or some combination of the two. Early functional assays prompted the
classification of corticosteroids into these categories by virtue of their ability to
either promote sodium retention by the kidney or to promote liver glycogen
deposition (Szpilfogel, 1984). Mineralocorticoids, for example, possess the
ability to enhance sodium reabsorption in the kidney. Potassium and hydrogen
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excretion is increased as well, thus affecting electrolyte and water balance within
the body. Some glucocorticoids also affect electrolyte and water balance by
affecting sodium ion retention (Schimmer and Parker, 2001).

Energy storage and utilization are glucocorticoid functions executed
through the manipulation of endogenous insulin, glucagon, and catecholamines.
Glucocorticoids promote energy storage in the liver through the formation of
glycogen, whereas glucocorticoid peripheral actions include decreased utilization
of glucose and mobilization of amino acid residues. Transposed amino acids
reach the liver as building-block substrates for gluconeogenesis. Endogenous
cortisol, for instance, stimulates new enzyme synthesis within the liver through
interaction with the glucocortoid receptor. The rise of such enzymes—
phosphoenolpyruvate carboxykinase and glucose-6-phosphatase among the
most important— augment the ability of glucagon and catecholamines to trigger
gluconeogenesis. Like cortisol, synthetic glucocorticoid analogues powerfully
alter carbohydrate, protein, and lipid metabolism such that glycogen stores are
conserved and enhanced. The agents inhibit glucose uptake and utilization from
peripheral tissues, and support gluconeogenic processes by promoting protein
and triglyceride catalysis (Orth et al., 1992; Schimmer and Parker, 2001).

The cardiovascular, nervous, and skeletal systems may be significantly
impacted by corticosteroid therapy. For instance, a mineralocorticoid-induced
increase in sodium ion retention can lead to hypertension and a cascade of
adverse effects on the cardiovascular system. Glucocorticoid-induced
hypertension can also occur through increased expression and affinity of
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adrenergic receptors in the heart and vascular lining. Corticosteroid insufficiency
or excess may impair muscle function and work capacity. Furthermore,
corticosteroid effects upon the CNS include variable changes in mood, behavior,
and brain excitability during conditions of glucocorticoid insufficiency or excess
(Schimmer and Parker, 2001).

The anti-inflammatory profile of glucocorticoid compounds is well-
documented. The agents inhibit either the production or action of leukocytes that
mediate inflammation. Glucocorticoids inhibit the release of vasoactive factors,
reduce the secretion of proteolytic enzymes, decrease leukocyte migration to
areas of injury, and decrease fibrosis. Glucocorticoids also induce lipocortin
production to inhibit phospholipase A: for prevention of arachidonic acid release.
The net result of glucocorticoid action is the prevention or suppression of
inflammatory response to radiant, mechanical, chemical, and immunological
stimuli (Schimmer and Parker, 2001).

Side effects of long-term steroid dosing include prolonged suppression of
ACTH and cortisol via negative feedback upon the pituitary gland.
Musculoskeletal pain, fever, and lethargy are adverse symptoms associated with
steroid withdrawal. More serious adversities associated with cortisol suppression
include hypertensive episodes, osteoporosis, capillary fragility, fluid retention,
increased appetite with weight gain, hyperglycemia and glycosuria, peptic
ulceration, cataracts, and even arrested growth in children. Single dose and
short-term, low dose corticosteroid treatment are generally regarded as safe
alternatives, however (Barnes and Mueller, 1995).
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Prednisone and prednisolone: pharmacokinetics and dose-dependency

The glucocorticoid compounds prednisone and prednisolone are synthetic
analogues of endogenous cortisol, and are used in the treatment and
management of a broad range of ailments including severe asthma and various
rheumatic, gastrointestinal, and hematological disorders. Although the actions of
these agents are largely palliative rather than curative, they remain first-line
options for many physicians in the treatment of disease (Schimmer and Parker,
2001).

Prednisone and prednisolone are generally administered as prodrugs in
oral and intravenous dosage forms. Prednisolone is rapidly absorbed in humans
and features very little interindividual variability. The agent is metabolized in the
liver and is characterized by a plasma half-life of about 2.5 hours and a biologic
half-life of 24 hours (Barnes and Mueller, 1995). Prednisolone is highly bound to
plasma proteins. Percent bound values for the drug ranged from 50% to 90% in
previous investigations (B.M. Frey and F.J. Frey, 1990).

Prednisone is also metabolized in the liver and is characterized by a half-
life of about 3.5 hours with an average plasma protein binding of 75% (B.M. Frey
and F.J. Frey, 1990). The two glucocorticoids undergo reversible metabolism
upon introduction of either agent into the body. Prednisolone has slightly greater

pharmacological activity than prednisone (Schimmer and Parker, 2001).
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Figure 3.1: Structure of prednisone.

Prednisone and prednisolone undergo oxidative metabolism in the liver
and kidneys to yield several inactive metabolites, including the major metabolites
6-beta- , 20-beta- and 20-alpha hydroxyprednisolone, along with 20-beta
hydroxyprednisone. 20-alpha hydroxyprednisone is produced to a lesser extent
(Garg and Jusko, 1991). 6-beta hydroxyprednisolone production depends upon
the enzymatic activity of 6-beta hydroxylase as dictated by cytochrome P4503A4
(Waxman et al., 1988), while 20-alpha- and 20-beta metabolite production is
facilitated by the 11-beta hydroxysteroid dehydrogenase enzyme system. The
11-beta hydroxysteroid system is also responsible for the interconversion of
prednisolone and prednisone (Escher et al., 1998). Urinary excretion of
prednisone and prednisolone are 3% and 15%, respectively, after intravenous
dosing, regardless of which drug is administered (Schimmer and Parker, 2001).

Prednisone and prednisolone bioavailability assessments are commonly
made with reference to prednisolone concentration. Prednisone and
prednisolone administered to humans have complete absorption in low-dose
formulations. Their bioavailabilities are unaffected by the presence of food
(Henderson et al., 1979). When equivalent does of prednisone and

prednisolone are given to the same individuals, the resulting prednisolone
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plasma concentrations are nearly identical (Gambertoglio et al., 1980). Lower
prednisolone bioavailability has been observed upon ingestion of high-dose
prednisone, however, with some values as low as 60% (F.J. Frey et al., 1986).
An investigation by Garg and Jusko (1994) largely attributed this discrepancy to
less efficient prednisone absorption compared to hydrophilic prednisolone,
possibly due to inferior dissolution of the former. Interconversion also plays a
role in steroid bioavailability, as it allows for both removal and conservation of
drug action via production of active and inactive drug forms. In addition, a larger
fraction of the steroid dose may undergo first pass metabolism in the liver after
high dose administration (Legler et al., 1982).

Prednisolone is notorious for its dose-dependent pharmacokinetic profile
in several species. This characteristic is not shared by its reversible metabolite
(Boudinot and Jusko, 1986; F.J. Frey et al., 1980). Volume of distribution and
plasma clearance values for prednisolone increase with increased dose amounts
in humans over dose ranges commonly used for maintenance therapy. In a
study conducted by Uribe et al. (1978), normal volunteers exhibited average
apparent volume of distribution (Vd/F) values of 0.69 L/kg, 1.43 L/kg, and 2.44
L/kg at 10, 20, and 30 mg doses of prednisone, respectively. Similarly, Pickup et
al. (1977) reported mean volumes of distribution of 0.22 L/kg, 0.41 L/kg, and 0.64
L/kg, along with respective plasma clearances of 1.02 ml/min/kg, 1.44 ml/min/kg,
and 2.0 ml/min/kg following tracer, 0.15 mg/kg and 0.3 mg/kg doses of
prednisolone. This trend could also be seen at higher dose levels. Volume of
distribution increased from 49 L to 132 L, and clearance increased from 155
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mL/min to 382 mL/min as prednisolone dose rose from 10 mg to 100 mg,

respectively (Tanner et al., 1979).

Figure 3.2: Structure of prednisolone.

Prednisolone’s dose dependency is due in part to the compound’s
concentration-dependent plasma protein binding. Prednisolone has the ability to
bind and eventually saturate plasma transcortin (Rose et al., 1981; Legler et al.,
1982). Transcortin binds prednisolone with a high affinity yet low capacity (Chen
et al., 1961; Rocci et al., 1980). High-dose prednisolone, for instance, is
associated with an increased drug fraction-free in plasma and increased
apparent volume of distribution and clearance values (F.J. Frey et al., 1981).
Prednisolone’s dose-dependency can also be attributed to its concentration-
dependent clearance in the unbound form. Legler and colleagues (1982)
reported that prednisolone’s unbound clearance was 30% greater following a
high infusion rate compared to a low infusion rate. Prednisolone has no effect
upon glomerular filtration, as was determined by proportional drug/creatinine
clearance ratios with higher dosing (F.J. Frey et al., 1986). It should be noted
that prednisone binds to plasma transcortin with less resiliency than does its

metabolic counterpart. Prednisolone, in fact, competitively inhibits prednisone

63



binding by transcortin (Boudinot and Jusko, 1984). Plasma albumin equally
binds prednisone and prednisolone, though the interactions are relatively weak
(Pugeat et al., 1981).

The interconversion of prednisone and prednisolone also appears to be
concentration-dependent, as evidenced by increased prednisolone to prednisone
plasma concentration ratio vs. time at higher dose levels. The cause of this ratio
shift has yet to be fully understood. Prednisone concentrations plateau at about
50 to 60 pg/mL after high doses of intravenous prednisolone or oral prednisone.
Researchers have ruled out the possibility of saturation of 11-beta-
hydroxydehydrogenase by pointing out that an expected decrease of unbound
prednisolone clearance does not occur at high doses (B.M. Frey and F.J. Frey,
1990). In addition, prednisone’s low plasma protein binding (Boudinot and
Jusko, 1984), combined with its dose-independent urinary excretion, weakens
the argument that this phenomenon results from a dose-dependent clearance of
prednisone (B.M. Frey and F.J. Frey, 1990).

Reversible metabolism

The phenomenon of reversible metabolism is a complex but increasingly
important issue in modern biopharmaceutics. Reversible metabolism has been
observed in drugs such as sulindac, chlorpromazine and haloperidol, in addition
to various sulfonamide and steroid compounds. The phenomenon has long been
overlooked due to a lack of pharmacokinetic studies involving metabolite dosing
(Jann et al., 1994). Elucidation of reversible metabolism between prednisone
and prednisolone has been especially difficult, due in part to the absence of a
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federally-approved intravenous formulation of prednisone for use in humans
(Garg and Jusko, 1994).

A problematic feature of reversible metabolism is the notion that
measurement of key pharmacokinetic parameters may not provide an accurate
representation of traditional parameters. Characterization of prednisone/
prednisolone pharmacokinetics was the subject of continuous debate during the
1970s and 1980s, highlighted by the creation and use of various models.
Compartmental, non-compartmental, and even what can be described as hybrid
methods were utilized by various investigators in hopes of appropriately profiling
the compounds (B.M. Frey and F.J. Frey, 1990).

There are three general models used to describe reversible metabolism

following prednisone or prednisolone administration, as shown in figure 3.3

below.
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Figure 3.3: Models of prednisone/prednisolone interconversion. (Ferry and
Wagner, 1986).

Boxes PN and PL represent drug and interconvertible metabolite in the central

compartment. The parameters kio and k2 represent the rate constants for the
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irreversible elimination pathways for prednisone and prednisolone, respectively,
while k12 and k21 represent the reversible pathways for each compound. The
models assume no saturation of elimination or interconversion pathways, and
also assume that reversible metabolism is linear and occurs systemically.

Figures 3.3 (II) and 3.3 (I1I) illustrate linear metabolism scenarios in which
elimination pathways may saturate, evidenced by the lack of an elimination rate
constant for either of the corticosteroid analogs. Wagner et al. (1981) suggested
this scenario as feasible after low dose administration of prednisone and
prednisolone to humans. Complicating the situation are the scenarios involving
saturation of interconversion pathways, and this has been noted in investigations
involving corticosteroid administration in dogs and in humans (F.J. Frey et al.,
1980; Rose et al., 1981). It has since been suggested that nonlinear reversible
metabolism is associated with higher levels (50 mg or greater oral administration)
of prednisone or prednisolone dosing (Huang and Jusko, 1990).
Prednisone/ prednisolone enzymatic inhibition and induction

The effects of enzymatic inhibition upon prednisone/prednisolone
metabolism have been studied by several investigators. Known cytochrome 3A4
inhibitors such as ketoconazole, cimetidine, and cyclosporine have been
frequently used in these investigations, yielding variable results.
e A study conducted by Ludwig et al. reported no significant differences in
mean residence time, terminal slope, volume of distribution, and
clearance of prednisolone or prednisone after six days of ketoconazole

treatment (Lugwig et al., 1989). Only four subjects were used in this
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investigation, however, bringing sample size into immediate question
(B.M. Frey and F.J. Frey, 1990).

Zurcher et al. (1989) reported that repeated administration of
ketoconazole (200 mg) was found to inhibit 6- beta hydroxylase activity,
which was measured by the fractional urinary excretion of 6-beta
hydroxyprednisolone. This reduced activity was associated with
decreased prednisolone clearance in spite of unaltered oral prednisone
bioavailability and unaltered prednisone/prednisolone AUC ratio.
However, the mean AUC of unbound prednisolone rose by 50% during
the investigation.

Itraconazole, an antifungal observed to be 10-fold less potent in CYP3A4
inhibition than ketoconazole, was administered in 200 mg doses to ten
volunteers for 4 days. Itraconazole significantly increased prednisolone
AUC (24%) and elimination half-life (29%) compared to placebo (Varis et
al., 2000).

Four days of cimetidine (300 mg every 6 hours) and ranitidine (150 mg
twice a day) treatment resulted in no significant effects upon
prednisolone plasma concentration, AUC, half-life, or volume of
distribution after a single prednisone dose (Sirgo et al., 1985). This
outcome reinforced a previous investigation in which cimetidine yielded
no significant effects upon the plasma profile of enteric-coated

prednisolone (Morrison et al., 1980).
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¢ While co-administration of the macrolide antibiotic troleandomycin
caused a significant alteration of methylprednisolone clearance and
elimination, no significant effects upon prednisolone metabolism were
observed (Szefler et al., 1982).

e Cyclosporin displayed no significant effects upon prednisolone volume of
distribution, bioavailability, and metabolic or renal clearance in renal
transplant patients (F.J. Frey et al., 1987).

¢ Significant reductions in unbound prednisolone clearance were observed
in women taking oral contraceptives containing ethinyl estrogens (B.M.
Frey et al., 1984). A 50% increase in mean AUC values was also noted
for unbound prednisolone following prednisone or prednisolone co-
administration (Boekenhogen et al., 1983; Gustavson et al., 1986).

Enzyme induction has also been associated with prednisolone
metabolism. Prednisolone induced liver enzymes in vivo, as illustrated by
significantly reduced half-lives of both antipyrine and chloramphenicol in rabbits
(Shukla et al., 1984). Several investigators have suggested prednisolone auto-
induction following long-term treatment of the agent in patients with liver disease.
These patients displayed shortened prednisolone elimination half-lives compared
to patients with liver disease who had not received previous prednisolone
therapy, although the differences were not significant (Schalm et al., 1977). In
another investigation, prednisolone clearance rate increased by 23% after 6
weeks of prednisone dosing, in comparison to clearances recorded before daily

administration (Kozowzer et al., 1974). Several studies involving common
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medications have been conducted to assess prednisolone induction, and are

listed below.

In a study by F. Frey and B. Frey (1983), prednisolone unbound drug
clearance was significantly increased and 6-beta-hydroxyprednisolone
urinary excretion was increased following 8 days of (300 mg) phenytoin
administration. In addition, the prednisolone/prednisone ratio
uncharacteristically increased as prednisolone plasma concentration
decreased, indicating a possible phenytoin induction effect upon
corticosteroid interconversion, or a phenytoin-induced alteration of
prednisone volume of distribution.

Anticonvulsant medications phenobarbital, phenytoin, and carbamazepine
significantly increased the plasma clearance of prednisolone in pediatric
patients by 41%, 79%, and 77%, respectively, compared to control
subjects (Bartoszek et al., 1987). Similarly, Petereit and Meikle (1977)
reported a 45% decrease in prednisolone mean elimination half-life and a
77% increase in prednisolone mean metabolic clearance in patients on
phenytoin therapy for 3 weeks.

Three weeks of rifampicin therapy resulted in reduced prednisolone mean
elimination half-life (44.8%) and reduced mean AUC (47.5%) for total
drug. In addition, unbound prednisolone AUC decreased 56.5%, and
prednisolone total body clearance increased by 91% (Bergrem and

Refvem, 1983).

69



Drug induction and prednisone/ prednisolone pharmacodynamics

Enzyme induction has proven an important issue for

prednisone/prednisolone dosing from an efficacy standpoint as well as from a
pharmacokinetic standpoint. Various in vitro and in vivo findings highlight the
hazards of prednisolone induction.

e B.Frey and F. Frey (1984) reported lowered inhibition of lymphocyte
cultures in the plasma of humans treated with phenytoin and
prednisone. Reduced lymphocyte inhibition was not seen in plasma of
individuals treated with prednisone alone.

e Another investigation involving rats that received kidney and heart
transplants revealed that rats treated with prednisolone in combination
with phenytoin displayed shorter organ survival times in comparison to
rats that received prednisolone alone (Kort et al., 1979).

e Phenobarbital and phenytoin co-administration with prednisone
resulted in an increased incidence of cadaver allograft rejection in
renal transplant patients. Survival rates for 20 index allografts were
significantly lower than rates observed in control allografts (Wassner et
al., 1976). In further studies, phenytoin-induced allograft adversities
were combated by either discontinuing anticonvulsant therapy or
increasing prednisone dosage. Discontinued anticonvulsant treatment
resulted in allograft stabilization, while elevation of prednisone dosage

resulted in 50% allograft failure (Wassner et al., 1977).
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e Increased allograft rejection rates were observed in renal transplant
patients following coadministration of phenytoin or phenobarbital with
prednisolone. Decreased total and unbound prednisolone half-life,
combined with increased prednisolone clearance, were associated with
the rejection results (Gambertoglio et al., 1984).

e Rifampicin and prednisolone treatment in patients with tuberculosis
resulted in decreased AUC and increased clearance of prednisolone to
produce adverse outcomes. Patient improvement was seen when
rifampicin was discontinued (McAllister et al., 1983). A previous
investigation observed a progressive loss of allograft function in renal
allograft recipients who also received rifampicin as tuberculosis
therapy (Buffington et al., 1976).

e Asthmatic patients treated with rifampicin displayed significant
decreases in prednisolone bioavailability and half-life in spite of a 93%
increase in dose. In addition, inferior asthma control in rifampicin-
treated patients was observed compared to patients who received
prednisolone alone (Powell-Jackson, 1983).

e Patients with nephrotic syndrome on corticosteroid therapy displayed
treatment failures after corticosteroid/rifampicin coadministration due to
inductive processes as well (Hendrickse et al., 1979).

Prednisone and prednisolone are widely used corticosteroids. The agents

present a pharmacokinetic challenge due to their reversible metabolism-- a

process complicated by prednisolone’s infamous dose-dependency. The short
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half-lives of prednisone and prednisolone, combined with their relative safety at
low doses, make the agents attractive candidates for single dose

pharmacokinetic drug interaction studies.
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REVIEW OF LITERATURE:
OVERVIEW OF IBUPROFEN
Non-steroidal agents: mechanism of action and pharmacology

Ibuprofen is a widely-used, non-steroidal anti-inflammatory drug (NSAID).
Like its prototypical ancestor aspirin, ibuprofen possesses useful anti-
inflammatory, analgesic, and antipyretic capabilities. NSAID medications
combine the anti-inflammatory properties associated with corticosteroid agents
with the analgesic properties associated with opiate agents, although achieving
their effects through alternate mechanisms of action. Despite their tremendous
structural diversity, members of the NSAID class are remarkably similar in terms
of overall pharmacological profile and side effects. The advantage of NSAID
diversity is that it allows specialization of agents in the treatment of disease. The
analgesic potency of a given NSAID, for instance, may not match the potency of
one of its analogs. By the same token, the analog may be less effective in the
management of inflammation (Roberts and Morrow, 2001).

The events of the inflammatory process are characterized by local
vasodilation and capillary permeability, infiltration of leukocytes and phagocytes,
and tissue degeneration and fibrosis. The inflammatory process is exacerbated
by the appearance of chemical mediators such as histamine, prostaglandins, and
the enzymatic contents of ruptured lysosomes. NSAID agents are generally
effective in inhibiting prostaglandin synthesis and promote a reversal of
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vasodilation and edematous conditions associated with the inflammatory
response (Roberts and Morrow, 2001).

The generation and maintenance of pain is dependent in part upon the
release of prostaglandins. Prostaglandins are important sensitizers of pain
receptors in the human body. Although NSAIDs generally do not affect the pain
response caused by prostaglandin action, they are quite effective in the
management of pain through the prevention of prostaglandin production (Roberts
and Morrow, 2001).

Fever is the result of loss of thermostat control in the hypothalamus. The
phenomenon can be triggered by various stimuli, including tissue damage,
malignancy, inflammation, or other ailments. Prostaglandins contribute to the
elevation of body temperature by affecting hypothalamic function. NSAIDs
alleviate fever through the inhibition of pyrogen synthesis rather than through
direct action upon prostaglandin synthesis (Roberts and Morrow, 2001).

Inhibition of prostaglandin synthesis is greatly dependent upon NSAID
interaction with the cyclooxygenase enzyme. NSAID interface with
cyclooxygenase interrupts the conversion of arachidonic acid to the
prostaglandin intermediate endoperoxide. The precise manner in which
cyclooxygenase is inhibited varies from compound to compound. For example,
while most NSAIDs impact cyclooxygenase in an irreversible fashion, some
compounds (such as ibuprofen) produce similar effects through reversible means

(Roberts and Morrow, 2001).
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The phenylpropionic acid ibuprofen: pharmacokinetics and disposition

Phenylpropionic acid derivatives are a structurally diverse group of
NSAIDs noted for their effectiveness in anti-inflammation and analgesia. They
are particularly useful in the management of inflammatory disorders such as
osteoarthritis and ankylosing spondylitis, and are useful in the management of
dysmenorrheal and post-surgical pain. Included in this class are widely used
agents like ibuprofen, naproxen, ketoprofen, fenoprofen, and flurbiprofen. The
number of members of this class expanded rapidly following the introduction of
ibuprofen in the 1960s. Despite the large number of compounds, propionic acid
derivatives have remarkably similar therapeutic actions and side effects across
the board (McNamara and Mayeux, 1995)

Upon their introduction, propionic acid derivatives rapidly rose in popularity
due to their superior tolerability compared to aspirin and other older medications.
Similar to many NSAIDs, propionic acid derivatives can cause erosions of the
stomach and intestines, but to a lesser extent than earlier NSAID medications
like aspirin and indomethacin. All members of the class exhibit characteristic
NSAID anti-platelet activities, and their adverse effects are most commonly
associated with alterations in platelet function upon administration with agents
with similar anti-platelet activity (Roberts and Morrow, 2001).

Ibuprofen was the first propionic acid derivative to achieve general use in
the United States. The medication was marketed for over-the-counter use in
1984 for low dose formulations (200 mg). Low dose ibuprofen is more effective
in the management of pain than in the management of inflammation, but the drug
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has better potency against inflammation than aspirin at analogous doses
(McNamara and Mayeux, 1995).

Ibuprofen is generally marketed as a racemate mixture with R- and S-
enantiomers. |buprofen is quickly and completely absorbed following oral
administration in man, with peak drug concentrations appearing 1 to 2 hours after
dosing. While past investigations assert that food has no significant affect upon
ibuprofen absorption (Giesslinger and Dietzel, 1989; Levine et al., 1992), more
recent findings suggest that food administered prior to dosing can affect
ibuprofen pharmacokinetics in terms of S- and R- enantiomer initial
concentrations. Food may also affect S-/R- enantiomer ratio through increased
peak plasma concentration (Cmax) and area under the curve (AUC) values
(Siemon et al., 1997). The drug is 99% bound to plasma proteins and interacts
strongly with plasma albumin. Average volume of distribution values in man are
0.15 L/kg, with clearance values averaging 0.75 ml/min/kg. Ibuprofen has an
average elimination half-life of 2 hours. Drug bioavailability is usually better than
80%, with 90% of ingested doses excreted in the urine in the form of metabolites.
Ibuprofen metabolism is largely mediated by cytochrome P4502C9 to form major
oxidative metabolites such as 2-hydroxyibuprofen and carboxyibuprofen. Minor
products such as 1-hydroxy- and 3-hydroxyibuprofen are also produced by this
pathway (Leeman et al., 1993). The hydroxylated and carboxylated metabolites
possess no known pharmacological activity (Adams et al., 1970). Ibuprofen and

its metabolites also undergo glucuronide conjugation to yield acylglucuronide
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products. These substances are suggested by some to contribute to ibuprofen

toxicity and rare anaphylactic reactions in humans (Castillo et al., 1995).

OH

Figure 4.1: Structure of ibuprofen.

Ibuprofen has stereoselective pharmacokinetic and pharmacodynamic
activity, and its characteristics are dominated by the action of its S-enantiomer.
S(+)-ibuprofen possesses the bulk of the drug’s pharmacological activity and
therefore receives more attention than its R-counterpart. S(+)-ibuprofen has
been estimated to be 160 times more potent than R(-)-ibuprofen in the inhibition
of prostaglandin synthesis by in vitro measurements (Geisslinger et al., 1989;
Evans, 1992). Moreover, S(+)-ibuprofen has twice the potency of racemate drug
and about 4 times the potency of R(+)-ibuprofen in the inhibition of platelet
aggregation and thromboxane formation in vitro (Villanueva et al., 1993). In
addition, virtually all of ibuprofen’s anti-inflammatory effectiveness has been
associated with the S-enantiomer. Enantioselectivity not only characterizes
ibuprofen’s pharmacological activity, but also ibuprofen’s disposition profile
(Evans, 1992).

Studies indicate ibuprofen enantiomers bind to plasma proteins in a
competitive and stereoselective manner. An investigation by Hage and

associates identified R(-)- and S(+)-ibuprofen to have one common binding site
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on human serum albumin (Hage et al., 1995). In addition, a second site on the
molecule was found to bind the S-enantiomer exclusively. An investigation by
Hansen et al. (1985) strengthened the notion of competition and stereoselectivity
when equilibrium dialysis revealed an S/R free concentration ratio of 1.7 over a
broad concentration range. Stereoselective protein binding by ibuprofen was
also noted in several other studies that featured larger unbound fractions of S(+)-
ibuprofen in comparison to its enantiomer (Davies, 1998).

Ibuprofen exhibits saturable plasma protein binding at high plasma
concentrations, which results in nonlinear pharmacokinetics. This was illustrated
by decreased AUC/dose ratio upon plasma protein saturation in several studies
(Lockwood et al., 1983; Albert and Gernaat, 1984). Both R(-)- and S(+)-
ibuprofen exhibited saturable binding as drug concentrations were increased
from 2 mg/L to 100 mg/L (Hansen et al., 1985). As ibuprofen dose increased
from 50 mg to 1200 mg, there was a gradual increase in the clearances of S- and
R-enantiomers with no change in S/R AUC ratio (Jamali et al., 1992). In another
investigation, a nonlinear increase in clearance of R(-)- ibuprofen was observed
after increased oral administration from 200 mg to 800 mg, although this
nonlinear behavior was not displayed by the S-enantiomer (Hall et al., 1993). A
binding study by Cheruvallath and associates (1997) provided stereospecific
information regarding ibuprofen and human albumin interactions, with S(+)-
ibuprofen alone displaying a greater apparent binding constant (Kapp= 8.0 +/-
0.11 * 10 ° L/mol) than R(-)-ibuprofen (Kapp= 4.8 +/- 0.07 * 10 ° L/mol) and
racemate drug (Kapp= 1.4 +/-0.04 * 10 ° L/mol).
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Ibuprofen’s disposition is stereoselective. While its characteristic volume
of distribution in humans indicates extensive binding to plasma proteins (Davies,
1998), ibuprofen also distributes into synovial fluid, cerebrospinal fluid, and
sparingly into tissues. Ibuprofen tissue distribution is in a stereoselective fashion
(Fears, 1985). Cerebrospinal fluid concentrations of both ibuprofen enantiomers
were lower and reached their maximum values later than the enantiomers in
plasma. Additionally, the elimination half-lives of R(-)- ibuprofen and S(-)-
ibuprofen were 3.9 hours and 7.9 hours in cerebrospinal fluid, respectively, in
contrast to their respective half-lives (1.7 hours, 2.5 hours) in plasma (Bannwarth
et al., 1995).

Infiltration of ibuprofen into the synovial fluid is believed to be an important
event in ibuprofen’s anti-inflammatory course of action. Ibuprofen’s effectiveness
in rheumatoid arthritis is, in part, a function of its success in reaching the synovial
membrane. When utilized in the treatment of rheumatoid and osteoarthritis,
ibuprofen was noted to have a longer tmax and elimination half life in synovial fluid
compared to plasma. In addition, ibuprofen concentration was observed to be
higher in plasma during the first 2 2 hours after administration, while the drug
was predominately distributed in synovial fluid thereafter (Glass and Swannell,
1978). Similar results in distribution characteristics were observed in arthritic
children treated with ibuprofen (Janssen and Venema, 1985). Although
differences in the total concentrations of ibuprofen could be seen between
plasma and synovial fluid, free drug concentrations were not significantly different
in the two locales (Whitlam et al., 1981). Thus, plasma albumin binding plays an
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important role in synovial fluid distribution. Ibuprofen S-/R- enantiomer
concentration ratios were the same in synovial fluid as in plasma, though lower
Cmax values were reported for both enantiomers in synovial fluid when compared
to plasma (Cox et al., 1991).

Studies in rats revealed deposition of R(-)- ibuprofen in adipose tissue due
to formation of glycerolipids, or “hybrid” triglycerides. These triglycerides have
been observed to act as drug reservoirs allowing delayed release of ibuprofen
(Williams et al., 1986), and it has been speculated that their action may have a
disruptive effect upon lipid metabolism and may indirectly contribute to CNS
toxicity (Fears, 1985). The triglyceride phenomenon has not been seen
following administration of S(+)-ibuprofen alone, although R-enantiomer
distribution is believed to occur during R to S enantiomeric conversion and
thioester formation (Williams et al., 1986).

Ibuprofen stereoselectivity and enantiomeric metabolism

Ibuprofen metabolism includes the conversion of R(-)-ibuprofen to S(+)-
ibuprofen. The mechanism by which this occurs begins with the stereoselective
enzymatic activation of R(-)-ibuprofen to R(-)-ibuprofenyl-adenylate. An acyl
coenzyme A synthetase acts upon this derivative to form an acyl CoA thoiester,
R-ibuprofen CoA. Epimerization of R-ibuprofen CoA leads to the formation of
R(-)- and S(+)-ibuprofen enantiomers. Since S(+)-ibuprofen is activated to the
adenylate intermediate, reversible metabolism does not occur between the
enantiomers (Nakamura et al., 1981; Menzel et al., 1994). Data from several
investigations suggest R(-)-ibuprofen is converted to its S(+)-enantiomer to an
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extent as low as 52% to as high as 69% in humans (Rudy et al., 1995). Extent of
inversion is often determined by administration of equal amounts of individual
enantiomer, during which the AUC of the S-enantiomer (conversion product) is
compared to the AUC of the R-enantiomer (Davies, 1998).

The process of ibuprofen’s enantiomeric inversion is believed by some to
be influenced by drug absorption rate. It has been suggested that pre-systemic
inversion takes place within the gastrointestinal tract. Accordingly, drug
residence time within the G.I. tract has been observed to affect the extent of
enantiomer inversion, with longer residence times translating into an increase in
the conversion activity (Jamali et al., 1988). In support of this idea, Cox et al.
(1988) demonstrated that increased dose did not affect S-/R-ibuprofen AUC ratio
after ibuprofen tablet administration in humans, whereas this ratio was
significantly decreased after administration of liquid dosage forms. Opposing
viewpoints regarding pre-systemic inversion exist as well, strengthened by
observations of Hall et al. (1993), in which no differences in AUC ratio were seen
between oral and intravenous treatments. However, systemic inversion has
been confirmed in humans following intravenous administration of R(-)-ibuprofen
to form the S-enantiomer (Cheng et al., 1994). In addition, gradual increases in
S-/R-ibuprofen ratio over an 8-hour infusion period support the notion that
systemic inversion strongly impacts ibuprofen metabolism and pharmacokinetics
(Hall et al., 1993). It should be noted, however, that S-/R- ratio is not necessarily
the ideal measure of drug inversion because it assumes pharmacokinetic
linearity within the system, and because it assumes that there is no
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pharmacokinetic interaction between the enantiomers (Davies, 1998). It does not
take into account, for example, mitigating factors such as plasma protein binding,
particularly in the case of saturation of protein binding (Mehvar et al., 1998).

Concurrent administration of equivalent quantities of enantiomeric and
racemate ibuprofen has indicated inversion-mediated kinetic differences in
multiple investigations. Romero et al. (1991) reported that the AUC of a 400 mg
dose of S(-)- ibuprofen (93.1mg/L*hr) was notably less than the AUC value of the
S-enantiomer (128 mg/L*hr) after 800 mg of racemate administration.
Analogously, the AUC value of a 400 mg dose of R(-)- ibuprofen (101 mg/L*hr)
was greater than that of the R-enantiomer after administration of 800 mg of
racemate drug (82.3 mg/L*hr). In another investigation featuring concurrent
administration of 300 mg of S- and R-enantiomeric ibuprofen and 600 mg of
racemate drug, greater peak plasma concentrations of S(+)- ibuprofen were
observed after administration of the individual enantiomer than were observed
after racemate mixture dosing, with mean values of 19.1 mg/L and 16.4 mg/L,
respectively. This difference was not statistically significant, however. Non-
significant differences in Tmax were also observed after administration of S-
enantiomer individually (1.44 hr), and after racemate administration (1.8 hr). In
addition, S(+)-ibuprofen generated from conversion of the R-sterecisomer in
racemate drug accounted for one-third of the AUC obtained from single
enantiomer administration (Geisslinger et al., 1990).

The usefulness of racemate ibuprofen has been the subject of much
debate in recent years. Although R(-)-ibuprofen has very little pharmacological
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activity, it is considered valuable by many due to its considerable conversion to

its active S- enantiomer. Recent data have suggested that administration of

individual S(+)-ibuprofen produces a more desirable pharmacological profile than
racemate administration. For example, a 200 mg dose of S(+)- ibuprofen was
more effective in the treatment of pain than 400 mg of racemate ibuprofen, the
latter of which was theoretically equivalent to a 300 mg dose of S-enantiomer

(Dionne and McCullagh, 1998).

Ibuprofen and drug interactions

Ibuprofen possesses a unique drug interaction profile. Pharmacokinetic
and pharmacodynamic interactions have been observed between ibuprofen and

a broad array of agents by a range of mechanisms:

e |buprofen has a mixed interaction profile with H, —antagonists. Cimetidine
yielded no significant effects upon the disposition and pharmacokinetics of
ibuprofen as reported by Conrad et al (1984). Another study reported non-
significant increases in ibuprofen peak concentrations following cimetidine co-
administration as opposed to control values (64 mg/L to 56 mg/L). Cimetidine
also impaired ibuprofen clearance to a small degree. However, ranitidine co-
administration resulted in no change in ibuprofen pharmacokinetics
(Jenkinson et al., 1998). Li et al. (1989) revealed that cimetidine caused a
23% increase in S(+)-ibuprofen Cmax and a 28% increase in R(-)-ibuprofen
Cmax. Both were statistically significant alterations. In addition, cimetidine
caused a 37% increase in R(-)-ibuprofen AUC and a 19% increase in S(+)-

ibuprofen AUC. Stephenson et al. (1988) reported no significant effects upon
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ibuprofen steady-state pharmacokinetics by cimetidine or ranitidine.
Ibuprofen and its metabolites showed no pharmacokinetic differences due to
race during a stereospecific investigation (Evans et al., 1989).

Ibuprofen co-administration with aspirin significantly lowered ibuprofen
plasma concentrations in patients with rheumatoid arthritis. The interaction
occurred during high-dose therapy of ibuprofen (1600 mg) and was believed
to be caused by ibuprofen displacement from plasma proteins by salicylate,
resulting in a doubling in ibuprofen unbound fraction (Grennan et al., 1979).
An interaction with aspirin was also detected in rheumatoid patients when the
total ibuprofen synovial fluid/plasma ratio was decreased following co-
administration of the two drugs (Whitlam et al., 1981).

Co-administration of magnesium hydroxide with ibuprofen caused a 65%
increase in ibuprofen’s AUC and a 31% increase in Cmax during the first hour
of therapy. It was believed that magnesium hydroxide increased the solubility
of ibuprofen in the G.I. tract to increase the NSAID’s absorption rate
(Neuvonen, 1991).

Ibuprofen AUC and Cmax were decreased by 11.8% and 6.5%, respectively,
when the drug was administered with sucralfate in early studies (Pugh et al.,
1984). Later investigations revealed significant alterations in ibuprofen
absorption rate and pharmacokinetics after co-administration of sucralfate
(Gambaro et al., 1985), in addition to significant reductions in peak

concentrations of both ibuprofen enantiomers in contrast with controls.
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Ibuprofen pharmacokinetic parameters were not significantly affected by
sucralfate in another study (Levine et al., 1992).

e The hypolipidemic agent, clofibrate, significantly increased the clearances of
R-ibuprofen (239%) and radio-labeled S-ibuprofen (61%) after patients were
treated with pseudo-racemate drug. It was further determined that R(-)-
ibuprofen clearance was also significantly increased following clofibrate
administration. In addition, maximum plasma concentrations of R-ibuprofen
were decreased by 44%, and significant decreases in AUC were observed for
each enantiomer as well (Scheuerer et al., 1998).

e Cholestyramine co-administration resulted in a significant reduction in
ibuprofen AUC (26%) and Cmax ( 34%). Peak concentration time was
prolonged by 80%. Significant changes in ibuprofen bioavailability were also
observed following cholestyramine in other studies (Al-Meshal et al., 1994).

Ibuprofen administration also affects the pharmacokinetics of other drugs.

Co-administration of paracetamol and ibuprofen, for instance, resulted in

alterations of paracetamol plasma concentrations, although significant changes

were not observed in paracetamol bioavailability and pharmacokinetics (Wright et
al., 1983). In addition, daily dosing of ibuprofen significantly increased digoxin
concentrations (Quattrocchi et al., 1983). Ibuprofen similarly increased lithium
plasma concentrations by an average of 34% in nine patients, although

interindividual variation was highly evident (Ragheb, 1987).
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Cytochrome 2C9 and ibuprofen catabolism

Cytochrome P4502C is responsible for the metabolism and (at least in
part) the pharmacological and pharmacokinetic profiles of ibuprofen. CYP2C9
has been shown to be the chief oxidative pathway for the metabolism of non-
steroidal agents, as illustrated by in vitro investigations. Microsomal studies by
Hamman and associates (1997) noted high cDNA expression of CYP2C9 with
reference to ibuprofen hydroxylation as measured by Km values. The finding was
supported by the observation that sulfaphenazole potently and competitively
inhibited ibuprofen hydroxylation, with Ki values for sulfaphenazole inhibition of
ibuprofen hydroxylation being comparable to that of S-warfarin hydroxylation,
another well-known CYP2C9 mediated oxidation. In addition, microsomal
studies revealed high correlations between all ibuprofen hydroxylations and the
oxidative processes of prototypical 2C9 transformations phenytoin 4’-
hydroxylation and tolbutamide methylhydroxylation.

Investigations have identified a second CYP isoform, 2C8, in the oxidative
metabolism of ibuprofen. CYP2C9 substrates ibuprofen and tolbutamide were
found to be additionally affected by CYP2C8. This result was in spite of
microsomal studies which indicated a decreased inhibition of ibuprofen
hydroxylation by sulfaphenazole at CYP2C8 as compared to CYP2C9. Studies
also revealed differences in the sulfaphenazole inhibition of 3-hydroxylation (0.06
MM) compared to inhibition of 2-hydroxylation (0.12 uM). It has since been
suggested that ibuprofen metabolism by 3-hydroxylation is exclusively mediated
by CYP2C9, whereas metabolism by 2-hydroxylation is in part dependent upon
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other cytochrome isoforms, CYP2C8 in particular (Veronese et al., 1993; Rettie
et al., 1994). These findings imply that relative expression of CYPs 2C9 and 2C8
could greatly contribute to the large individual and interethnic variability often
observed in ibuprofen pharmacokinetics, especially from an enantiomeric
standpoint. Effects on CYP2C8 in an individual, for example, could theoretically
affect the stereoselective clearance of ibuprofen, perhaps favoring the
conservation of the S-enantiomer while having no discernible effect upon the R-
enantiomer (Hamman et al., 1997). Arachidonic acid, whose stereoselective
epoxidization during NSAID therapy may strongly impact regulation of organ
function (Daihk et al., 1994), was affected by variations in CYP2C8 expression,
suggesting possible alterations in NSAID pharmacological actions (Hamman et
al., 1997).
The impact of polymorphism on CYP2C metabolism

Cytochrome P450 2C9 is also characterized by genetic polymorphism.
CYP2C9 consists of three known polymorphic variations, each differing only by
the nucleic acid identity at codon sites 144 and/or 359. CYP2C9 variants are
identified as 2C9*1 (wild-type), 2C9*2, and 2C9*3. In vitro and human
pharmacokinetic investigations have indicated the enzymatic activity of
CYP2C9*2 to be slightly less than that of the wild type, while the enzymatic
activity of CYP2C9*3 generally varies between 10% and 30% of the wild type.
The activity of 2C9*3 is also substrate-dependent (Sullivan-Klose et al., 1996).

Genetic polymorphism of CYP2C9 has been found to impact NSAID
pharmacokinetics and effectiveness. An investigation by Kirchheiner and
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colleagues (2002) revealed statistically relevant differences in pharmacokinetic
parameters among polymorphs. In general, Cmax and AUC parameters were
significantly higher for racemate and S(+)-ibuprofen in humans who were carriers
of the CYP2C9*3 genotype as opposed to individuals with wild-type genotypes.
Specifically, AUC values for racemate and S(+)- ibuprofen in 2C9*3 homozygous
carriers were approximately double that of wild-type carriers. Elimination half-life
of racemate ibuprofen was significantly different in CYP2C9*3 homozygous
individuals compared to wild-type individuals, due almost exclusively to
differences in S(+)-ibuprofen values. Stereospecific metabolism was also
apparent in the case of ibuprofen clearance. Clearance values corresponding to
racemate drug differed by 50% in 2C9*3 homozygotes compared to wild types,
while clearance values for the S-enantiomer differed by 100% in homozygotes
compared to wild-type carriers. In addition, it was reported that the median Cmax
values for metabolic 2-hydroxyibuprofen in 2C9*3 homozygotes were lower (0.85
mg/L) compared to corresponding values for 2C9*1 carriers (1.34 mg/L).
Likewise, median plasma concentrations of the metabolite were lower in 2C9*3
homozygous carriers, although not in a significant fashion.

Pharmacodynamic differences have also been noted among CYP2C9
polymorphs. Measurement of thromboxane B2 and prostaglandin E2 activity was
used to evaluate the impact of CYP2C9 polymorphism on ibuprofen efficacy.
Individuals who were homozygous or heterozygous carriers of the 2C9*3
genotype exhibited prolonged inhibition of thromboxane formation and delayed
prostaglandin recovery, effects assumed to result from prolonged drug half-life.
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In general, 50% inhibition values for cyclooxygenase 1 were longer in individuals
who carried variant 2C9 alleles than in wild-type carriers, with inhibition reaching
significance in the cases of 2C9 *2/*3 heterozygotes and 2C9*3 homozygotes.
Not surprisingly, ibuprofen pharmacokinetic parameters correlated with
prostaglandin E2 data revealed that the S-enantiomer displayed long elimination
half-lives and stronger inhibitory effects in 2C9*3 homozygotes compared to wild
types (Kirchheiner et al., 2002).

Inconsistent metabolism due to genetic variations in CYP2C9 expression
in humans has been offered as a possible explanation for high NSAID tissue
concentrations and adverse effects in some subjects. Adversities such as gastric
bleeding, deterioration of kidney function, or sodium retention to antagonize heart
function are believed by some researchers to have increased prevalence in
individuals who carry CYP2C9 variants (Patrono et al., 2001).

Ibuprofen is an intriguing compound for use in drug interaction
investigations because of its widespread use and stereospecific pharmacokinetic
and pharmacodynamic drug profile. Ibuprofen’s metabolism can be altered by
the co-administration of a diverse group of agents through various mechanisms
of interaction. Changes in the drug’s stereoselective clearance and/or
conversion impact its effectiveness in humans. The NSAID agent also
possesses a short half-life and mild side effects profile, making it a safe and

manageable compound for small-scale pharmacokinetic investigations.
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PHARMACOKINETICS OF PREDNISONE AND PREDNISOLONE: IMPACT OF
ST. JOHN’'S WORT SUPPLEMENTATION
Abstract
Purpose. The purpose of this study was to examine the effect of long-term St.
John’s Wort administration upon the pharmacokinetics of prednisone and its
reversible metabolite, prednisolone. Methods. Plasma corticosteroid
concentrations were determined using a normal phase HPLC assay. Model
independent methods were used to evaluate corticosteroid pharmacokinetics.
Results. Twenty-eight days of St. John’s Wort treatment resulted in no
significant alterations in the pharmacokinetic parameter means for prednisone or
prednisolone. Oral administration of prednisone resulted in prednisone mean
elimination half-lives of 3.85 +/- 1.49 hrs (mean +/- S.D.) in control samples and
5.10 +/- 2.77 hrs after 28 days of St. John’s Wort treatment. Mean prednisone
AUCs were determined to be 115.89 +/- 39.52 ug*hr/L in control samples and
128.76 +/- 32.71 pg*hr/L after 28 days of treatment with St. John’s Wort.
Prednisolone elimination half-lives were 2.97 +/- 0.59 hrs in control samples and
3.09 +/- 0.83 hrs in St. John’s Wort treatment samples, while mean prednisolone
AUCs were 714.19 +/- 153.29 ug*hr/L and 700.74 +/- 89.68 ug*hr/L, respectively.
The ratio of AUCs for prednisolone/ prednisone was 6.40 +/- 0.970 before St.

John’s Wort treatment and 5.64 +/- 1.15 after St. John’s Wort treatment.
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Conclusions. St. John’s Wort appears to have no significant treatment effects
upon the pharmacokinetic parameters of prednisone and prednisolone. Factors
such as diet and ethnicity may require closer examination in future interaction
studies that involve these agents.

Introduction

The herbal supplement St. John’s Wort (SJW) has achieved widespread
appeal for its comparable effectiveness and superior tolerability profile to tricyclic
antidepressants in the treatment of mild to moderate depression (Harrer et al.,
1994; Wheatley, 1997; Schader, 2000). Recent case reports and animal and
clinical studies have implicated St. John’s Wort in a number of herb-drug
interactions, raising many questions regarding the safety of the supplement
(Henderson et al., 2002; 1zzo, 2004).

Evidence suggests St. John’s Wort can potently impact cytochrome 3A4-
mediated drug metabolism. CYP3A4 is involved in the metabolism of a broad
spectrum of drugs and xenobiotics; therefore, the possibility of interaction with
individual 3A4 substrates becomes a relevant issue for further study.

Prednisolone is a well-known glucocorticoid that has been long-relied
upon in the treatment of inflammation and immune-exacerbated adversities.
Prednisolone is often administered orally in its prodrug form, prednisone, which
has weaker pharmacological activity. Prednisone and prednisolone undergo
interconversion following oral administration, and the pharmacokinetic profiles of
each agent are different due to prednisolone’s saturable plasma transcortin
binding and nonlinear elimination at high corticosteroid doses. Prednisolone and
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prednisone are substrates of CYP3A4, the pathway by which their irreversible
metabolism occurs (Waxman et al., 1988).

The relative popularities of prednisolone and St. John’s Wort, combined
with their shared CYP3A4 linkages, present this herb-drug combination as an
intriguing candidate for an interaction study. This investigation compared the
single-dose pharmacokinetic profiles of prednisone and its reversible metabolite
prednisolone before and after 28-day administration of St. John’s Wort in
humans.

Materials and Methods
Materials:

St. John’s Wort (standardized with 0.3% hypericin) was obtained in
capsule form from HBC Protocols®, Santa Monica, CA. Uncoated prednisone
tablets were obtained via prescription by the herb-drug investigation’s
supervising physician from East Alabama Medical Center, Opelika, AL. Reagent-
grade prednisone, prednisolone, and methylprednisolone corticosteroids were
purchased from Sigma-Aldrich Chemical Company, St. Louis, MO. The
analytical column used in this investigation was purchased from Phenomenex ®,
Torrance, CA. Plasma storage tubes were purchased from Starstedt ®, Newton,
N.C. All other clinical and analytical supplies, including HPLC solvents,
methylene chloride, heptane, and ethanol were purchased from Fisher Scientific,

Pittsburg, PA.
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Experimental Protocol:

All study procedures were disclosed in a study protocol, which was later
reviewed and approved by the Auburn University Institutional Review Board,
Human Subjects Office, Auburn University, AL.

Eight male volunteers between the ages of 19 and 36 were recruited for
participation in the drug interaction study. A sample size of n=8 volunteers was
chosen in an effort to balance investigational costs with statistical power. Only
males were utilized in the investigation due to previously published concerns
regarding St. John’s Wort’s effects upon oral contraception (Gorski et al., 2002;
Hall et al., 2003). Mandatory informed consent was obtained from all volunteers.

Volunteers were directed to East Alabama Medical Center, Opelika, AL for
pre-investigational health screenings and physical examinations. All physical
examinations were performed within 21 days of the study’s start date for
determination of study eligibility. Physical examinations included tests of visual
acuity, neurological condition, and peripheral pulses. Vital signs, weight
measurements, and clinical laboratory tests (hematology, biochemistry, and
urinalysis) were also conducted, along with drug screens and hepatitis B and C
surface antigen tests. Volunteers were subject to exclusion from the study if:

1. They were deemed unfit to participate in the study as a result of physical
examination or blood screens.

2. They were hypersensitive to any study medications or materials.
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3. They used unauthorized medications during the study’s duration.
Volunteers were only permitted to take acetaminophen or ibuprofen within
study duration.

4. They drank alcohol during study duration.

5. They donated blood within 30 days of the start of the study.

The duration of the herb-drug investigation was 29 days. On Day 1, each
volunteer received a single 20 mg dose of an uncoated prednisone tablet 1 hour
following a light breakfast. Blood samples were obtained by either nurse-
assisted venipuncture or intravenous catheterization at -0.25 hours pre-dose and
at0.25,0.5,1,1.5, 2,25, 3,4, 6, 8, 12, and 16 hours post-dose. Catheters were
filled with sterile dilute heparin and saline solutions after each blood draw. The
saline/heparin solutions were used to rinse the catheters and to prevent blood
clotting.

Each blood sample, approximately 7 mL, was placed into heparinized
Vacutainer™ blood tubes. Collected blood was immediately placed in a
refrigerated centrifuge and spun for 10 minutes at 2000 rpm for separation of
plasma. Plasma samples were transferred by disposable pipet into Starstedt®
plasma vials and then stored at -70° C until drug analysis.

Volunteers were allowed to drink water freely, and they received lunch and
dinner at 4.5 hours and 12 hours post-dose, respectively. During days 2-29,
volunteers were instructed by handout to self-administer 300 mg of St. John’s
Wort capsules 3 times a day with meals. The St. John’s Wort dose used in the
study has been regarded as the standard dosing regimen recommended by St.
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John’s Wort manufacturers (Monmaney, 1998), and has been used in similar
drug interaction investigations involving St. John’s Wort (Wang et al., 2001;
Markowitz et al., 2003; Piscitelli et al., 2000). Volunteers were instructed to take
the supplement with meals to lessen the possibility of upset stomach. Volunteers
were contacted once a week to assess study compliance and side effects.

After four weeks of St. John’s Wort administration, volunteers returned on
Day 29 to again receive 20 mg of uncoated prednisone after a light breakfast.
Blood samples were collected at -0.25 hours pre-dose and at 0.25, 0.5, 1, 1.5, 2,
2.5,3,4,6, 8,12, and 16 hours post-dose. Saint John’s Wort dosing was
continued throughout the final blood-collection day, with the first SUW dose taken

with the light breakfast at least 1 hour before prednisone administration.

Time Schedule Treatment Description
Pre-dose period Screening/Physicals
Day 1 Prednisone — 20 mg Blood sampling over
16 hours
Day 2 — 29 St John's Wort 300 mg th_ree times
daily
Day 29 Prednisone — 20 mg | Blood sampling over
& St. John’s Wort 16 hours

Table 5.1: Schedule of prednisone single dosing and St. John’s Wort treatment.

HPLC Assay:

Corticosteroid assays were conducted using an HPLC system featuring a

Waters Associates Model 519 pump and Waters Associates WISP 717
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autosampler linked to a Jasko Plus UV-2075 UV/VIS detector. Plasma samples
were processed and analyzed largely in accordance with a normal phase
chromatography method recommended by Jusko and associates (1994).
Adjustments were made in terms of solvent ratio, flow rate, and internal standard
utilized. A de-gassed mobile phase consisting of 60:34.5:4.5:1 methylene
chloride: heptane: ethanol: glacial acetic acid was pumped at a flow rate of 1.6
mL/min during analysis. The compounds of interest (prednisone and
prednisolone) and the internal standard (methylprednisolone) were monitored at
a wavelength of 253 nm and were separated on an Agilent Technologies®
Zorbax SIL column (4.6 x 250 mm, 5 ym). Drug standard curves were
constructed for prednisone and prednisolone between the concentrations 5
ng/mL and 200 ng/mL. The lower limit of quantitation was 5 ng/mL, and the limit
of detection was below 2.5 ng/mL. Inter-day variation ranged between 5%-9%
for prednisone and prednisolone. Drug retention times were 10.0, 19.4, and 22.1

minutes for prednisone, methylprednisolone, and prednisolone, respectively.

/ 1
Figure 5.1: Representative chromatogram for the corticosteroid assay.

Identified by number are (1) prednisone, (2) methylprednisolone and (3)
prednisolone.
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Extraction:

Frozen plasma samples were allowed to thaw for 30 minutes at room
temperature. To each 750 L aliquot of plasma was added 40 yL of 10 pg/mL
methylprednisolone followed by 200 pL of 0.6 M H2SO4 acid solution for plasma
protein denaturation. Each sample was briefly shaken before 7 mL of methylene
chloride was added for drug extraction. Samples were then vortex-mixed for 30
seconds and centrifuged at 3500 x g for 10 minutes. After centrifugation,
aqueous phases consisting of separated plasma residues were discarded to
isolate organic phases. The organic phase was then washed using 1 mL of
distilled water followed by brief manual mixing and centrifugation at 3500 rpm for
3 minutes. The aqueous phase was again discarded, and the remaining organic
phase was placed under nitrogen gas for evaporation. Dry drug residues were
reconstituted in 100 yL of mobile phase, transferred to HPLC injection vials and
injected into the HPLC system at a volume of 90 pL.

Data Analysis:

Model independent methods were used to estimate pharmacokinetic
parameters for both prednisolone and prednisone. Log-linear regression was
performed upon the terminal portion of the concentration-time curve to determine
the terminal rate constant. Plasma concentration versus time (AUC) and area
under the moment curve (AUMC) were determined by the log trapezoidal rule
with areas to infinity calculated using both the terminal rate constant and
concentrations corresponding with the last sampling time. The mean residence
time (MRT) of each agent was calculated using the ratio of AUMC to AUC. Drug
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half-lives and prednisone apparent clearance (Clt/F) were calculated using
0.693/ Ke and the ratio of dose and AUC, respectively. Data generation was
accomplished using Microsoft Excel® spreadsheet software, and tests of data
significance were executed using Statistical Applications Software® and
WINNONLIN® software. Log transformed data was evaluated by 2-way ANOVA
and confidence interval testing. Confidence intervals were constructed based on
a two one-sided test procedure by Schuirmann (1987).

Results and Discussion

Plasma samples collected prior to St. John’s Wort administration were
classified as control samples, whereas plasma samples drawn after St. John’s
Wort administration were classified as treatment samples. In an effort to
maintain uniformity, only data obtained through 12 hours of blood sampling was
utilized for pharmacokinetic profiling. Pharmacokinetic parameters and
confidence interval values corresponding to prednisone and prednisolone are
given in tables 5.2-5.8. The plasma concentration curves for individual
volunteers and treatment means are displayed in figures 5.3-5.20. Graphical
comparisons of treatment effects on selected parameters are presented in
figures 5.21-5.26.

Plasma concentration profiles revealed that mean half-lives for prednisone
control samples and St. John’s Wort treatment samples were 3.85 +/- 1.49 hrs
and 5.10 +/- 2.77 hrs, respectively. Prednisone control samples and treatment
samples revealed mean AUCs of 116 +/- 39.5 yg*hr/L and 129 +/- 32.7 ug*hr/L,
respectively. Furthermore, prednisone control sample and treatment sample
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apparent clearances were 2.48 +/- 0.532 L/hr/kg and 2.21 +/- 0.499 L/hr/kg,
respectively. Mean Vdarea/F were 185 +/- 70.6 mL/kg and 211 +/- 111 mL/kg for
control samples and treatment samples, respectively. Prednisone Cmax values
were 15.4 +/- 4.19 pg/L and 15.1+/- 3.41 ug/L for respective control samples and
treatment samples. Average mean residence times for prednisone were 6.44 +/-
0.920 hrs and 8.56 +/- 3.88 hrs for control samples and treatment samples,
respectively.

For prednisolone, mean terminal half-lives of 2.97 +/- 0.590 hrs and 3.09
+/- 0.830 hrs were observed for control samples and St. John’s Wort treatment
samples, respectively. Mean drug AUC values were 714 +/- 153 ug*hr/L and 701
+/- 89.7 ug*hriL, respectively, for prednisolone control samples and treatment
samples. Prednisolone Cmax values were 128 +/- 25.3 ug/L and 129 +/- 23.7
Mg/L for corresponding control samples and St. John’s Wort treatment samples,
while the average mean residence times were 5.03 +/- 0.880 hrs and 5.23 +/-
1.23 hrs for respective prednisolone control samples and treatment samples.
Mean total drug clearances and Vdarea/F values were not obtained for
prednisolone. The average ratios of prednisolone to prednisone were 6.40 +/-
0.970 and 5.64 +/- 1.15 before and after St. John’s Wort co-administration,
respectively.

Prednisolone and prednisone log-parameter data evaluations revealed no
significant (p > 0.05) differences in prednisone or prednisolone pharmacokinetic
parameters after 4 weeks of St. John’s Wort dosing. No significant difference in
prednisolone to prednisone AUC ratio was seen between treatments. However,
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a within-volunteer effect in prednisone Ln (AUCo-12) was statistically significant
(p=0.04). The term “within-volunteer” refers to a random effect which may be
observed in a longitudinal study in which the subjects act as their own control
subjects (Rao, 1998). This random effect is in contrast to the fixed treatment
effect of St. John’s Wort usage. A trend towards within-volunteer effects in Ln
(Cmax) for both prednisone (p= 0.06) and prednisolone (p= 0.07) were also
observed, although these differences failed to reach statistical significance.

Confidence interval testing of pharmacokinetic parameters for prednisone
and prednisolone also confirmed a lack of herbal effect upon prednisone and
prednisolone pharmacokinetics following oral prednisone administration. Overlap
of 90% confidence intervals for the ratio of geometric means upon the null
hypothesis mean (ratio of 1) warrants acceptance of the null hypothesis, which
states that St. John’s Wort does not alter prednisone or prednisolone
pharmacokinetics by more than 20%. The 90% confidence intervals of all log-
transformed pharmacokinetic data from this study lie within the acceptance range
of 80% -125% as proposed by Schuirmann (1987). All confidence interval test
results are shown in tables 5.7 and 5.8.

Reversible metabolism of prednisone and prednisolone was considered
during the analysis of data. Prednisone parameter calculations were conducted
under the assumption of low dose therapy. Thus, the 20 mg prednisone dose
was considered to cause limited saturation of prednisolone protein binding and

nonlinear pharmacokinetics as compared to higher dose (> 50 mg) administration
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(B. Frey and F. Frey, 1990). A popular interconversion scheme for prednisone

and prednisolone was presented by Ferry and Wagner (1986).
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Figure 5.2: Ferry-Wagner Interconversion Scheme

Due to the difficulty involved in fully defining reversible processes without
separate administration of prednisone and prednisolone, prednisolone clearance
and volume of distribution values cannot be considered as traditional
pharmacokinetic parameters. These parameters are best characterized with
reference to prednisone dose, as was expressed in a corticosteroid investigation
by Rose and colleagues (1981). Prednisolone clearance and volume of
distribution are not presented in tables 5.4 and 5.5 because they are particularly
complex parameters.

This investigation revealed a lack of significant change in mean
pharmacokinetic parameters for both prednisone and prednisolone after long-
term administration of St. John’s Wort. Although St. John’s Wort components
have been implicated in both inductive and inhibitive metabolic processes, it was
expected that this supplement would induce the metabolism of either (or both)
corticosteroids considered in this investigation. The lack of inductive effect was
noted in spite of the relatively long (4-week) duration of St. John’s Wort

treatment. This St. John’s Wort dosing regimen has been shown to effectively
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induce CYP3A metabolism in previous studies (Tannergren et al., 2004, Piscitelli
et al., 2000; Sugimoto et al., 2001).

Volunteer compliance in the study was monitored by the retrieval of St.
John’s Wort tablets at the study’s conclusion. Retrieved tablets represented
missed doses during self administration periods. Table 6.9 details each
individual’'s compliance. In addition, statistical power values for AUCo-12 for
prednisone (87.2%) and prednisolone (89.8%) indicate suitable sample size.
Along with the analysis of variance of log transformed parameters, the
combination of power value data with confidence interval tests provides further
evidence of St. John’s Wort’s lack of pharmacokinetic effects upon the single
dose profiles of these corticosteroids.

Furthermore, pharmacokinetic parameter values such as elimination half-
life and Cmax for both prednisone and prednisolone during both treatment
periods are similar to parameter values encountered in previous studies
(Bergrem et al., 1983; Pickup, 1979). Previously reported elimination half-lives
range from 2.1 hrs to 3.5 hrs for prednisolone and range from 3.3 hrs to 3.8 hrs
for prednisone. Following a 20 mg dose of prednisone, Cmax values for
prednisolone have been reported between 119 ug/L and 500 ug/L, while
prednisone Cmax values have been reported between 22 pg/L and 81 pg/L
(Pickup, 1979). In addition, the prednisolone/ prednisone AUC ratios found
during this study fit comfortably around the ratio of 6.1 reported in a previous

investigation at an identical dose level (Rose et al., 1981).
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In regards to intersubject variability, AUC and AUCo-12 values appeared
more variable during pretreatment periods as opposed to results obtained after
St. John’s Wort treatment. The percent coefficient of variation of AUCo-12 for
prednisone was 24.2% during control sampling period and 11.3% during St.
John’s Wort treatment sampling period. For prednisolone, the percent coefficient
for AUCo-12 was 18.5% and 10.5% for control and treatment periods, respectively.
The degree of intersubject variation is also visible in figures 5.21-5.24. The small
number of subjects and study design does not allow this variability to be
statistically evaluated. The reason for potential differences in intersubject
variability between treatments is unknown. Graphical illustrations (figures 5.21-
5.26) showing canceling trends further support the lack of herbal effects upon
corticosteroid pharmacokinetics.

The irreversible metabolism of prednisone and prednisolone is mediated
by the cytochrome P450 monooxygenase system (Waxman et al., 1988). The
reversible metabolism of these agents is mediated by the 11-beta hydroxysteroid
system (Escher et al., 1998). In theory, prednisone/ prednisolone reversible
conversion could mask changes in individual metabolite clearances during an
interaction event. An observation of no alteration in prednisone and/or
prednisolone pharmacokinetics could result from such a scenario. The effect of
St. John’s Wort upon 11-betahydroxysteroid system function has not been
studied in past investigations; therefore, it is unknown whether
prednisone/prednisolone reversible metabolism can be affected by supplement
use. However, it was anticipated that long-term administration of St. John’s Wort
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might alter the irreversible metabolism of either or both corticosteroids in this
investigation via CYP 3A4.

One explanation for the apparent lack of herbal effects in this study may
be related to P-glycoprotein. P-glycoprotein is a membrane-associated multidrug
efflux pump found in the intestines and within peripheral blood lymphocytes
(Hennessy et al., 2002). Intestinal P-glycoprotein and CYP 3A4 are believed to
be closely localized and coordinately regulated in some instances (Wacher et al.,
1995). The mechanism by which St. John’s Wort increases P-glycoprotein
expression in route to drug induction has not been determined. Neither
prednisone nor prednisolone are known substrates of P-glycoprotein, in contrast
with various dual CYP3A/ P-glycoprotein substrates noted for their altered
metabolism during St. John’s Wort administration. It is possible that this factor’s
lack of known influence upon prednisone or prednisolone absorption impacts the
results of this investigation.

Volunteer demographics and dietary habits are also worth examination.
Six of the eight volunteers who participated in this study were of Asian Indian
decent. Genetic variations in cytochrome systems have been noted amongst
racial groups (Shimada et al., 1994), and the underrepresentation of Asian
Indians in many drug investigations may be a relevant issue. Previous reports
have indicated, for example, that various ingredients of Indian food preparations
may impact metabolic processes. The curry component curcumin, for example,
has been studied for its chemopreventive effects and its interaction with various
cellular entities, including cytochrome P450 (Leu and Maa, 2002). Another
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Indian food additive, garam masala, has been found to affect cytochrome P450
along with several other hepatic enzyme systems (Singh and Rao, 1992). It was
noted that higher AUC values (though minor in most instances) in both
prednisone and prednisolone occurred in 5 of 6 Asian Indian volunteers (A, D, F,
G, and H) after St. John’s Wort treatment, whereas 2 American volunteers each
displayed decreased AUC for both drugs.

Past St. John’s Wort-drug interaction studies have given little attention to
subject variables such as gender, race, age, and diet as they relate to herb-drug
metabolism. For instance, investigations have generally involved single-gender
demographics. Many investigations have featured all-male study enrollments, as
seen in St. John’s Wort interaction studies involving simvastatin (Sugimoto et al.,
2001), omeprazole (Wang et al., 2004), and verapamil (Tannergren et al., 2004).
An all-female study enrollment was used in an investigation conducted by Hall et
al. (2003) involving St. John’s Wort co-administration with oral contraceptive
agents. Gender differences in alprazolam drug metabolism were reported in a
St. John’s Wort interaction study consisting of 6 men and 6 women (Markowitz et
al., 2003). In addition, gender was reported to be a major determinant in human
expression of cytochrome P450 3A4. CYP3A4 expression has been reported to
be 2-fold greater in women compared to men (Wolbold et al., 2003). No race,
age, or diet-specific pharmacokinetic data has been reported in previous St.
John’s Wort interaction studies.

This investigation showed no significant change in prednisone or
prednisolone single dose pharmacokinetics as a result of long-term St. John'’s
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Wort administration. Lack of parameter changes was judged by both ANOVA
testing and confidence interval testing. Aside from one volunteer report of upset
stomach that was attributed to taking St. John’s Wort without food, no adverse
effects were reported as a result of St. John’s Wort administration. The impact of
genetics, race, and diet upon St. John’s Wort-drug interactions warrants further
study.
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Table 5.2: Model independent pharmacokinetic parameters for prednisone
following a 20 mg oral dose of prednisone.

Volunteer
%

Parameters A B C D E F G H Mean SD C.V.
PRED
(CONTROL)
Ke
(hr'1) 0.290 0.338 0.102 0.199 0.145 0.213 0.185 0.161 0.204 0.0771 37.8
T1/2
(hr) 239 205 6.78 348 4.79 3.25 3.75 4.31 3.85 149 387
AUCo-12
(Mg*hr/L) 102 104 127 67.5 122 107 824 64.1 97.0 235 242
AUC
(Mg*hr/L) 108 107 193 74.7 152 119 96.7 76.8 116 395 34.1
MRT
(hr) 568 518 746 565 7.39 5.96 7.01 719 6.44 0916 14.2
CL/F
(L/hr/kg) 2.60 2.22 145 3.04 241 239 257 318 248 0532 214
Vd area/F
(mL/kg) 127 77.9 219 173 306 159 173 242 185 70.6 38.3
r_2

0.986 0.941 0.874 0.978 0.980 0.975 0.992 0.975 0.963 0.0390 4.05
Cmax
(Mg/L) 18.1 16.3 14.8 126 229 17.3 111 10.1 15.4 419 27.2
Tmax
(hr) 3.0 2.5 2.5 1.0 1.0 2.5 4.0 1.5 2.25 1.04 46.0

Abbreviations: KE = elimination rate constant; T4, = half-life; AUCo-12 = area under the plasma
concentration versus time curve to the 12-hour sampling point; AUC = area under the plasma
concentration versus time curve; MRT = mean residence time; CL/F = apparent total body
clearance after an oral dose; Vd area/F = apparent volume of distribution after an oral dose;

r? = correlation coefficient of log plasma concentration vs. time in terminal phase;

Cmax = maximum plasma concentration; Tmax = time of peak plasma concentration
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Table 5.3: Model independent pharmacokinetic parameters for prednisolone
following a 20 mg oral dose of prednisone.

Volunteer
%

Parameters A B C D E F G H Mean SD C.V.
PRL
(CONTROL)
Ke
(hr'1) 0.231 0.257 0.158 0.255 0.245 0.251 0.278 0.238 0.239 0.0358 15.0
Tir
(hr) 300 270 439 272 283 276 249 292 297 0593 199
AUCo-12
(ug*hr/L) 632 787 824 495 746 639 646 503 659 122 18.5
AUC
(Mg*hr/L) 686 837 982 522 790 682 676 538 714 153 21.5
MRT
(hr) 527 498 704 433 439 499 444 477 503 0.880 17.5
r_2

0.957 0.998 0.976 0996 0.998 0.994 0.994 0.993 0.988 0.0143 1.45
AUC L/P

633 780 510 699 520 575 699 700 640 0970 152
Cmax
(ng/L) 119 153 117 110 180 116 124 105 128 25.3 19.8
Tmax
(hr) 2.5 2.0 1.5 1.0 1.0 2.5 1.0 1.5 163 0.641 394

Abbreviations: KE = elimination rate constant; T4, = half-life; AUCo-12 = area under the plasma
concentration versus time curve to the 12-hour sampling point; AUC = area under the plasma
concentration versus time curve; MRT = mean residence time; r? = correlation coefficient of log
plasma concentration vs. time in terminal phase; AUC L/P = ratio of the AUCs of prednisolone to
prednisone; Cmax = maximum plasma concentration; Tmax = time of peak plasma concentration
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Table 5.4: Model independent pharmacokinetic parameters for prednisone
following a 20 mg oral dose of prednisone, combined with long-term St. John’s

Wort administration.

Volunteer
%

Parameters A B C D E F G H Mean SD C.V.
PRED
(SJW)
Ke
(hr'1) 0.143 0.279 0.300 0.119 0.102 0.193 0.064 0.167 0.171 0.0833 48.8
T1/2
(hr) 486 249 2.31 583 6.82 3.59 10.8 414 511 278 544
AUCo-12
(Mg*hr/L) 97.3 101 109 86.6 959 112 976 787 97.3 11.0 11.3
AUC
(Mg*hr/L) 124 107 115 118 143 131 200 92.4 129 327 254
MRT
(hr) 750 505 521 9.39 106 6.86 16.9 6.93 8.56 3.88 453
CL/F
(L/hr/kg) 228 223 270 1.92 256 217 116 2.65 2.21 0.499 226
Vd area/F
(mL/kg) 226 95.0 140 183 462 159 225 193 211 111 52.6
r_2

0.492 0.998 0.973 0.961 0.890 0.997 0.749 0.931 0.874 0.174 19.9
Cmax
(Mg/L) 19.0 14.8 20.0 12.0 13.8 17.6 134 104 15.1 3.41 22.5
Tmax
(hr) 3.0 1.5 2.0 2.5 3.0 4.0 3.0 1.5 256 0.863 33.7

Abbreviations: KE = elimination rate constant; T4, = half-life; AUCo-12 = area under the plasma

concentration versus time curve to the 12-hour sampling point; AUC = area under the plasma
concentration versus time curve; MRT = mean residence time; CL/F = total body clearance after
an oral dose; Vd area = apparent volume of distribution after an oral dose; r’ = correlation

coefficient of log plasma concentration vs. time in terminal phase; Cmax = maximum plasma

concentration; Tmax = time of peak plasma concentration
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Table 5.5: Model independent pharmacokinetic parameters for prednisolone
following a 20 mg oral dose of prednisone, combined with long-term St. John’s
Wort administration.

Volunteer
%
Parameters A B C D E F G H Mean SD C.V.
PRL
(SJwW)
Ke
(hr'1) 0.136 0.289 0.238 0.225 0.245 0.239 0.261 0.244 0.235 0.0442 18.8
Tir
(hr) 509 240 291 3.08 283 290 265 285 3.09 0833 27.0
AUCo-12
(ug*hr/L) 625 603 724 547 606 629 751 611 637 67.2 10.5
AUC
(Mg*hr/L) 838 625 777 596 644 684 793 648 701 89.7 12.8
MRT
(hr) 799 3.95 5.03 537 453 563 466 467 523 1.23 235
r_2
0.361 0.993 0.993 0.996 0.999 0.994 0.991 0.990 0.914 0.224 245
AUC L/P
6.79 585 6.77 505 449 523 396 7.02 5.64 1.15 20.3
Cmax
(ng/L) 138 164 116 96.3 131 108 157 117 129 23.7 18.4
Tmax
(hr) 2.0 0.5 1.0 2.0 1.0 3.0 1.0 1.0 144 0.821 571

Abbreviations: KE = elimination rate constant; T4, = half-life; AUCo-12 = area under the plasma
concentration versus time curve to the 12-hour sampling point; AUC = area under the plasma
concentration versus time curve; MRT = mean residence time; r* = correlation coefficient of log
plasma concentration vs. time in terminal phase; AUC L/P = ratio of the AUCs of prednisolone to
prednisone; Cmax = maximum plasma concentration; Tmax = time of peak plasma concentration
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Table 5.6: Summary of mean pharmacokinetic parameters corresponding to
prednisone and prednisolone. Control treatments and St. John’s Wort treatments
are featured.

Parameters PRD (CONTROL) PRD (SJW)
Mean SD %C. V. Mean SD %C. V.
Ke (hr ™) 0.204 0.0771 37.8 0.171 0.0833 48.8
T2 (hr) 3.85 1.49 38.7 5.11 2.78 54 .4
AUCo-12 (Mg*hr/L) 97.0 235 24.2 97.3 11.0 11.3
AUC (ug*hriL) 116 39.5 34.1 129 327 254
MRT (hr) 6.44 0.916 14.2 8.56 3.88 45.3
CL/F (L/hr/kg) 2.48 0.532 214 2.21 0.499 22.6
Vd area/F (mL/kg) 185 70.6 38.3 211 111 52.6
r? 0.963 0.0390 4.05 0.874 0.174 19.9
Cmax (ug/L) 15.4 4.19 27.2 15.1 3.41 22.5
Tmax (hr) 2.25 1.04 46.0 2.56 0.863 33.7
Parameters PRL (CONTROL) PRL (SJW)
Mean SD % C. V. Mean SD % C. V.

Ke (hr ™) 0.239 0.0358 15.0 0.235 0.0442 18.8
Tj2 (hr) 2.98 0.593 19.9 3.09 0.833 27.0
AUCo-12 (ug*hr/L) 659 122 18.5 637 67.2 10.5
AUC (ug*hr/L) 714 153 21.5 701 89.7 12.8
MRT (hr) 5.03 0.880 17.5 5.23 1.23 23.5
r? 0.988 0.0143 1.45 0.914 0.224 24.5
AUC L/P 6.40 0.970 15.2 5.64 1.15 20.3
Cmax (ug/L) 128 25.3 19.8 129 23.7 18.4
Tmax (hr) 1.63 0.641 39.4 1.44 0.821 57.1

Abbreviations: KE = elimination rate constant; T4, = half-life; AUCo-12 = area under the plasma
concentration versus time curve to the 12-hour sampling point; AUC = area under the plasma
concentration versus time curve; MRT = mean residence time; CL/F = apparent total body
clearance after an oral dose; Vd area/F = apparent volume of distribution after an oral dose;

r? = correlation coefficient of log plasma concentration vs. time in terminal phase; AUC L/P = ratio
of the AUCs of prednisolone to prednisone; Cmax = maximum plasma concentration;

Tmax = time of peak plasma concentration
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Table 5.7: Ratios and 90% confidence intervals for prednisone pharmacokinetic
parameters for control and
St. John’s Wort treatments.

Prednisone
Parameters Control SJwW
N LSM N LSM Ratio 90% C.I. P Value

AUCo0-12 0.912,

(ug*hr/L) 8 97.0 8 97.3 1.03 1.15 0.698

AUC 0.888,

(Mg*hr/L) 8 116 8 129 1.14 1.45 0.359

Cmax 0.845,

(bg/L) 8 15.4 8 15.1 0.990 1.16 0.907
0.521,

KE (hr '1) 8 0.204 8 0.171 0.797 1.22 0.346
0.964,

MRT (hr) 8 6.44 8 8.56 1.24 1.60 0.148

Abbreviations: AUCo-12 = area under the plasma concentration versus time curve to the 12-hour

sampling point; AUC = area under the plasma concentration versus time curve;

Cmax = maximum plasma concentration; KE = elimination rate constant; MRT = mean

residence time

Table 5.8: Ratios and 90% confidence intervals for prednisolone pharmacokinetic
parameters for control and
St. John’s Wort treatments.

Prednisolone

Parameters Control SJwW
N LSM N LSM Ratio 90% C.I. P Value

AUCo0-12 0.874,

(ug*hr/L) 8 659 8 637 0.977 1.01 0.712

AUC 0.865,

(ug*hr/L) 8 714 8 701 0.994 1.14 0.937

Cmax 0.892,

(bg/L) 8 128 8 129 1.00 1.13 0.948
0.817,

KE (hr '1) 8 0.239 8 0.235 0.974 1.16 0.357
0.879,

MRT (hr) 8 5.03 8 5.23 1.03 1.21 0.730

Abbreviations: AUCo-12 = area under the plasma concentration versus time curve to the 12-hour
sampling point; AUC = area under the plasma concentration versus time curve;
Cmax = maximum plasma concentration; KE = elimination rate constant; MRT = mean residence

time
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Figure 5.3: Prednisone log plasma concentrations versus time for volunteer A.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.4: Prednisolone log plasma concentrations versus time for volunteer A.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.5: Prednisone log plasma concentrations versus time for volunteer B.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.6: Prednisolone log plasma concentrations versus time for volunteer B.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Prednisone (Volunteer C)
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Figure 5.7: Prednisone log plasma concentrations versus time for volunteer C.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.8: Prednisolone log plasma concentrations versus time for volunteer C.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.9: Prednisone log plasma concentrations versus time for volunteer D.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.10: Prednisolone log plasma concentrations versus time for volunteer
D. Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.11: Prednisone log plasma concentrations versus time for volunteer E.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.12: Prednisolone log plasma concentrations versus time for volunteer E.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.13: Prednisone log plasma concentrations versus time for volunteer F.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.14: Prednisolone log plasma concentrations versus time for volunteer F.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.15: Prednisone log plasma concentrations versus time for volunteer G.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.16: Prednisolone log plasma concentrations versus time for volunteer G.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.17: Prednisone log plasma concentrations versus time for volunteer H.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.18: Prednisolone log plasma concentrations versus time for volunteer H.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.19: Average prednisone log plasma concentrations versus time.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Figure 5.20: Average prednisolone log plasma concentrations versus time.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 28 days of St. John’s Wort (SJW) treatment.
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Prednisone AUC Comparisons
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Figure 5.21: Graphical comparisons of individual prednisone AUC values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Figure 5.22: Graphical comparisons of individual prednisolone AUC values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Figure 5.23: Graphical comparisons of individual prednisone AUCo-12 values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Figure 5.24: Graphical comparisons of individual prednisolone AUCo-12 values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.

123



Prednisone MRT Comparisons

18
16 | A
14 - B
12 C
10 - D
8 —x—E

—2
6 i o— —.—F
&

- ——G

4
CTL SJW ——H

Treatment

Figure 5.25: Graphical comparisons of individual prednisone MRT values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Figure 5.26: Graphical comparisons of individual prednisolone MRT values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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IBUPROFEN PHARMACOKINETICS AND ST. JOHN’S WORT
SUPPLEMENTATION: A COMPARATIVE STUDY

Abstract
Purpose. The purpose of this study was to examine the effect of long-term St.
John’s Wort administration upon the stereoselective pharmacokinetics of the
NSAID drug ibuprofen. Methods. Plasma ibuprofen concentrations were
determined using a stereoselective, reversed phase HPLC assay. Model
independent methods were used to evaluate the pharmacokinetics of each
ibuprofen enantiomer. Results. Administration of St. John’s Wort for 21 days
resulted in one significant parameter difference, that of S(+)-ibuprofen mean
residence time (p= 0.02). A near-significant difference was detected in S(+)-
ibuprofen’s log elimination rate constant (p= 0.07) and in R(-)-ibuprofen mean
residence time (p= 0.08). S(+)-ibuprofen elimination half-lives were 3.24 +/- 1.61
hrs (mean +/- S.D.) in control samples and 2.17 +/- 0.477 hrs following St. John’s
Wort (SJW) treatment, while mean AUC values were 131.6 +/- 26.8 pg*hr/mL for
control samples and 122.4 +/- 32.9 yg*hr/mL for SJW treatment samples. R(-)-
ibuprofen elimination half-lives were 2.28 +/- 1.34 hrs and 1.55 +/- 0.641 hrs for
control samples and treatment samples, respectively. R(-)-ibuprofen mean AUC
values were 85.1 +/- 26.6 yg*hr/mL and 87.7 +/- 30.1 ug*hr/mL for respective
control samples and SJW treatment samples. Conclusions. St. John’s Wort

administration had a significant effect upon S(+)- ibuprofen mean residence time,
125



but had no apparent impact upon key S(+)- and R(-)-ibuprofen pharmacokinetic
parameters such as AUC and Cmax.
Introduction

The herbal supplement St. John’s Wort has achieved widespread appeal
for its comparable effectiveness and superior tolerability profile to tricyclic
antidepressants in the treatment of mild to moderate depression. Recent case
reports, animal and clinical studies have implicated St. John’s Wort in a number
of herb-drug interactions, raising many questions regarding the safety of the
supplement.

In vitro and in vivo findings indicate that St. John’s Wort may influence
cytochrome 2C9-mediated drug metabolism (Obach, 2000; Back et al., 1998;
Hargreaves et al., 1994). CYP2C9 is involved in the metabolism of several well
known and widely used drug substrates, including phenytoin, tolbutamide, and
warfarin (Kay et al., 1985; Zilly et al., 1975; O’Reilly et al., 1987). St. John's
Wort’s possible interaction with other prime CYP2C9 substrates is relevant for
further study.

Ibuprofen is a stereocisomeric non-steroidal anti-inflammatory drug
(NSAID) used in the management of pain, inflammation and fever. Ibuprofen is
most often orally administered as a racemic mixture. Although both of
ibuprofen’s enantiomers possess pharmacological activity, the S-enantiomer is
most responsible for drug effectiveness. The drug’s R-enantiomer undergoes

partial conversion to its S-enantiomer systemically, contributing to distinct
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differences in each enantiomer’s pharmacokinetic profile. Ibuprofen’s irreversible
metabolism is largely mediated by CYP2C9.

The wide spread usage of both ibuprofen and St. John’s Wort, combined
with their common CYP2C9 linkages, present this herb-drug combination as an
intriguing candidate for study. This investigation compared the single-dose
pharmacokinetic profiles of enantiomeric ibuprofen with and without the co-
administration of St. John’s Wort in humans.

Materials and Methods
Materials:

St. John’s Wort (standardized with 0.3% hypericin) was obtained in
capsule form from HBC Protocols ®, Santa Monica, CA. Advil ™ brand
ibuprofen tablets were purchased over-the-counter for volunteer administration.
Reagent-grade racemic ibuprofen and racemic fenoprofen were purchased from
Sigma-Aldrich Chemical Company, St. Louis, MO. The analytical column (C18)
used in this study was obtained from Waters ®, Milford, MA. Plasma storage
tubes were purchased from Starstedt ®, Newton, N.C. Other clinical and
analytical supplies, including HPLC solvents acetonitrile and isopropanol, were
purchased from Fisher Scientific, Pittsburg, PA.

Experimental Protocol:

All study procedures were disclosed in a study protocol later reviewed and
approved by the Auburn University Institutional Review Board, Human Subjects

Office, Auburn, AL.
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Eight male volunteers were recruited for the drug interaction study. A
sample size of n=8 volunteers was chosen in an effort to balance investigational
costs with statistical power. All volunteers were between the ages of 19 and 36.
Mandatory informed consent was obtained from all volunteers, and pre-
investigational health screenings and physical examinations were conducted at
East Alabama Medical Center, Opelika, AL. Physical examinations were
performed within 21 days of the study’s start date for determination of study
eligibility. Physical examinations included tests of visual acuity, neurological
condition, and peripheral pulses. In addition, vital signs, weight measurements,
and clinical laboratory tests (hematology, biochemistry, and urinalysis) were
conducted, along with drug screens and hepatitis B and C surface antigen tests.
Volunteers were subject to exclusion from the study if:

1. They were deemed unfit to participate in the study as a result of physical
examination or blood screens.

2. They were hypersensitive to any study medications or materials.

3. They used unauthorized medications during the study’s duration.
Volunteers were only permitted to take acetaminophen or ibuprofen within
study duration.

4. They drank alcohol during study duration.

5. They donated blood within 30 days of the start of the study.

The duration of this herb-drug investigation was 22 days. On Day 1, each
volunteer received a single 400 mg dose of ibuprofen following a light breakfast.
Blood samples were obtained by either nurse-assisted intravenous
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catheterization or venipuncture at -0.25 hours pre-dose and at 0.25, 0.5, 1, 1.5,
2,2.5,3,4,6, 8,12, and 16 hours post-dose. Catheters were filled with sterile,
dilute heparin and saline solutions after each blood draw to rinse the catheters
and to prevent blood clotting.

Approximately 7 mL of blood was collected and placed in heparinized
Vacutainer™ blood tubes during each sampling period. Blood was immediately
placed in a refrigerated centrifuge for 10 minutes at 2000 rpm for plasma
separation. Plasma was transferred into Starstedt® plasma vials and then stored
at -70° C until drug analysis.

Volunteers were allowed to drink water freely, and they received lunch and
dinner at 4.5 hours and 12 hours post-dose, respectively. During outpatient days
(2-22), volunteers were given a handout that instructed them to self-administer
300 mg of Saint John’s Wort capsules 3 times a day with meals. The St. John’s
Wort dose used in the study has been regarded as the standard dosing regimen
recommended by St. John’s Wort manufacturers (Monmaney, 1998), and has
been used in similar drug interaction investigations involving St. John’s Wort
(Wang et al., 2001; Markowitz et al., 2003; Piscitelli et al., 2000). Volunteers
were instructed to take the supplement with meals to lessen the possibility of
upset stomach. Volunteers were contacted weekly for assessment of study
compliance and side effects.

Volunteers returned after three weeks of St. John’s Wort administration to
receive a 400 mg dose of ibuprofen following a light breakfast. Blood samples
were again collected at -0.25 hours pre-dose and at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4,
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6, 8, 12, and 16 hours post dose. Saint John’s Wort dosing was continued during
the final day of blood-collection. The first herbal dose was taken with the light

breakfast at least 1 hour before ibuprofen dosing.

Time Schedule Treatment Description
Pre-dose period Screening/Physicals
Day 1 B Blood sampling over
Ibuprofen — 400 mg 16 hours
Day 2 — 22 St John's Wort 300 mg th_ree times
daily
Day 22 Ibuprofen — 400 mg Blood sampling over
& St. John’s Wort 16 hours

Table 6.1: Schedule of ibuprofen single dosing and St. John’s Wort treatment.

HPLC Assay:

Ibuprofen was characterized using an HPLC system featuring a Waters
Associates Model 519 pump and Waters Associates WISP 717 autosampler
linked to a Thermo Separations Products Spectrasystem FL3000 fluorescence
detector. Plasma samples were processed and analyzed in accordance to the
reversed phase chromatography method recommended by Canaparo and
associates (2000). Solvent ratio, flow rate, and internal standard conditions were
altered during assay development. A de-gassed mobile phase consisting of
52:48:0.1:0.02 acetonitrile: water: glacial acetic acid: triethylamine was pumped
at a flow rate of 1.1 mL/min during analysis. S(+)- ibuprofen, R(-)-ibuprofen, and

the internal standard (S-fenoprofen) were monitored at 280 nm excitation and
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320 nm emission wavelengths. The compounds were separated on a Waters®
Symmetry C18 column (4.6 x 75 mm, 3.5 ym). Drug standard curves were
constructed for S(+) and R(-)-ibuprofen between the concentrations of 1 ug/mL
and 30 pg/mL. The lower limit of quantitation was 1 ng/mL and the limit of
detection was below 0.25 ng/mL. Inter-day variation ranged between 6%-13%
for S(+)-ibuprofen and R(-)-ibuprofen. Drug retention times were 12.8 and 14.4

minutes for S(+)- and R(-)-ibuprofen, respectively.

r y

Figure 6.1: Representative chromatogram for the ibuprofen assay. Identified by
number are (1) S-fenoprofen, (2) S(+)-ibuprofen and (3) R(-)-ibuprofen.
Extraction:
Frozen plasma samples were allowed to thaw for 30 minutes at room
temperature. To each 500 L aliquot of plasma was added 25 yL of 20 pg/mL
fenoprofen followed by 200 pL of 0.6 M H2SO4 solution for plasma protein

denaturation. Each sample was briefly vortexed before 3.5 mL of (30:70) ethyl
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actetate: hexane was added. Samples were then vortex-mixed for 30 seconds
and centrifuged at 4000 rpm for 5 minutes. After centrifugation, the isolated
organic phase was transferred into a clean test tube, and remaining aqueous
residues were discarded. The ethyl acetate/hexane drug solution was then
placed under nitrogen gas for evaporation.

Derivatization:

Dry drug residues were reconstituted in 125 pyL of 50 yM triethylamine
solution in acetonitrile, followed by 50 uL of 6mM ethylchloroformate solution,
also in acetonitrile. The solution was briefly vortexed and allowed to stand for 1
minute. After the minute passed, 25 uL of 0.5 M S-(alpha) phenylethylamine
solution (in acetonitrile) was added. After 4 minutes, 50 pyL of HPLC grade water
was added to halt the reaction. The resultant solution was transferred to HPLC
injection vials and injected into the HPLC system at a volume of 60 pL.

Data Analysis:

Pharmacokinetic parameters for both S- and R- enantiomers of ibuprofen
were estimated using model independent (noncompartmental) methods. The
terminal rate constant (Ke) was determined using log-linear regression upon the
terminal portion of the In concentration-time curve. Area of the plasma
concentration versus time curve (AUC) and area under the moment curve
(AUMC) were determined by the log trapezoidal rule with areas to infinity
calculated using both the terminal rate constant and concentrations
corresponding with the last sampling time. The mean residence time (MRT) of
each agent was calculated using the ratio of AUMC to AUC. Drug half-lives and
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clearances were calculated as 0.693/ Ke and the dose/ AUC ratio, respectively.
Microsoft Excel® spreadsheet software, WINNONLIN® software, and Statistical
Applications Software® were utilized for data generation and assessment. Log
transformed values were evaluated by 2-way ANOVA as well as confidence
interval testing. Ninety percent confidence intervals were constructed based on
the two one-sided test method by Schuirmann (1987).

Results and Discussion

Plasma samples collected prior to St. John’s Wort administration were
classified as control samples, whereas plasma samples drawn after St. John’s
Wort administration were classified as treatment samples. S(+)-ibuprofen and
R(-)-ibuprofen pharmacokinetic parameters and confidence interval data are
given in tables 6.2 through 6.8. Plasma concentration profiles for individual
volunteers and treatment means are given in figures 6.2 through 6.19.
Comparisons of treatment effects on selected parameters are presented in
figures 6.20-6.25.

Plasma concentration profiles revealed mean AUCs for R(-)-ibuprofen
control samples and St. John’s Wort treatment samples were 85.1 +/- 26.6
Mg*hr/mL and 87.7 +/- 30.1 ug*hr/mL, respectively. R(-)-ibuprofen average
elimination half-lives were 2.28 +/- 1.34 hrs and 1.55 +/- 0.641 hrs for respective
control samples and St. John’s Wort treatment samples. R(-)-ibuprofen Cmax
values were 28.4 +/- 8.72 yg/mL and 30.0 +/- 8.97 ug/mL, respectively, for
control samples and treatment samples. R(-)-ibuprofen control samples and St.
John’s Wort treatment samples revealed average mean residence times of 3.76
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+/-1.71 hrs and 2.78 +/- 0.631 hrs, respectively. Apparent total drug clearances
(Dose/AUC) were 35.0 +/- 12.8 mL/hr/kg for control samples and 33.5 +/- 7.94
mL/hr/kg for treatment samples for R(-)-ibuprofen. Furthermore, mean Vdarea/F
values were 1.54 +/- 0.943 mL/kg and 0.993 +/- 0.417 mL/kg for respective R(-)-
ibuprofen control samples and treatment samples.

Mean AUCs of 132 +/- 26.8 ug*hr/mL and 122 +/- 32.9 ug*hr/mL were
observed for S(+)-ibuprofen control samples and St. John’s Wort treatment
samples, respectively. Mean elimination half-lives were 3.24 +/- 1.61 hrs for
S(+)-ibuprofen control samples and 2.17 +/- 0.477 hrs for St. John’s Wort
treatment samples. S(+)-ibuprofen Cmax values were 31.8 +/- 7.33 ug/mL and
33.6 +/- 7.83 pg/mL for corresponding control samples and treatment samples.
Average mean residence time values were 5.20 +/- 1.95 hrs and 3.60 +/- 0.322
hrs, respectively, for S(+)-ibuprofen control samples and St. John’s Wort
treatment samples. S(+)-ibuprofen clearance and volume of distribution values
were not calculated due to R(-)-ibuprofen’s extensive (52% to 69%) conversion to
its S-enantiomer (Rudy et al., 1995). Full characterization of S(+)-ibuprofen
would have required administration of the single enantiomer rather than the
racemate mixture. The average ratio of S(+)-ibuprofen to R(-)-ibuprofen was
1.69 +/- 0.654 without St. John’s Wort treatment, and was 1.49 +/- 0.496 with St.
John’s Wort administration.

Comparison of treatment effects by ANOVA of log transformed
parameters showed no significant (p > 0.05) effect from St. John’s Wort
treatment on AUCs, Cmax, or Tmax for either S(+)- or R(-)-ibuprofen. Evaluation
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of log-parameter data did reveal a statistically-significant treatment effect in log
mean residence time for S(+)-ibuprofen following 3 weeks of St. John’s Wort
administration (p= 0.02). A notable treatment effect was also seen in the S-
enantiomer’s log elimination rate constant, but this difference failed to reach
statistical significance (p= 0.07) by ANOVA or confidence interval testing. Log
MRT of R(-)-ibuprofen exhibited a noteworthy treatment effect following long-term
St. John’s Wort administration (p=0.08). No significant change in the ratio of
S(+)- to R(-)-ibuprofen AUC was detected after St. John’s Wort treatment.

The term “within-volunteer” refers to a random effect which may be
observed in a longitudinal study in which the subjects act as their own control
subjects (Rao, 1998). This random effect is in contrast with the fixed treatment
effect of St. John’s Wort usage. Notable within-volunteer effects were observed
for log AUC and log Ke for S(+)-ibuprofen. However, these differences were not
significant (p= 0.08 and p= 0.09, respectively).

The application of 90% confidence interval testing of log transformed
pharmacokinetic parameters provides evidence of significant changes. In this
study, the mean MRT for S(+)-ibuprofen showed a statistically significant
treatment effect. There was no confidence interval (0.599, 0.891) overlap upon
the null hypothesis parameter mean (6 = 1), as illustrated in table 6.7. This
supports acceptance of the research hypothesis that St. John’s Wort
administration significantly alters S-enantiomer mean residence time. No overlap
of confidence intervals upon null parameter means (6 = 1) could be seen in S(+)-
ibuprofen Ke (1.03, 1.79) and R(-)-ibuprofen MRT (0.610, 0.982) (Tables 6.7 and
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6.8). However, these outcomes do not provide convincing support for null
hypothesis rejection, in light of discrepant p-value data corresponding to these
parameters (p= 0.08; p= 0.09).

Evaluation of ibuprofen pharmacokinetics revealed no significant
treatment effects upon major pharmacokinetic parameters of S- and R-ibuprofen
after St. John’s Wort treatment. Both ANOVA evaluations and confidence
interval testing showed that 3 weeks of St. John’s Wort administration did not
change the AUC or Cmax values of either ibuprofen stereoisomer. However, the
average mean residence time of S(+)-ibuprofen significantly decreased from 5.20
hrs (control) to 3.60 hrs (treatment). The statistically significant lowering of S-
enantiomer mean residence time after herbal supplementation is possibly
indicative of cytochrome 2C9 induction by St. John’s Wort. Near-significant
changes in S-enantiomer half-life and R-enantiomer MRT (weakly) support the
idea of drug induction. In spite of this result, this study primarily showed an
apparent lack of herbal treatment effects upon ibuprofen disposition.

A decrease in mean residence time of S(+)-ibuprofen following St. John’s
Wort treatment could be due to an increased clearance of this enantiomer, a
faster absorption of either S- or R-enantiomer, a decreased volume of distribution
of either enantiomer, a faster conversion of R- to S-enantiomer, and/or a
decrease in the mean residence time of the R-enantiomer. R-lbuprofen mean
residence time did show a trend (p=0.08) towards decreased times following
treatment (3.76 +/- 1.71 hr vs. 2.78 +/- 0.631 hr). Offsetting alterations in the
clearance, absorption, or conversion of either enantiomer could appear to cancel
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any observable effects of St. John’s Wort administration upon the AUC of
ibuprofen enantiomers and their ratio.

As seen in mean plasma concentration versus time graphs (figure 6.18
and 6.19), plasma concentrations of both ibuprofen enantiomers appeared
superimposible up to 12 hours after drug administration. Key ibuprofen
pharmacokinetic parameters for both enantiomers were largely unchanged
following long-term St. John’s Wort treatment. Lack of a consistent change or
trend in ibuprofen AUC and Cmax values following treatment is supported by the
observation that ibuprofen pharmacokinetic parameters changed in opposing
directions among various individuals. For instance, S(+)-ibuprofen AUC values
for volunteer B decreased from 179 ug*hr/mL to 118 ug*hr/mL after three weeks
of St. John’s Wort supplementation, while S(+)-ibuprofen AUC values
corresponding to volunteer C increased from 121 pg*hr/mL to 182 pg*hr/mL after
supplementation. This canceling effect can also be seen in other parameters
across volunteers, including (but not limited to) R-enantiomer values for AUCo-16
and mean residence time (Figures 6.23 and 6.25).

Statistical power values corresponding to AUCo-16 were low for S- and R-
ibuprofen (40.3% and 22.0%, respectively). The low power of this study may be
a reflection of the small sample size used. Closer examination of the 90%
confidence interval values for the two near-significant parameters, S(+)-ibuprofen
Ke and R(-)-ibuprofen MRT, suggests these parameters may have reached
clinical significance provided a larger sampling pool was utilized. The confidence
interval measurements for both parameters do not include null hypothesis
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parameter means. In theory, expansion of sample size would be accompanied
by contraction of interval width at an identical significance level (10%). The
confidence interval boundaries would shift farther from the null means and in turn
strengthen the argument of a significant herbal effect (Rao, 1998). However,
based on results of ANOVA, confidence interval testing, and trends, it is unlikely
that an increase in sample size would show significant effects of St. John Wort
treatment upon AUC and Cmax of S- and R-ibuprofen.

These results are in contrast to other in vitro and in vivo investigations.
For instance, St. John’s Wort components biapigenin, hypericin, and hyperforin
altered cytochrome 2C9 function (Obach 2000), and St. John’s Wort intact
supplement altered the metabolism of warfarin (Ernst, 1999). Ibuprofen’s
irreversible metabolism is largely mediated by CYP2C9 (Leeman et al., 1993).
In addition, R(-)-ibuprofen metabolism has been reported to be strongly
influenced by CYP2C8 and genetic polymorphism (Kirchheiner et al., 2002).
Lack of supplementation effect is not likely to be associated with duration of
treatment. Volunteers were instructed to self-administer St. John’s Wort for 21
days, and volunteer compliance was monitored throughout the study period.
Failure of St. John’s Wort to induce or inhibit cytochrome 2C9 is a plausible
explanation for the observed lack of effect. Evidence of CYP2C9 alteration is
sparse compared to the more abundant, broader spectrum CYP3A4 subfamily
(Guengerich and Turvy, 1991; Chen et al., 2004).

The values for key pharmacokinetic parameters such as elimination half-
life, Cmax, Tmax, and volume of distribution were all within the range of
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parameter values encountered during past studies involving enantiomeric
ibuprofen. Half-lives of S(+)- and R(-)-ibuprofen have been reported to range
from 1.77 — 3.40 hours and 1.84 - 4.30 hours, respectively (Davies, 1998).
Ratios of AUCs for S/R have been cited as ranging from 1.34 — 2.10 and are
dependent upon absorption rate and saturation of ibuprofen’s protein binding.
Some interindividual variation was observed amongst volunteer data, although
the possibility of a variation-concealed alteration of ibuprofen pharmacokinetics is
unlikely for most of the parameters measured in this study. Similar variation has
been reported for ibuprofen in past studies (Ragheb, 1987), confirming that the
phenomenon is not uncommon in ibuprofen pharmacokinetics studies.

Despite the small sample size, there appears to be minimal significant
change in the single dose pharmacokinetics of S(+)- or R(-)-ibuprofen following 3
weeks of St. John’s Wort treatment. Although St. John’s Wort treatment may
affect the mean residence time of one or both stereoisomers, no
recommendation of ibuprofen dose changes when given with St. John’s Wort can
be made based on the lack of treatment effects seen in the AUC and Cmax
values of both enantiomers.
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Table 6.2: Model independent pharmacokinetic parameters for S(+)-ibuprofen
following a 400 mg oral dose of racemate drug.

Volunteer
%

Parameters A B C D E F G H Mean SD C.V.
S-IBU
(CONTROL)
Ke
(hr'1) 0.203 0.237 0.107 0.385 0.216 0.165 0.634 0.246 0.274 0.166 60.4
Tw%
(hr) 3.41 292 6.45 1.80 3.21 4.21 1.09 2.82 3.24 161 498
AUCo-16
(Mg*hr/mL) 132 174 100 87.4 119 130 112 139 124 264 21.3
AUC
(Mg*hr/mL) 140 179 121 87.6 127 138 112 147 132 26.8 20.4
MRT
(hr) 706 539 892 317 410 524 3.51 420 5.20 195 37.5
r.2

0.971 0.979 0.712 0.965 0.949 0.670 0.924 0.982 0.894 0.127 14.2
AUC S/R

119 287 2.46 1.56 1.13 1.56 1.05 1.69 1.69 0.654 38.7
Cmax
(ug/mL) 224 327 229 273 382 435 338 339 319 733 230
Tmax
(hr) 3.0 2.5 2.5 1.0 1.5 2.0 1.5 1.5 1.94 0.678 35.0

Abbreviations: KE = elimination rate constant; Tq, = half-life; AUCo-1¢ = area under the plasma
concentration versus time curve through the 16-hour sampling point; AUC = area under the
plasma concentration versus time curve; MRT = mean residence time; r’ = correlation coefficient
of log plasma concentration vs. time in terminal phase; AUC S/R = ratio of the AUCs of S(+)- and
R(-)- ibuprofen; Cmax = maximum plasma concentration; Tmax = time of peak plasma
concentration
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Table 6.3: Model independent pharmacokinetic parameters for R(+)-ibuprofen
following a 400 mg oral dose of racemate drug.

Volunteer
%

Parameters A B C D E F G H Mean SD C.V.
R-IBU
(CONTROL)
Ke
(hr'1) 0.155 0.450 0.290 0.523 0.601 0.320 0.670 0.167 0.397 0.194 48.9
T V2
(hr) 4 .47 1.54 2.39 1.32 1.15 217 1.04 415 2.28 1.34 58.9
AUCo-16
(Mg*hr/mL) 106 61.7 491 55.3 110 85.9 107 85.1 826 246 298
AUC
(Mg*hr/mL) 118 62.3 493 56.1 112 88.7 107 86.9 851 266 31.3
MRT
(hr) 769 373 358 212 263 4.08 3.08 3.15 3.76 1.71 454
CL/F
(mL/hr/kg) 239 382 628 404 328 32.0 23.1 28.1 35.2 128 36.3
Vd area/F
(mL/kg) 217 1.01 3.36 0.876 1.00 142 0429 2.06 1.54 0943 61.2
r2

0.993 0.999 0.953 1.00 0.981 0.0280 0.993 0.453 0.800 0.364 45.5
Cmax
(ug/mL) 22.7 16.9 203 271 42.2 38.1 325 277 284 872 307
Tmax
(hr) 2.5 3.0 2.5 1.0 1.5 2.0 1.5 1.5 1.94 0.678 35.0

Abbreviations: KE = elimination rate constant; T4, = half-life; AUCo-16 = area under the plasma

concentration versus time curve through the 16-hour sampling point; AUC = area under the
plasma concentration versus time curve; MRT = mean residence time; CL/F = total body
clearance after an oral dose; Vd area/F = apparent volume of distribution after an oral dose;

r? = correlation coefficient of log plasma concentration vs. time in terminal phase;

Cmax = maximum plasma concentration; Tmax = time of peak plasma concentration
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Table 6.4: Model independent pharmacokinetic parameters for S(+)-ibuprofen
following a 400 mg oral dose of racemate drug, combined with long-term St.
John’s Wort administration.

Volunteer
%
Parameters A B C D E F G H Mean SD C.V.
S-IBU
(SJwW)
Ke
(hr'1) 0.361 0.366 0.297 0.429 0.287 0.231 0418 0.279 0.334 0.071 21.3
TV
(hr) 1.92 1.89 2.33 1.61 2.41 3.00 166 249 217 0477 22.0
AUCo-16
(ug*hr/mL) 125 116 179 63.9 99.6 130 122 126 120 32.0 26.7
AUC
(ug*hr/mL) 126 118 182 64.2 103 134 122 130 122 329 26.9
MRT
(hr) 3.75 3.21 415 324 346 390 358 354 360 0322 894
r_2
0.975 0984 0999 0.985 0.983 0966 0.999 0.953 0.980 0.0160 1.59
AUC S/R
1.20 2.25 1.36 1.11 0.880 1.67 1.29 217 149 0496 33.3
Cmax
(ug/mL) 339 375 451 178 366 350 293 334 336 7.83 233
Tmax
(hr) 1.5 1.0 2.0 2.0 0.50 1.5 1.5 1.0 1.38 0518 37.6

Abbreviations: KE = elimination rate constant; Tq, = half-life; AUCo-16 = area under the plasma

concentration versus time curve through the 16-hour sampling point; AUC = area under the
plasma concentration versus time curve; MRT = mean residence time; r? = correlation coefficient
of log plasma concentration vs. time in terminal phase; AUC S/R = ratio of the AUCs of S(+)- and

R(-)- ibuprofen; Cmax = maximum plasma concentration; Tmax = time of peak plasma
concentration
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Table 6.5: Model independent pharmacokinetic parameters for R(+)-ibuprofen
following a 400 mg oral dose of racemate drug, combined with long-term St.
John’s Wort administration.

Volunteer
%

Parameters A B C D E F G H Mean SD C.V.
R-IBU
(SJwW)
Ke
(hr'1) 0.340 0.835 0.463 0.248 0413 0.561 0472 0.778 0.514 0.204 39.7
TV
(hr) 2.04 0830 150 2.80 1.68 1.23 147 0891 155 0641 41.2
AUCo-16
(ug*hr/mL) 103 52.2 134 57.3 116 80.2 913 595 866 29.7 34.3
AUC
(ug*hr/mL) 105 52.3 134 57.9 117 80.2 952 601 87.7 301 343
MRT
(hr) 3.73 1.72  3.31 250 259 263 326 248 278 0.631 227
CL/F
(mL/hr/kg) 268 454 231 392 315 354 261 407 335 794 237
Vd areal/F
(mL/kg) 111 0647 0.773 1.80 140 0.894 0.687 0.640 0.993 0417 42.0
I"2

0.998 0.996 0.999 0480 0.993 0.952 0.999 0.959 0.922 0.180 19.5
Cmax
(ug/mL) 295 30.7 383 19.2 471 271 258 225 300 897 299
Tmax
(hr) 1.5 0.50 2.0 1.0 0.5 1.5 2.0 1.0 1.25 0.598 47.8

Abbreviations: KE = elimination rate constant; T4, = half-life; AUCo-16 = area under the plasma
concentration versus time curve through the 16-hour sampling point; AUC = area under the
plasma concentration versus time curve; MRT = mean residence time; CL/F = total body
clearance after an oral dose; Vd area/F = apparent volume of distribution after an oral dose;

r? = correlation coefficient of log plasma concentration vs. time in terminal phase;

Cmax = maximum plasma concentration; Tmax = time of peak plasma concentration
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Table 6.6: Summary of mean pharmacokinetic parameters corresponding to S(+)-
ibuprofen and R(-)-ibuprofen. Control treatments and St. John’s Wort treatments
are featured.

Parameters S-IB (CONTROL) S-IB (SJW)
Mean SD %C. V. Mean SD %C. V.
Ke (hr ™) 0.274 0.166 60.4 0.334 0.0710 21.3
T (hr) 3.24 1.61 49.8 217 0.477 22.0
AUCo-16 (ug*hr/mL) 124 26.4 21.3 120 32.0 26.7
AUC (ug*hr/mL) 132 26.8 20.4 122 32.9 26.9
MRT (hr) 5.20 1.95 37.5 3.60 0.322 8.94
r’ 0.894  0.127 14.2 0.980  0.0160  1.59
AUC S/R 1.69 0.654 38.7 1.49 0.496 33.3
Cmax (ug/mL) 31.8 7.33 23.0 33.6 7.83 23.3
Tmax (hr) 1.94 0.678 35.0 1.38 0.518 37.6
Parameters R-IB (CONTROL) R-IB (SJW)
Mean SD % C. V. Mean SD % C. V.

Ke (hr ™) 0.397 0.194 48.9 0.514 0.204 39.7
TV (hr) 2.28 1.342 58.9 1.55 0.641 41.2
AUCo-16 (ug*hr/mL) 82.6 24.6 29.8 86.6 29.7 34.3
AUC (ug*hr/mL) 85.1 26.6 31.3 87.7 30.1 34.3
MRT (hr) 3.76 1.71 454 2.78 0.631 22.7
CL/F (mL/hr/kg) 35.2 12.8 36.3 33.5 7.94 23.7
Vd area/ F (mL/kg) 1.54 0.943 61.2 0.993 0.417 42.0
r? 0.800 0.364 455 0.922 0.180 19.5
Cmax (ug/mL) 284 8.72 30.7 30.0 8.97 299
Tmax (hr) 1.94 0.678 35.0 1.25 0.598 47.8

Abbreviations: KE = elimination rate constant; T4, = half-life; AUCo-16 = area under the plasma
concentration versus time curve through the 16-hour sampling point; AUC = area under the
plasma concentration versus time curve; MRT = mean residence time; CL/F = total body
clearance after an oral dose; Vd area = apparent volume of distribution after an oral dose;

r? = correlation coefficient of log plasma concentration vs. time in terminal phase; AUC S/R = ratio
of the AUCs of S(+)- and R(-)- ibuprofen; Cmax = maximum plasma concentration; Tmax = time
of peak plasma concentration
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Table 6.7: Ratios and 90% confidence intervals for S(+)-ibuprofen
pharmacokinetic parameters for control and St. John’s Wort treatments.

S-ibuprofen
Parameters Control SJW
N LSM N LSM Ratio 90% C.I. P Value

AUCo-16 0.778,

(ug*hr/mL) 8 124 8 120 0.952 1.16 0.654

AUC 0.772,

(ug*hr/mL) 8 132 8 122 0.915 1.09 0.358

Cmax 0.827,

(ug/mL) 8 31.8 8 33.6 1.05 1.33 0.713
1.03,

KE (hr '1) 8 0.274 8 0.334 1.36 1.79 0.0720
0.599,

MRT (hr) 8 5.20 8 3.60 0.730 0.891 0.0200

Abbreviations: AUCo-16 = area under the plasma concentration versus time curve through the 16-
hour sampling point; AUC = area under the plasma concentration versus time curve;

Cmax = maximum plasma concentration; KE = elimination rate constant; MRT = mean residence
time

Table 6.8: Ratios and 90% confidence intervals for R(-)-ibuprofen
pharmacokinetic parameters for control and St. John’s Wort treatments.

R-Ibuprofen

Parameters Control SJW
N LSM N LSM Ratio 90% C.I. P Value

AUCo-16 0.788,

(ug*hr/mL) 8 82.6 8 86.6 1.04 1.37 0.804

AUC 0.776,

(Mg*hr/mL) 8 85.1 8 87.7 1.03 1.35 0.873

Cmax 0.810,

(ng/mL) 8 28.4 8 30.0 1.06 1.39 0.687
0.852,

KE (hr '1) 8 0.397 8 0.514 1.69 3.34 0.190
0.610,

MRT (hr) 8 3.76 8 2.78 0.774 0.982 0.081

Abbreviations: AUCo-16 = area under the plasma concentration versus time curve through the 16-
hour sampling point; AUC = area under the plasma concentration versus time curve;

Cmax = maximum plasma concentration; KE = elimination rate constant; MRT = mean residence
time
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Figure 6.2: S-ibuprofen log plasma concentrations versus time for volunteer A.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.3: R-ibuprofen log plasma concentrations versus time for volunteer A.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.4: S-ibuprofen log plasma concentrations versus time for volunteer B.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.5: R-ibuprofen log plasma concentrations versus time for volunteer B.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.6: S-ibuprofen log plasma concentrations versus time for volunteer C.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.7: R-ibuprofen log plasma concentrations versus time for volunteer C.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.8: S-ibuprofen log plasma concentrations versus time for volunteer D.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.9: R-ibuprofen log plasma concentrations versus time for volunteer D.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.10: S-ibuprofen log plasma concentrations versus time for volunteer E.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.11: R-ibuprofen log plasma concentrations versus time for volunteer E.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.12: S-ibuprofen log plasma concentrations versus time for volunteer F.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.13: R-ibuprofen log plasma concentrations versus time for volunteer F.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.14: S-ibuprofen log plasma concentrations versus time for volunteer G.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.15: R-ibuprofen log plasma concentrations versus time for volunteer G.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.16: S-ibuprofen log plasma concentrations versus time for volunteer H.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.17: R-ibuprofen log plasma concentrations versus time for volunteer H.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.18: Average S-ibuprofen log plasma concentrations versus time.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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Figure 6.19: Average R-ibuprofen log plasma concentrations versus time.
Respective solid and dotted curves represent plasma samples taken before
(CTL) and after 21 days of St. John’s Wort (SJW) treatment.
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S-lbuprofen AUC Comparisons
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Figure 6.20: Graphical comparisons of individual S-ibuprofen AUC values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Figure 6.21: Graphical comparisons of individual R-ibuprofen AUC values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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S-lbuprofen AUCo-16 Comparisons
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Figure 6.22: Graphical comparisons of individual S-ibuprofen AUCo-16 values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Figure 6.23: Graphical comparisons of individual R-ibuprofen AUCo-16 values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Figure 6.24: Graphical comparisons of individual S-ibuprofen MRT values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Figure 6.25: Graphical comparisons of individual R-ibuprofen MRT values
corresponding to Control (CTL) and St. John’s Wort (SJW) treatment groups.
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Table 6.9: Record of volunteer compliance during self-administration of St. John’s
Wort. Record of compliance encompasses both prednisone/prednisolone and
ibuprofen investigations. Percent compliance is the ratio of herb tablets taken and
tablets distributed to volunteers during the investigation period.

Volunteer Missed Doses Percent Compliance
A 3 96.6
B 4 95.4
C 0 100
D 9 89.7
E 13 85.1
F 0 100
G 12 86.2
H 5 94.3
Total Cumulative Percentage
46 93.4 | ]

158




SUMMARY AND CONCLUSIONS

St. John’s Wort is a well-known, promising herbal medication that has
enjoyed great success in the treatment of mild to moderate depression (Linde et
al., 1996; Bilia et al., 2002). lIts relatively benign adversity profile is undermined,
however, by its propensity to alter the metabolism of synthetically derived agents
that have become relied upon in the treatment of various disease states (Wang
et al., 2001; Breidenbach et al., 2000). The metabolic pathway by which St.
John’s Wort affects drug metabolism is cytochrome P450, the diffuse enzyme
family largely responsible for the body’s chemical detoxification efforts.

Cytochrome P450 is divided into several enzyme subfamilies that mediate
metabolism through the addition or removal of specific functional groups on drug
and xenobiotic substrates, including -OH, -SH, -CO2H, and -NH,. The ultimate
goal of the enzyme system is the creation of more polar forms of chemical
substrates that can be more easily expelled from the body (Gillette, 1966). The
two cytochrome subfamily isoforms of interest in this study were CYPs 3A4 and
2C9. CYPs 3A4 and 2C9 account for the vast majority of human liver
cytochromes. Cytochrome 3A4 is the most common CYP 3A isoform in the
human liver and accounts for the vast majority (> 50%) of all phase | drug
degradation. The cumulative impact of CYP 3A4 and the P-glycoprotein drug
transporter has proven a formidable combination in human drug metabolism.

Cytochrome 2C9 is the most abundant member of the large CYP 2 family, and is
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responsible for the metabolism of very important drugs, including phenytoin and
warfarin. St. John’s Wort has been implicated in the functional alteration of CYPs
3A4 and 2C9 in both in vitro and in vivo investigations.

The NSAID drug ibuprofen, along with the corticosteroid agents
prednisone and prednisolone, are long-trusted for their effectiveness in the
treatment of inflammation-mediated disorders. Prednisone and prednisolone are
early generation glucocorticoids that are cytochrome 3A4 substrates. The
compounds are characterized by their reversible metabolism and, particularly in
the case of prednisolone, its dose-dependent pharmacokinetic profile. Ibuprofen
is one of the most famous substrates of cytochrome 2C9, and is characterized by
its racemate administration and enantioselective pharmacology and
pharmacokinetics. The drug has been an over-the-counter favorite for more than
two decades.

Eight human volunteers between ages 19 and 36 participated in a drug
interaction study to examine whether long-term St. John’s Wort administration
could significantly affect the pharmacokinetics of prednisone, prednisolone or
ibuprofen. Volunteers were given 20 mg and 400 mg single doses of prednisone
and ibuprofen, respectively, followed by blood sampling for drug assessment.
During an outpatient period, the volunteers were instructed to self-administer 900
mg per day of St. John’s Wort. At the end of the self administration period, the
volunteers were again given 20 mg and 400 mg single doses of prednisone and
ibuprofen, respectively, followed by blood sampling at identical time points as
used prior to St. John’s Wort treatment.
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The St. John’s Wort investigation was conducted in a staggered fashion.
The studies were longitudinal such that each volunteer served as his own control
subject. All volunteers received a single 400 mg oral dose of ibuprofen on Day 1
of the investigation, followed by blood sampling at -0.25 hours pre-dose and at
0.25,0.5,1,1.5,2,25, 3,4, 6, 8,12, and 16 hours post-dose. On Day 8, the
volunteers received a single 20 mg oral dose of prednisone, again followed by
blood sampling at -0.25 hours pre-dose and at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8,
12, and 16 hours post-dose. Volunteers were instructed to self-administer 300
mg of St. John’s Wort 3 times per day for 28 days thereafter. On Day 29 (day 21
of St. John’s Wort administration), volunteers again received a final 400 mg oral
dose of ibuprofen, followed by blood sampling at the identical time points used on
Day 1. On Day 36 (day 28 of St. John’s Wort administration), the volunteers
received a final 20 mg oral dose of prednisone. Subsequent blood sampling was
performed at the identical time points used on Day 8 of the investigation.

The half-lives of ibuprofen, prednisone, and prednisolone are generally
short (< 3 hours), and washout times of one week or more were used following
single dose administration of ibuprofen and prednisone. Although glucocorticoid
agents have been observed to induce cytochrome systems in past investigations
(You, 2004; Pascussi et al., 2000), no interaction has ever been documented
between ibuprofen and prednisone or prednisolone. In addition, prednisone was
administered one week after ibuprofen during single dose portions of the study,

thus eliminating any possibility of glucocorticoid induction effects upon ibuprofen.
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The staggered study design that was selected should have had no impact upon
study results.

The results of both drug interaction inquiries presented in this manuscript
suggest that long-term administration of St. John’s Wort elicits little to no effect
upon important pharmacokinetic indices for prednisone, prednisolone and
ibuprofen. The mean pharmacokinetic parameters of prednisone and
prednisolone were largely unchanged following herbal administration. ANOVA
evaluation of log parameters for prednisone indicated no significant treatment
effects in  AUCo-12 (p= 0.70), AUC (p= 0.36), Cmax (p= 0.91), Tmax (p= 0.41),
Ke (p= 0.35), and MRT (p= 0.15). Similarly, no significant treatment effects were
observed in prednisolone log parameters: AUCo-12 (p=0.71), AUC (p= 0.94),
Cmax (p= 0. 95), Tmax (p= 0.39), Ke (p= 0.78), and MRT (p= 0.73). A clinically
significant volunteer effect was observed in Ln AUCo-12 for prednisone (p= 0.04).
Near-significant volunteer effects on Ln Cmax for both prednisone (p= 0.06) and
prednisolone (p= 0.07) were also seen. St. John’s Wort’s apparent lack of effect
upon prednisone and prednisolone pharmacokinetic parameters after long-term
administration was additionally supported by confidence interval evaluation. The
90% confidence intervals of log-transformed pharmacokinetic data fell within
80% -125% acceptance range, indicating that St. John’s Wort failed to change
prednisone or prednisolone pharmacokinetic parameters by more than 20%.

Ibuprofen mean pharmacokinetics parameters, too, displayed little change
after herbal administration. ANOVA evaluation of log parameters for S(+)-
ibuprofen indicated a significant treatment effect for MRT (p= 0.02), but did not
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indicate significant treatment effects for AUC (p= 0.36), Cmax (p =0.71), and Ke
(p=0.07). Log parameters for R(-)- ibuprofen revealed no significant treatment
effects for MRT (p= 0.08), AUC (p= 0.87), Cmax (p= 0.69), and Ke (p= 0.19). As
was the case in the corticosteroid study, near significant volunteer effects were
observed for Ln AUC (p= 0.08) and Ln Ke (p= 0.09) in S(+)- ibuprofen.
Confidence interval testing for the ratio of geometric means based on log
transformed pharmacokinetic parameters revealed a clinically significant change
in mean MRT for S(+)- ibuprofen. The 90% confidence intervals for S(+)-
ibuprofen Ke and R(-)- ibuprofen MRT did not fall completely within the 80% -
125% acceptance range. However, non-significant ANOVA results
corresponding to these parameters were indicative of a lack of an herbal effect,
and thus supercede confidence interval information.

In a literature review presented by Mills et al. (2004), 19 documented drug
interaction investigations involving St. John’s Wort were examined. The results
of these studies varied from no effect upon conventional drug pharmacokinetics,
as in the case of carbamazepine (Burstein et al., 2000), to dramatic
pharmacokinetic changes, as in the case of indinavir (Piscitelli et al., 2000). The
Mills et al. (2004) review also revealed that 16 of 19 St. John’s Wort drug
interaction studies (84%) reported significant effects upon conventional drug
AUC following St. John’s wort administration in healthy volunteers. The
remaining 3 studies (16%) reported a lack of effect after St. John’s Wort
administration. Mills et al. (2004) measured significant effects (or lack thereof) by
95% confidence interval testing of reported drug AUC values. Lack of effect was
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assumed when confidence interval assessment revealed less than a 20%
reduction in drug AUC. Similarly, AUC value differences corresponding to
prednisone, prednisolone, and ibuprofen treatments indicated ‘no effect’ following
90% confidence interval assessments.

The apparent failure of St. John’s Wort to significantly induce or inhibit the
metabolism of drugs in this investigation may be explained by:

1. Insufficient St. John’s Wort potency upon cytochrome systems or inability
of drug substrates to be induced or inhibited. The use of a standardized
St. John’s Wort preparation, combined with its long duration of use,
lessens the possibility of inadequate potency. It is more plausible that the
selected drugs are not easily susceptible to alterations in their metabolism
by herbal co-administration. This notion supports the safe usage of these
drug combinations. The fact that P-glycoprotein has no known
contribution to the metabolism of any of the drugs considered in this work
may be relevant as well.

2. Low statistical power values, combined with discrepant 90% confidence
interval/ p-value data for S(+)- ibuprofen elimination rate constant and
R(-)-ibuprofen MRT indicate that sample size may have influenced study
results. It is possible that a sample size increase might have yielded
significant results for these parameters at the same significance level
(10%). In contrast, high statistical power values encountered in the
prednisone study provided solid evidence of St. John’s Wort’s non-effect
upon prednisone and prednisolone pharmacokinetics. Furthermore,
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volunteer compliance for St. John’s Wort usage (85.1% to 100%) was
sufficient to allow confident assessment of St. John’s Wort effects.

. Volunteer demographics and diet may have been relevant to this study.
Six of eight study volunteers were of Asian Indian decent, which raises
questions about the influence of genetic differences in metabolic drug
interaction studies. In the case of ibuprofen, genetic CYP2C9
polymorphism may be relevant, since allelic 2C9*2 has virtually no
expression in Asian populations. It has also been noted that certain
ingredients of common Indian cuisines may strongly impact cytochrome
P450-mediated metabolic processes. Future studies involving long-term
herbal dosing may require more careful consideration of these factors to

avoid data bias.
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