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ABSTRACT

Nifedipine, prototype of the Ld=dihydropyridine class ol caleim channel blockers,
typically used for treatment of hypertension or ischaemic heart disease. Perordd mifedipine
of specific factors that influence nifedipine bioavailibility (including hoth the rate and extent
of drug absorption) is important for the design of new tormulitions of nitedipine or similar
compounds (e.g., telodipine, isradipine, nicardipine cie) too masmee deag, delivery and
clinical effeets, while minimizing inter— and intrasubjecr variabiliey and adverse effects.

To quantify nifedipine concentrations in aqueous and biological samples, a sensitve and
specific HPLC assay method was developed and proved ro be reliable and suitible Toruse in
subscquent studies. A series of i vitro and invivo studies were conducted to nveshpate
several factors that could potentially attect nifedipine bioavailibiliry, including; phatostability,
chronopharmacokinetics,  dissolution characteristics, gut wall - presystemic - metabolism,
grapefruit juice effects and plasma protein binding,

Photodegradation of nifedipine in intact commerctally available formulations was found to

be clinically ingignificant even after long=rerm artificial sunhght esposure, Henee, if

differences in bioavailabiliry are observed between different nifedipine formulations then

s probably not a contributing factor.

Chronopharmacokinetic  properties  of !].iﬁ_vfdir)‘iﬂf; appeared 10 heobserved me
bioequivalency study with the nifedipine pastrointestinal therapeatic system (GIS).
Alternatively, the results may have shown that the position of this dosage form in the GI
tract affected nifedipine bioavailability. In addition, large inter— and intrasubject variability of

typical pharmacokinetic measures was found.



A two-phase dissolufion fest system was developed for the nifedipine GITS and found

1O IMPrOve in vitro—in vivo correlations.  Dissolution of the released nifedipine particles was
fonnd te be an important factor for determining the rate and duration of drug absorption.

Pharmacokinetic studies in the rat showed thar nifedipine bioavailability following po
dosing was influenced by both hepatic and gut wall merabolism. ‘The rat was also found fo
he a suitable model for exploring the inferaction of grapefruit juice with nifedipine as
abserved in human clinical trials,

Grapetruit juice did not affect the extent of nifedipine human plasma protein binding,
although effects on the athnity of binding could not be ruled out.

The results found illustrate the variety of factors which ean influence nifedipine
bioavail.ability, and 1ln;|y he important considerations for optimizing nitedipine delivery and

the therapeutic eftects of this compound in human beings.
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Chapter 1

INTRODUCTION

General Definition of Bioavailability

Bioavailability refers to both the rate and extent of drug absorption, although this term 13
typically uscd to characterize the extent (amount) of therapeutically active drug reaching the
systemic circulation.”*  Complete  bioavailability s assumed to be obtained  following

intravenous (iv) administration since a drug is considered to be placed directly into the

systemic cireulation. Absolute bioavailability, I, or the fraction of an extravascular dose (ev)
reaching the general circulation can be determined from ;31;15111;1 duta using one of the

following relationships:’

P AUC,\( D, ()

“Lauc, \D,,.
and

F=F, ,FSE 7 (1.2)

where AUC,, and AUC,, are the arcas under the plasma concentration—time curves follewing
ev and iv dosing, respectively; D, D, are the corresponding cv and iv doses; F, F, and I,
are the fraction of the ev dose absorbed, fraction escaping gut wall metabolism (enteral
absorption) and fraction escaping hepatic (liver) metabolism, respectively. These caleulations
assume that systemic clearance (CL,) remains constant and that the lung docs not contribute
to drug clearance.

Relative bioavailability is determined from comparison of di fferent formulations of a drug,

different routes of administration or different conditions (e.g., dict, disease state), but

typically refers to the systemic availability of a test formulation (e.g, a ‘second—entry

product’) as compared to a recognized reference standard formulation (e.g., a ‘brand—name

product’) of a drug:™*

="



Talsi F, AUC D
Relative Bioavailability = =% = —t [-”-i
| I AUC I\ D,

(1.3)

where A, B refer to the test and reference standard drug products, Iy Fyoare the absolute
bioavailabilities of drug products A and B, AUC,, AUC, are the AUCs of products A and 13,
and D, D, are the doses of products A and 1B, respectively. As with the caleulation ot
absolute bioavailability, systemic clearance 13 assumed o renuin constant.

Deconvolution methods are commonly used to estinuate drug absorption parameter values
(including the absorphion rate constant, &) especially when it is suspecred that absorption
is not a first-order process. Deconvolution, which makes no assumptions about the mature
of the absorption process, allows information about absorption to be caleulated by
subtracting data obtained after iv administration from data collecred after ev administration.
model) or Loo—Riegelman (multicompartment model) methods] and model independent
techniques.™

‘The Wagner—Nelson method assumes a onc—compartment pharmacokinetic model for
disposition.” From the mass balance equation,

f’i;,! =, + A, (l <
where A, is the amount of drug absorbed, 1), 1s the amount of drug in the hody and A, s the
amount of drug excreted, the following expression can be derived,

Sr=Crk, e (1.5)

where 17is the apparent volume of distribution, C'is the drug plasn concentration, /s fime,
and 4, is the terminal first—order climination rate constant. A plot of fraction (o percent)
remaining to be absorbed (7) versus time can be obtained by dividing A,/ 1 Dby the total

amount absorbed/ 1 and subtracting this from unity,

Cthy iC-d

|-

S (1.6)

i i B
ki‘l : Cf * d’
y {}
An estimate of &, for a zero— or first-order process is determined from the lincar or log—
linear slope of this plot, respectively.
Model—independent deconvolution techniques are based on the expression,

€)= Cy(0)- 1) (1.7)
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where, €(t) is the drug concentration following oral administration of a solid dosage form
(input response), Ca(t) is the drug concentration after iv administration (impulse responsc)
and /() is the mput rate > Therefore, estimates of f(t) can be obtained using a suitable
computer program if the input response and impulse response data are known.

As indicated by equation 1.2, the value of 7 following po delivery is dependent upon the
absorbable fraction of the given dose and the fraction that passes through both the gut wall
and liver, which, in addition to the rate of drug absorption, can be influenced by a number of
different factors. These Factors include: the physicochemical properties of the drug (e.g.
solubility, pk,, n-octanol:water partition cocfficient, crystal habit), the nature of the drug
formulation [e.g., immediate—release (IR), sustained—release (SR) or controlled-release (CR)
formulations|, stability of the drug in the gastrointestinal (G1) tract (e.g, pI1 or microflora
effects), the extent of first—pass metabolism (intrinsic clearance) within the gut wall and liver,
the time of administration (chronopharmacokinetics), hepatic and G1 blood flow, the extent
and affinity of plasma protein binding, and the influence of various discase states, foods and
drugs. In addition, the sensitivity, specificity and accuracy o of the analytical method used to
determine blood, plasma or serum drug concenteations, as well as the integrity, purity and
accuracy of the labeled drug content (dosc) as indicated by the manufacturer can be very
important factors for accurate determination of drug bioavailability.

Nifedipine

Nifedipine is a calcium channel blocking drug characterized by a short duration of action,
due to its relatively short terminal plasma elimination half=life (1 to 2 hours), % and pc‘:3t?:1:’=,fti>===
moderate absolute bioavailability (0.4 to 0.68) following po administration in human beings.”

0 rowever, the large degree of inter— and intrasubject variability in bioavailability and

differences in the types of oral nifedipine formulations make it difficult to reliably pmdmt
pl-ls'm'x concentrations for this compound. This is an important issue since several reports'”

“ appear to show a lincar plasma mmmtmttgn=¢f fect relationship for this drug, although
this point still remains controversial.'™¢ In human beings and rats, nifedipine is thought to
be cleared mainly by the liver via transformation (oxidation) to an inactive metabolite by
cytochrome P450 3A 1 isozymes.'™* Hence, the liver i is also thought to be mainly responsible

for the presystemic met tabolism of this drug following po administration. Nonetheless, gut

wall metabolism may also be involved particulacly after absorption from the small intestine,””
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> but this has not yet been unequivocably established or quantitied. Nifedipine also appears
to possess chronopharmacokinetic properties, i.c., pharmacokinetic  ditferences oceur
between morning and evening administration of an IR formulation in human beings, with
both the rate and extent of nifedipine systemic absorption affected.*  The type of
nifedipine formulation used (i.c., IR, SR, CR) also impacts upon the bioavailability reported
for this drug since the compound can be incorporated into these products as a solution (e.g,,
liquid—filled capsules), an amorphous powder [e.g., the insoluble drug absorprion system
(INDAS) SR tablets] or a specitic crystalline (polymorphic) form [e.g., prolonged=action
(PA) tablets]. Therefore, different nifedipine products possess distinet dissolution properties,
release nifedipine at different rates, and release the majority of their Tabeled dose into
different  segments of the GI tract.  The pharmaceatical, pharmacokinetic, and
pharmacological properties of some ot nifedipine  formulations, and specitically the
nifedipine gastrointestinal therapeutic system (GI'TS), are discussed further in chapters 2,4, 5,

6 and 7.
Flistory

Nifedipine is the prototype of the | A-dihydropyridine class of calcium channel
antagonists, which also includes such compounds as amlodipine, darodipine, felodipine,
. . . . . . . I . . i i i s o o L B L Zq IFRI . L
isradipine, lacidipine, nicardipine, nilvadipine, nisoldipine and nitrendipine.™ The chemistry
of the dihydropyridine compounds can be traced back to 1882 when Hantzeh first reported
them as stable intermediates in the pyridine synthesis bearing his name” In the 1960, the
cardiovascular activities of d-aryl, 14—dihydropyridine 3,5—dicarboxylic acid - esters were
discovered independently by the laboratories of Bayer and Smith, Kline and French. In

1966, F. Bosset first synthesized a compound designated Bay «a 1040, which was ler
introduced (1975) as the compound nifedipine.®  Since then, nifedipine has hecome one of

the major cardiovascular drugs with indications in the US and Canada for treatment of

hypertension and ischacmic heart discasc, depending upon the type of Tormulation selected.
Physicochemical Properties

‘The chemical structure of nifedipine (Cy,H,5N,0,) is depicted in Figure 1-1. Nifedipine is

hygroscopic, and has a molecular weight of 346.3 daltons.®* 'The compound is frecly soluble
in acetone (250 g L™, methylene chloride (160 g 1.”) and chloroform (140'¢ 1.1, soluble in
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ethyl acerare (50 g 1.7), and slightly soluble in methanol (26 g L") and cthanol (17 g L. h.
The drug is practically insoluble in water as its solubility is only about 10 ug ml"! (ar 37°C),
and its solubility in phosphate buffer solutions is < 6 ug mL." (pI1 1 to pll 13). The melting
point of nifedipine is 171 to 175°C.2* "The dissociation constant [pK,~value (basic), measured
with tetrabutyl ammonium  hydroxide in dimethyl formamide using a potentiometric
microtitration technique] is about —0.9; thus, nifedipine is not protonated n aqueous solution
and must exert its action(s) via the unchanged form.? ‘The n—octanolwater distribution
cocfficient for nifedipine is about 10,0005 The ultraviolet (UV) spectrum of nifedipine

shows absorption maxima at 235 nm and abour 340 nm in methanolic solution, and at 238

Figure 1-1. Chemical structure of nifedipine.

nm and about 340 nm in alkaline and acid solutions, respectively.®”  This compound 1s
extremely sensitive to light in solution and even in solid form must still be protected from
light."! Fxposure of nifedipine to light, high temperature or the presence of oxidizing agents
yiclds two major degradation products, a nitroso compound (visible and UV light) and a
nitro compound (UV light).”!  Hence, all experimental work with nifedipine should be
performed under  yellow (sodium) or red light which have no intluence on its
decomposition.™
Rationale for Hypotheses

The pharmacokinctics of nifedipine and its different oral formulations have still not been
adequately assessed in cither man or rat due, in part, to problems developing a suttable
plasna assay for this compound (including minimizing photodegradation or the production
of degradation products duc to thermoinstability) and the large variability typically observed
following po dosing™  Similarly, as nifedipine is light sensitive (even in solid form) the

-
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stability, integrity and accuracy of the labeled drug content of different mitedipine dosage

forms needs to be asse

E":‘

sed as a potential source of variability in bioavailibility determinations
[i.c., are significant amounts of photodegradation product(s) formed when commercil
nifedipine dosage forms are exposed to sunlight for extended periods of time?).

Greater interest in the therapeutic uses of nifedipine has been generated duc to the recent

publication of controversial reports and discussion papers,” " which describe and debate the
increased risk of mortality apparently scen with the use of maoderate—to=high doses of
nifedipine TR capsules (2 60 mg day").  Because nifedipine is one of the most commonly
used cardiovascular agents, and generates total combined yearly revenues of several hillion
dollars world=wide for its manufacturers, there is a great deal of interest in developing, a
better understanding of the factors which influence the hioavailability of this compound,
especially since an understanding of thesc factors may be important with regawd o ther
potential influence on clinical outcome(s).  As well, new studies may lead 1o better
understanding of the patcntizﬂ cause(s) of the drugs apparent increased mortaliry risk, andd
clarify whether differences exist between the numerous types of nifedipine formulations
(particularly between IR and long—acting preparations with respect to both mortality risk and
incidence of adverse effects).

A nifedipine oral dosage form of particular interest is a controlled=release formulation
called the nifedipine GITS, ‘This dosage form is typically taken once daily and provides
relatively zero—order release of suspended drug and, hence, zero-order absorption following
drug dissolution in the GT tract. This formulation acts like a controlled infusion pump
operating in the GI tract and potentially allows an assessment of: nifedipine bioavailability
from different segments of the Gl tract (i.c., dosing of this formulation could provide
evidence of gut wall nifedipine metabolism and demonstrate potential metabolic differences
between the walls of the small and large intesting), nifedipine chronopharmacokinetic
properties, and nifedipine dissolution characteristics. o date, relatively little information has
been published on the dissolution and pharmacokinetic propertics of this furmulirion,
including a notable lack of progress in the development of a suitable dissolution test system
which provides a 1:1 in vitro~in vivo correlation.  Detailed descriptions of the known
pharmaceutical, pharmacokinetic and pharmacological propertics of this particular nifedipine
dosage form, prior to the new investigations presented later in this report, are provided in the

next chapter. In vitro and in vivo studies that arc conducted with this product may aid future
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development of nifedipine or other 1, 4=dihydropyridine formulations that can provide
optimal bioavailability, reduced inrer— and intrasubject variability and improve the quality and
duration of life.

OF additional interest is the impact that the presence of food and condministered drugs
have on the bioavailability of nifedipine. This is particularly true for the interaction observed
in human clinical trials between grapefruit juice and nifedipine, which typically show changes
in both the rate and extent of nifedipine absorption.”™ “L'o date, the mechanism of action of
grapefruit juice has not been uncquivoceally established and no animal model has yet been
developed to further study this phenomenon. Although inhibition of nifedipine metabolism
is the most likely cffect, and the most studied, in vitro or in vivo studics determining the
influence of grapefruit juice on nifedipine protein binding are lacking and this mechanism has
not yet been ruled out. Furthermore, in vivo studics in the rat may allow a determination of
hoth the potential role of the gut in nifedipine presystemic metabolism and may indicate that
the rat is a suitable model for cvaluating the cffects of grapefruit juice on nifedipine
bioavailability.  Although the results obtained in rats cannot be necessarily extrapolated to

man the data may be helptul in the design of specitic human clinical studies.



Hypotheses

1. Different nifedipine formulations provide dissimilar degrees of profection agunst
nifedipine photodegradation during long periods of exposure to artificial sunlight,

2. The clinical pharmacokinetic profiles of the nifedipine GITS will demonstrate the
chronopharmacokinetic properties of the drug or, alternatively, provide evidence of put
wall presystemic nifedipine metabolism.

3. Problems obtaining satisfactory in vitro~in vivo correlations with the nifedipine GUIS are
due to the limitations of existing standard dissolution tests.

4. The rat model will provide evidence of gur wall nifedipine metabolism.

5. "The rat model will show a similar interaction between grapefruit juice and nifedipine s
observed in human beings.

6. FHluman plasma protein binding of nifedipine (cither the extent or affinity of hinding) is
affected by some component(s) of grapetruit juice.

Objectives

I. To develop a rapid, sensitive and specific HPLC assay capable of accurately and precisely
measuring nifedipine concentrations in biological or agucous samples.

2. "T'o evaluate the photodegradation of nifedipine in commercially available nitedipine
dosage forms atter long periods of exposurc to dircer artifictal sunlight.

3. To delineate the pharmacokinetics of nifedipine in healthy volunteers following po
administration of the nifedipine GITS, and to assess the results for evidence of large
inter— and intrasubject variability, chronopharmacokinetics or gut wall metabolism.

4. T'o develop a simple and inexpensive dissolution test system for evaluting, both drug,
release and dissolution characteristics of the nifedipine GUI'S in order to provide 101 in
vitro—in vivo correlations.

5. To compare the pharmacokinctics of nifedipine in rat after dosing by various routes ol
administration to estimate absolute bioavailability and demonstrate gut wall metabolism,

6. T'o evaluate the rat as a suitable animal model for studying the inferaction of grapefruit
juice with nifedipine, as scen in human beings.

7. To explore potential transient cftects of grapefruit juice on the extent and affinity of in

vitro nifedipine human plasma protein binding,



References

1. M. Rowlaind and TN, Tozer. Clinical pharmacokinerics - concepts and applicarions. ‘Third
tidition. Williams and Wilkins, Philadelphia, PA (1995).

2. 1.. Shargel and AB.C. Yu. Applied Biopharmaceutics and Pharmacokinetics. Third Ldition.
Appleton and Lange, Norwalk, CT (1993).

3. D.WLA. Bourne. Mathematical modeling of pharmacokinefic data. Technomic Publishing
Company, Inc. Lancaster, PA (1995).

4. M. Gibuldi and 1. Perrier. Pharmacokinetics. Second Edition, Marcel Dekker Ine. New
York, NY (1982).

5. W.R. Gillespic and P. Veng-Pedersen. Guastrointestinal bioavailability: Determination of in
vivo release profiles of solid oral dosage forms by deconvolution. Bigpharm. Dimg Dispos. 6,
351.355 (1985).

6. 15.M. Sorkin, S.1. Clissold, R.N. Brogden. Nifedipine. A review of its pharmacodynamic
and  pharmacokinetic propertics, and therapeutic  efficacy, in ischacmic heart disease,
hypertension and related cardiovascular disorders. [Review]. Dings 30(3), 182-274 (1985).

7. C.IL Kleinbloesem, P. van Brummelen, J.A. van de Linde, P.J. Voogd, 1D.1D. Breimer.
Nifedipine: kinetics and dynamics in healthy subjects. Chn Pharmacol, Ther. 38(6), 742-749
(1984).

8 IS, Foster, S.R. Hamann, V.R. Richards, P.J. Bryant, D.A. Graves, R.G. McAllister.
Nifedipine kinetics and bioavailability after single intravenous and oral doses in normal

subjects. J. Clin. Pharmacol. 23(4), 161-170 (1983).

9. 8. Kondo and 1. Sugimoto. Moment znalysis of intravenous, intraduodenal, buccal, rectal
and percutancous nifedipine in rats [published crratum appears in Pharmacobiodyn 1987
Dec:10(12):767|. J. Pharmacobiodyn. 10, 462-469 (1987).

10. .G. Kelly and K. O'Malley. Clinical pharmacokinetics of calcium antagonists. An update.
[Review|. Clin. Pharmacokinel. 22(6), 41 6-433 (1992).

(1. A, Soons, H.C. Schoemaker, Al Cohen, D.ID. Breimer. Intraindividual variability in
nifedipine pharmacokinetics and effects in healthy subjects. J. Clin. Pharmacol. 32(4), 324-331
(1992).

(2. C.H. Kleinbloesem, P. van Brummelen, D.D. Breimer. Nifedipine. Relationship between

pharmacokinetics and pharmacodynamics. [Review]. Cén. Pharmacokinet, 12(1), 12-29 (1987).

13. 1. Hehizen and M. Eichelbaum. Clinical pharmacokinetics of verapamil, nifedipine and
diltiazem. [Review|. Clin, Pharmacokinet. 11, 425-449 (1986).



4. K.H. Gracte, R. Zicgler, W, Wingender, K.D. Ramsch, tL schimte. Plsma
concentration-response relationships for some cardiovascular effects of dihydropyridines i
healthy subjects. Chin. Pharmwacol. Ther. 43(1), 16-22 (1988).

15. P.A. Meredith, H.1. Elliott, R. Donnelly, J.L. Reid. Dose-response claritication m carly
drug development. J. [ lypertens. 9(Suppl. 6), 8356-8357 (1991). '

16. R. Donnelly, TLL. Lot AL Meredith,  Concentration-ettect  analysis of
antihypertensive drug response. Focus on calcium antagonists, |Review|. Chne Pharmacokiine.

26(6), 472-485 (1994).

17. F.P. Guengerich, W.R. Brian, M. Iwasaki, M.A. Sari, C. Biirnhiclm, P Berntsson,
Oxidation of dihydropyridine caleium channel blockers and analogues by human hver
cytochrome P-450 LAY . Med, Chenr. 34(6), 1838-1844 (1991).

18. I.P. Guengerich, M.V. Martin, P.HL Beaune, P Kremers, T, Woltt, 12.). Waxnun,
Characterization of rat and human liver microsomal cytochrome P50 forms involved in
nifedipine osidation, a prototype for genetic polymorphism in oxidative drug, metabolism, /.
Biol. Chem. 261(11), 5051-5060 (1986).

19. D.R. Krishna and U. Klotz. Extrahepatic metabolism of drugs in hununs. |Review|. CZan.
Pharmacokinet. 26(2), 144-160 (1994).

20. B. Edgar, D.G. Buailey, R. Bergstrand, (. Johnsson, 1. Larje. Formulition dependent
interaction between  felodipine  and  grapefruit juice.  Chu Pharmacol.Ther: 47(2),
181(1990).(Abstract) ‘

21. V.1, Challenor, D.G. Waller, A.G. Renwick, B.S. Gruchy, C.1, George. The trans-heparic
extraction of nifedipine. Br: [ Clin. Pharmacol. 24(4), 473477 (1987).

22. B. Lemmer, G. Nold, S. Behne; R. Kaiser. Chronopharmacokinerics and eardiovascular
effects of nifedipine. Chronobiol. Int. 8(0), 485-494 (1991).

23, B. Lemmer, G. Nold, 8. Behne, FLJ. Becker, J.o licthold, R aiser.
Chronopharmacokinetics and hemodynamic cffects of oral nifedipine in healthy subjects and
in hypertensive patients. Auui. Rer. Chrongpharmiacol. 7, 121-124 (1990).

24. B. Lemmer, G. Nold, S. Behne, H. Becker, J. Licthold, R. Kaiser, Chronopharmacology
of oral nifedipine in healthy subjects and in hypertensive patients. L [. Phaymacol. 183(2),

521(1990).

25 U. Borchard. Calcium antagonists in comparison: View of the pharmacologst. [,
Cardiovase. Pharmacol. 24(Suppl 2), 585-591 (1994).

26. S.L. Ali. Nifedipine. In: Analytical Profiles of Drug Substances Vol. 18 (id.: K. Florey).
Academic Press, New York, NY, 221-288 (1989).

10



27. 1. Bossert and W. Vater. Ger, offen. 1670827, Bayer AG from 20.3.1967; patent
specification No. 1, 173, 862, "The patent office London; date of application and filing

complete specifications 20.3.1968,

28. ‘The United States Pharmacopeia and National Formulary. Twenty-Second  Fdition.
iaston, PA (1990).

29. R, Muannhold, R. Rodenkirchen, R. Bayer, W. Faas. 'I'he importance of drug ionization
for the action of calcium-antagonists and related compounds. Arueimittelforschung 34(4), 407-
409 (1984).

30. [L.W. Dibbern. UV and IR spectra of some important drugs. Liditio Cantor, Aulendort
(1985).

31. .S, Grundy, R. Kherani, R'T. Foster. Photostability determination of commercially -
available nifedipine oral dosage formulations. J. Pharm. Biomed. Anal. 12, 1529-1535 (1994).

its pyridine metabolite dehydronifedipine in blood and plasma: review and improved high-
performance liguid chromatographic methodology. [Review|. . Pharm. Biomed. Andl. 9(6),
A75-484 (1991).

32, P.A. Soons, J.1. Schellens, M.C. Roosemalen, D.D. Breimer. Analysis of nifedipine and

33, G.B. Hubib. Are calcium antagonists harmful in hypertensive patients? Distinguishing
hype from reality editorial]. Chest 108(1), 3-5 (1995).

34. C.I. Burberg, B.M. Psaty, J.V. Meyer. Nifedipine. Dose-related increase in mortality in

patients with coronary heart disease. Cireudation 92(5), 1326-1331 (1995).

35. S. Yusuf. Calcium antagonists in coronary artery disease and hypertension. Time for
recvaluation? [editorial; comment|. Cirenlation 92(5), 1079-1082 (1995).

36. R.A. Kloner. Nifedipine in ischemic heart discase |editorial; comment|. Cirenlation 92(5),

1074-1078 (1995).

37. L.iL Opic and LI Messerl. Nifedipine and mortality. Grave defects in the dossier
|editorial; comment]. Cirenlation 92(5), 1068-1073 (1995).

38. C.D. Furberg and B.M. Psaty. Should calcium antagonists be first line drugs in
hypertension?. [Review|. Hers: 20(6), 365-369 (1995).

39. 111, Messerli. Are calcium antagonists safe? |letter]. Lancet 346(8977), 767-8; discussion
770 (1995).

40. L.H. Opie. Risks and bencfits of calcium antagonists [letter|, Lancet 346(8980), 961(1995).

41. D.G. Bailey, J.M. Arnold, J.D. Spence. Grapefruit juice and drugs. How significant is the

interaction? [Review]. Clhn. Pharmacokinet. 26(2), 91-98 (1994).

11



42, D.G. Bailey, J.D. Spence, Co Munoz, JAL Arnold, Interaction ot citrus juices with
felodipine and nifedipine. [ancet 337(8736), 268-269 (1991).

43, L Sigusch, M. Hippius, 1. Henschel, K Kaufmann, A Hotftmann, Intluence of
grapefruit juice on the pharmacokinetics of a slow release nitedipine formubanon. Pharmagie

49(7), 522-524 (1994).

44. T.). Rashid, U. Martin, L Clarke, D.G. Waller, A.G. Renwick, CF George, actors
aftecting the absolute bioavailability t)rmtcdlpum By |. Clin, Pharmacol. 4()(!) 51-38 (1995).

12



Chapter 2

THE NIFEDIPINE GASTROINTESTINAL THERAPEUTIC SYSTEM (GITS):
EVALUATION OF PHARMACEUTICAL, PHARMACOKINETIC AND
PHARMACOLOGICAL PROPERTIES®

. Introduction
.
A subject of debate among drug manufacturers, clinicians, pharmacisrs and the members
: of drug formulary review committees concerns the place in therapy of novel drug—delivery
A dosage forms, especially those displaying controlled-release (CR) properties. ‘This debate
U arose, in part, due to the relatively expensive manufacturing processes inherent with CR
\ y products (hence, the typically higher acquisition costs), as well because of the relative paucity
A : of blinded clinical comparisons between different drug formulations and ‘newer generation’
BRI compounds within the same drug class. In addition, although some drugs may display
FURTES enhanced properties after incorporation into a well designed CR matrix, others may not —
v :
T because of their intrinsic pharm;‘lcakincstic/pli;irmﬂt:c;dgﬂaﬂlig (PK/PD) characteristics or
L N because pulse therapy is more desirable.
L Nifedipine, the prototype 1,4=dihydropyridine calcium channel antagonist, is a relatively
‘ 3  short—acting agent that blocks the influx of calcium through voltage dependent L-type
<t 5 caleium channels of cardiae and vascular smooth muscle cell membranes. ‘The resulting
(.“UJ’ is inhibition of cell contraction.! Nifedipine is usually administered orally and is
. o typically indicated in the treatment of mild—to—moderate essential hypertension, angina

resulting from coronary artery spasm and chronic stable angina. Other potential uses of
nifedipine in certain subclasses of patients, include: treatment of Raynuud’s phenomenon,
congestive heart failure, hypertensive emergencies and prevention of atherosclerosis™ ——
although it ntust be emphasized that these are not approved indications in the U.S. and

Canada.

® A version of this chapter has been published:
ot cett PUbY e
1.5 Groudy, R, Foster. Clin. Pharmacakinet. 30(1), 28-51 (1996).
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Currently, three types of oral nifedipine formulations are available in North Amernicae (1)
immediate—release (IR), administered 3 to 4 times daily: (2) prolonged=action (PA),
administered fwice daily; and (3) CR, administered once daily, The indicted use 18 an
important factor in determining the sclection of a particular nitedipine  formukation.
'Treatment of acute anginal attacks or hypertensive crises demands rapid drug, absorption,
thus for quick onset of the desired clinical effect an IR nifedipine formulation should be
used. However, treatment of essential hypertension or prevention of angina attacks is aided
by a uniform, long-lasting clinical cttect. ‘This may be achieved by once-daily administration
of a long-acting nifedipine preparation, or another vasoactive  componnd “naturally”
possessing the desired PR/PD properties (¢.g., amlodipine).’

This chapter reviews the rationale used fo justify the developmenr and marketing of the
nifedipine gastrointestinal therapeutic system (GI'TS), a unique CR nitedipine formulition
first introduced to North America in 1989. In addition, an cvaluation of the benetirs and
risks that may bc cncountered after substitution of the GITS for other nitedipme
formulations, and to a lesser extent second—generation [ A=dihydropyridines, is presented.
Consideration is given to GITS formulation factors and  the pharmacokinetic and
pharmacological propertics of nifedipine, as well as to the physiology ol the hunun
gastrointestinal (GI) tract.

1. Rationale for Development and Marketing of the Nifedipine Gastrointestinal
Therapeutic System (GITS)

The relatively short terminal climination hatf-life (4,2) of nifedipine in plasma (1o 2
hours) — determined from intravenous administration studies'®’ — is responsible for the
need to administer multiple daily doses of oral IR nifedipine formulations.  owever, such
regimen is inconvenicnt for most patients requiring long term therapy. In other words, the
unfavorable ratio be . veen the /. of nifedipine and a practical oral dose interval make a
longer lasting formiistion desirable.”

Additionally, frequent administration of IR nifedipine formulations (and fo some extent
PA tablets) has been associated with a relatively high incidence of adverse cifeets (e,
tachycardia, flushing and headache), related to the marked rise and fluctuation in plasma
nifedipine concentrations and rapid reduction of peripheral vascular resistance.”

The limitations of short—acting nifedipine dosage forms have stimulated the development
of longer—acting formulations, and of newer 14-dihydropyridine molccules POSSESSINgG
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desirable PK/PD characteristics.'*  The former approach offers some advantages since
nifedipine has proven cfticacy and rolerability and well established PK/PD propertics.
I lowever, several potential obstacles must be addressed to develop a CR drug formulation. A
target concentration for the agent of interest must be established o prive, to specifically design
A formulation  thar achicves clinically  effective steady—stare  plasma concentrations.
furthermore, complicating factors resulting from the physical and chemical propertics of the
drug, may need to be overcome (c.g., the poor agucous solubility and, hence, dissolution
propertics of nifedipine).

Regardless of the ditficultics, potential benetits to be gained with a CR drug formulation
include: decreased frequency of administration and rotal daily dose, enhanced treatment
compliance, reduced foxicity, stable drug concentrations and uniform clinical effects. On the

other hand, potential disadvantages may include: delayed pharmacodynamic cftects, reduced
or unpredictable bioavailability, enhanced or modified first—pass metabolism, dose dumping,
sustained toxicity, inflexible administration, rapid loss of efficacy in poorly compliant
individuals, and higher manufacturing and acquisition costs.”

Fortunately, nifedipine possesses several  Gdeal’  characteristics  which  favor its
incorporation into a CR matrix. These include: (1) a reasonable daily dose size (30 to 120
mg): (2) efficient absorption along the entire GI tract; (3) stability to pH changes: (4) stability
to intestinal enzymes and bacterial flora; (5) nonsaturable presystemic metabolism over the
typical therapeutic dose range; (6) a known minimum effective concentration — about 15 ug
LSS nd (7) an apparent correlation between the plasma nifedipine concentration and
some clinical effects of the drug."*™'

Alternatively, the development of ‘se cond—generation’ compounds typically requires drug
manufacturers to conduct expensive and time—consuming pre—clinical and clinical evaluations
of hundreds, or perhaps thousands, of agents and derivatives to expose compounds with
beneficial or deleterious PR/PD properties. Therapeutic agents emerging from this process
may possess clinical and adverse cffect profiles that are distinct from those of the prototype
compound(s), and clinicians may be initially hesitant to prescribe such agents.'” Therefore,
despite the marketing of sev cral, newer 1,4—dihydropyridine derivatives (e.g., fclodipine,
amlodipine, and isradipine), the nifedipine GI'TS remains an attractive therapeutic alternative.

It follows from the preceding comments, therefore, that the benefits and risks associated

with the use of the nifedipine GI'I'S can be best evaluated by considering its formulation

-
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design, pharmacokinetic characteristics and pharmacological effects (including G1traet

considerations), and influence on treatment complince,
2. Formulation Design

The nifedipine GITS (IFigure 2-1), uses a drug delivery system designed to provide zero-
order drug delivery over a period suitable for once—daily administration. "This device uses @
proprietary mechanism involving a push—pull osmotic pump  processt nECessary sinee
nifedipine release based upon diffusion is unreliable because of the relatively poor water
16,18,19

solubility of the drug (s 10 mg 1.").

Nifedipine and
Osmotic Excipient

Semi-permeable Precision Laser
Membrane Drilled Qrifice

Osmotic Polymeric Osmotic Polymeric
Excipient (Unexpanded) Excipient (Expanded)

Figure 2-1. The nifedipine gastrointestinal therapeutic system  illustrating the push-pull osmotic prmp. Adapted from

Swanson et al.i¢

The nifedipine GITS tablet is composed of a hilayer core (push’ and ‘pull” layers)

surrounded by a semipermeable membranc composed of cellulose acerates which allows only

R 3 N 3 . s33 B o
the entry of water.” A single precision laser drilled hole spanning the membrane s
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positioned on the ‘pull’ Tayer side.®  ‘T'he lower ‘push’ layer contains osmotic polymeric
excipients |4 swellable  hydrogel layer of  poly(ethylene  oxide)  and
hydrosypropylmethyleellulose| designed 1o drive 2 fincly—powdered nifedipine suspension
that continuously forms in sitn in the upper ‘pull” layer [containing nifedipine and a small
amount of sodium chloride tablered in - hydroxypropylmethylecllulose and poly(ethylenc
oxide)| out through the passageway in the rablet membrane.™

Factors influencing drug release from the system — and used by the manufacturer to
‘program’ the delivery rate — include the osmotic membrane permeability cocfticient,
membrane thickness, the area of the ‘push’ compartment, the total area of the dosage form,
imbibition pressures of the ‘push’ and ‘pull” compartments (resulting from water absorption),
and the degree of hydration of the chosen osmotic polymer excipient.'

As 2 result of its inventive design the nifedipine GITS may be considered to be a
‘controlled—delivery system’s since the drug release rate is determined solely by the dosage
form, and appears from in vitro and in vivo tests to be independent ot the biological milicu

(c.g., ptl changes, Gl motility).'*** This system cffectively overcomes the solubility and

dissolution problems of nifedipine (with respect to release from a formulation matrix), with
only about 10% of the dose remaining unreleased  from the tablet under normal
circumstances.’®  Addirionally, as the shell of the tablet remains intact throughout its transit
through the G1 tract then dose dumping should not oceur (It is worth noting that this latter
feature may prompt concerned questions from patients who notice the tablet has been
passed into the stools ‘intact’),

The nifedipine GI'T'S requires an initial hydration phase (about 2 hours) before drug
release can begin® Thereafter, drug release from the nifedipine GI'TS is zero—order over
ahout 2 16 to 18 hour interval based on the results of in vivo (dog) and in vitro (moditied
USP) tests.' Similar results are also reported in another in vitro study using a tlow-through
dissolution method,® as drug release from a 30 mg nifedipine GITS tablet appears to be
sero—order between 3 and 19 hours. Furthermore, a clinical study with 23 human healthy
volunteers  showed  that the nifedipine  GITS provides relatively  constant plasma
concentrations over at least an 18 hour interval™ This study suggests that drug release and

absorption are zero—order within the human GI tract, and that once~daily administration

appears to be a reasonable dosing schedule for the device.
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For an oral drug formulation that delivers drug by a zero—order process, the in vivo
steady—state plasma concentration (C7) ean be derermined using the tollowing, relitionship:
R,/

L

B

" = (2.0
where R, is the zero—order release— or delivery—rate of the drug Gssuming, rapid  drug,
dissolution and absorption), Cl,, is total body plisma clearance and 19 represents oval
bioavailability. Rates of drug release veported for currently marketed nitedipine GUES

preparations are 1.7, 3.4 and 5.1 mg b from 30 mg, 60 my and 90 myg dosage strengths,

respectively.’®  Substituting these values into equation 2.1 along, with suitable population
nifedipine pharmacokinetic parameter estimates of 1 and Cl, fege, 0.5 (50" 0) and 600 ml,
min" (36 1. h'"), respectively} result in €7 estimartes (23.6, 47.2 and 70.8 pg, 1. for L7, 3eband
5.1 mg h' release rates, respectively) exceeding the minimum targer concentration of 15 g,
1", Peak plasma nifedipine concentrations that have been measured in human trials™* %
with these preparations (Lable 2-1) are similar to, though interestingly somewhat lower than,

the calculated values given above.

3. Pharmacokinetic and Dosage Considerations

3.1 Nifedipine Pharmacokinelics

Pharmacokinetics parameters reported for several different oral nifedipine formulations
are summarized in ‘Lable 2-1 and Table 2-2 (single and multiple doscs, respectively). Oral
administration of IR nifedipine formulations (5 or 10 mg capsules) results in almost complete
absorption from the gastrointestinal tract, although oral bioavailability averages only 0% o

717

68% duc to presystemic metabolism of nifedipine fo inactive metabolites.”™" This ‘first=

pass’ cffect is mainly attributed to the enzyme cytochrome P450° (CYP) 3AL4 disiributed
within hepatocytes of the liver.2®  [owever, metabolic enzyme activity within intestinal
enterocytes of the gut wall may also be a contributing facror.™

‘I'he mean steady state volume of distribution (17,) of nifedipine after oral administration
is 1.32 L kg' and the drug is highly plasma protein bound (91% 1o 98%), particularly to
albumin.® Nifedipine clearance is reported to be about 27 1o 42 1. 1!, indicating that the rate
of drug elimination depends on both drug metabolizing enzyme activity and hepatic blood

. H1532
flow.™"™
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lincar pharmacokinetics are observed in the typical therapeutic dosage range employed
for this drug, The reported £, of nifedipine is highly variable (1 to 17 hours), due mainly to

7.14,15,34.40 .
As

differences in the route of administration and the type of formulation evaluated.
stated in section 1, intravenous (iv) administration studies with nifedipine have determined its
fy,2 to he about 1 1o 2 hours.”®?  Therefore, the longer 4., typically reported after oral
administration (Lable 2-1) is probably indicative of a slow drug absorption rate (e, “‘thp—

flop” kineties"’) — particularly from slow-release preparations — rather than a reflection of
the 4, 23 however, considerable inter—subiject variability may also bea factor.
3.2 Nifedipine GITS Pharmacokinetics

Several literature reports describe the single— or multiple~dose pharmacokinetics of the
nifedipine. GITS (see “Table 2-1 and Table 2.2) PR Perecrable nifedipine plasma
concentrations are not scen for at least 3 to 4 hours after administration of a single GITS
dose. T Thereafter, nifedipine plasma concentrations rise until a ‘plateau period’ is

reached — typically between 6 and 24 hours — afrer which plasma nifedipine concentrations

-

begin o decline.

‘The reported relative bioavailability of the nifedipine GITS formulation (compared with
IR capsules) is 55% to 63% from a single~dose and 75% to 85% at steady—state (usually atter
3 doses),” indicating about 33% accumulation.

Values for the mean maximum plasma nifedipine concentration (G, and area under the
plasma concentration-time curve (AUC) after single and multiple doses of nifedipine GI'TS in
different subject groups (eg. young, clderly, normotensive, hypertensive, renally impaired,
et are included in Table 2-1 and Table 2-2. Apparent nifedipine ¢, values (normalized to
2 60 mg daily dosc) afrer multiple doses of the nifedipine GITS are about 20% of those
obtained with 1R capsules, and average 56.5 ng 1" (range 43.2 to 67.0 ug L', see Table 2-

.?) . 15,23,26,27 48,53

P
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Regarding the age of study participants, no or slight difterences are reported for nitedipine
GITS pharmacokinetic parameters after single or multiple doses are given o youny, and
elderly volunteers, thus no dosage adjustment is apparently necessary.™ " Simikarly, impaired
renal function in patients does not appear to signiticantly affeet the plasnu concentrations off
nifedipine even after long—term therapy with the nifedipine GUTS and | henee, agin dosage
adjustment is not necessary.” ;

Food does not alter the absolute bioavailability of this devices however, an inerease in the
drug absorption rate with food is reported.™  Some fluctuations in plasma nifedipine
concentrations are apparent during multiple dosage wirh the GUS: due perhaps, inpart, to
carry—over from the previous days dose. However, these are minor fuctutions compared
with other nifedipine formulation regimens and may not be clinically relevant.”

Boxenbaum states,” in a paper describing the pharmacokinetie determinants ol sustiined-
release oral dosage form design, that zero—order in vivo release produces zer r-order systemic
absorption ift (1) the various gut segments are homogenous with respect 1o absorptions and
(2) the drug release rate is rate-limiting for absorption.  lor the nifedipine GETS the Taer
assumption may hold duc to irs extended-release (IR) characteristics compared 1o the
relatively fast absorption profile observed with IR nifedipine formulations i.c., relatively
short time to G, (4,3 sce Lable 2-1], However, the nitedipine GIS releases the drug in
the form of a suspension which first has to undergo dissolution hefore absorption can begio
and thus may be potentially rate-limiting, With respect to both assumptions, the single-dose
mean plasma nifedipine concentration—time curves shown in papers by Chung et al * (ligure
2-2) and Schneider et al” appear to display the characreristic profile expected in vivo for the
nifedipine GI'I'S: given the zero—order nature of drug relense from this device and the
assumption of zero—order absorption along the entire gut.

33
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Notwithstanding the results of these studies,™

T an interesting observation has hueen netud
by our group from single~dose data collected in published®and unpublished clinical trials of
the nifedipine GI'TS, and from review of two independent published reports. ™ 1 hoth our
preliminary studies, ‘apparent’ C,,, values occurred at 24 hours postdose, (plasma samples
collected between 08:00 and 09:00 the day after dosing) in about half of the study participants

evaluated — with subjects receiving nifedipine GI'TS 30 or 60 mg tablets (Figure 2-3). The

‘apparent’ G, was determined as the highest measured nifedipine concentration in the
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plasma samples obtained ar 6, 8, 12 and 24 hours (corresponding to the assumed nifedipine
GITS plateau interval).

Although mean 24 hour plasma nifedipine concentrations were not significantly higher
(ANOVA, p > 0.05) than those at other times within the assumed plateau interval (probably
due to large interindividual variability), nonetheless, 1t was surprising to observe the trend
described above.  Especially considering that the nifedipine delivery rate -is expected to
decline about 20 hours after administration, as predicted from in vitro tests with the
nifedipine GI'TS.1*

Review of single—dose (nifedipine GI'TS 60 mg) mean plasma nifedipine concentration—
fime profiles reported by Crome et al™ indicate a similar phenomenon, a3 the mean 2+4 hour
concentration values appear as the maximum values from data obtained in both young (n =
23) and clderly (n = 24) participants.  Similar looking profiles are also secn in a paper by
Melia et al®™ who investignted 18 healthy volunteers given nifedipine GITS (60 mg)

condministered with cither a placebo or orlistat (a lipase inhibitor).
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¢ 2-2. Mean plasma nifedipine concentration-time profiles in healthy volunteers (n = 23) afler single—doses of a
nifedipine gastrointestinal therapentic system (GIT5) tablet (60 mg, ®) ot immediate—release (IR) nifedipine capsules
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Figure 2-3. Mean plasma nitedipine concentrations (X 4.} versus time profiles alter single=doses ol nifedipine
gastrointestinal therapeutic system 1ablets administered to 12 young {30 mig (@) or 60 g (O) dose] and 18 elderly
{30 mg () dose] healthy volunteers (includes previously unpublished observations froin our liboratory and data

from Grundy et al.2)

'This apparent trend, while perhaps not clinically relevant, suggests at least | possibilities:

(1) that steady—state nifedipine plasma concentrations were not achieved within the first 12
hours (in some study participants) — i.c., 3 t0 5/ > 12 hours; (2) predicred in vivo

performance (from in vitro dissolution tests) may correlate poorly with actual in vivo
performance — i.c., the rate of drug release in vivo may indeed gradually increase up to 24
hours post—administration; (3) the extent of nifedipine absorption may increase in the colon
and rectum compared to the small intestine, perhaps duc to reduced presystemic extrihepatic
metabolism distally along the GI tract (gut wall metabolism?;™ see section 3.7) or from drug
bypassing hcpatic first—pass extraction (i.e., rectal absorption into the middle and lower
haemorrhoidal veins®); or (4) that nifedipine clearance or the extent of drug absorption may
be time~dependent (chronopharmacokinetic properties? ).

Given the very short 7, typically reported for nifedipine in iv studics, the first possibility

can be assumed to be unlikely. ‘Therefore, further investigations arc warranted to confirm



these ohservations and to determine which, if any, of the 3 other mechanisms may be
involved,
3.3 Conrerting Patients from Other Nifedipine Formnlations

Converting patients from one drug dosage form to another requires consideration o ot the

hioavailability and binequivalence of the products concerned. Bioavailabilify is defined as the

measurement of the drug absorption rate and the extent of drug reaching the general
circulation intact: whereas, bioequivalence is a rerm which reflects specific requirements
mandated by drug regulatory hodies [i.e., the Canadian Iealth Protection Branch (HPIB) and
U.S. F'ood and Drug Administration (FDDA)] in order for some ‘sccond—entry’ drug products
to he marketed.

Typically, two or more drug formulations are considered bioequivalent if they prov ide
similar rates and extents of absorption. However, it is obvious that IR, PA and GI'TS
nifedipine formulations differ with regard to the rate of drug absorption.  Nonetheless,
different nifedipine formulations might be considered l’)icjc.eq,ui’valcnr under the following
conditions: (1) the extents of absorption are similar; (2) the differences in the rate of
absorption are infentional; (3) the rate differences are reflected on the labeling of the

respective formulations; and (4) the rate differences arc not detrimental to the cfficacy and
safety of the products. 6

in 18 clderly volunteers,® administration of single—doses of the nifedipine GI'TS (30 mg)
or nifedipine PA capsules (20 mg) produces similar AUC(0-24h) values for the 2 formulations
but 7, is significantly different between them (see Table 2-1); indicating distinct rates but not
extents of nifedipine absorption.  Similarly, Schall et al™ report that nifedipine GITS and
nifedipine PA - formulations are biocquivalent with regard to the extent of nifedipine
absorption after multiple dosing,

| {owever, converting patients from short—acting nifedipine formulations to the nifedipine
GITS requires that consideration also be given to the clinical effect(s) o of reducing the drug
absorption rate, especially since it has been shown that clinical response and adverse cffect
profiles of nifedipine are influenced Dby changes in its intravenous infusion rate.*54¢!
‘Therefore, describing the biocquivalence of IR, PA and GITS nifedipine formulations solely

from pharmacokinetic parameters ignores the issue of therapeutic equivalency (see section

44). However, this pomnt was not raised to imply that converting patients from standard
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nifedipine formulations to the nifedipine GUTS is 2 serfous clinical concern -— - et
recent study with 173 hypertensive patients switched from PA nifedipine (10 1o 20 mg, twice
daily) to the nitedipine GILS (30 to 60 mg once daily), showed that the conversion may be
achieved without loss of blood pressure control and that most patients require only i 30 myg,
daily dose.”?

The point, however, is that it may be incorrect to assume a similar clinical response will be
obtained after switching a patient from one type of nifedipine formulation to the nest, solely
by matching the total daily dosc. Indeed, although manufacturers of the nifedipine GUIS do
not provide specitic recommendations, a typical suggestion is to convert most paticnts using
an initial dose of 30 mg regardless of their previous nifedipine dosing history, and to slowly

titrate the dose as necessary up to a maximum of 120 mg once daily.”
3.4 Nifedipine GITS: Gastrointestinal | yansit and Sites of Drug Absorption

“The pharmacokincetic performance of the nifedipine GI'TS is reported to be unaftected by
Gl plH and motility; however, the potential for unusually rapid Gl fransit of the device and
differences in extent of drug absorbed along the GI tract are important factors to consider.
The GI transit time of intact formulations and the main site(s) of drug absorption in the Gl
teact is difficult to measure and, hence, published dara are, as yet, unavailable for the
nifedipine GITS. However, the performance, Gl transit and residence time of similar
osmotic devices (e.g., OROS formulations) and of solid indigestible capsules (e, the
Heidelberg capsule) have been investigatec o

For example, Davis et al.”” report that in 6 individuals the residence time of an osmotic
pump device in the stomach is greatly increased by food intake, but that the release of
radiolabelled marker is unaffected by cither food or the position of the device within the Gl
tract. In only 2 of the 6 study participants is the device detected in the stomach 3 hours after
a light breakfast (1500 kJ); whereas, after a heavy breakfast (3600 kj) the device is detected in
the stomach more than 8 hours later in all 6 subjects.

Food can delay the gastric emptying of large units such as tablets and capsules for up to 6
to 12 hours.*® In one study,” the gastric residence and small bowcl transit times of a solid
indigestible capsule given 15 minutes after a liquid, fatty meal (17 kJ ml.! kg' bodyweight)
ranges from 2.8 to 4.8 hours and 2.8 to 5.5 hours, respectively. Similarly, o radiolabelled

. - . . - . - X
osmotic tablet reaches the caccum on average 7 hours after dosing in fasted individuals. " n
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2 study with 6 fasted, healthy male volunteers,™ invesrigators measured the position ot a
technetiom-99m Eibeled, orally administered oxprenolol OROS drug delivery system in the
Gl teact. Results reported included: the mean gastric emptying time (0.8 £ 0.4 hours), mean
vime of arrival in the colon (3.8 £ 0.7 hours) and mean total ransit time (24.7 hours, range 6
10 32 hours).™  Therefore, the results of the preceding studies lead to the conclusion that
majority of drug, release, and subsequent drug absorption, from the nifedipine GI'TS would
probably oceur within the larpe intestine.

The term ‘absorption window’ is used to deseribe incomplete drug absorption (especially
from CR formulations), with the reasoning that many drugs are absorbed only from specific
sepments of the Gl et Tt is well known thar the small intestine possesses the largest
surface area followed by the colon and stomach. ‘Ihercfore, many drugs are assumed to be
completely absorbed from the small infestine —— Le., entry and exit from the small intestine
defines the boundaries of an ‘bsorption window” for some drugs.  However, the
pharmacokinetic profiles obtained After administration of the nifedipine GT'TS to humans
Attest 1o the fact thar nifedipine is well absorbed along the entire GT tract.

A concern with CR - preparations,  particularly  those designed  for  once—daily
administration, is transit of the formulation through the G1 tract in less than 24 hours due to
excessive GImotility. “The result of this could be less than optimal clinical outcomes in some
patients.  Mouth—to-anus transit times For intact capsules and radio—opaque markers in
fasting individuals range between 17 to 72 hours. ™ Davis cr al.,)” report a mean total transit
fime of 24.7 hours for an oxprenolol OROS formulation in fasted individuals. Another study
using oxprenolol and metoprolol OROS formulations reports a median G transit time of
274 hours, with individual times ranging from 5.1 to 58.3 hours.,”) Thus, the inter— and
inteaindividual  G1 - transit times  of intact formulations appear  to be variable and
unpredicrable.

Iactors such as the formulation size or type, and the “ntrinsic’ GI effects of the drug may
also potentially influence GI transit. Although therapeutic failure with the nifedipine GITS

may potentially oceur in some patients, no studics to date have indicated that rapid G1 transit



3.5 Precuntions in Patients with Gastrointestinal Disease Stater or Conditions

In a recent case report™ a description is given of a female patient with o previous
gastroplasty who later experienced  gastric outler obstruction resulting from long term
administration of nifedipine GI'TS tablers.  Anorher report™ highlighes 3 cases of false -
positive results in a barium enema study: resulting in unnecessary colonoscopy due to
misinterpretation of the nifedipine GUI'S tablers as colonic polyps.

‘These cases illustrate two of the many potential Gl=specific problems that canavise when
a solid dosage form (designed ro remain intact) passes through the GEtract, Currently, only
short bowel syndrome and pre—existing GI narrowing are listed as precaations e the
Canadian nifedipine GI'T'S product monograph.” This relatively short list is probably the
result of incomplete study in the area, and also reflects the refatively short time that the
formulation has been widely available. Nevertheless, several G1 disease states could alfeet the
performance of the nitedipine GI'TS.

Inflammatory bowel discase (IBD) and diarrhoca, may afteer drug absorption within the
large intestine.”  Symptoms of IBD are variable but can include mild—-to-severe dirrhoca
(up to 20 bowel movements per day). Although specific data are unavailable, the transit time
and retention of nifedipine GI'TS may be affected by patients expericncing 13D or diarrhoca,
which would affect the extent of drug absorption and the duration of the clinical efleet.
Therefore, caution might be warranted when treating patients with Gl motility disorders,
Other conditions or disease states of potential concern include (but are not limited 10): Gl

tract infections, diverticulitis, and irritable bowel syndrome.
3.6 Nifedipine GITS: Drng Interactions

Many patients must take multiple medications concurrently resulting in potential drug-
drug interactions.  Details of specific drug interactions with nifedipine have already been
described clsewhere.”®  However, some drugs may affect the function of the autonomic
nervous system and alter GI function, which may affect the performance of particulur types
of oral dosage forms including the nitedipine GI'TS.

For example: increased G1 tone, motility and gastric acid secretions are observed atter the
use of cholinergic drugs. Other agents, including motility modificrs and laxatives, may also
affect Gl motility and transit.  However, no studies have specifically evaluated  the

concomitant usce of these agents with the nifedipine GII'S. Although the rate of release of
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nifedipine from the GITS appears unaffected by motility, the retention of the dosage form
may be inadequare (< 24 hours), particularly when coadministered with drugs that decrease
G transit nime.

3.7 Interaction of Grapefinit Juice and the Nifedipine GITS?

No specific studies have investigated the potential interaction berween the nifedipine
GI1'S and grapefruit juice, even though grapefruit juice can increase the exrent of absorption
of several 1 A—dihydropyridine drugs, including nifedipine,” In fact, the bioavailability of an
IR nifedipine formulation after a single: glass of grapefruit juice (compared with water)
increused 34% o 47%.%% Repeated administration of grapefruit juice also improves the
bicavailability of a nifedipine PA formulation by 103%0."

‘T'he most likely mechanism of action for the interaction of grapefruit juice and nifedipine
appears to involve inhibition of nifedipine first—pass metabolism by some component(s) of
grapefruit juice (e.g. flavonoids).”  However, it could be speculated that if nifedipine
undergoes a significant degree of extrahepatic presystemic metabolism in humans, then the
extent of the interaction between grapefruit juice and nifedipine may differ depending on the
type of oral formulation given — since metabolic enzyme activity within the gut intestinal
wall tends to decrease distally.”  Immunoquantification of CYP enzymcs in human
extrahepatic microsomes shows the content of the isozyme CYP3A4 to be higher within
enterocytes of the small intestine (particularly the duodenum) than those of the large
intestine. Therefore, drug released from CR formulations may be less affected by substances
which influence gut wall metabolism.

Indeed, Fdgar et al™ describes a formulation—dependent interaction hetween grapefruit
juice and felodipine.  Afrer administration of water or grapetruit juice, the AUC (nmol 1."-h)
of a phin felodipine tablet (5 mg) increases from 23.7 + 10.3 to 70.9 £ 24.6, respectively;
whereas for an R felodipine tablet (3 mg) the increase is only from 27.2 £ 12,0 to 49.2 £
14.2. Thus, the AUC of felodipine from the plain tablet compared with the ER formulation
increases significantly more when taken with grapefruit juice (approximately a 3:2 ratio).

IHowever, ER felodipine is not a GITS ‘ormulation but is similar (with respect to the rate
and duration of release) to the PA nifedipine formulation. Thus, most of the drug from an
LR felodipine formulation is released relatively rapidly — the /,,, is only 3.0 hours (range 2to

6 hours).® "Thercfore, a large percentage of the felodipine dose would still be expected to be
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absorbed from the small intestine and therefore subject to the inhibitory efteets of grapetruit

juice on gut wall enzymes. Henee, in theory, a felodipine or nifedipine GI'ES deviee could be

relatively less affected by grapefruit juice than faster—releasing 1R, PA or ER formulations.

4. Pharmacological Effects

.1 Mechanism of Action of Nifedipine

The mechanism of action and pharmacodynamic properties of nitedipine (iv. and
conventional oral formulations) have been extensively reviewed MM Briefly, however,
nifedipine blocks the influx of calcium mainly through volrage dependent T—type caleiim
channels of cardiac and vaseular smooth muscle cell membranes, resulting in inhibition of ccll
contraction. Unlike verapamil and diltiazem, nitedipine does not suppress calcium influx mto
the atrioventricular and sinoatrial nodes at therapeutic doses.™ The potency of nitedipine, as
with most |,4—dihydropyridines, is much greater in smooth muscle than in cardine muscle:

hence, the overall hacmodynamic ef

are dominated by peripheral  vasodilation,
Nifedipine is generally well tolerated, although the rapid achievement off maximal plasma
nifedipine concentrations with conventional nifedipine formulations may contribute toa high

incidence of vasodilator—related adverse cffects (eg, headache, flushing, dizziness and

tachycardia)."™
4.2 Results from Clintcal Triedls

Most clinical trials with the nifedipine GULS have assessed its efficacy in patients with
mild—to—moderate essential hypertension. "Lable 2-3 summarizes the results from several
clinical trials using different oral nifedipine formulations, and lists some of the elinical effects

[e.g., changes in blood pressure (BP) or heart rate (HR)] measured after single or multiple

From the data given in ‘Table 2-3,*" the overall mean change in sitting systolic and
diastolic BP after long term therapy with the nifedipine GITS (30 to 180 mg daily) can be
caleulated as -18.0 and -13.0 mm Hg, respectively. In addition, TR does not appear 1o he
significantly altered by the nifedipine GITS (sce Table 2.3)."

In general, a once~daily nifedipine GI'1S regimen appeirs to produce cquivalent (it not
better) efficacy compared to other dosage forms of the drug. Some improvement in the

incidence of certain vasodilator—related adverse cffects has also been noted. Unfortunately,
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the paucity of large, blinded clinical rrials directly comparing the different formulations makes
it difficult 10, make definitive recommendations.

‘T'he Modern Approach to the Treatment of Hypertension (MATH) trial, a large multisite
study (1155 patients in rotal), was designed to evaluate the effectivencess of the nifedipine
GITS given once daily as monotherapy in the rrearment of essential hypertension.” ™" OF
those treated, 76% responded and 88% of the responders complered the 12—week study.'™
‘The final results showed the device to be an effective antihyperfensive agent in a wide
spectrum  of - patients (¢, males/females;  black/white;  normal weight/obese:

10y

dinbetic/nondiabetic).
4.3 Tionah/ Peak: Antibypertensive Fffect Ratio

The goal of therapy for essential hypertension s to reduce the incidence and delay the

= . i . s | . L 9 . iF

onset of cardiovascular complications, and to prevent end-organ damage.'” 1t is generally

assumed that this is best achieved by consistent round—the—clock control ot BP. Continuous

24-hour BP control helps to ensure that circadian variations in BP are maintained, albeit at

lower hascline levels, and that lirge fluctuations in BP are minimized to prevent postural

hypotension and ischacmic events." Therefore, guidelines from the FDA and HPB have

suggested a minimum trough/peak (I/P) cffect ratio be cstablished for antihypertensive

drugs. A typical suggestion is that the trough effect be no less than one=half to two-thirds
of the peak effect.!"'"

It is clear, however, that many existing antihypertensive regimens do not meet these
criteria, For example, a study of enalapril administration in patients with mild—to—moderate
hypertension found that a 20 mg once—daily regimen resulted in a T/P ratio (BP reduction)
of 33  16%." Similarly, a study comparing once~daily regimens of felodipine ER (10mg)
and amlodipine (standard oral formulation, 5 mg) reported 1/P ratios of 25% and 67%,
respectively, for reduction of standing diastolic blood pressure; indicating that only the

_— o 5 xies : 114
amlodipine regimen was appropriate. H
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Srudics with the nifedipine GITS have reported T/P ratios between 66% and 98.6%0.”™
IHencee, the nifedipine GITS appears to meet or exceed the current standards suggested for
antihypertensive agents. Similarly, studies with 2 other types of once—daily oral nifedipine
formulations, nifedipine coat—core (CC) and insoluble drug absorption system (INDAS),
have reported ‘I'/P ratios ranging from 49% to 78% (see Table 2-3).""*' In placcbo—
controlled clinical trials both the nifedipine GI'TS and the nifedipine CC have been shown to
safcly and cffectively lower BP,"® and in a comparative study using 228 paticnts (with mild—
to—moderate diastolic hypertension) they were found fo be equivalent with respect to dose,

BP reduction and adverse reactions (see Table 2-3)."
4.4 Nifedipine Concentration=13fJect Relationships: Input Rate Dependency

A dircet relationship appears to exist between plasma nifedipine concentrations and some
of its pharmacological cffects.  However, conflicting data and opinions appear in the
literature  probably due to confounding factors such as: large interindividual variability;
differences in the administration route and dose; differences in the haemodynamic
parameters measured; induction of compensatory physiological responscs; and differences in
the magnitude of the hacmodynamic response between normotensive and hypertensive study
groups.MeSMIEHIT Additionally, the identification of a concentration—effect relationship is
more casily demonstrated in those studies where the data for study participants are
considered on an individual basis, and when repeated PK/PD parameter measurements are
made throughout the dose interval."'"™

Stimulation of compensatory homeostatic mechanisms typically occurs shortly after rapid
nifedipine administration.  Thus, the characteristics of an observed cffect such as BP
reduction can be modulated by the rate of nifedipine input.” For example, Kleinbloesem et
al? demonstrated that slow intravenous nifedipine infusion had little or no effect on HR
while enhancing the BP-lowering cffect; whereas, rapid intravenous infusion of nifedipine
apparently induces development of tachycardia. Similarly, as tachycardia is commonly
observed after oral doses of IR nifedipine but not with the nifedipine GITS, it follows that
these 2 formulations should not be considered pharmacodynamically equivalent.

Nifedipine administration results in BP reduction #a direct vasodilation; therefore,
compensatory homeostasis probably results from sympathetic outflow. However, modifying

the clinical ctfect(s) of a drug as a result of manipulating oral absorption rate has only
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recently received attention.®®""” Castafieda-Herndndez et al.® describe four potential types of
response modulation that can result from slow versus rapid drug input: (1) siple response
(the measured effect simply increases in the same fashion for both conventional- and slow—
release formulations as the drug concentration rises); (2) complex response type A (slow-
release formulations produce a relatively greater effect ar a given concentration due to
diminished compensatory responses); (3) complex response type B (the measured response is
the outcome of direct drug effects and also compensatory responses which are mitially less
for the slow—release formulation but over time are the same for both types of formulations):
and (4) development of tolerance (the mueasured response is subject to tolerance tha
develops with prolonged drug exposurc).

With regard to nifedipine, input—rate differences produce a complex: response type A
relationship.®  Hence, slow gradual intravenous input of nifedipine gives rise to plisn
concentrations producing a greater BP response than similar plasnm concentritions after
rapid input. The most likely mechanism proposed to explain this phenomenon is that slow
nifedipine infusion results in the gradual reduction of BP, “fooling’ the baroreceptor-initiated
feedback regulation that would normally rriggcr a compensatory response.™  lividence
supporting nifedipine input—rate dependent ctfects after oral administration is demonstrated
in studics showing a similar magnitude of BP reduction after TR, PA and CR nifedipme
administration, but with plasma nifedipine concentrations thar are much less with the PA and

CR formulations.®**"'*!

To date, dose—ranging studics conducted with the IR

forms of drugs arc typically used to
support new CR formulation applications to vi wrious drug regularory bodies,  Unfortunatcly,

studies comparing the PI/PD protiles of drugs from IR and CR formulations arc Licking,”

‘Therefore, optimized release of orally administered nifedipine and drugs such as prazosin,

n—n

emide, organic nitrates, etc. may not be utilized and the potential henctits of rate
controlled drug delivery can be overlooked with newly developed agents.”™ "

4.5 Adverse Effect Profile of the Nifedipine GITS

Typical adverse events in patients with hypcrtcnsimn or ;mginﬂ associated with the use of

include: headache, ﬂushingi increased HR and pcnphcml edema. It appears that the

incidence of adverse cffects of nifedipine is both dose and input-rate related M

in fact,
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hecause of dose=limiting adverse effects, relatively low doses of TR nifedipine formulations
are used in the treatment of ischaemia even though higher doses may improve anti—ischaemic
efficacy.”™

Vasodilator—related adverse effects are experienced in as many as 25% of paticnts mking
conventional nifedipine capsules for angina. ‘The reported incidence of adverse eftect:
observed after oral nifedipine administration (all formulations) ranges from 14.4% to 63%
(sce ‘Table 2-3). Unforrunately, most clinical studies of nifedipine done to date provide Few
details about the potential cause and severity of the reported adverse cffects. Thus it is
difficult to assess interstudy and interformulation differences with respect ro the incidence of
adverse events without o large, controlled, double-blind study directly comparing all
nitedipine formulations.

"The nifedipine GI'TS produces relatively low plasma nifedipine concentrs tions giving rise
to nifedipine levels below the threshold required to induce reflex tachycardia; thus, this
characteristic may represent an important pharmacodynamic advantage for the GITS
formulation. “This is illustrated in a study reporting the changes in the clinical response of
paticnts switched from CR back to TR calcium channel blockers (verapamil, diltiazem and
nifedipine).® ‘The results show that in 41 hypertensive patients the nifedipine GITS 1s
significantly better tolerated than IR nifedipine (incidence of adverse effects 32% versus 58%,
respectively) (see Table 2-3). B control is also better controlled when patients arc using the
nifedipine GI'TS. Interestingly, no advantages for CR verapamil or CR diltiazem are noted
over their respective IR formulations.”

In contrast to P=blockers, diurctics, a—adrenoceptor antagonists, centrally—acting agents

o

and ACIE inhibitors, calcium channel blockers appear to be associated with fewer cffects on

metabolic parameters potentially reducing the incidence of cardiovascular morbidity and
111()rl';1lify."“'”Z" Results of the MATH trial confirmed thar the nifedipine GITS has lirtle or

minor cffects on scrum potassium, plasma glucose, serum total cholesterol, low density
lipoprotein and high density lipoprotein  fractions, or renal filtration function.”?'®
Conscquently, the nifedipine GITS is recommended for use in a wide spectrum of patients.
‘The incidence of peripheral oedema is common in patients receiving nifedipine, and
appears related to the dose and to long term or persistent nifedipine plasma concentrations

rather than fo the rate of drug absorption. 'Therefore, peripheral oedema might occur more

frequently in patients prescribed the n ?:dlpme GITS.'® Results from the MATH study did
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indeed find peripheral oedema to be the most common adverse efteet (10,9%0) of mitedipine
GITS therapy.”™™™ However, results trom several clinical trials (see Vable 2-3) do not show
cvidence of an increase in the incidence of peripheral ocdema with the nitedipine GEPS,
compared with any other nifedipine formulation,

As stated previously, only a controlled, double=blinded  clinical trial comparing, the
different nifedipine formulations can definitively identify signiticant difterences in the
incidence of a particular adverse effect. 1t is worth noting, hawever, that although peripheral
oedema resulting from administration of nifedipine GIS occurs without evidence of uid
retention,’™ a potential problem with congestive  heart failure  patients receiving, this
formulation may be that they could be mislead into believing their heart Biilure is worsening,

Verapamil, and to a lesser extent dilfiazem, are known to clicit cardiodepressant efteets,
while the 14—dihydropyridines are deemed relatively vasculav-selective sipents, [However,

different members of the 1 4—dihydropyridine class exhibit various degrees of vascular

14,

5

selectivity, Nifedipine is noted to slightly decrease myocardial conteactility,™ and indeed
isolated incidents of severe hypotension and decreased  cardiac output atter nifedipine
administration have been reported.”  In fact, nifedipine may cause unpredictable, varmble
and sometimes depressant ctfects; leading to aggravation or decompensation in o subset of
patients with cardiac failure.”

Typically, the intrinsic, negative inotropic effect of the [ A=dihydropyridine calcium
channel blockers is cither nullified or reversed by their reflex cftects (i.c., duc to increased
sympathetic reflex activity and cardiac output. secondary to decreased peripheral vascular
resistance). Nonetheless, if the reflex effects arc attenuated or abolished by discase or drugs
(c.g., B-blockers™) then a depressant effect may emerge. Also of some concern is that the
cardiodepressant effects of nifedipine may be exposed and become clinically relevant, since
admiristration of CR nifedipine formulations docs not produce a lirge sympathetic retlex
response. Thus,  priard, the use of nifedipine GI'TS in patients with congestive heart fatlure
should be exercised with caution, and is, in fact, contrandicated.

Some clinicians have expressed concern regarding the possibility of excessive nocturnl
BP reduction after nifedipine GI'T'S administration. Reduction in BP by an antihypertensive
agent may potentially induce myocardial ischacmia or produce symptomatic - postural
hypotension. However, reports in hypertensive patients have shown thar the nifedipine

GI'TS produces consistent but not excessive reductions in BP throughout the 24 hour dose
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interval 9 Thus, although the diurnal pattern of BP reduction s retained with the
nitedipine GUIS, the baseline pressures are only deereased to values within the ‘normal’ range
using, typical doses.
1.6 Acquired Nifedipine 'loleraice

‘The dependency of the BP-lowering, cffect of nifedipine on its input rate (as discussed in
section -L4) should not be confused with the development of acquired drug tolerance. In the

former ease, a reduction in the drug input rate leads to an enhanced clinical effe (’.ci,

increased BI lowering), whereas the latter case typically describes a diminished clinical effec
(i.c., decreased BP lowering) oceurring with repeated doses and long term exposure to a drug,
which necessitates an increase in the dose to maintain the desired clinical  cffect.
Nenetheless, CR drug preparations may contribute to the development of drug tolerance
(g, a8 scen in nitrate therapy) because therapeutic plasma drug concentrations  are
continuously nmaintained.  However, nifedipine tolerance (with regards to diminishing BP
reduction effects) does not appear fo be a serious concern because it has not been reported

develop in most long term  trials conducted with cither the nifedipine GITS or IR
nifedipine formulations,"'*

Interestingly, Marrsevich and co-workers'”’ rc:pc:rr(:d that tolerance with respect to anti—
ischaemic, anti—anginal and circulatory cffect oceurred within 2 months of implementing IR
nifedipine therapy.  Unfortunatcly, this study was conducted in only 15 patients and the
results obrained with nifedipine were not compared with those of other anti-anginal agents.
However, all 14 of the patients who completed the study showed a marked and significant
reduction in the duration of the anti-ischaemic cffect (3.4 % 0.3 3 hours versus 3.6 & 0.4 hours
for short and lnng term therapy, respectively) — measured by a reduction in the maximal ST
segment depression during exercise after drug administration. [n addition, a decrease in the
extent and duration of systolic BP reduction was also claimed. However, with respect to the
extent of systolic BP reduction with nifedipine, a signif ficant decrease was only found at 3
hours postdose (=14 £ 3% versus -8 & 2% for short and long term administration,

respectively): no significant differences were observed at 1, 2, 5 and 6 hours.

Similar findings to those of the preceding report have not been observed in other

nitedipine  studies: therefore, further studies  are needed to confirm  these results.
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Nevertheless, the potential for development of tolerance atter long, term therapy with the

nifedipine GU'I'S may warrant further investigation.
5. Treatment Compliance

Salvetti and Di Venanzio,™ identified 3 mechanisms by which CR caleium channel
blockers can improve treatment compliance: (1) by offering 4 more tavorable dosage
schedule (i.c., reducing the number of daily doses and allowing greater choice in the timing, of
doses), (2) by allowing more cfticient control of BP which may provide “positive
reinforcement’ for patients actively monitoring their own condition, and (3) by lowering, the
incidence and severity of adverse eftects.

Although the latter 2 points require further validation in well=controlled studies, many
clinicians and rescarchers think that patient compliance is improved by decreasing, the
frequency of dosing or by increasing the tolerability of a medication, especally when 3 or
more daily doses are involved. For example, one report found patient compliance 1o increase
from 59% to 4% to 84% after 3—times—daily, twice—daily and once—daily dosape regimens,
respectively.”'  In another study,” compliance rates of 39%, 77%, 81% and 87% with -
times—daily, 3-times—daily, twice—daily and once—daily dosage regimens, respectively, are
reported.

However, enhancement of treatment compliance with CR formulations is it complex issue,
and has gencrated much debate and controversy. For example, Flliotr and Meredith'™ point
out that consideration must be given to the clinical implications of rapid loss of efficacy in
poorly compliant patients receiving the nifedipine GI'TS. “The problem they refer to st
once drug delivery is exhausted then the ‘natural’ pharmacokinetic propertics of nifedipine
arc exposed, leading to rapid clearance from the blood and subscquent loss of
antihypertensive cfticacy.

Unfortunately, an important minority of chronic treatment patients exhibit suboptimal
compliance with their medications, cven when taken once daily.”™  However, drugs that
possess long ‘intrinsic’ climination half lives may be of less concern since drug, concentrations
could still be in the therapeutic range during the interval of the omitted dose. “Thus, it is
important to realize that although sirhple regimens may assist compliance they do not

necessarily ensure therapeutic success. In some patients it may be desirable to preseribe drug,
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formulations requiring more than 1 or 2 daily doses or, alternatively, to preseribe ‘naturally’

long -acting agents.
6. Conclusions

‘This chapter has outlined some of the important pharmaccutical, pharmacokineric and
pharncological factors that should be considered when cvaluating the nifedipine GI'T'S and
determining its therapeutic role. The choice of an appropriate calcium channel antagonist,
and the dose and the type of formulation should be based on the requirements of the
individual patient and on the pharmacology, efficacy and adverse effect profile of a particular
drug,

‘I'he evidence for the nifedipine GITS, to date, indicates that this formulation enhances
the therapeutic properties of nitedipine, therefore muaking available to clinictans a rational
Aternative  to other  nifedipine  formulations  and  the ‘second-generation’ L=
dihydropyridines. lowever, as previously stated, any conclusions reached must be trempered

by the paucity of large-scale, blinded comparative studies between these agents.
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Chapter 3

SENSITIVE HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC AS5AY
FOR NIFEDIPINE IN HUMAN PLASMA UTILIZING UV DETECTION*

Introduction

Nifedipine, | d-dihydro-2,6—dimethyl—— 2-nitrophenyl)=3,5-pyridinedicarhoxylic acud
dimethyl ester (Figure 3-1A) — parent compound o the diiydropyridine class of” calem
channel antagonists — is widely used for the treamment ot hyprertension, angina pectoris and
other cardiovascular disorders due to its selective dikation ot arteries.” o humans, nitedipme
is rapidly metabolized by oxidative mechanisms to dehydronifedipine (Figure 3-113), which s
further metabolized to more polar compounds.” ™ Nifedipine is highly sensitive 10 chenmieal

oxidation, forming dchydronifedipine upon ultraviolet light exposure and the nitroso-

analogue of dehydronifedipine upon visible light exposure {i.e., daylighny, ™™ Henee,

analytical methods for detection of nifedipine in various matrices must adequately resolve
nifedipine from its merabolites or photodegradation products. — Addirionally, the assay

procedure must be done under subdued lighting or sodium lamps.”
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Figure 3-1. Structures of (A) Nifedipine, (13) Dehydronifedipine and ((C) Nisoldipine,

Most reports of high—performance liquid chromatographic  (1HPLC)  methods for

measuring nifedipine concentrations in biological fluids give the precision of calibration data

® A version of this chapter has been published:
J.S. Grundy, R. Kherani, R.T. Foster. J. Chromatogr. 1 Biomed. #1ppl. 654, 146- 151 (19704,
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however, accuracy results are frequently omitted especially for nifedipine concentrations
helow 10 ng ml, 287 ence, Although detection limits below 10 ng ml.' are often
stated (usually 1o 5 ng ml. " the minimum quantifiable concentrations are scldom reported.
A summary report’” describing, analyrical method validation — sponsored by the U.S. Food
and Drug Administration (1\1DA) and the Canadian [ealth Protection Branch (HPB) —
outlines the acceptable standards and procedures that should be used for development of
valid analytical methods,  Many current nifedipine HPLC methods do not meet all of the
criteria suppested by this report, particularly methods using ultraviolet dereerion.  However,
the study of nitedipine pharmacokinetics in humans requires a completely validated assay that
since clinical samples may contain low plisma

. . 1 i !
can measure concentrations below 10 ng ml.

e X 0 i
nifedipine concentrations.

In this chapter a rapid, sensitive, and selective reversed—phase HPLC assay is described

which meets or exceeds generally accepted criteria for analytical method validation, and
which is suitable for rapidly processing nifedipine plasma samples taken during clinical

studies.
Materials and Methods

Chemicals

Nifedipine was purchased from Sigma Chemical Company (St Louis, MO, USA).
internal  standard  (nisoldipine, 18, Figure 3.1C) and nifedipine metabolites  or
photodegradation products were kindly provided by Miles Canada (Btobicoke, ON, Canada).
Methanol and water (FIPLC grade) and analytical grade acetic acid and triethylamine (I'EA)
were obtained from Mallinckrodr (Paris, KY, USA). lso-octane and methyl-t=butyl ether

(MTBL) were purchased from BDH (Loronto, ON, Canada) and were TPLC grade.

Chromatography

‘This assay is a modification of a previously reported HPLC method for nifedipine.
Samples were vortex—mixed with a Genie 2 mixer (Fisher Scientific, Fdmonton, AB,
Canada) and centrifuged with a Dynac 11 centrifuge (Becton-Dickinson, Parsippany, NJ,
USA). Evaporation of the sample solvents was done using a Model SC 100 Savant Speed

Vac concentrator—evaporator (Iimerston Instruments, Scarborough, ON., Canada). The

.
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FIPLC system consisted of a Model 6001 solvent delivery system, a Maodel 717 autosampler,
4 486 tunable ultraviolet/visible absorbance detector set at 330 nm and a NEC Powermate
486/33i computer with Millennium 2010 chromatography manager v 1.1 soltware (Waters,
Mississauga, ON., Canada). Compounds were separated using i Nova=Pak 8 x 100 mm radial
pack column containing 4 um C8 packing material (Waters, Mississauga, ONL, Canada).

‘I'he mobile phase consisted of methanolwater (65:35, v/v) adjusted to approximately pil
4.0 with acetic acid and TEA as 1% and 0.03% final concentration, respectively. The flow
-ate used was 1.1 ml. min'.  Sample preparation and analysis were conducted at room

temperature under sodium lamps.
Standard solutions

Stock solutions of both nifedipine and of 18 were prepared in methanol, 100 ug, ml.' (s
base). Both solutions were protected from light by covering with aluminum foil, stored 49
C and remained stable for at least 3 months. A 1 g mb!' solution of nifedipine in methanol
(solution 1) was prepared daily from the nifedipine stock solution. A 100 ng, ml. " nifedipine
solution in methanol (solution 2) was prepared daily from solution 1. A 10 peml. ' solution

of IS in methanol (solution 3) was prepared daily from the stock 18 solution,
Sample preparation

'To 1.0 mL. of drug—free human plasma, in disposable glass 10 x 125 mm cultore tubes, was
added nifedipine using cither solutions 1 or 2, to yield final concentrations ot 5, 10, 15, 25,
50, 100 and 250 ng ml.". After addition of 500 ng of 15 (solution 3) and 100 pd. of LO M
sodium hydroxide, samples were vortex—mixed for 3 sceonds and 5 ml. of MTBluiso-octane
(75:25, v/v) was then added. The resultant mixture was vortex—mixed for 30 sceonds and
centrifuged at 3000 rpm (1830 g) for 5 minutcs. ‘The upper organic layers were transterred 1o
clean dry 13 x 100 mm glass tubes and evaporated to dryness (no heat was applicd) using the
Speed Vac concentrator—evaporator. ‘T cach of the resulting residues was added 200 pl. of
mobile phase and the solutions werc vortex—mixed for 15 scconds. Aliquots of 150 pl. of

each sample were injected onto the HPLC column.
Extraction yield
Solutions 1 or 2 were used to add 10, 50 and 250 ng of nifcedipine (n =5 replicates) into

disposable glass 16 x 125 mm culture tubes containing 1.0 ml. of blank human plasma.
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Nifedipine was extracted as previously described except that exactly 3.5 ml of cach of the
orpanic layers was transferred 1o clean drey 13 x 100 mm glass tubes and evaporated to
dryness,  To compare extracted versus unextracted samples, an equivalent amount of
nifedipine (using solutions 1 and 2) was added 1o another set of 16 x 125 mm culture rubes
containing only 5 ml. extraction solvent (n = 5 replicates), of which 3.5 ml. was transferred
to clean dry 13 % 100 mm culture fubes and evaporated to dryness. ‘The peak areas of

extracted  and  unexstracted  nifedipine samples were compared  under identical
chromatographic conditions.
Cantitution

Calibration curves were constructed by plotting the peak/area ratios (nifedipine/15) versus
their corresponding added plasma concentrations. A weighted least—squares  regression
analysis was done togenerate a best—fit regression line (1/a° weighting, where ~ is the

concentration of nifediping). Data are presented as mean .

Muasy spectromel1y
‘I'o confirm the identity of the nifedipine peak, the corresponding peak was colleeted from
the HPLC eluent and subjected to high—resolution clectron impact mass spectral analysis

(A1, MS50, Manchester, U.K.) via direct insertion probe at 70 ¢V ionizing potential.

Other componnds lested

The following nifedipine metabolites or photodegradation products were tested for peak
interference using the chromatographic: conditions previously described: (1) nitropyridine
metabolite (Zi(:mdimgerhy]=4=(2=nirrc;phe:nyl)é,%pyridincdix;;lfbc):iylic acid dimethyl ester,
Bay b 4759 (2) nitrosopyridine photodegradation product (2,6—dimethyl——(2—
nitrosophenyl)-3,5—pyridinedicarboxylic acid dimethyl ester); and  (3) carboxylic  acid
metabolite (2,()=dinmthyl=1=(&=nirrc)phcnyl)23,5=pyfidim};dicz‘lrl)r:}.\:ylic: acid  monomecthyl
ester, Bay o 2820).
Results and Discussion

Measurement of drug concentrations in biological samples (blood, plasma, serum, urine,

ete.) requires & method having satisfactory precision, aceuracy, sensitivity and specificity. This
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is because errors in drug concentration measurements can significantly affeer the acenracy of
estimated pharmacokinetic parameters caleulated from clinical studies.

Most published nifedipine HPLC methads report the precision of calibration datae
however, accuracy results are either missing, or reported for nitedipine concentrations > 10 o,
ml e Omitred accuracy data tor low nifedipine concentrations (< 10 ng ml. Y may
arise from technological limitations (e.g., detector sensitivity), or possibly because aceceptable
accuracy is unattainable with some of these methods. In- contrast, several published gas
chromatographic (GC) assay methods present both accuracy and precision dat over the
entire concentration range reported. ™"

Interestingly, Patrick er al.” tried unsuccesstully to develop and validate a sensitve and
specific HPLC nifedipine assay method but ultimatcly chose to develop a GC based method
for the analysis of plasma samples —  despite the fact that they also exanuned several
previously published HPLC methods. 1t should be noted, however, that even GC methods
can give poor accuracy  because of  potential  problems  with nitedipine
thermodegradation.”™ ™ On the other hand, Suzuki ct alMdescribe an HPLEC method using,
clectrochemical detection that gives excellent precision and accuracy, but agiin aceuracy for
low drug concentrations (less than 9.6 ng ml.") is not reported. Furthermore,
clectrochemical detection lacks the ability to detect nifedipine metabolites and in the opinion
of some rescarchers is not a robust technique.”

Besides accuracy and precision considerations, the known metabolites and degradation
products of nifedipine must be chromatographed to ensure that none of these compounds
co—clute with nifedipine (i.e., the specificity of the method must be confirmed). The
specificity’s of several published nifedipine assays were not tested using all the known najor
nifedipine metabolites or photodegradation products > Unfortunately, a non—specific
nifedipine assay may result in the overestimation of nifedipine concentrations in- plasina.
However, the assay presenterd here provided the required sensitivity and resolution of
nifedipine, without interference from tested metabolites, photodegradation products and the
IS (nisoldiping). In fact, complete bascline resolution of these components was observed;
however, the method was not optimized for detection and quantitation of nifedipine
metabolites in clinical samples, because known nifedipine metabolites are inactive."

In the current method, peaks for nifedipine and IS were cluted ar about 6.5 minutes and

10 minutes, respectively (Figure 3-2B-1). The chromatograms presented in Figure 3-2 were
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sealed for the highest peaks cluted (cither 1S or an unknown component coextracted from
plasma) hy the chromutography software and not scaled to emphasize the nifedipine peak.
Theretfore, the nifedipine peaks appear to be relatively small even for the high concentrations
used and despite a signal-to-noise ratio greater than 5 for the 5 ng mb"' spiked plasma
samples (Figure 3-213). The identity of the nifedipine peak was confirmed using electron
impact high resolution mass spectrometry. Blank plisma samples did nor show any
potentially interfering, peaks (Figure 3-2A). The lower limit of quantitation (1.1.Q) of
nifedipine was determined as 5 ng mlL'. However, the lower limit of detection (1LLD) of
nifedipine was 1 ng ml. ",

‘The ealibration curve fitted to the mean nifedipme data (combination of all runs) was
deseribed by p = 0.00003 4+ 0002557 where y corresponds to the peak—arca ratio of
nitedipine to 18 and & to the added nifedipine concentration. Excellent lincarity was

observed for all individual calibration curves (= 0997). A weighting factor (1/x) was

applicd in all the regression caleultions of the calibration curves, Weighting was necessary in
this analysis to achieve accuracy within 15% of the actual values, especially for the lowest
calibration points.  Unweighted least—squares regression analysis tends o bias the upper
points on the calibration curve to minimize residual error; therefore, caleulating a linc of
hest—fit optimized for the highest concentrations. Flence, the fit of the lower points on the
curve may be unsatisfactory since their contribution to residual crror is usually small;
therefore, accuracy of low concentrations may be compromised. On the other hand, the 1/x
weighting Factor used in this analysis shifted the bias to the lower nifedipine concentrations
bur still provided acceptable aceuracy for the higher concentrations on the calibration curve
(within ~10% of the actual value). A 1 /a7 weighting factor was also  cvaluated, but
unacceptable bias was observed for low calibration points resulting in poor accuracy for the
higher concentrations.  The results in ‘Table 3-1 describe accuracy (Yo error) and precision

(cocfficient of variation, CV) of the method. The error in both accuracy and precision values

throughout the concentration range (5 to 250 ng mL.") was acceptable (Le., = 15%0).
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Figure 3-2. Chromatograms of (A) blank human plas
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Table 3-1. Accuracy and Precision oof thie Methend.

Concentration Measured Aceuracy, Precision,
Added Concentration’ crror (%) C.V. (%)
(ng ml, !) - (ngmlL ‘) ) i ) -
o 5 T 572+(.68 a0 1189

1) 11.14 + 1.23 +11.40) 11.04

15 15.16 + 1.10 +1.07 7.26

25 23,62 + (.82 -5.52 347

50 48.64 + 5.14 -2.72 10.57

100 02.90 + 6.18 -7.10 6.65

250 221.46 + 12.31 -11.42 5.56 B

4 Reported as mean 2y (n = 11, three sets on day 1, four sets on days 2 and 3).

After comparing the extraction cfficiencices of various solvents (including chloroform and
ethyl acetate), it was found that a mixture of MIBE and iso~octane (75:25, v/v) provided the
best extraction yield while minimizing interfering peaks and baseline noisc. “The extraction
yield of nifedipine from plasma was constant over the entire calibration range with a mean
vilue of 89.87 + 5.36% (extractions of 10, 50 and 250 ng ml.' concentrations, n = 5
replicates). Although the mean extraction yield was less than 100% the method still provided
adequate sensitivity to allow the processing of clinical samples.

During the development of this assay a problem was found achicving an acceptable
signal-to-noise ratio of the nifedipine peak using detector wavelengths in the 200 to 280 nm
range.  Ultraviolet detection at 254 nm ot less is commonly used in many nifedipine assay
methods, and is advantageous for optimized detection of nifedipine metabolites and
photodegradation products. ™' Howevet, significant baseline nose can be seen in the
published chromatograms from several of these methods, which could compromise accuracy
at low nifedipine concentrations.t” Thercfore, ultraviolet detection at 350 nm was selected
for the current method.

In addition, a mobile phase containing only methanol and water was evaluated during
method development, but problems with peak tailing and a shortened column life needed to
he overcome.  Although replacement of water with phosphate buffer was considered — as
previously applied by Snedden ct al."— the mobile phase mixture giving the best results was

methanol and water adjusted to pH 4 with acetic acid and TEA.



Figure 3-2D depicts a chromatogram (scaled to show all the cluted peaks) of an extracted
plasma sample, that was taken from a healthy human subject 2 hours after oral
administration of a single  controlled-release  nifedipine  formulation  (Nifedipine
Gastrointestinal Therapeutic System, 30 mg  table).  The nifedipine peak in the
chromatogram corresponds to 26 ng ml" therefore, the applicability of the method to the
analysis of plasma samples obtained from clinical studies was demonstrated.

In conclusion, a rapid, sensitive and selective reversed=phase HPLE method  using
ultraviolet detection for the analysis of nifedipine in plasma samples was deseribed. This
method improved upon previously reported HPLE techniques for precise and aceurate

measurement of low nifedipine concentrations. Purthermore, the relatively short preparation
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Chapter 4

PHOTOSTABILITY DETERMINATION OF COMMERCIALLY AVAILABLE
NIFEDIPINE ORAL DOSAGE 'l,:'—'(‘:)RI\dUI,;.ATI(,Z)T'%IE}ir

Introduction

Nifedipine (Figure 4-1A) is highly sensitive o photo-oxidation, especially a solution of the
compound which changes appearance from yellow to brown upon exposure to light.!
Exposure of nifedipine to ultraviolet (UV) light results in the formation of DN (Figure «1-
IB); whereas, nifedipine exposure to UV-visible light (Le., daylight) generates the nitroso-—

,

amalog  of dchydronifedipine  (NDNIF,  Figure  4-1C) Unfortunately,  nifedipine
photodegradation products have little or no pharmacologic activity.™ Matsuda et al.” show
that nifedipine, in fact, can undergo degradation to four products after light exposure (using,
fluorescent and mercury vapor light sources), however three of these (including DNIEF) are
produced in minor quantities only, whereas the fourth compound (NDNI) is identified as
the sole major photodecomposition product. Thercfore, quantitative photodegradation
analysis of nifedipine formulations requires accurate detection and quantitation of hoth

nifedipine and NDNIF.

]

He ., F:“!/ LEHy e M Ty
b P
cHgos T Ty Trandy 1Ko I L AT

! "
L ,n;*“ni “ ey,
A ]
lll
He o HyE ]:” ">i|||
i H,E 1 -
el T ey LR S TLATH 'S S COtEH,
7 e " 1 itz
o :
L]
[}

Figure 4-1. Structures of (A) aifedipine, () dehydronifedipine (IDNIF), (C) nitroso-malog of dehydronifedipine
(NDNIF), and (13) nisoldipine (I8).

* A version of this chapter has been published:
J.8. Grundy, R, Kherani, R.T. Foster. [. Pharm. Biomed, Andf, 12, 1529-1535 (1994).
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Official USP puidelines for nifedipine capsules stare that the measured amount of
nifedipine in a commercial product must be within 90% to 110% of the labeled quantity.’
[Hence, manufacturers of nifedipine products use light resistant coatings or packaging to
minimize photodegradation of oral nifedipine preparations from inadvertent light exposure.
Nonctheless, few quantitative studies of the light transmissive properties for different light
protective tablet film coatings or protective packaging have been done.” 'Thus, the degree of
light protection may differ between brands or types of nifedipine formulations.

It is possible that long term exposure (several weeks or longer) to direct sunlight may
oceur if nifedipine formulations are impropetly stored by patients. "Thus, inadequate storage

conditions may potentially contribute fo a decrease in clinical cfficacy of light sensitive

nifedipine products.  Conscquently, if differences in photostability between nifedipine
products are present, then product substitution may not be warranted.

Several studies have investigated the photostability of nifedipine in solution and in the
solid state, including the photostability of pulverized nifedipine tablet p@wders.i“'” [However,
the study described in this chapter is one of the few to compare nifedipine stability in intact
commercial oral nifedipine formulations' and is the first to report the photostability of
prolonged—action (PA) and gastrointestinal therapeutic system (GITS) nifedipine products.

‘I'he extent of nifedipine photodegradation is reported for 10 different nifedipine
formulations after long—term cxposure to an artificial sunlight source, using a specific and
sensitive HPLC assay to detect the nifedipine and NDNIF content. This study also
compared the photodegradation of authentic nifedipine powder and a methanolic nifedipine

solution after artificial sunlight exposure.

Materials and Methods

Chemricaly

Nifedipine was purchased from Sigma Chemical Company (St. Louis, MO, USA).
Inrémal standard (nisoldipine, 18, Figure 4-1D), NDNIF, DNIF (Bay b 4759), and the
carboxylic acid metabolite (Bay o 2820) were kindly provided by Miles Canada Inc.
(Etobicoke, ON, Canada). Methanol, water and triethylamine (TEA) were obtained from
Mallinckrodt (Paris, Kentucky, USA).  Iso-octanc, methyl-t-butyl ether (MTBL), sodium
hydroxide and glacial acetic acid were purchased from BDH (Toronto, ON, Canada).
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Chloroform was purchased tfrom Fisher Scientific (Fair Lawn, N), USA) All veagents and
chemicals were either analytical or HPLC grade. |
Standard solutions

Stock solutions, 100 ug ml." (as base) of both nifedipine and NDNIF and 50 pg ml. ! (s
base) of 18, were prepared in methanol.  Solutions were kept protected from light with
aluminum foil, stored at 4°C and were found to maintain their original concentrations of
nifedipine or NDNIF, respectively, tor a period of at least 3 months,  Solutions containing,
10 pg mL"' of nifedipine and NDNIF in methanol (solutions 1 and 2, respectively) were

prepared daily from the respective stock solutions,

Forszmlations

Germany were studied.  Formulations tested included: Six prolonged=action (PA) 20 my,

retard, Vinces (Germany); Nifical tablinen retard, Sanorania (Germany); Nitehesal retard,
Hexal Pharma (Germany); and Pidilat rerard, Giulini Pharma (Germany)|: one 20 mg, PA
capsule [Nifedipin AL 20, Aliud Pharma (Germany)|s two immediate—release (IR) 10 mg,
capsules [Apo-Nifed, Apotex (Canada); Novo-Nitedin, Novopharm (Canada)s and one

gastrointestinal therapeutic system (GI'TS) 60 mg tablet [Adalar X1, Miles (Canada)]|.
Irvadiation Test

The irradiation test used a full-spectrum lamp (20 Watt, 900 lumens, vacuum tube length
59 cm, Commercial Lighting Products Ltd., Eidmonton, Alberta, Canada) placed 22 em from
the nifedipine samples. Samples were placed on aluminum foil to allow for more uniform
irradiation.  lrradiation was conducted inside a cabinet to protect the samples from
extrancous light. Fach formulation was irradiated (24 hours per chy) by the artificial sunlight
source for a period ranging from 0 to 12 weeks. Samples were taken at 0, 1, 2,4, 6, 8, 10 and
12 weeks (n = 6 replicate samples per interval). In addition, a rotal of cleven 1 ml.
methanolic nifedipine solution samples (100 ug ml."), placed in 5 ml clear glass vials, were
irradiated for a period of 0 to 360 minutes (aliquots for analysis were taken ar 0, 5, 10, 15, 20,
30, 45, 60, 120, 240 and 360 minutes, n = 3 replicates). A total of seven 10 mg nifedipine

powder samples, placed in 5 mL clear glass vials, were also irradiated for a period of O to 12
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days (aliquots for analysis were taken ar 0, 1, 2, 3, 7, 10 and 12 days, n = 3 replicates).

Irradiation of samples was conducted at ambient temperature,
Sample preparation

(1) Prolonged—Action (PA) Tabler and Capsule=Pellet Formulations:

Fiach PA rablet (or contents of a PA capsule) was crushed into fine particles in a
disposable 20 ml. paper cup using a small glass pestle. The crushed particles were placed in a
small microcentrifuge tube and 1 ml. of chloroform was added. The resulting misture was
vortexed for 15 seconds and centrifuged for 5 minutes. Vortexing was done with a Genie 2
mixer (Visher Scientific, Fidmonton, Canada) and centrifugation was done with a
microcentrifuge (Microfuge I, Beckman, Palo Alto, California, USA). I'rom the supernatant,
25 pl., of solution was placed in a small glass vial, diluted to a final volume of 1.5 mbL with
chloroform and vortesed for 15 seconds. A 30 ul. volume of the diluted solution was added
to a clean dry 13 x 100 mm glass test tube containing 10 pg (200 ul) of IS, The sample was
then evaporated to dryness (low heat) in a concentrator—cvaporator (Model SC 100 Savant
Speed Vac concentrator—evaparator, imerston Instruments, Scarborough, ON, Canada).

T'o the resulting residue was added 200 pl. of mobile phase and the solution was vortex—
mixed for 15 scconds. Aliquots of 10 pl, were injected onto the IHPLC column,
(2) Liquid—Filled Immediate~Release Capsules:

A 100 pl. volume of solution containing nifedipine was withdrawn from each nifedipine
capsule using a 21-gauge needle and a 1 ml. syringe and diluted 100 times with chloroform.
A 25 pl aliquot of this solution was placed in a small glass vial, diluted to a final volume of
1.5 ml. with chloroform and vortexed for 15 seconds. From this dilute solution, 30 ul. was
added o a clean dry 13 x 100 mm glass test tube containing 10 g (200 wl.) of IS, Sample

prepatation and injection was as described per PA tablets and PA capsules.

(3) Gastrointestinal Therapeutic System (GI'TS) Tablets:

(Modcl 702CR, Rotor Electric Co. Ltd.) and homogenized for 10 minutes. A 100 pL aliquot
of the resulting mixture was placed in a small glass vial and diluted to a final volume of 1 mL

with chloroform. A total of 83 ul. (containing 10 ug of nifedipinc) of the diluted mixture
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was placed in a clean dry 13 x 100 mm glass test tube containing 10 pg (200 ul) of 18,
Sample preparation and injection was as described above,
() Methanolic Nitedipine Solutions:

Three 10 ug (100 wl) samples were withdrawn from each vial at the sampling, times
previously described. Each of these samples was placed ma clean dey 13 x 100 mm plass test
tube containing 10 pg (200 pl) of 1S, Sample preparation and injection was as described

above.
(5) Nifedipine Powder Samples:

Iach irrad: -red nifedipine powder sample was diluted with 1 ml. methanol (10 mp, ml. "),
then further diluted with methanol to 100 pg ml.'. “Three 10 pg (100 ul) samples from cach
time point were placed in a clean dry 13 x 100 mm glass test tube contmning 10 pg, (200 pl)

of IS. Sample preparation and injection was as described above.
Chromatagraphy and Instrumentalion

Determination of nifedipine and NDNI content was done by modifying a previously

" Briefly, the HPLC system consisted of a Model 6001 solvent

reported HPLC method.
delivery system, a Model 717 autosampler and a 486 runable UV/VIS absorbance detector set
at 350 nm. Compounds were separated using a Nova—Pak 8 x 100 mm radial pack column
containing 4 um C8 packing material (Waters, Mississaugi, ON, Canada). Mobile phase How
rate was 1.1 mL min" and consisted of methanolwater (65:35 v/v) adjusted to approximately
pH 4 with acetic acid and TEA as 1% and 0.03% final concentration, respectively. The
mobile phasc was continuously degassed with helium (100 ml min'). Sample preparation
and analysis were conducted at room temperature under sodium lamps. Sample spectra were
recorded using either 2 Waters 7451 integrator or Millennium 2010 chromatography manager

software installed on an NEC 486/33i computer (Waters, Mississauga, ON, Canada).
Qnantitation

Calibration curves were constructed by plotting the peakaarca ratios (nifedipine/Is or
NDNIF/IS) versus their corresponding added  concentrations.  Calibration  curve
concentration ranges used in testing of irradiated nifedipine formulations were 0 to 35 pg and
0 to 750 ng for nifedipine and NDNIF, respectively.  Calibration curve concentrarion ranges
used in testing of methanolic nifedipine solution and nifedipine powder were 010 35 g and
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0 to 15 ug for nitedipine and NDNITE, respectively.  An unweighted least-squares linear
regression analysis was done to generate a best-tit regression line tor cach compound.
Calculation of nifedipine powder and solution 4, were determmed from the slope of the Top,

%o nifedipine—time plots (Le., £, = .693/4). Data are presented as mean & s,
Masy spectrometry

Aurhentic nitedipine and NDNIIF reference srandards, and NDNIE prepared 1rom
exposure of a merhanolic nifedipine solution (2 mg mb.') to artificial sunlipht for .15 hours,
were chromatographed and the cluent corresponding, to the assumed nitedipine and NDNIY
peaks were collected for analysis. Samples were evaporated using a Speed Vace evaporator-
concentrator and the residues subjected to high-resolution clectron mpact mass spectral

analysis (ALLL M89, Manchester, UK.) via direct insertion probe at 70 ¢V ionizing, potential,
Other componnds tested

‘Two additional nifedipine merabolites or photodegradanion products were tesied tor peak
nterference using the chromatographic method employed tor this study: (1) DN (Bay b

4759) and (2) the carboxylic acid metabolite (CAM, Bay o 2820).
Results and Discussion

In the present study, a measure of the percentage NDNII content (w/w initial nifedipine
content) in intact commercial nifedipine formulations was derermined after contimuous
exposure to artificial sunlight. Up to 12 wecks of continuous artiticial sunlight irradiation was
evaluated for cach commercial nifedipine formulation testeds since natural sunhpht exposure
could potentially be of this magnitude when these products are stored incorrectly. The use
of artifictal sunlight in this study overcomes the potential problems inhierent when using,
natural sunlight, such as: daytime, regional, weather and scasonal variability.

Figure 4-2 depicts typical chromatograms of: a blank sample (Figure 4-2a); a sample spiked
with authentic nifedipine and NDNH (Figure +4-2h); « sample of nifedipine methanolic
solution irradiated for 45 minutes (Figure 4-2¢); and a commercial 20 mg nifedipine PA
capsule irradiated for 12 weeks (Figure 4-2d) — note: cach sample including, the blank were

spiked with 10 ug 1S. UV absorption of all compounds was measured at a wavelength o 350

nm — as greater accuracy at this wavelength has been reported for the determination of hoth

nifedipine and NIDNIFF compared to lower wavelength ultraviolet light.''*
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Figure 4-2. Chronuograms of: (A) blank sample containing 10 pig I8, (B) authentic nif
and 10 g, respectively), (C) methanolic nifedipine solution (100 pg mL-Y) irradinted 1
winutes; NN, ifedipine, and 15 pond to

I 57,43, aud 10 pg 2 d (1)) pl
nifedipine PA capsule ircadiated for 12 weeks ped view shows the small NDNIF peak). Peak
NDNIF; 2) nifedipine and 3) 15

Using rhe assay method previously described, a peak corresponding to nifedipine typically
cluted at about 7.0 minutes, NIDNII cluted at about 6.0 minutes and the 1S ar about 17
minutes, Satisfactory chromatographic resolution (R > 1.5) of the three peaks of interest was
observed.  Cahbration curves were lincar over 1 to 35 ug, 50 to 750 ng and 0.5 to 15 ng tor
mitedipine @l rests), NDNIF (formulation tests) and NDNIF (solution or powder tests),

respectively.  Observed t* values were > 0.99 for all calibration curves.  Additionally, two
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known human nifedipine metabolites, DN (also a product of nitedipine photodegradation
atter UV light exposure) and the carboxylic acid metaboliie (CANM) were tested  tor
interference with the compounds of interest v der identical HPLE conditions, No
interference was observed between any of the compounds tested (peaks were ahiined e ~2
and ~3 minutes for CANM and DN, respectively, chronutograms not shown), DN and
CAM peaks were not deteeted in any nifedipine formulation, solution or raw powder analyses
conducted i this srudy.

Mass spectra of both nifedipine and NDNIE residues (collected from evaporated peak
cluents) supported the assignment of peak identity.  Nass spectra of authentic nifedipine
produced major fragments at m/z 346 (10%, base peak), 329 (100% ), and 284 (62%0).  Mass
spectra of authentic NDNIF produced mujor fragments ar 328 (47%0), 298 (11"s) and 269
(100%). Nifedipine obtained from the assumed nifedipine peak cluent from an extracted
nifedipine tablet, and NDNIIY obtained from the assumed NDNI peak cluenr of
methanolic nifedipine solution previously exposed to artifictal sunlight (= - hours), produced
mass spectra consistent with those found for authentic nifedipine and NDINIE, respectively.

Figure 4-3 shows photodegradation plots of nifedipine powder (Fgure -13A) and
nifedipine  methanolic  solution  (IMigure  4-3B) after  artificial - sunlight  irradiation,
Photodegradation of nifedipine powder, measured as percent (Ma) loss of nitedipine,
exceeded 10% in 24 hours (1) /5 = 7.7 days). Photodegradation of the nifedipine methanolic

n exceeded 10% in about 5 to 10 minutes and was essentially complete within - hours

o

soluti

31 minutes).  These results are consistent with those of previously  published

("2
nifedipine powder and alcoholic solution degradation siudies.™™" Berson and Brown' report
that nifedipine photodecomposition appears to follow zero—order kinetics until the reaction
15 about 60% complete, atter which the rate decreases inoa first=order fashion, This s
attributed to inhibition of the nifedipine degradation reaction by NDNIF. Other studies use
first order kinetics or more complex models to describe nifedipine degradation.™” FHowever,
no attempt was made in this analysis to further define nifedipine degradation kinetics, as the
primary objective was to compare nifedipine stability in o intacr commercially available
formulations. Nevertheless, apparent first—order degradation was observed tor nifedipine

degradation kinctics.
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Vigure -3, Nifedipine photodegradation curves. (A) nifedipine powder, (B) methanolic solution (100 pg wml. 9.

lxposure ot the nifedipine methanolic solution ro cither natural sunlight (using mid—day
sun) or the artificial sunhght source used in this study, yiclded 100% decomposition of
nifedipine atter 4 hours in both cases. It appears reasonable, therefore, ro conclude that the
artificial sunlight lamp adequately approximated natural sunlight conditions for the purposc
of this study.

The percentage of NDNIF (w/w initial nifedipine content) found i all 10 tested
formulations, was very low (about 1% to 2%) cven after irradiation for 12 weceks with
artificial sunlight. "Table 4-1 summarizes photodegradation data for cach formulation after 0,
2, and 12 weeks of artificial sunlight exposure. The average percentage of NDNIIF found in
the formulations was 1.1%, 1.29% and 1.54% for 0, 2 and 12 weeks respectively.  The
intraformulation standard deviation of percent NDNIF (n = 6 samples per period) was
always < 0.5%. ‘The maximum recorded percentage of NDNITY was 2.64% £ 0.45%, found
in the nifedipine 20 mg PA capsule after 12 weeks of continuous  irradiation.
Intertormulation photodegradation differences were not determined since these variations,
although possibly statistically significant, arc likely clinically insignificant. Rates of nifedipine
degradation for individual formulations were not calculated because of the relatively small

degree of nifedipine decomposition observed in this study.
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Table 4-1. Nitedipine Formulation Photodegradation Data

Percent NDNIE
(w/w initial nifedipine content)

__Formulation y Dosage Form Strength 0 Weeks 2 Weeks 12 Weeks
Adalat XL GITS rablet 6Umg, 145+ 0.28 \/ A HREERT
Adalar PA PA rablet 20myg 1.0¢ LU & 0,08 1.28 L u.17

Nifelar 20 retard PA rablet 20mg 1o 1.07 i;' 0.0 1.77 L 0,14

Nife-Wolfte 20 PA tablet 20mg, 107 LIS 013 081+ 010
Pidilat retard PA tablet 20mg 1.0 1.0 1.
Nifchexal retard PA rablet 20mg L7 140 & 0.0n 204 £ 033

Nifical retard PA rablet 20mg 1.7 .o 1.0

Nitedipin AL 20| PA capsule Jimg 454012 181 4+ 0.20 2oL 005

Apo-Nifed IR capsule 10my, o 1.20 L 0,08 1.21 L ooy
Novo-Nifedin IR capsule I(lmx; 1.0 1.86 £ 0.12 251 02

N/ A: Lht.l not .l\miiihlc

however viloes were

t,snnmn,d Hs .lppl’D,\!m.lTLl\ 1. () + U 3%,

Results obtained in this analysis indicated that all the tested nifedipine formulitions did

not undergo appreciable nifedipine decomposition (> 10%) cven after 12 weeks ol

continuous artificial sunlight exposure.  In addition, all the nifedipine formulations rested

exceeded USP requirements.

No clinically signiticant difference regarding, the degree of light
protection was found with any of the nifedipine formulations tested in this study.

In conclusion, if bioequivalency differences, therapeutic Falures or pharmacodynamic

differences of the tested nifedipine formulations are obscrved, then it is unlikely that o

photostability difference would be a primary contributory facror,
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Chapter 5

OBSERVATION OF TIME-DEPENDENT AND VARIABLE SUBJECT
KINETICS IN A NIFEDIPINE GASTROINTESTINAL THERAPEUTIC
SYSTEM BIOEQUIVALENCY STUDY*

Introduction

It has long been recognized that many human physiological functions vary according to
endogenous  circadian  rhythms, (c.g.. cardiovascular, pulmonary, heparic, and - renal
function)."* However, only relatively recently has it been recognized that daily variations in
physiological functions can influence drug absorption, distribution, metabolism and
climination — for which the term ‘chronopharmacokinetics” has been coined.™ Several
classes of drugs have been investigated for potential chronopharmacokinetic properties,
including: antiasthmatics, antincoplastics, H—antagonists, non-steroidal anti-inflamnuitory
drugs and cardiovascular agents.*”  Esamples of cardiovascular agents found to display
time—dependent kinetic properties include: digoxin, enalapril, propranolol, verapamil and
nifedipine.">** V!

The results of a single—dose study using an oral immediate-release (IR) nifedipine
formulation® show a higher peak concentration (€, shorter time—~to-peak (4,,,) and
increased bioavailability (AUC) when the formulation is given to human subjects in the
morning, Intercstingly, however, the results of 1 hour intravenous nifedipine infusions® do
not display chronopharmacokinetics — suggesting that circadian variations occur primarily
with the oral absorption or presystemic metabolism of nifedipine.

The nifedipine gastrointestinal therapeutic system (GFI'S) is an osmotic delivery device
displaying controlled—release properties.'>  When taken perorally this formulation releases
nifedipine at a preprogrammed zero-order delivery rate ~— after an initial 2 hour hydration

period — that is independent of gastrointestinal pl and motility and of sulficienr duriation

¢ A version of this chapter has been aceepted for publication:
J.S. Grundy, R.Z. Lewanczuk, D.W. Grace, RT. Foster. J. Cantr. Rel. (1996).
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tr permit onee=daily  dosing’*' - Several lirerature reports describe  the single—dose
pharmacokinetics of the nifedipine GI'TS in human beings™ T and, typically, plasma
nifedipine concentration—time  profiles consistent with zero-order drug absorption are
observed. Nevertheless, chronopharmacokinetic properties of nifedipine might be observed
following single—dose administration of the GITS formulation by comparison of evening
plasma concentrations with those of the following morning (c.g., 12 hours versus 24 hours
postdosing, respectively).  Indeed, such a phenomenon may be scen in the mean nifedipine
plasma concentration—time profiles shown in two previously published papers on the
nifedipine GEIS.™"

IHence, indications of time—dependent kinetics and the degree of inter— and intrasubject
variability were assessed in a bioequivalency study that was conducted with 4 commercially
available nifedipine GI'LS formulations (2 lots of both 30 mg and 60 mg strengths obtained

from the same manufacturer) given in single—dose fashion to healthy subjects.

Materials and Methods

Patients

‘T'welve human subjects (6 of each gender) were recruited for this study (mean age 34.2
7.7 years, mean weight 76.2 £ 15.8 kg, and mean height 168.5 £ 13.4 ¢cm).  All were healthy
volunteers with no pre—existing medical conditions and were not, at the time of the study,

disposition of nifedipine.
Bivequiralency Study Pmfocol

'T'he protocol on the study days was the same on each occasion. At about 8 AM on each
study day, subjects received — according to a randomized 4 x 4 Latin Square cross—over

study design — one of the 4 nifedipine GITS formulations tested [two 30 mg lots (labeled A
and B): two 60 mg lots (labeled C and D); Adalat® XI., Miles Canada Inc. (Etcbicoke,
Ontario, Canada)l. A minimum washout period (1 week) was observed between
administeation of cach lot.  No dietary restrictions were imposed except that food was
withheld from midnight the day before each dosing session until 2 hours after administration.

Blood samples (about 6 ml) were withdrawn from an antecubital vein at 0.5, 0.75, 1.0, 1.5,

2,3, 4 6, 8, 12, 24 and 36 hours postdosing. A blood sample (labeled 0 hours) was also
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collected immediately before dosing. Blood collection was nude inro 10 ml Vacutainers”
containing heparin as an anticoagulint and the Vacutainers” were immediately wrapped in
aluminum  foil to avoid exposure of the blood samples Lo light.  Blood samples were
centrituged within 10 minutes of collection, and the resulting, plasma samples were protected

from light and stored frozen ar —18 £ 3°C until needed for analysis.
Ding Analysis and Calenlation of Pharmacokinetic Parameters

Plasma concentrations of nifedipine were measured with an established reversed- phase

U} g . o . -
" The maxinal plisma concentrition

HPLC method (lower limir of quantitation S ng ml.").
(Cawe ng ML) and time of peak plasma concentration (7., h) for nitedipine were apparent
values observed from the plasma nifedipine concentration--time profiles obtained from cach
subject with cach lot of the nifedipine GITS tested. Although plasnur concentriations were
generally in decline 36 hours postdosing, the individual rerminal first—order climination eate
constants (k,, h') were not determined since, typically, only 1 or 2 blood samples decreased
in each individual profile. "The cumulative area under the plisma nifedipine concentration-
time curve to the time of the last quantifiable concentration or the time of kst sample tiken
[AUC(0-t), ng h mL"'] was estimated using a noncompartmental approach (i.e., lincar
trapezoidal rule).
Statistical Analysis

Typical descriptive analysis [mean, standard deviation () or standard error (s) and
coctticient of variation (CV)] was applied to the data collected in this study. Comparisons of
the standard pharmacokinetic measures obtained were carried out using an analysis of
variance (ANOVA) suitable for a repeated measures study design in which subject, treatment,
and order were accounted for™  Values of P < 0.05 were taken to indicate statistically
significant differences. A post hoc test (Duncan’s multiple range rest) was used 1o determine
where, if any, differences occurred.  ‘The 90% confidence limits of respective ¢, and
AUC(0-t) ratios were calculated on datum transformed into  their respective natural
logarithms. Intersubject variability (between individuals) for cach standard pharmacokinetic
measure of interest was calculated as the arithmetic mean (1 5) of the CV’s within cach of the
4 difterent nitedipine GITS lots tested.  Intrasubject variability (within individuals) i cach

standard pharmacokinetic measure of interest was calculated as the arithmetic mean (% 5) of
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the CV’s found herween all A mifedipine GTES lots tested for cach of the 12 subjects. "The
method used for evaluating goodness of fir for /7, (comparing observed versus expected

frequencies) was the Chi-Square resr.
Results and Discussion

‘The mean (£y,) plasma nifedipine concentration—time protiles obtained in this study are
shown in Figure 5-1. “The initial phase of each mean profile is consistent with the required 2
hour lag-time before the start of nifedipine release from the GITS. THowever, quantifiable
nifedipine concentrations were not detected until about 3 to 4 hours postdosing suggesting a
delay in drug dissolution or absorption: a phenomenon first described in a previously
published study."" All 4 mean profiles showed gradually increasing nifedipine concentrations
with peaks at 24 hours: thereafter levels declined. Despite the apparent rise in nifedipine
concentrations up to 24 hours, no significant differences (ANOVA, p > 0.05) were found
between the mean nifedipine plasma concentrations at 6, 8, 12 and 24 hours postdosing for
cach nifedipine GI'TS lot tested. "This was probably due to the small difterences detected and
the large intersubject variability observed (Fable 5-1).

Standard pharmacokinetic measures caleulated from the data in this study are shown in
Table 5-2 and significant differences, where found, are noted.  As expected, no statistically
significant difterences (ANOVA, P > 0.05) were observed between nifedipine GITS
formulations of the same strength with respect to €, and AUC(0-t). Furthermore, it was
noted that both ¢, and AUC(0-t) values of the 60 mg dosage forms were about double
those of the 30 mg strengths, suggesting a lincar dose versus concentration relationship.
However, the AUC(0-t) values obtained in this study must be evaluated with caution since in
many of the subjects the plasma nifedipine concentrations had not declined appreciably even

by 36 hours: thus, terminal rate constants and total AUC could not be determined.
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Figure 3-1. Plasma niledipine concentiration—time profiles obtained after single~dose aduinistration of 1 copnmercially
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The larrer observation is inreresting since in vitro dissolution tests conducted with the
nifedipine GI'TS indicate that nifedipine release rates rapidly decline 18 t0 20 hours after
hydration (90% of the dose is released by 24 hours),"™™ supgesting that in vivo drug,
absorption should not continue much beyond 24 hours,  However, our resulis Appear to
show that the in vivo duration of drug absorption is longer than that predicted using,
traditional in vitro tests, perhaps because dissolution of the nitedipme suspenston released
trom rthe GI'TS may be a rate-limiting facror for drug, absorption, particularly in the lower
gastrointestinal tract — noter in vitro dissolution rests conducted to date with the nifedipine
GITS (modified USP, differential (ALZA) and Aow=through methods™'y solely measure the
rate of release of the tinely divided drug, suspension.

No statistically significant differences in the measurement of the apparent 7, were
observed between any of the 4 products tested (Table 3-2). Interestingly, 7, was obsceved
24 hours in most of the individual profiles (36%0, Table 5-3) although it should he noted that
no other measurements were taken between 12 hours and 24 hours, which may somewhat
limit data interpretation.

A Chi=Square test for goodness of fit was used to compare the expected frequencies of
finding /,,c at pardcular time points within the platcau phase (e, similie frequencies would
be expected) with the observed frequencies, and showed a statistically significant difference (
x* = 3116, P < 0.001, Table 5-3). A similar finding (results not shown) was also abrained

using other measures of goodness of fit including the Log=Likelihood Ratio, Kolmogoroy-

Smirnov Goodness of Fit for Discrete Dary, and Fricdman’s "Two Way ANOVA by Ranks

for Dependent or Correlated Samples.™
Table 5-3. Chi=Square ‘T'est For Goodness Of Fit (n = 48)." Comparison of the Observed Frequeney of fu
Values with the Expected Frequency at Sampling Times within the Nifedipine GITS Plaeau Interval.

o o Sampling Time

6hours  8hours 12 hours 24 hours

Observed Frgquency ( ) 4 3 14 27
[0 of total] [8.3] |6.3] [29.2] [36.3]
Expected Frequency (f) 12 12 12 12
[% of mtal] [25] |25]. |25] [25]

“Caleulated 3 = 31.16 (P < 0.001).



Analysis of the results by gender was not possible duc to the relatively small number of
subjects in each proups however, apparent gender differences in the dara were not obscrved.
Nov significant differences with respect to the administration sequence were also found,
although statistically significant intersubject ditferences were noted (P < 0.05). Inter— and
intrasubject variability’s were determined for cach standard pharmacokinetic. measure of
interest and are shown in Fable 5-1.

lior the purpose of cvaluating biocquivalence of the equipotent nifedipine GI'TS lots in
this study, lots A and C were designated reference compounds for the 30 mg and 60 mg
strengths, respectively,  The geometric mean ratios of Coae and AUC (including their
respective 90% confidence intervals) are typically required to be between 800 to 125% to
demonstrate biocquivalence. For both strengths the 90% confidence limits of €, and
AUCQ-1) geometric ratios fell outside the biocquivalence range (Table 5-9). 'The (G, ratios
for both strengths and the AUC(0-1) ratio tor the 60 mg strength were, however, hetween
this range: but, the AUC(O-1) ratio tor the 30 mg strength was outside the biocquivalence
range (Fable 5-4). A relatively small number of subjects participated in this study;
nevertheless, considering that the nifedipine GI'IS products tested came from the same
manufrcturer (Bayer Canada Inc), these results and the large inter— and intrasubject
variability found (Fable 5-1) may have considerable ramitications for thosc attempting to
develop u product that is bioequivalent to Adalat™ N1 Especially given existing regulatory
requirements.

‘T'able 5-4. Calculation of Geometric Mean Ratios for Comparison with Standards for Bioequivalence

Geometric Ratio (% )“
Pharmacokinetic Mean [ 90 % Confidence Limit]
Measures lotA IotB lotC lotD lotB/lotA lot D/lot C
C,.. (ngmL™) 162 20,0 335 355 123.6 106.1
[94.3-161.9] [81.0-139.0]
SUC0-t) (ng h 3058 4129 805.3 775.2 135.0 96.3
1:L") [91.5-199.2] [65.3-142.0]

“Lot A was used as the 30 mg reference standard; Lot C was used as the 60 mg reference standard

Several published papers or abstracts have characterized the single—dose pharmacokinetics
of the nifedipine GITS." 733 The first paper was authored in 1987 by Chung et al." In this
study — involving healthy volunteers given single 30 mg or 60 mg doses of the nifedipine
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GITS — the mean plasma nifedipine concentration—time profiles show a relatively stable
‘plateau phase’ between 6 and 24 hours, demonsteating cero—arder release and absorption
characteristics for the GITS formulations tested. Schneider ot al" show similar findings with
2 60 mg nifedipine GITS fablet administered to normal and renally impaired  subjects.
However, Crome et al."— comparing single=dose pharmacokinetics of nifedipine GUIS (60
mg) given to 23 young and 24 clderly volunteers — show mean plasma nitedipine protiles
exhibiting an apparent £, of 24 hours in hoth groups.

Surprisingly, the authors of the latter report did not specitically comment on the results
showing 24 hours as the apparent /7, perhaps because the mean peak plasma nitedipine
conceatrations at 24 hours could be attribured to assay or mtersubject varability. Flowever,
our group had also obscerved a similar trend in two studies involving administration ol single-
doses of the nifedipine GI'TS (30 mg) to young or clderly volunteers (see Pigure 5-2)°
Similarly, in a paper by Meclia et al'™ the mean nifedipine concentration—time  profiles,
obtained from 17 healthy volunteers receiving 60 mg nifedipine GUIS tablets coadministered

results of the current study (Figure 5-1) provide further support for this phenomenon,
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This phenomenon is particularly interesting given that a concern with GITS, OROS and
other single unit dosage forms designed for once daily administration is the possibility of
incomplere drug release and absorption, as mouth—to—anus transit can be less than 24 hours
in some subjects. For example, total GI transit times range from 6 to 32 hours (mean 24.7
hours) i a study with 6 fasted healthy male volunteers administered an oxprenolol OROS

25

formulation.”™  Another study — investigating GI transit times of single—unit fablets in 10
ileostomy subjects — reports variable transit times berween subjects ranging from 5 to 40
hours.®  “Thus, a reasonable expectation is a tendency for the mean nifedipine plasma
concentrations to be below peak values 24 hours after administration of a single GI'TS rablet
— since some individuals may have already passed the formulation into their stools, and
because nifedipine has a relatively short intrinsic half-life (1 to 2 hours™ *).

Chronopharmacokinetic properties have been reported after dosing with IR nifedipine
cnpsulcs,"c’ " and some of the obscrvations in this study might be explained as a
chronopharmacokinetic phenomenon.  Lemmer ct al.** showed that both €, and AUC
decrease (about 44% and 33%, respectively) after IR nifedipine dosing in the evening
compared to the morning,  Similarly, for cach of the nifedipine GI'IS lots tested here, peak
plasma levels were produced at 24 hours corresponding to 8 AM the day atter dosing.
However, because no other blood samples were taken between 12 and 24 hours,
interpretation of the data as a chronopharmacokinctic phenomenon could be potentially
misleading. Nonetheless, in other studies showing a similar cffect and in which 16 or 20 hour
samples were taken™ ™ it can be seen that 24 hour samples typically give the highest drug
concentrations (also sce Figure 5-2).  However, data obtained from administration of the
nifedipine GI'TS in the evening would be helpful in determining it time—dependent kinetics
are indeed a factor but, to our knowledge, a study of this type has not been published to date.

It is worth noting, that in a group of hypertensive patients a sustained—release formulation
of nifedipine did not display significant daily variation in its pharmacokinetic profile.*®” This
has led to speculation that the galenic formulation of a drug may influence temporal
variations in pharmacokinctics.”  However, to date, no explanation for the potential
mechanismi(s) of this effect has been proposed.

Temporal physiological changes can be involved at each of the phases describing a drugs
pharmacokinetic profile — i.c., absorption, distribution, metabolism and elimination."” The

mechanism(s)  considered  responsible  for  temporal  variations in IR nifedipine
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pharmacokinetics include changes in absorprion or presystemic metabolism.' The available
evidence tor these potential mechanisms includes the fact that no changes oceur in the AUC
ratio of nifedipine and irs  nitropyridine metabolite, as well as the absence  of

chronopharmacokinctics when short iv nifedipine infusions are given at ditterent times ol the

Factors potentially affecting drug absorption (assuming; passive ditfusion) include but are

not limited to: the drugs physico=chemical properties, the natare of the drag, formulation,

gastric emptying time, pll, and GI motility and blood flow.  FHowever, nifedipine has heen

A

shown to be well absorbed from both the upper and lower G tract (390%0).7" “Thus, in

made with nifedipine GI'TS here. Nonetheless, changes in G1 blood How might be a Factor
in explaining the increase in nitedipine plasma concentrations found ar 24 hours,

Temporal variations in drug metabolism have also been reported ™ Nifedipine s
metabolized mainly by the liver, although gut wall merabolism (small intestine)  may
contribute to the presystemic metabolism of this drug (0.0 € 1< 0.68).2 ¥ Temporal
changes are reported - Gl and hepatic blood flow (human studics) or enzyme activity
(animal studies),” and could have potentially affected nifedipine bivavailability from the
GITS.

An alternative mechanism to chronopharmacokinetics is that the data in this study nay
indicate a change in presystemic metabolism related to the location of the GEES tabler in the
GI tract. As previously stated, presysremic metabolism of nifedipine within the wall of the
small intestine but not the colon has been hypothesized,” * which could lead 10 detectable
differences in nitedipine bioavailability along the GI tracr.  However, the position of the
GI'TS tablet would be expected to he somewhere in the colon within only a lew hours after
25,3734

dosing, particularly in tasted individuals. Another possible explanation could be

veins>— Le., bypassing hepatic ‘first-pass’ metabolism. A pharmacokinetic  and
pharmacodynamic study with a nifedipine osmotic system administered rectally shows that

. . . : N 1. 1. o . i B & € 33 iy ot ~ _ B R . R B
nifedipine 1s readily released and absorbed in this region.™ “The arrival and rectal residency

[}
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times of orally administered nifedipine GITS fablets would be expecred to have high inter—
and intrasubject variability, but this could also account for some of the variabiliry seen in this
study.

Conclusion

Similar standard pharmacokincetic measures were found hetween equipotent lots of the
nifedipine GITS; however, typical standards of bioequivalence were not met because of large
inter— and intrasubject variability that is only partially explained by the relatively small number
of study participants. Henee, the latter finding could indicate that potential difficulties may
be encountered by those attempting to develop bioequivalent products which comply with
typical hiocequivalence guidelines.

‘The observation of 7, at 24 hours in the majority of the individual nifedipine plasma
concentration—time profiles in this study suggests that nifedipine in a4 GI'TS formulation
displays chronopharmacokinetic propertics (as had been reported carlier with an IR
nifedipine formulation).  THowever, comparison of the results from single-doses of the
nifedipine GI'T'S given in the morning versus the evening would help to further confirm our
suspicions.  Alternatively, the results in this current study could suggest thar the location of

the GI'I'S tabler in the GGT teact affec nh:dipmc bioavailability.
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Chapter @

STUDIES ON DISSOLUTION TESTING OF THE NIFEDIPINE

GASTROINTESTINAL THERAPEUTIC SYSTEM. 1. DESCRIPTION OF A
TWO-PHASE IN VITRO DISSOLUTION TEST*

Introduction

The testing of pharmaceutical dosage forms for in vitro drug release and dissolution
characteristics is very important for ensuring batch~to—batch quality control and to optimize
formulations during product development.! The ideal system for evaluating the drug release
characteristics of poorly water—soluble drug formulations should be relatively simple and
inexpensive, and should mirror the physiological environment found i the human
mastrointestinal (GI) tract (i.c., dissolution conditions should attempt to duplicate, as closely
as possible, the composition, temperature and pH of the intestinal contents, as well as
mimicking mixing of intestinal contents). Another ideal characteristic of dissolution systems
for testing drug formulations is to maintain ‘sink conditions’, 1e., the maximum
concentration expected in an experiment should not exceed 15% of the solubility of the
drugs, i.c., nifedipine (€ 10 uyg ml.").>* These factors are particularly important in dissolution
testing of controlled—rclease drug formulations such as the nifedipine gastrointestinal
therapeutic system (GITS), even though the mode of drug release trom the GITS s
considered to be independent of the physiological environment.™

Maintaining ‘sink conditions’ throughout the testing of poorly water—soluble drugs can
be difficult in single—phase dissolution systems. Techniques used to resolve this problem

include: (1) using relatively large  volumes of dissolution medium or  frequently

* A version of this chapter has been submitted for publication:
1S Grandy, KE Anderson, J.A. Rogers, R.T. Foster. . Coner. Rel. (1996).
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replacing the medium (e.g., the differential (ALZA) method),” (2) altering, the pl ot the
dissolution medium, (3) adding co—solvents o the medium (e, ditferent aleohols, propylene
glycol, glycerin, polyethylene glycol, sorbitol), and (4) adding nonionic, cationic or anionic
surfactants to the medium to enhance analyte solubility.”  However, these approaches
frequently give non—physiologic dissolution environments.!  Flow—through  dissolution
systems (c.g., USP XX apparatus 4) can be used to overcome solubility limitations: but, the
dissolution medium flow rates used may not be physiotogically relevant, As well, tor all these
tests potentially rate-limiting dissolution of the suspended drug, particles may be masked.
Hencee, in vitro results obtained from a single—phase dissolufion system may not reflect in
vivo drug release and dissolution characteristics of formulations o poorly water—soluble
drugs.

The nifedipine gastrointestinal therapeutic system (GUIS) is administered perorally and
uses a push—pull osmotic process designed to deliver a finely=divided nifedipine suspension
— in a zero—order fashion — within the GI tract over a period of time long enough 1o
permit once daily dosing.™. Dissolution tests which have typically been used for this
formulation include: a modified classical dissolution test (USP NXXI apparatus 2)," a 1low—
through method' and a differential (ALZA) method.  All of these methods adequately
characterize the in vitro release rate of suspended nifedipine particles from different strengths
of nifedipine GI'TS; however, the results do not appear to correlate satistactorily with in vivo
drug absorption rates.

Qureshi et al.' state that compared to classical dissolution systems a “Aow=through
system more closely resembles the physiological environment of the gastrointestinal tract,
with continuous extraction (removal) of drug from the dissolution vessel mimicking,
absorption into the systemic circulation.”  However, the authors Fail to consider that tor
poorly water-soluble drug the dissolution of a particle suspension,  following tabler
disintegration or release from a non—disintegrating formulation (e.g., the nifedipine GITS),
can be a factor affecting the absorption of a drug. In fact, in the original pharmacokinetic
study of the nifedipine GI'LS' it is speculated that the longer lag—time noted betore the start
of the in vivo zero—order absorption phase versus the in vitro zero—order release phase is
probably duc to a delay in the dissolution of drug in the GI tract, as well as transport of the

drug out ot the gut lumen, across the gut wall and to the systemic circulation.
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‘This paper reports on the applicability of using a two—phase dissolution system —

consisting of simulated intestinal fluid, USP, without pancreatin (SHY) and a n—octanol phasc

ol the miedipine GITS.

Materials and Methaods

Meateitaly and € hemicals

‘The drug products fested were commercially available and obtained from a local

pharmacy. The formulations evaluated were 30 mg and 60 mg strengths of the nitedipine

Nifedipine powder was purchased from Sigma Chemical Company (St. Louis, MO, USA),
a methanolic solution of which (100 ug mL") was used as the reference standard for
generating all the calibration curves in the study. Nisoldipine (Bayer Canada Inc., tobicoke,
ON, Canada) dissolved in methanol (100 ug ml.") was used as the internal standard in the
[1PL.C assay of nifedipine. n-octanol was obtained from Fisher Scientific (Fair Lawn, NJ,
USA). Al other chemicals and solvents were cither reagent or FIPLC grade. SIIT was
prepared with 6.8 g KIH,PO,, 190 mL 0.2N NaOH in water (double distilled) to make 1000

ml. and adjusted to pl 7.4 £ 0.1 with 0.2N NaOH solution,

Two-Phase Dissolution Test

(Frweka® D16, Erweka® GmbH, Heusenstamm, Germany). A single stainless stecl
cylindrical basket (40 x 40 mesh) was attached near the base of the stainless steel paddle using
two thin wire metal straps, to form a basket-paddle hybrid stirrer (Figure 6-1). The
dissolution medium consisted of 750 mlL SIF” (lower phase) and 250 mlL n—ocranol (upper
phase). The n—octanol was pre—cquilibrated with SIF™ at 37 °C (to ensure that the upper
phase volume did not change during the experiment). A temperature of 37 £ 0.5 °C was
maintained throughout and the basket—paddle hybrid stirrer was rotated at 100 + + rpm.
During dissolution and sample collection, dimmed laboratory lighting and an opaque blanket

J.¢ Lj. o o ~ L . o s L L . B
which completely covered the apparatus were used to prevent nifedipine photodegradation.
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Figure 6-1. A schematic diagram of the basket-paddle hybrid stirrer formed from a stainless steel paddle (comprised of the
blade and drive shaft, USP XNII apparatus 2) and a staiuless steel eylindrical basket (40 5 40 mesh, USP XXH apparatos 1),
the latter holding a single nifedipine GIT'S tablet, placed in a dissohution vessel contiining two immiseible plises (n-
octanol, 250 ml,; simulated intestinal fluid, USP, without pancreatin, 750 ml.).

Method

Six nifedipine GIIS tablets of cach strength were tested for 30 hours.  Individual
nifedipine GITS tablets were placed into the baskets attached to the paddle and lowered 1o
the aqueous SIF in the glass dissolution vessels. The SHY saturated n-octanol was: then
slowly layered on the aqueous phase (being careful to prevent n—octanol contact with the test
formulation) and stirring was begun at the specified rotation speed. A 2 mlL aliquot of the n—

octanol phase was removed at 2 hour intervals and cach was replaced with 2 ml, of n-

93



ocranol phase. Fach aliquot was placed in a clean, glass scintillation vial, protected from light

by wrapping in aluminum foil, and stored ar room remperature until assayed (no longer than

similarly stored at room temperature (abour 1 week) until assayed.  Atter 30 hours the used
rablets were cach crushed and the remaining contents were dissolved in 100 ml of methanol,
wrapped in alurninum foil and stored at room temperature until assayed (within a week).
Ultraviolet Analysis

The absorbances of appropriate dilutions of the n—octanol phase samples were measured
m a I em cel ar 235 nm using a double=beam spectrophotometer (Beckman Model 25
spectrophotometer, Beckman Instruments Inc., Irvine, CA, USA).  SIFY cquilibrated n-
octanol was used as the blank, and the absorbance of cach sample was converted to
concentrations using a calibration curve (0.5 to 20 ug mL', ¥ > 0.999) obtained from
appropriate dilutions of a stock solution (10 mg nifedipine in 100 ml. ot S equilibrated n—

octanol).
Hiph-Performance | iguid Chromatagraphic Method

Nitedipme concentrations of samples prepared tfrom methanolic solutions of  the
nifedipine GITS tablet residuals (0.1 ml samples diluted to 1.0 mL with HPLC grade water),
and the 30 hour aqueous phase aliquots (1 mL samples) were determined by an established
HPLC method (lower limit of quantitation 5 ng ml.").” Calibration curve standards were
prepared by adding a known amount of the drug to 1.0 mL of HPLC—grade water. A
calibration curve (50 to 10,000 ng of nifedipine) was determined from the best—fit regression
line calculated using a 1/x weighting factor (where & corresponds to the amount of nifedipine
added; ¥ > 0.999). HPLC instrumentation included: a Model 600 solvent delivery system, a
Model 717 autosampler; a Model 486 tunable UV-VIS absorbance detector (set to 350 nm);
and an NEC 486-33 Mz computer running Millennium 2010 chromatography manager

sottware Version L1 (Waters, Mississauga, ON, Canada).
Results and Discussion

Both the 30 mg and 60 mg strengths of the nifedipine GI'TS contain, in addition to the

labeled dose, a 0% overage of drug which is not released from the dosage form,*®  ie., the

tablet formulations contain 33 mg and 66 mg nifedipine, respectively. The total recovery of
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nifedipine from each of the GTTS fablets tested using the twoephase dissolution system are
shown in Table 6-1, and are in excellent agreement with the Tabeled quantitios meloding, the
10% average (mean recovery was about 97%0). Flence, no signiticant loss or degradation of
nifedipine occurred during the collection, stovage and analysis of the samples. For the
nitedipine GI'TS 30 mg and 60 mg formulations tested, on average about 853% and 930 of
the ‘releasable’ nifedipine dose, respectively, was ‘transterred’ to the n--octanol phase within
30 hours (lable 6-1 and Figure 6-2). ‘The ‘releasable’ dose was caleulated from the ol
amount of nifedipine recovered (last column of “Table 6-1) nmlrip.liud by 0.9 (e analopous
to the total dosc less the 109 overage amount). Nifedipine ‘teanster’ is used in this and the
next chapter o desceribe aprocess dependent on release of the drug, suspension from the
GITS tablet, dissolution of the particles in the aqueous phase and drag, partitioning, in the

organic phase.
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“Table 6-1, Total Recovery of Niledipine from each Nifedipine GETS Tablet at 30 hounrs,*

Nitedipine
Grrs
Formulation

Amount of Nitedipine
A b
I'ransterred” (mp)

. - v
|% of releasable dosc]

Amount of
Nifedipine

Remaining in the

‘Tablet” (me)

Amount of
Nifedipine in
the Aqueous
Phase’ (mg)

Total
Recovery
(mg) [ of

. 3
theoretical]

30 myg Strength

Tab 1
Tab 2
Tab 3
Tab
Tab 5
1ubh 6

25.901 [R8.8]
24.87 |8:4.0]
2407 |84.6]
24.34 [8-4.2]
23.24 [82.4]
25,40 [86.4]

613
751
7.23
7.34
7.72
6.92

0.37
(1.30
0.31
0.43
.38
0.36

32.40 [98.2]
32.68 [99.0]
31.61 [95.8]
32.11 [97.3)
31.34 [95.0)
32.68 199.0]

mean &y =

60 mg Strength

‘Tab 1
1b 2
Tab 3
Tab 4
Tab s
Tab 6

2164 £ 0.96
[85.2 £ 2.2

52,46 [93.4]
53.87 [97.3|
50.45 [85.5]
53.40 |85.2

53.51 [93.8]
57.43 [100]

7.14 £ 0.560

8.93
6.88
14.59
11.78

8.85
543

0.36 * 0.05

1.00
01.7806
0.5-4
1.38

1.05
1.02

32.14 £ 0.56
[97.4 % 1.7]

62.39 [94.5]
01.54 [93.2]
65.58 [99.4]
66.62 [100.9]

03.41 [96.1}
63.48 196.2]

mean s =

53.53 * 2.28
[93.2 % 5.3]

9.34 £ 3.42

0.96 + .28

6384 £ 1.92
[96.7 £ 2.9|

* Mean data are presented as arithmetic means & standard deviation ().
] . o . . .
> Amount of nifedipine transferred from the aqueous phase to the organic phase in 30 hours.

¢ Calculated from the amount of nifedipine transferred divided by 90% of the total amount of nifedipine

recovered (see text).
i . .. .. . .. e ,‘
4 Amount of nifedipine remaining or unreleased from the nifedipine GITS tablet by 30 hours.

“ Amount of nifedipine in the aqueons phase at 30 hours.
t . . « . .
Based on the labeled quantity of nifedipine plus 10% overage as claimed by the manufacturer.

‘I'he mean rates of nifedipine transferred per unit time are shown in Figure 6-3 for both

nifedipine GI'T'S 30 mg and 60 mg tablets. "The mean maximum drug transfer rate for the 60

my dose (2,23 mg h") was found to be about twice that of the 30 mg dose (1.16 mg h',

which was expected given the design parameters programmed for each form of the

nifedipine GITS However, these rates are considerably less than the average zero—order

delivery rate values reported by Swanson et al. which correspond to the manufacturers

Formulation desien parameters: 3.4 and 1.7 mg h' for the 60 mg and 30 m -nitedipine GI'TS
2n | g j4 g p

tablets, respectively.  These investigators used both differential (ALZA) and modified USP

N dissolution methods, which measure the total amount of nifedipine released trom the

tablet but do not distinguish between the amount of nifedipine in suspension and in solution.

96



Hence, any differences found between the fwo-phase method and the single-phase methods
could be attribured to a lag in nifedipine particle dissolution. This could also account for the
difterences seen in the apparent duration of drug release and drug, transfer. For example,
single-phase methods indicate that drug release (zero= and then first-order delivery) s
essentially complete within 24 to 30 hours (mean cumulative amount released = 90%0 in 24
hours); whereas, the two—phase system showed that drug transter was incomplete even atter
30 hours (mean cumulative amount transferred was only about 72% 1o 77% in 24 hours). In
addition, a delay in dissolution of the nifedipine suspension would explun the finding; by
Chung et al.” that the time—lag before the start of in vivo zero—order absorption is somewhat
longer than that reported before the start of in vitro zero—order release (e, results from

single-phase methods) for the nitedipine GI'TS,

30 mg 30 - 60 my

Nifedipme Transfer Rate (mg h™ 1"}!

0 5 10 15 20 25 30
Time (h)

Figure 6-3. Comparison of in vitro mean fraction of nifedipine tmasferred=tinie profiles tor niledipine GITS 30 mig and

60 myp wiblets using 2 two-phase dissolution systens, Means £ 5 (0 = 6).

Prior to developing the two—phase dissolution test, a modified USP XXIT dissolution test
(a single—phase method, apparatus 1) was done with the same nifedipine GIUTS products 1o
compare the results with published reports. Unpublished results from this study (Igure 6-4)
corroborated results reported by Swanson et al.’ and Qureshi er al.' regarding the duration of
nifedipine release trom the nifedipine GI'TS. Briefly, the method used involved maoving cach

nifedipine GI'TS tablet (placed in a stainless steel 40 x 40 mesh hasket) ar 2 hour intervals 1o a
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clean dissolution vessel filled with “fresh’ SIF over a period of 30 hours in order that
nifedipine concentrations did not exceed the limit of solubiliry, although sink conditions were
not maintained.  Aliquots of the dissolution media were collected ar the end of cach 2 hour
interval and then assayed for nifedipine contenr using an HPLC method.”  Unfortunately,
problems were encountered obtaining mass balance, since, on average, only about 86% of the

rotal amount contained in the tablets could be accounted for, the deficiency possibly due to

drug adsorption as a result of multiple transfers between dissolution vessels.  This rnay
account, in part, for the lower mean release rares found (Figure 6-4) compared to the
manufacturers design parameters.”  Nonetheless, the shape of the release rate profiles in
Figure G- illustrate thar drug release (zero— and then first-order delivery) was essentially
complete after 25 to 30 hours for the 30 mg and 60 mg nifedipine GTLS tablets (mecan

cumulative amount released 2 90% in 24 hours).
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A two-phase dissolution system possesses two major advantages over single—phase
systems.  First, ‘sink conditions” are maintained ar all times @assuming, drug, partitioning, is
faster than drug dissolution).  Sccond, the transfer of drug between the two phases mimics
the entire process of drug release and dissolution within the G1 tract, and drug, absorption
from the GI tract (assuming that drug partitions only when in the dissolved state).

Interestingly, a similar two—phase dissolution method (deseribed as an acidic biphasic
system) to that reported here was used for testing 2 different nifedipine sustained release
formulations."  The method is a modification of USP XXI11 dissolution apparatus 2 and is
carried out with a two—phase system consisting of simulared gastric fluid (500 ml) and n-
octanol (400 mL). An additional blade is attached to the same shatt of the paddle to stir the
interface of the two liquids. Results obtained using this method are reproducible and, as
inferred by the authors, correlate well with data from a flow—through apparatus.” However,
the authors experienced difficulties correlating the dissolution (transter) profiles of the two
products tested with the specitications provided by Bayer (Germany) for the reference
product Adalat® SR (i-e., 40 to 70 % dissolution in 2 hours, minimum 65 in 6 hours').
Untortunately, Adalat® SR itself was not tested and in vitro—in vivo coreelation studies were
not attempted.

Another two-phase system, described as an automatic system for the determination of
dissolution of slightly soluble drug substances, has also been reported and successtully used
for testing both nifedipine and nimodipine dissolution.'" In this method, aqueous dissolution
medium is pumped through a flow—through cell (of vartable design) in which a drug becomes
partially dissolved. 1In a separate extraction compartment, a chloroform phase is used to
extract the dissolved drug and the two phases are sﬁbscqucnrly separated. The chloroform
serves as both a sink tor a slightly soluble drug substance and is used for spectrophotometric
determination of the compound of interest.

The choice of n—octanol — a solvent often used 1o caleulare the partition cocfticients of
drugs — as the organic phase in the two—phase system described in this report was based on
its desirable physical-chemical propertics, including: (1) n-octanol is practically insoluble in
water (0.05 g/100 g H,O):"* (2) n—octanol is less dense than water (specific gravity 0.825 at 20
°C),” permitting casc of sampling; (3) n—octanol possesses low volatility (b.p. = 195 “C),"
hence n—octanol will not readily evaporate at 37 °C and thus a relatively constant upper phase

volume can be maintained; and (4) nifedipine possesses a high n—octanolwater distriburion
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cocfficient of about 10,000 Substituting chloroform for n—octanol was also attempted
(results not reported), however this solvent possesses less desirable physical-chemical
propertics [i.c., greater water solubility (0.742 g/100 g 11,0), and it is more dense than water
(specific gravity 1.484)]"" and ultimately gave unsatisfactory results.

A basket—paddle hybrid stirrer was used in this study (Figure 6-1) primarily because it was
observed that a paddle stirrer (USP NXII apparatus 2) did not displace, to our satisfaction,
the nifedipine GI'T'S tablet from irs resting position at the bottom of the dissolution vessel.
I'his caused concern that imbibition of water by the tablet may be inhibited (i.c., due to a
reduction in exposed surface arca of the tablet), or could lead to occlusion of the precision
laser drilled hole through which the nifedipine suspension is released,*™" or that some of the
released suspension could be entrapped beneath the tabler. Tt should be noted, however,
that a separate experiment using the paddle stirrer alone was not conducted, thus the results
of both methods could not be compared. On the assumption that a hybrid system of the
type described here is required and the method was adopted routinely for the nifedipine
GI'I'S, a one—-piece customized unit could be designed and developed.

Likewise, using the basket method (USP XXNII apparatus 1) did not provide cnough
mixing at the interface between the organic and aqueous phases, or prevent the nifedipine
suspension released from falling to the bottom of the dissolution vessel. On the other hand,
the hybrid stirrer used in the final method enabled streamlined hydrodynamic flow of
dissolution medium adjacent to all sides of the tablet, adequate stirring of the two phases, and
the degree of mixing obtained did not allow nifedipine particles to settle at the bottom of the
dissolution vessel. At the same time, the integrity of the planar oil/water intertace was not
altered at the stirring rate used, avoiding irregular mixing of the two phases. Hence, n—
octanol did not come into contact with the nifedipine GITS tablet at any time ensuring that
the partitioning process of nifedipine was not compromised.

‘There is a paucity of reports in the literature comparing in vitro nifedipine dissolution with
in vivo absorption and cfficacy with any of the nifedipine formulations currently available
(c.g., immediate-release, prolonged-action, sustained—release, GI'TS, cte).” Takahashi et al®
showed that the in vivo drug absorption pattern of nifedipine from a soft gelatin capsule (5
mg) was best simulated by the in vitro dissolution pattern obtained using the rotating dialysis
cell (RDC) method, in which the cell contained a buffered solution paired with n—octanol as

the dissolution medium. Alternatively, the advantages of the proposed two-phase system in
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predicting in vivo drug absorption are the simplicity and tlexibility of organic and aqueous
phase ratios to accommodate different types of formulations and drugs.
Comparison of the nifedipine transfer rate—time profiles obtained in this study (Figure 6-

trials™"'”

appears to suggest an improved in vivo-in vitro correlition. Measurable plisoa
nifedipine concentrations have been reported for up o 36 hours in some cases.™ This
suggests that drug absorption extends to at least 30 hours using the GUTS, given the fact that
nifedipine has a relatively short plasma half-life in young healthy subjects (1 ro 2 hours). ™"
Thus, the shorter duration of drug release (< 30 hours) determined with single-phase
dissolution methods does not correlate satistactorily with in vivo drug absorption profiles (>
30 hours). The rate of in vivo drug absorption also appears to be considerably less than that
two—phase dissolution method with pharmacokinetic data obtained trom a human chinical
trial with both 30 mg and 60 mg nifedipine GI'TS tablets is the subject of the next chapter.

In summary, the application of a relatively simple and inespensive two—phase dissolution
test for evaluating drug release and dissolution characteristics of the nifedipine GI'TS was
demonstrated by slightly modifying existing dissolution apparatus. "The modified dissolution
test described here has potential applicability for improved prediction of in vivo performance

of the nifedipine GITS. Also, it could be adapted for use with GI'TS or similar

pharmaceutical formulations of other poorly water—soluble drugs.
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Chapter 7

STUDIES ON DISSOLUTION TESTING OF THE NIFEDIPINE
GASTROINTESTINAL THERAPEUTIC SYSTEM. II. IMPROVED IN VITRO-
IN VIVO CORRELATION USING A TWO-PHASE DISSOLUTION TEST?®

Introduction

I'y assess in vitro—in vivo correlations for immediate— and extended—release oral dosage
forms, comparisons of in vitro dissolution curves to in vivo absorption curves are typically
made. The in vitro dissolution curve is usually determined by a suitable dissolution test and
the in vivo absorption curve is frequently determined by deconvolution using model-
dependent (c.g., Wagner=Nelson or Loo-Ricgelman) or model-independent (e.g., DeMons)
methods.? Developing an in vitro dissolution test that gives a 1:1 in vitro—in vivo correlation
for a particular drug product is an important objective to facilitate product development and
serves as 2 quality control procedure during product manufacture.  Drug manufacturers
typically use such tests to assess lot—to—lot variability, product shelf-life, and to predict in
vivo performance (.., bioavailability) with reasonable assurance after conducting minor
formulation and process changes (i.e., colour, size, shape, preservatives, flavour, coating
procedure, amount and composition of materials, sources of inactive and active ingredients,
and changes in equipment or site of manufacture).” In the absence of a suitable in vitro test
that can be interpolated to changes in drug plasma concentration—time profiles, appropriate
testing in humans may have to be carried out which can add much to the development costs
of pharmaccutical formulations.”

Few studies have attempted to correlate in vitro dissolution with in vivo absorption of oral
nifedipine formulations,’ including immediate—release, prolonged-action, sustained—relcase,
and the gastrointestinal therapeutic system (GIUIS).  The latter is a controlled—release

formulation which uses a push—pull osmotic process to deliver a finely~divided nifedipine

* A version of this chapter has been submitted for publication:
1.8, Grundy, K. Anderson, AL Rogers, RT. Foster. [. Contr. Rel. (1996).
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suspension by zero—order Kinetics within the gastrointestinal (G tract over a period
ficient to permir once daily dosing™”. Zero—order release of nifedipine suspension from
this product lasts about 16 to 18 hours and is assumed to be independent of the physiological
environment (i.c., pH, GI morility).  Given thar nifedipine is rapidly absorbed (when in
solution)” and cfficiently absorbed over the entire intestine,” ™ then a 11 correlation between
in vitro drug release and in vivo drug absorption is expected, assuming dissolution of the

finely—divided nifedipine suspension is not rare—limiring, Nitedipine, however, is poorly

water soluble (£ 10 ug m1.")™ " and its solubility in phosphate buffer is reported to decline as

a function of increasing buffer concentration.™™  Addirionally, the physical state of
nifedipine in the GITS formulation could impacr significantly  on s dissolution
characteristics (i.e., nifedipine can exist as amorphous and polymorphic crystalline forms).
Unfortunately, the physical state(s) of nifedipine incorporated in the GUI'S has not heen
reported to date.

Chung et al.' state that good in vitro—in vivo correlations were achieved with several
strengths of nifedipine GT'TS tablets, but do nor describe these correlations in their report.
However, their data indicates that zero—order drug absorption (calculated using, the Wapner—
Nelson method) persists for at least 24 hours postdosing (only about 70% of the ‘availible’
dose was absorbed within 24 hours), whereas the authors state that zero—order drug, release
ends (becoming tirst—order) about 20 hours after initial hydration (in vitro dissolution, z 90"
of the labeled dose released by 24 hours). In addirion, the authors note thar a time L exists
between the in vitro zero—order release phase (approximately 2 ro 20 hours) und the i vivo
zero—order absorption phase (approximately 6 to 24 hours).

In another report® it is shown that the in vivo rate of nifedipine release as suspension
from the GI'TS in the GI tract of dogs is cqual to the rate of release tound for identical
products in vitro (i.e., a 1:1 correlation). However, dissolution of the released suspension is
not evaluated or considered as potentially rate=limiting for absorprion.  Nonetheless, it is
stated® that nifedipine absorption rates in humans (administered  GITS) indicate  that
cumulative amounts absorbed over 24 hours are proportional to the amounts released in
vitro; but unfortunately no human data is given and few additional details which may have
lead to this conclusion are provided.

Potential problems in correlations of bicavailability and dissolution data nrlglmru from the

complexity of drug absorption or the weakness of the dissolurion design.”  For the
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nifedipine GI'TS, as described in chaprer 6, single—phase dissolution tests accurately measure
drug, suspension relcase but fail to account for drug dissolurion of suspended particles. This
may cxplain the discrepancies found with in vitro—in vivo corrclations of the nifedipine
GITS, as previously deseribed.

Based on these considerations, data obtained from a two-phase in vitro dissolution test of
30 mg and 60 mg nifedipine GI'T'S tablets (sce chapter 6) were compared with in vivo data
obtained in a previously conducted biocquivalency study™ (sce chapter 5) for the same two
product strengths.  Improved in vitro—in vivo correlations compared to those found using

single—phase dissolution tests were anticipated.

Materials and Methods

Meaterials and Chemicals

The nifedipine GI'LS products tested were commercially available (Adalat® NI, 30 mg and
60 mg strengths, Bayer Canada Inc., Etobicoke, ON, Canada) and obtained from a local
pharmacy. Nifedipine powder was purchased from Sigma Chemical Company (St. Louis,
MO, USA), a methanolic solution of which (100 ug mL") was used as the reference standard
for penerating all calibration curves in the study. Nisoldipine (Bayer Canada Inc., Ftobicoke,
ON, Canada) dissolved in methanol (100 ug mIL™") was used as the internal standard in the
FIPLC assay for nifedipine. Al other chemicals and solvents were either reagent or HPLC

grade and obtained from commercial suppliers.
In Vitio Drng Transfer Study

The two—phase dissolution test system was described in detail in chapter 6. Brietly, 6
nifedipine GI'T'S tablets of cach strength were tested for 30 hours at 37 £ 0.5°C in a two—
phase dissolution medium consisting of simulated intestinal fluid, USP, without pancreatin
(SHY, 750 m]) and n—octanol (250 ml). The amount of nifedipine transterred from the
lower aqueous SIF phase (containing a single nifedipine GITS tablet) to the upper n—octanol
phase was determined every 2 hours from absorbances of the n—octanol phase (2 mL
samples) at 235 nm and comparison to a calibration curve. ‘The residual amounts of

nifedipine remaining in the tablet and aqueous phase after 30 hours were determined by

HPLC.”
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In Viire Drug Absorption Study
Human data were taken from a previous study see Chapter 3) which assessed the
bioequivalency of nifedipine GI'TS tablets."™  Briefly, twelve healthy human subjects were

& 158 kp). The

recruited (6 of cach gender, mean age 34.2 & 7.7 years, mean weight 76.2
study participants had no pre-existing medical conditions and were not using, svstemic

medications at the time of the study (including O'T'C preparations) which may have altered

the disposition of nifedipine. The subjects reccived 4 different lots of nitedipine GIT'S on
separate occasions |Adalat™ XL, Miles Canada Inc. (Ktobicoke, ON, Canada)]: however, the
data from only 2 of these |designated lot A (30 mg) and lor € (60 mg)] were used for
comparison with the in vitro data since the other 2 ots Jlot B (30 mg) and lor D60 mg)| prve
very similar results (not shown). A minimum washout period (1 week) was observed
between administration of cach lot. Food was withheld from midnight the day hetfore vach
dosing session until 2 hours after administration.  Blood samples (6 ml) were withdriwn
from an antccubital vein 5 minutes before dosing and 0.5, 0.75, 1, 1.5, 2,3, -, 6, 8, 12, 24 and
36 hours postdosing. Blood samples were centrifuged within 10 minutes. of collection, and
the resulting plasma snmplcsv\vcrc protected from light then stored frozen at =18 £ 3°C uniil
analyzed.  Nifedipine plasma concentrations were measured using an established reversed—

i

phase HPLC method (lower limit of quantitation in plasma was 5 ng ml.").
Data Analysis

The rate of nifedipine absorption in human test subjects was determined from the plasma
nifedipine concentration~time data and caleulated by two different deconvolution techniques:
(1) the Wagner—Nelson method™ (model—dependent), and () a4 new  numerical
deconvolution method® (DeMonS, model-independent).  For Wagner—-Nelson caleulations,

the mean terminal elimination rate constant of nifedipine (ky, 041 h') was taken from

: 6,11,22,23 vy A - - ; v iTiE e B
previously reported data, because rate constants could not be determined trom each
subjects nifedipine plasma concentration~time plots duc to the presence of flip=tlop kinctics'

and because, typically, only 1 or 2 blood samples showed a decrease in cach profile. Hencee,

the Wagner—Nelson method was applied only to the mean plasma concentration—time data.
For numerical deconvolution calculations (1DeMonsS), the impulse response function typically
calculated from data obtained atter iv bolus injection in the study subjects (bur not available)

was, instead, approximated by a monoexponential function for cach subject. One set of
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disposition model parameters was used for the same subject for both treatments. In
addition, lor € (60 mg) was designated the reference trearment (100% absorbed) and lor A
(30 mg) was the test treatment for the pereent absorbed caleulations using DeMonS.  Lincar
regression analysis was applied to time points between 6 and 24 hours in the fraction of
nifedipine transterred/absorbed—time plots. “The zero-order rates of nifedipine transter or
absorption were caleulated by multiplying the slope of the regression lines with cither the
total dose recovered or the labeled quantity, respectively.  Linear regression analysis was also

applied to in vitro—in vivo correlation plots (2%, slope and intercept values were determined).
Results and Discussion

Figure 7-1 shows the mean nifedipine plasma concentration—time protiles obtained with
the two tested nifedipine GITS strengths in vivo. "These protiles indicate that measurable
drug concentrations can be observed up to at least 36 hours postdosing (in some subjects),
hence drug absorption (zero— and first—order) must extend for at least 30 hours given that
10,22,23

nifedipine has a relatively short intrinsic halt=life (1 to 2 hours). Similar profiles have

been shown in other single-dose studies conducted with the nifedipine GITS.*%

Figure 7-2 and Figure 7-3 show the fraction of nifedipine absorbed—time protiles tor the
nifedipine GI'T'S strengths tested, caleulated using either the Wagner—Nelson method or
DeMons, respectively. Figure 7-4 shows the fraction of nifedipine transferred—time profiles
for the nifedipine GITS strengths fested, determined using the two-phase dissolution
method. l"‘iguré 7-2, Figurc 7-3 and lfigure 7-4 have similar appearances, and this is translated
to similar in vitro—in vivo correlations (Figure 7-5) displaying very good linearity (* > 0.993)
and slopes of about 1.0 (0.998 to 1.140). The y—intercept was reasonably close to zero for
plots in which the Wagner—Nelson method was used (0.64 to 2.17),- but a larger deviation
was found from DeMonS plots (-9.72 1o -11.04). This is probably due to the large inter— and
intrasubject variability in the in vivo study,' as well as errors in the estimates of terminal

climination halt-lite in individual subjects for the model-independent calculations.
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Nevertheless, the resulrs in Figure 7-5 demonstrate a good corrclation hetween in vitro
nifedipine transter and in vivo nifedipine absorption rates. In contrast, Figure 7.6 shows that
the fraction of nifedipine released [determined using « modificd USP NNIT dissolution

technique (apparatus [, sce chapter 6)] when plotted against the fraction of nifediping

similar findings (not shown) were also obrained using the DeMon$ results.
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Table 7-1 compares the zero—order nifedipine transter and absorption rates of the two
nifedipine GI'TS strengths caleulated berween 6 and 24 hours. ‘These results showed i
zero—order in vivo release rates corresponded reasonably well with zero—order in vitro
transfer rates found using the two-phase dissolution rest. “The zero-order movirro trnster
rates found are considerably less than the zero—order in vitro release rates caleulated using

single~phase dissolution methods or the manufacturers design specitications (1.7 and 3.0 my

h™ for the 30 mg and 60 mg strengths, respectively).*”
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Improved in vitro—in vivo correlations found i this study can be explined by the fact
that the two—phase dissolution test simulates release and dissolution of the nifedipine
suspension in the G1 tract, as well as absorption from the gut lumen. Chung et al' were the
first to speculate that dissolution of rthe released nifedipine suspension may be a potentially
rate-limiting factor in absorption since their results showed a time lag between the
appearance of apparent zero—order in vivo absorption compared with the appearince of
apparent zero—order in vitro release.  Further evidence of rate—limiting: dissolution ot the
nifedipine suspension may also be scen in their results' showing, the effect of food on the
performance of the nifedipine GI'TS. In this case, the rate of nifedipine absorption 1s found
to be slightly altered by food (28% increase in the mean peak nitedipine concentration) but
food does not intluence the extent of drug availability compared to the fasting state.
However, by design, drug release trom the GI'TS is dependent on osmotic processes and s

o presuniably, the

not dependent on crosion, disintegration, pli and gastric motility,
presence of food. In addition, studies with similar osmotic deviees (e.g., OROS) show the
release of specific markers™ or various drugs™* to be independent of the presence of food.
Thercfore, although food would not be expected to influence the rate ol release ot the
nifedipine suspension, it could, however, influence the rate of drug dissolution which, in turn,
would alter the rate of absorption. Indeced, Challenor et al.™ speculate that food may have
increased the rate of dissolution of a nifedipine biphasic tablet during retention i the
stomach, and Ueno et al.*' note that the . of a nifedipine sustained—release preparation s
increased by tood.

The USP Subcommittee on Biopharmaceutics (1988) detined in vitro—in vivo correlation
as the establishment ot a relationship between a biological property, or one or more
pharmacokinetic parameters of a dosage form, and the physiochemical characteristics (e.g., in
vitro dissolution mechanism) of the same dosage form.* “This committee also introduced «
classification system of correlation methods for extended-release dosage forms which
specifies 4 levels designated A, B, C and D, listed in the order of descending quality. The
preferred correlation for controlled—release delivery systems is Level A for which the in
vitro dissolution profile is compared to the in vivo dissolution curve and should be essentially
superimposable.  Level A correlations are favoured because (1) cach plasma concentration
and dissolution time point generated is used and thus reflects the whole curve, (2) it 1s an

excellent quality control procedure since in vivo performance of a particular dosage form can
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he predicted by an in vitro test, and (3) because the boundaries of the in vitro dissolution
curve can be justified on the basis of convolution or deconvolution.™  Skelly et al.? state that
a level A correlation is most applicable to controlled-release formulations that demonstrate
in vitro drug release rates that are essentially independent of the dissolution medium.
IHowever, the results reporred here with the nifedipine GI'TS may suggest a further caveat
needs to he included with this statement, such that drug dissolution is also considered.

Given that controlled—release dosage forms are now quite common and are an
increasingly imporrant segment of newly—introduced products, various regulatory bodies —
ic., the FDA, HPB — are considering requiring the pharmaceutical industry to develop
corrclations for their products which can be used to support regulatory decisions.™
Application of a two—phase dissolution test for the nifedipine GITS 15 one simple approach
that can be used to obtain reasonable in vitro—in vivo correlations and can potentially aid
future improvements in the design of the product, and benefit the development and testing

of GI'I'S o similar formulations of other poorly warer—soluble drugs.
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Chapter 8

EXTRAHEPATIC FIRST-PASS METABOLISM OF NIFEDIPINE IN THE RAT*

Introduction

"The pharmacokinetics of the calcium channel anfagonist nifedipine have not yer been tully
characterized in rats or human beings. One reason for this being the difficulty measuring
plisma nifedipine concentrations in the low nanogram range with sutticient spectficity,
sensitivity and accuracy to give good pharmacokinetic paramerer estimates after nifedipine
dosing,  Although specific and sensitive analytical methods for nifedipine are now available
— typically using high—perfarmance liquid chromatography (HPLC) or gas chromatography”

3 o , ) . . . LT et LTt i L
— several questions remain to be answered regarding the absorption and disposition of this

drug, including: (1) Docs the gastrointestinal (G1) tract contribute to the first—pass effect
observed after peroral (po) dosing?: (2) What is the underlying cause of inter— and
intraindividual variability in nifedipine systemic availability (1) after po dosing?; and (3) What
mechanisms are involved in modifying I and clearance by various foods and drugs? —
including the poorly understood interaction between grapefruir juice and nifedipine (and
other | 4-dihydropyridine calcium channel antagonists).

Nitedipine is well absorbed from the gut lumen in both rats and humans (2 9 Q)1
After absorption, nifedipine s metabolized by oxidative mechanisms —  involving
cytochrome P450 (CYP) 3A isozymes — to a pharmacologically inactive nitropyridine
analogue, which is subsequently metabolized to more polar gumpounds.”” The liver 1s
considered the principle organ responsible for systemic plasma clearance of nifedipine!™'"*
and, hence, thought to be responsible for the pronounced ‘first—pass’ effect observed after

po nifedipine administration in the rat (045 < F < 0.58)'*" and humans (040 < F <

(),(’;g)?.sin.im
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— although it has been suggested that the gut wall nay also contribute to the presystemie
climination of nifedipine.”*  In human beings, hepatic plasma clearance of aitedipine s
reported to account for only 659 of systemic plisma clearance suggesting, extraliepatic sites
of metabolism.™ Interestingly, systemic plasma nifedipine clearance in the rat (about 2.4 to
10 mL min ' kg ')'*"*** is relatively low compared to hepatic blood flow (G about 55 10 80
mL min" kg )™ suggesting a low extraction ratio through the fiver. Review of the data
from an isolated perfused rar liver experiment conducted by Scherling et al.) shows that
unchanged nitedipine can still be detected in the perfusate even after about 12 passes through
the liver, further indicating low extraction by this organ.  Thus, hepatic extraction alone
cannot account for the relatively poor po bioavaiability of nifedipine in the rat — supgesting,
that the rat may be a good model to investigate presystemic nitedipine gut wall
biotransformation.

This study was undertaken to derermine if inrestinal metabolism contributes 1o the first—
pass climination of nifedipine in the male Sprague—Dawley rat. Standard pharmacokinetic
parameters (including systemic availability) of nifedipine given by intravenous (iv), po,
intracolonic (i) and intraperitoncal (ip) routes were compared after dosing, in adule male
Spraguc-Dawley rats.  In addition, the whole blood—to—plasma concentration ratio of
nifedipine (BP) in the rat was measured to caleulate systemic blood clearance and therefore

estimate the hepatic extraction ratio (L) using literature values of .

Materials and Methods

Chenicaly

Nifedipine was purchased from the Sigma Chemical Company (St Louis, MO, USA).
Nisoldipine [Internal Standard (I8)] was kindly provided by Miles Canada Inc. (Ftobicoke,
ON, Canada). The following mobile phase solvents (HPLC grade) and modifiers, or
extraction solvents (analytical grade) were used: Methanol and tricthylamine were supplied by
Fisher Scientific (Nepean, ON, Canada); water was obtained from Caledon Laboratories Lid.
(Georgetown, ON, Canada); and glacial acetic acid, iso—octanc and methyl-tert-hutyl cther
were purchased trom BDH Inc. (Foronto, ON, Canada). Other compounds uscd: heparin
(Hepalean®, 1000 U.S.P. units mL") was supplied by Organon ‘T'cknika Inc. (Loronro, ON,
Canada); sodium pentobarbital (Somnotol®, 65 mg ml.') was purchased from MTC
Pharmaceuticals  (Cambrnidge, ON, Canada); and polycthylene  glycol-300 and  ~00
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(Carbowax™ Sentry™, FCC grade) were obrained from Union Carbide Chemicals (Danbury,
1, USA).
Auimels and Sipical Cannnlation Procednre

Adult male Sprague—Dawley rars (initially weighing 240 to 300 g) were obtained from the
Biosciences Animial Service (University of Alberra, Fdmonton, AB, Canada) and housed for
at leasr 2 days in a clean room and fed tood and water ad lbitnm. "The day before dosing,
experiments were done, rats were moved to the laboratory and subjecred to - surgical
cannulation.  Under anesthesia induced by sodium pentobarbital (65 mg kg') a small
longitudinal incision was made in the skin of each rar over the right jugular vein, which was
then made accessible by clearing the surrounding tissues. The vein was catheterized with
Sitastic® liboratory tubing (0.635 mm i.d., 1.194 mm o.d., Dow Corning Corp., Midland, MI,
USA) conraining heparinized (100 1U mL") normal saline and fixed in place with fwo
nonabsorbable surgical sutures (Surgical Suture USP, Cyanamid Canada Inc., Montreal, QC,
Canadn).  Fach cannula was terminated with a long picce of polyethylene tubing (PE-50, i.d.
0.58 mm, o.d. 0.965 mm, Clay Adams, Parsippany, NJ, USA) and the free end exteriorized to
the dorsal side of the neck. The exposed areas were then closed using nonabsorbable
surgical suture. The animal was allowed to recover for the next 16 to 20 hours in a metabolic
administration of nifedipine (if necessary) and permitted frequent blood sampling from cach
rit.

Pharmacoinetic Study: Lxperimental Design

All drug preparation, dosing and collection of blood samples was done under sodium

v ' K oy . a7 cm e . . - .
lamps to prevent nifedipine photodegradation.™ A nifedipine dosing solution (5 mg ml. ' in

polyethylene glycol—00) was prepared the day before each experiment — to allow sufficient
time for drug solubilization — and wrapped in aluminum foil to protect the solution from
light and stored at room temperature.  Each rat received a single dose of nifedipine (6 mg
kg") by a predetermined route of administration (randomly assigned among the 4 groups), as
described below. No adverse events or symptoms were observed in any of the rats used in
the study, before or during nifedipine treatment. Blood draws (0.25 ml. samples) were made

at predetermined times using heparinized 1 mL syringes connected to the jugular cannula.
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The blood volume drawn was immediately replaced with an equal volume of noemal galine.
Blood samples were centrifuged [Beckman Microfuge F (Beckman Instruments Ine., Palo
Alto, CA, USA)| ar 15,000 rpm for -+ minutes and the plasma samples obtamed were pliced
in L5 ml. poly(propylene) microfuge rubes, stoved in light resistant bags and kept at -200¢

until needed for analysis,
Intravenous Administration

Six rats (249 to 300 ) reccived an iv dose of nifedipine through the jugulae vein cannula
(given over 4 minutes to prevent injury to the aninmal thar could result from excessively high
nifedipine plasma concentrations).  ‘The cannuly was immediately vinsed with 0.5 ml, of
normal saline and blood samples were tiken at =5, 5, 8, 10, 15, 20, 30,15, 60, 90, 120, 180 and

240 minutes — the start of the 4 minute nitedipine infusion peviod was desigiated 0 minutes.

Intraperitoneal Administration

minutes.
Peroral Administration

Six rats (260 to 297 g) received a po dose of nifedipine given over about 10 scconds using

an oral feeding tube. Blood samples were drawn at =5, 2, 5, 15, 30, 60, 90, 120, 180, 2:40, 300,
360, 420 and 480 minutes.
Intracolonic Administration

Seven rats (257 to 299 @) received an ic dose of nifedipine given over about 10 seconds
through a 15 ¢m length of PE-100 rubing (i.d. 0.86 mm, o.d. 152 mm, Cliy Adums,
Parsippany, NJ, USA) - - the entire length of tubing was inserted rectally after lubricating, the

outer surface of the rube with polyethylene glycol-300. Blood samples were drawn ot -5, 2,

5, 15, 30, 60, 90, 120, 180, 244), 300, 360, 420 and 480 minurcs.
Whole Blood-to-Pluasma Concentration Ratio: IZxperimental Desipn

Three stock solutions were prepared by dissolving known amounts of nifedipine in 100

mL of methanol (20 ug mL", 500 ug ml.", and 2 mg ml.' solutions, respectively), The BP,
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wits measured after adding nifedipine ro freshly colleered heparinized blood obtained from
male Spragic--Dawley rats (280 10 311 g) — yiclding low (200 ng mL."), medium (5 ug ml.")
and high (20 pg, ml.') concentrations (n = 5 samples per concentration).  Methanol
concentrations in the blood samples were limited to 1% (v/v) by using an appropriate stock
solution concentration (described above).  The blood samples were gently mixed and
incubyated at 37 °C for 30 minutes to allow for distribution of the drug into erythrocytes. The
concentrations of nifedipine were determined in 0.05 to 0.1 ml. samples of blood and plasma
abtained after centrifugation using HPLC.?
Chronatopraphy

Unknown nifedipine concentrations in rat plasma and blood were determined by means
of a previously reported HPLC method (lower limit of quantitation 5 ng ml.")? using 0.05 to
0.2 ml, samples diluted fo 1.0 mL with HPLC grade water.  All analyses were conducted
under sodium lamps to prevent photodegradation of nifedipine.  Calibration curve standards
(containing 5 to 2000 ng of nifedipine) were prepared by adding a known amount of the drug
to 0.1 ml. of blank rat plasma and diluting to 1.0 mL as described above. The calibration
curve best=fit regression lire was caleulated using a 1/a7 weighting factor (where
corresponds to the amount of nifedipine added; r* values > 0,99 were always obrained; inter—
and intraday variability < 10%). The analyses were done with the following instrumentation:
a Model 60014 solvent delivery system, a Model 717 autosampler; a Model 486 tunable
LIV/VIS absorbance detector (set at 350 nm); and an NEC 486-33 MElz computer running
Millennium 2010 chromatography manager software Version 1.1 (Waters Ltd, Mississauga,

ON, Canada).

Pharmuacokinetic A nalysis

“Standard pharmacokinetic parameters obtained from each of the individual rat plasma
concentration—time profiles were caleulated by non—compartmental methods using the
computer program: WinNonlin Standard Edition Version 1.0 (Scientific Consulting Inc.,
Apex, NC, USA) — area under the plasma concentration—time curve (AUC) was calculated
“using the linear trapezoidal rule from time zero (f) to the time to reach peak concentration
(#i)s and the logarithmic trapezoidal rule applied from /,,,, to the time of the last observable

concentration (4,.), followed by extrapolation to infinity.
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Statistical A nalysiy

All the caleulared pharmacokinetic parameters — except 4, — were assumed to tollow o
log-normal distribution, and were log—transtormed betore analysis. The pharnacokinetic
paramcter estimates obtained were expressed as cither geometric or arithmetic means with
their corresponding 95%  confidence intervals, as appropriate.  The pharmacokinetic
parameters obtained were further analyzed by independent measures one—way analysis of
vartance (ANOVA), and a post hoc test (Duncan’s multiple range test) was used to deternine
where, it any, differences occurred. A value of P < 0,05 was considered statistically
signiticant. "The computer program SPSS tor Windows Version 6.1 (SPSS Inc., Chicago, 11,
USA) was used for all the statistical tests.  For the purposes of generating, plasni
concentration—time profiles, plasma nifedipine concentrations were expressed as arithmetic

means & standard deviation (3).
Results and Discussion

The mean (£ 5) plasma nifedipine concentration—time profiles obtained in this study after
iv, ip, po and ic dosing of nifedipine (6 mg kg') to separate groups of rats are shown in
Figure 8-1. 'The individual profiles obtained after iv dosing displayed a distributive phase
consistent with a drug known to display multi-compartmental characteristics.  Individual
profiles from extravascular dosing, typically showed a rapid rise in plisma nifedipine
concentrations atter  which  levels  declined  monocexponentially. However,  plasma
concentration-time profiles obtained after po dosing were found to he more variable,
perhaps duc to rate—limiting absorption from the G1 tract in some ot the rats.

Standard pharmacokinctic parameters caleulated from rthe data obrained in this study are
shown in Table 8-1 and significant differences, where found, are noted.  Interestingly,
statistical analysis of the clearance values obrained after extravascular administration (1.c., po,
ic, ip) showed that only po clearance was statistically different from systemic (iv) clearance.
The values for mcan absorption time and mean residence time (sce "Table 8-1) showed that
nifedipine was rapidly absorbed and climinated in this study. Nifedipine was found to have 4
relatively high volume of distribution at steady state (17, sce Table 8-1) indicating, that,
despite high plasma protein binding (about 99% in rat plasma, unpublished obscrvations

from our laboratory), the drug is very highly bound to extravascular tissues in the rat.
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Figure 8-1. Single dose nifedipine (6 mg kg 1) plasma concentration—-time profiles in male Sprague-Dawley rats after:
infravenous (iv), intraperitoneal (ip), perorat (po) and intracolonic {ic) administration, Data are presented as arithmetic
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Table 8-1. Phannacokinetic Parameters Deseribing the Absorption and Disposition of Nifedipine Given by Several
Routes of Administration in the Ras '

Route of ﬂidnnnhrr-nmn

Parameters v ip _ _po __ic
AUC (pg mL+ min) 584 523 334 582
H70 - 72H (354 - 7720 (@84 - 40y LI
G (ng mL7Y) 25663 13098 SRR 12257
(20535 - 32070y (10787 - 15907y (3331 - 103O7 (10278 - 146157
Tnx (min) = 7.5 16.7 R.0
(-h6 - 10,4y (0.5 - 238 (0.3 - 10.8)%
fi72 (min) 214 213 0.6 30.5
' (18.2 - 252y (144 - 315y (2416 - 42.5) QL0 - efy
MRT (min) 31.8 414 629 50.0
(264 - 38.2) (32.2 - 33.2)% (312 - L1A.6) (0.5 - 032k
MAT (min) - 9.6 3t 18.4
CL; (mL min! kg!) 10,3 - = =
B3-12.7
CL,,/ F (mL min- kg) - 11.5 17.0 .3
(7.8 - 16.9) (12.9 =22,y (Ha- 128
Vis (mL kg) 326 - - -
(287 - 372)
F 1.0 090 , (.61 Lo
Whm, Appruprmtc d.lt. 1are L\.prusgd s !_g cometric means with 2 corresponding 5% CI; L'\;rupr {08 s \»hu l\
15 presented as the arithmetic mesn with a 95% CI (n = 6 or 7 rats per group).

P I dentical superscrpt characters identify non-significant differences (P = 0.05).
Abbreviations: AUC= area under the pl.'ﬁm.l dmg concentration—time curve from zero 1o mfiniy, Cl,=
systemic plasma clearance of drug Cue™ maximum (peak) plasma drug concentration; 1= systemically
available fraction of the dose of a drug; ic= intracolonic; ip= ntrapertoneal; iv= intravenous; MAT= mean
dthl‘pﬂDh time; MRT= mean residence time; po= peroral; 4us= fime o reach the maximum (peak) drug
i llowi steavascular drug administration; 712= eliminanion half-life of the drug associated
with the terminal ‘zl()PL of a semilogarithmic plasma drug concentration—-time curves [ L= volume of
distribution at steady—state.

Little or no unchanged nifedipine is found in the excreta (urine and hile) of rats;™* hencee,
the drug is cleared from plasma via biotransformation, presumably by the liver, "Therefore,
systemic clearance can be assumed to cqual hepatic clearance.  “The mean syslunig

nifedipine clearance found in this study (Table 8-1) is similar to that given by Boje et al,)
who report a value of 9.1 £ 6.9 ml min” kg' (from a 2 mg kg' iv dose) in six fasted male
Sprague—Dawley rats (200 to 350 g). Several other reports give values ranging from about 2.4

1 16,17,22,23

to 10 mL min™ kg, Thus, although the reported systemic clearance of nifedipine in

the rat is somewhat variable, nonetheless, clearance of the drugﬁ is low relarive to literature

values of (, for this animal (about 55 to 80 mL min™ kg).***



"', caleulate the nifedipine 14, from sysremic plasma clearance — assuming the liver is the
sole climinating organ — it is necessary to estimate the hepatic blood clearance (Cly, ) of
nifedipine using the BP, (see Materials and Methods). Hence, a study to determine the BP,
of nifedipine in the rar was undertaken and the results are shown in Table 8-2. The BP,
measured at low, medium and high nitedipine concentrations (spanning the concentration
range typically found in the rat plasma samples of the pharmacokinetic study) was relatively
constant with @ mean value of about 0.59. A low BP, value (Le., < 1.0) indicares that the drug
has a high affinity for plasma — indeed nifedipine is highly bound ro rat plaisma proteins as
stated previously — and given the value obtained very little if any, nifedipine was present in

the hematocerit,

ixpected Blood Actual Blood Blood-to-Plasma Ratio
Concentration ~ Concentration Measured® ~ (BR)®
200ngml.' 2456298 ngml.' 0.60 £ 0.05
5ugml.’ 49 £ 0.6 ug ml.' 0.60 £ 0.06

20 pgml." 18.6 £ 0.8 ug ml. ' 0.56 % 0.05 -

" Data are expressed ds means .0 (n = 5 samples),
SR IR TS
min’ kg,

IHepatic nifedipine blood clearance (Cly, ) was calculated to be about 17.5 ml
¥

using the expression:

. .. |Plasma] CL,, o
CL, =CL,, st = — 8.1
= Chay [Blood] — BP. ®D

where, Cly, is the hepatic plasma clearance. The value of E, can be derived from the
CXPression:

L (8.2)

From cquation 8.2, 14, in the rat was caleulared to be in the range of 0.22 o 0.32 using 2,
values of 35 and 80 ml. min' kg, respectively.
The systemically available fraction (F) of a po dosc is determined from the expression:
=1l (8.3)
where, Fis the fraction of intact (not decomposed) drug absorbed from the gut lumen; F is

the fraction of the absorbed dose escaping destruction within the walls of the GI tract and
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extraction (see Figure 8-2).7 In rat, the absorption of nitedipme trom the G traet is eapid

and relatively complete (= 900"

In addinon, to our knowledge, nitedipine has not been
shown to decomposce in the lumen of the G ract of any animal species. Henee, assunung, 1y
and 17, are unity, the predicted 7ot the drug was ealeulated fron:
=1y =1-1 (8.

which gives a range of values between 0.68 to 0.78 (using the values of L determined above).
In this study, however, 1Y was found to be lower (Table 8-1) than predicted, indicating, tha
extrahepatic first—pass merabolism may be involved, although incomplete drug, absorption
from the Gl tract cannot be completely ruled out. Similarly, Kondo and Sugimoto' report
that nifedipine 17 atrer intraduodenal administration in male Wistar rats averaged between
0.52 and 0.57: whereas, systemic nifedipine clearance averaged only 5.2 ml. mm "k ' (using, v
doses of 0.025 to 0.1 mg kg'") from which 1 values of 0.84 1o 0.89 would he predicted.

Comparison of po and ip routes of administration of a drug allows an indirect method tor
estimating the relative contribution of the intestine fo frst=pass metibolism (see Figare 8-
2).2 Similarly, comparison of po and ic routes of administration allows an indireet method
for estimating the relative contribution of the small intestine versus the colon o first-pass
extraction of a drug.

Administration via the po route subjects a drug to potential tirst-pass climimnation by the
gut and liver; whereas, the majority (> 90%) of an ip dose of a drug, is absorbed o the
hepatoportal circulation and only undergoes hepatic extraction™  Afier ip dosing, the
resulting value for [ can be used to estimate 1, by rearrangement of equation 8.4, assuming,
that hepatic extraction is not saturated.  In this study 19 was 0.90 afier ip dosing (Table 8-1);
hence, [, was estimated as 0.10 which is lower than the range reported above using, cquation
8.2, However, the variability in systemic plasma clearance between rats introduces 1 degree
Nevertheless, the results confirm thar the poor po bivavailability of nifedipine cannot be

entirely accounted for by hepatic extraction.
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Figure 8-2. An illustration showing the potential sites of drug loss and dvug metabolism that can limit the SVSIEih?g
availability of pharmacentical compounds dosed by peroral (po) and intraperitoneal (ip) routes of administration.  ®©
lraction of the (intact) drug dose absorbed from the gut lumen (19); @ Fraction of the drug dose absorbed into lh(-‘
hepatoportal cireulation (Fe 15), where I is the fraction of the absorbed dose that passes into the portal \'ein;r & l"r:!glig{l of
the drug dose systemically available ([4 ¢ F; ¢ [4), where 15, is the fraction of the hepatically available drug that passes into
the hepatic vein,

‘The colon, including the caccum and rectum, in the adult white rat is abour 21 to 27 cm in
length.™* Considering the total combined lengths of the proximal colon (5.5 to 6.5 cm),
major flexure (3 fo 3.5 cmy), distal colon (4.5 to 6.5 ¢cm) and rectum (3 to 3.5 cm);” therefore,
a 15 em length of PE-100 tubing was inserted rectally into adult male Sprague-Dawley rats to
deliver nifedipine into the proximal colon (i.c., for the ic dosing experiments).

The majority of a nifedipine dose administered 7 the rat proximal colon (ic dosing)

would be expected to be absorbed into the hepatoportal circulation and undergo hepatic
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extraction; however, a significant portion of the dose could escape hepatic tirst--pass
metabolism by spreading ro the rectum where it could be absorbed direetly into the peneral
KR T [ . . - 3 pmg orim ¢ R :
circulartion.”™  In addition, metabolic activity of CYP isoenzymes within the put wall s

generally higher in the duodenum and jejunum than the ileum and colon of humans and

19,33 35

rats. Hencee, nitedipine I atrer ¢ dosing would be expected to exceed atter po dosing,
and be equal to or greater than 17 after ip dosing assuming, complete absorption of intact
drug. In fact, in this study 1" was about unity after ic dosing, (see Table 8-1) suppesting, no or
bypassed hepatic extraction, or alernatively, hepatic presystemic exteaction was too snall to be
detected m this group of rats given the variability observed in nitedipine clearance, These
results also suggest that none of the ic nifedipine dose was lost in the feces —— e, nifedipine
absorption from the colon was complete.

Until relatively recently it was believed thar only the liver, and not the intestinal mucosa,
contained a sufficient amount of CYP enzymes to afteet drug, hioavailability. ™" However,
metabolic and pharmacokinetic studies with  drugs such as cyclosporine, Fedopa and
flurazepam show that significant biotransformation can occur within enterocytes of the
intestinal wall of rats and humans. ™"

To date, conflicting evidence exists for gur wall metabolism of [b-dihydropyridine
calcium channel antagonists in rats.  Wang et al.,” showed that felodipine, a second--
generation | A—dihydropyridine calcium channel antagonist, undergoes substantal first-pass
elimination by the intestine of male Sprague-Dawley rats. Fowever, Flinois e al.” showed
that in vitro and in vivo metabolism of oxodiping, another Ld=dihydropyridine caleim
channel antagonist, was negligible in rats. Gut wall metabolism has also been speculited 1o

4147 .
T Most of the

s . . s s e = T - . i s L 47
juice, showing increased bioavailability of nifedipine atter po bur not v dosing,

Considering that the mechanism responsible for the inferaction of grapetruit juice with 1,4
dihydropyridine compounds has not been fully established, the rat may be a usetul maodel
with which to study this effect.

The CYP catalyzed oxidation of nifedipine in the rar is mediated by the isozymes 3A and
2C in the rat (also referred to by their common names PON=LL and U'T-A, respectively);

whereas, in human beings nifedipine is oxidized solely by CYP 3A."  FHence, this and other
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potential differences in the absorption and disposition of nifedipine mean the results of this
study cannot he necessarily extrapolated to human beings. However, the intestinal mucosa in
humans may partially contribute to the metabolism of nifedipine and may expliin some of
the inter— and intrasubject variability in systemic availability of this drug and could play a role
in some observed food and drug interactions (e.g., grapefruit juice).

In conclusion, the results of this study showed that nifedipine I in the rat is affected by

both put wall (small intestine) and hepatic presystemic extraction after po administration.
Relatively low extraction of nifedipine by the rat liver was confirmed and no evidence of
first-pass metabolism within the wall of the proximal colon was observed after ic dosing.
‘These findings suggest that the rat is a suitable modc] with which to investigate CYP
mediated metabolism of drugs in the intestinal mucosa and to further study the mechanism(s)

of various food and drug interactions.
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Chaprer 2

GRAPEFRUIT JUICE AND ORANGL JUICLE EFFECTS ON THE
BIOAVAILABILITY OF NIFEDIPINE IN T'HE RA'T®

Introduction

Grapetruit and its juice are common constituents ol o healthy balmeed human diet and
arc typically consumed at breakfast: however, grapetroit-drug, interactions nuy oceur simee
drugs arc also often taken in the morning. Grapetruit juice has been shown 1o augment the
bioavailability or plasnu concentrations of many different classes of compounds in hunun
beings and rats™™ — including the | d=dihydropyridine cliss of calemm channel antagonists
(c.g., nifedipine, felodipine, nimodipine, nisoldipine, nitrendipine).™" =" However, o dare, the
inhibitory substance(s) or mechanism(s) of action of grapefruit juice has not heen
conclusively identificd and the cffects are not duplicated by orange juice.!

]

It is speculated from the results of in vitro studies™ ™ that bioflavonoids (e, narirating
hesperidin, naringin, neohesperidin, quercetin, kacmpterol) could inhibit in viva cytochrome
P450 (CYP) i1sozyme mediated drug oxidation (including CYP3AL CYPTA2 and CYP2AG)
via the intestinal wall or the liver.” Biotlavonoids are naturally oceurring, phenaolic substances
with a bitter or non=bitter taste (depending on the structural arrangement o the sugars
rhamnosc and glucose™), and are found in many fruits and vegetables including the grapetruit
and orange.™  However, citrus fraits and their juice contain specitic hioflvonoids it are
relatively uncommon in the plant kingdom.™  Naringin, a avanone neohesperidoside, is the
major biotlavanoid found in grapefruit juice and is responsible Tor this juices characieristic

1.2u 4] . : R .
—= notes g review by

bitter taste, but interestingly naringin is not found in orange juice
) 30 q- . . ~ EYR A N

Kihnau™ lists naringin as a component of sweet orange and Drawert et al.™ reports thin
naringin 1s found in orange juice; however, a more recent study by Rousett et al™ using, o

sensitive  HPLC method argues  convincingly against these clims. Several i vivo

¢ A version of this chapter has been submitted for publication:
1.8, Grundy, LA, Elioy, KM. Kulmatyeki, RE. Foster. Bispharm. g Dispas. (1996},
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studies"™ ™ show no or litde evidence of an interaction between individual flavonoids
(including naringin, quercetin and kaempferol) and different | A=dihydropyridine compounds;

nonctheless, naringenin, the aglycone and human metabolite of naringin, could be the

B = t - = = s e 33 . = -
inhibitory substance responsible for the ‘effeet” of grapetruit juice,"™  Cleavage of the sugar

moicty, presumihly by intestinal bacreria or possibly by gut wall or hepatic enzymes, is the
- i B . + ® i ® i 1 i 5 B N P B = jro_f

first step in naringin metabolism to naringenin in vivo, *In vitro inhibition of nifedipine
metabolism by naringenin in liver microsomes has been demonstrated, however greater
: PR B A e .ot s M. 2R LT . iy . .
inhibition was found in rat compared 1o human liver preparations. T'he difterences

between CYP isozymes in rat and humans may explain these results. Alternatively, it has also

note: urodiolenone s not a bioflavonoid but a dihydrosy derivative of the sesquirerpene,
nootkatone: both urodiolenone and nootkatone are constituents of grapefruit,

In hoth human beings and rats, nifedipine is well absorbed from the gut lumen (2 90%0).™

I:_ = . s s B P _ . i - B Lk _ § i [ T sy ¥ .
After absorption, nifedipine is metabolized by oxidative mechanisms — involving CYDP 3A

sozvies — to a pharmacologically inactive nitropyridine analogue, which is subsequently
b, Py LA ]

5

H _ 1. _ § 13 F Egv L 3 B B sye ST D S
metabolized to more polar compounds.’ I'he absolute bioavailability of nitedipine s

39,4046 49

A previous srudy

.

gimilar in both humans and rars, ranging from about 0.40 to 0.68.
from this laboratory using male Sprague—Dawley rats (see Chapter 8) indicated that, in
addition to hepatic extraction, nifedipine undergoes substantial extrahepatic  first—pass
climination presumably within the wall of the small intestine,”  Similarly in man, enzymes
located both in the gut wall and liver are thought to be involved in - the interaction of

s N B N 1 : o R
qleo et al™® showed that narningenin, quercetin and

grapefruit juice with felodipine.™  Minis

kaempterol separately inhibited 1 d—dihydropyridine metabolism [nifedipine and (R)— and

(8)-felodipine] in an in vitro study using rat liver microsomes.  lence, these observations
supgest that the rar may be a good model species with which to further investigate the in vivo
interaction of grapefruit juice with nifedipine. In fact, a preliminary in vivo study trom our

laboratory" indicates that grapefruit juice concentrate (GJC) delays nifedipine absorption and

may increase nifedipine bioavailability in rats.

In man, grapefruit juice does not affect systemic nifedipine clearance

assuming the same
holds true for rats, the mechanism(s) by which GJC affects nifedipine absorption and
bioavailability in the rat could involve: (1) delaying gastric emptying and subsequently

inhibiting nifedipine first—pass metabolism in the small intestinal wall or liver (or both); or (2)
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delaying absorption until the drug reaches the Targe intestine —- where drug, bioavailabiliry
may increase due to the absence of gut wall presystemic metabolisn™ The mechanism(s) ot
action of GJC might be partially resolved by comparing G)C with orange juice concentrate
(OJC) which has a similar consistency and sugar content but lacks inhibitory etfects on
nifedipine presystemic metabolism,' and also by administration of regular strength solutions
of each juice, both of which should not influence gustric emptying to a signibeant extent,
Based on these considerations, a bioavailability study was conducted with different groups
of adult male Sprague—Dawley rats comparing, standacd  pharmacokinetic measures off
nifedipine given by the peroral (po) route when coandministered with either GJC, OJC

grapefruit juice regular strength (GJRS), orange juice regular strength (O)RS) or (tap) waer.

Materials and Methods

Chenmticals

Nifedipine powder was purchased from Signma Chemical Company (St Louis, MO, USA),
Nisoldipine powder [Internal Standard (IS)] was obtained  from  Miles Canada Inc.
(Etobicoke, ON, Canada). Unsweetened grapefruit juice and orange juice pure frozen
concentrates (sugars: 0.47 g mL* and 0.49 g ml.7, respectively: Bel Air®™, Lucerne Foods 1ad,
Vancouver, BC, Canada) were purchased from a local supermarket and contained no artificial
colours, flavours or preservatives. Other compounds: heparin (IHepalean®, 1000 US.P. units
ml.") was supplied by Organon "I'cknika Inc. (Poronto, ON, Canada): sodium pentobarhiral
(Somnotol®, 65 mg mL") was purchased from MTC Pharmaceuticals (Cambridge, ON,
Canada); and polyethylene glycol-300 and —400 (Carbowax™ Sentry®, FCC prade) was
obtained from Union Carbide Chemicals (Danbury, C1, USA). All other chemicals and
solvents used in this study were cither reagent or HPLC grade and obtained from commercial
suppliers.
Animals and Smpgical Cannnlation Procedire

F'rom the Biosciences Animal Service (University of Alberta, Fdmonton, AB, Canada),
adult male Sprague—Dawley rats (initial weight 260 to 310 g) were obtained and housed for
least 2 days in a clean room and fed food and water ad lLbitum. "The day prior 10 dosing,
experiments, rats were moved to the laboratory and subjected to surgical cannalation.

During anesthesia induced by sodium pentobarbital (65 mg kg'), a small longitudinal incision

139



was made in the skin of cach rat over the right jugular vein, which was then made accessible
by clearing the surrounding tissucs. The vein was catheterized with Silastic® laboratory tubing
(0.635 mm id., L1949 mm o.d., Dow Corning Corp., Midland, MI, USA) that contained
heparinized (100 TU ml. ) normal saline and fixed in place with two nonabsorbable surgical
sutures (Surgical Suture USP, Cyanamid Canada Inc., Montreal, QC, Canada). Fach cannula
was terminated with a suitable length of polyethylene rubing (PE-50, i.d. 0.58 mm, o.d. 0.965
mm, Cliy Adams, Parsippany, NJ, USA) and the free end exteriorized to the dorsal side of
the neck. "The exposed areas were then closed using nonabsorbable surgical suture. Fach rat
was allowed 1o recover for the next 16 to 20 hours in a metabolic cage and provided only
drinking water for the remamnder of the experiment. “The implanted cannulas permitted
frequent blood sampling from cach rat,
Phermacokinetic Stndy: Lisperimental Design

All drug preparation, dosing and collection of blood samples was done under sodium
lamps to prevent nifedipine photodegradation.™ A nifedipine dosing solution (5 mg ml." in
polycthylene glycol—00) was prepared the day before each experiment to allow sutticient
rime for drug solubilization, wrapped in aluminum foil to protect the solution from light, and
stored at room temperature. On experimental days, cannulated rats received 6 ml. of GJC,
GJRS, OJC, OJRS or (rap) water by an oral feeding tube over approximately 15 seconds.
Iixactly 15 minutes later, cach rat received a single po dose of nifedipine (6 mg kg') also
given by an oral feeding tube. About 120 minutes after the nifedipine dose, the rats received
a further 3 ml. of GJC, GJRS, OJC, OJRS or (tap) water, as described above. No adverse
cvents or symproms in the rats were observed, before or after nifedipine dosing or as a result
of administration of any of the 5 treatments. Blood draws (0.25 ml. samples) were made at
predetermined times (see below) using heparinized 1 ml. syringes connected to the jugular
cannuli. The blood volume drawn was immediately replaced with an equal volume of normal
saline. Blood samples were centrifuged |Beckman Microtuge E (Beckman Instruments Inc.,
Palo Alto, CA, USA)] at 15,000 rpm for 4 minutes and the plasma samples obtained were
pliced in 1.5 ml. poly(propylene) microtuge tubes, stored in light resistant bags and kept at —

20°C until needed tor analysts.
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(1) Grapetruit Juice Concentrate Administration:
Six rats (295.5 to 3255 @) received both G)C (undiluted) and nitedipine perorally as
previously described. Blood samples were drawn at =3, 13, 30, 60, 90, 120, 2:10, 360, 180, 600,

720, 840 and 1440 minures — the time of nitedipine dosing, was designated 0 minutes,
(2) Grapefruit Juice Regular Strength Administration:

Six rats (295.0 to 330.5 g) received both GJRS [GJC diluted 12 3 with (tap) water| and
nifedipine perorally as previously deseribed. Blood samples were deawn ar =5, 2, 5, 10, 15, 30,
60, 90, 120, 240, 300, 360, 480 and 600 minutes — the time of nifedipie dosing, was
designated 0 minutes.

(3) Orange Juice Concentrate Administration:

Six rats (303.5 to 3545 g) received both OJC (undiluted) and nitedipine perorally as

previously described. Blood samples were drawn at =5, 15, 30, 60, 90, 120, 240, 360, 180, 600,

720, 840 and 1440 minutes — the time of nifedipine dosing was designared 0 minutes,
() Orange Juice Regular Strength Administration:

Six rats (3025 to 339.0 g) received both Q)RS [OJC diluted 1203 with (tap) water] and
nitedipine perorally as previously desceribed. Blood samples were drawn a5, 2,5, 10, 15, 30,

60, 90, 120, 240, 300, 360, 480 and 600 minutes — the nme of mifedipme dosing was

designated (0 minutes.
(3) (Tap) Water Administration:

Six rats (315.5 to 334.5 g) reccived both (rap) water and nifedipine perorally as previously
described.  Blood samples were drawn at -5, 2, 5, 10, 15, 30, 60, 90, 120, 240, 300, 360, 180

and 600 minutes — the timne of nifedipine dosing was designated 0 minutes,
Chromalography

Nifedipine concentrations in rat plasma samples were determined by means ol an
established HPLC method (lower limit of quantitation 5 ng ml.")™ using 0.1t 0.2 ml,
samples diluted to 1.0 ml with HPLC-grade water.  All analyses were conducted under
sodium lamps to prevent photodegradation of nifedipine.” Calibration curve standards were
prepared by adding a known amount of the drug to 0.1 ml. of blank rat plasma and diluting
to 1.0 mL as described above. The calibration curve (5 to 2000 ng of nitedipine) was
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determined from the bestfit regression line caleulated using a 1/57 weighting factor (where &
corresponds 1o the amount of nifedipine added; r > (.99; interday variability < 10%). HPLC
instrumentation included: 4 Model 600F, solvent delivery system, a Model 717 autosampler; a
Maodel 486 tunable UV=VIS absorbance detecror (set ar 350 nm): and an NEC 486-33 MHz
computer running Millennium 2010 chromatography manager software Version 1.1 (Waters
Ltd., Mississauga, ON, Canada).
Phermacokinetic Analysis

Standard pharmacokinetic measures from each of the individual rar plaisma concentration—
time profiles were caleulated by non—compartmental methods using the computer program:
WinNonlin Stndard Lidition Version 1O (Scientific Consulting Inc., Apex, NC, USA) —
note: area under the plasma concentration=time curve (AUC) was calculated using the linear
trapezoidal rule from fime zero (%) to the time of the last quantifiable concentration (4,,),
followed by extrapolation to infinity.  The apparent systemic bioavailability (F) after po
nifedipine administration was determined according to the expression:

. ;ff!UC'!m /Dose,,

el 9.1
AUC,, [Dose, e

where, AUC, and AUC,, were the areas under the plasma concentration—time curve after iv
and po dosing, respectively, Dose,, and Dose,, were the respective iv and po doses given, and
Cl, and Cl,,, were systemic (iv) nifedipine plasma clearance and po nifedipine plasma

WEC

clearimee, respectively.

Statistical Analysts

All the caleulated pharmacokinetic parameters — except 4,,, — were assumed to follow a
log-normal  distribution, and were log—transformed before  statistical analysis. — The
pharmacokinetic  parameter estimates obtained were expressed as cither geometric or
arithmetic means with  their corresponding 95% confidence intervals, as appropriate.
Pharmacokinetic data were aralyzed using independent measures one—way analysis of
variance (ANOVA) and a post hoc rest (Duncan’s multiple range test) was used to determine
where, if any, significant differences occurred (P € 0.05). The computer program SPSS for

Windows Version 6.1 (SPSS Inc., Chicago, 11, USA) was uscd for all the statistical tests. For



the purposes of generating  plisma concentration—time  profiles,  plasma nitedipine

concentrations were expressed as arithmetic means & standard ervor (v).
Results and Discussion

Administration of relatively large volumes of the trearment solutions e, G)C, GRS,
OJC, OJRS and (rap) water|, and the timing of the treatments in this study were done to
muximize any potential inhibitory effects on nifedipine presystemic metibolism and to cnsure
their presence in the gut throughout the period of nifedipine absorption, "The volumes tha
were used would not be expected to harm the aninuls as rypical water consumption of rats is

about 80 to 110 ml. kg' day ' ™and a safe intragastric injection volume in rats (250 g) is

Additionally, it is reported that a 300 g rat can be tube fed 13 mlb of water ar a time and
trained to take up to 26 mL.* With regard to the timing of trearment adminisreation used in
this study, Lundahl et al.™ studied the relationship between the time of inrake ol grapetuit
juice and the pharmacokinetic cffeet on felodipine in human subjects. The effect of
grapetruit juice was apparently instantancous with regard to increasing the AUC and ¢, of
felodipine, with similar and maximal cffects seen when grapefruit juice was given O and
hour before felodipine dosing, and reduced but significant effects scen even when grapetruit
juice was given 10 hours earlier compared to controls (note: felodipine €, was also
significantly increased 24 hours after grapetruit juice dosing).  Thus, the administration
schedule used in the current study should have allowed for near optimal eftects,

The mean (£5,) plasma nifedipine concentration—time profiles obtaned in the different
groups of rats, given one of the 5 treatments previously described, are shown in Figure 9-1.
Individual and mean profiles for the GJRS, OJRS and (tap) water groups displayed single-
peaks, whereas the G)C and OJC groups displayed double—peaks, The first peak n the GJE
group exhibited the lowest peak nifedipine concentration (all 6 rats), but the opposite was
truc in most rats of the QJC group (4 of 6 rars). Nonctheless, the area under curve of the
first peaks were about 2.6% and 16.7% of the total arcas under the mean curves for the GJC
and OJC groups, respectively. “T'his indicates that the majority of nifedipine absorption was

significantly delayed in both GJC and OJC treatments, and the position of the scecond peak
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concentration—time profiles also showed more variability in the GJC and OJC groups which

was expected given the anticipated variability in gastric emptying or colonic arrival times.
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Figure 9-1. Plasma concentration-tinie protiles in male Sprague-Dawley rats after a single peroral dose of nifedipine (6 mg
kg!) was given to rats in the following treatment groups: grapelruit juice concentrate (GJC), grapefruit juice regular
strength (GRS}, orange juice concentrate (O]C), orange juice regular strength (QJRS), and (1ap) water.  Data are mean

values £ 5o (= 6 animals per group).
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Standard pharmacokinetic measures of nitedipine bioavailability caleutated from the dara
obtained from all 5 teeatments are shown in Table 9-1 and significant ditferences, where
tound, are noted.  Nitedipine oral clearance found in the (rap) water group (see "Table 9-1)
was similar to that found in a group of rats administered po nitedipine [(Gp) water given ad
Lbitum) from a previous study (e, 17.0 mImin ' kg', n = 6)." Oral nitedipine clearance tor

the GJC group alone was signiticantly lower thun the (rp) water group. T the GRS group,

(tap) water, OJC and OJRS groups.

Table 9-1. Pharmacokinetic parameters obtained following peraral administeation of nitedipioe (0 mg kg 1) 1o rars

C():l(llllllll.\'ll‘l‘('li gr:lp(‘lnul Jice,; orange juice Hr ((:Il)) water frestinent ﬂ‘glllll‘lih’\‘

Parameters GJC GRS OIS (Fap) Warer
ALIC {gz bt oin) 700 393 27 L5

(450 - 1088) (335 40! (IR0 383 (JHY d1yie
Char (g l3) 207 J057 Al 5503 5340

(1106 - 3978)¢ (3976 5453) (899 {064 (20 T30 PR iy
Do, {tI0Y) 443 35 126 It

(132 753y 2 a8y © Ty @ 24y
fr (g 70 37 56 3

@Y 127 (27 Sty G0 100y 2 A7

CLy/F (ml.nunt kg ') 8.6 15.3 1.9 18,3
(5.5 13.3)¢ (13.0 - 179y (7.0 W3 (157 2
F[eelatve to (tap) water]? 202 Lid 07y 1.5
120 0,67 147 1156 .59

F (relauve 10 v bolus)'

" Where appropriate, data are expressed as geometric means with corresponding 95% confidence intervals (C1on
= 6 animals per group).

P s 18 presented as arithmetic mean with 95% CI (n = 6 animals per group).

“P Identical superscript characters identify non-significant differences (P = 0.05),

T Caleulated by substituting Clyp/ 17 |(tap) water] for Clae in equation (1),

" Calculated with equation (1) using a value of systemic nifedipine clearance caleulated from a previous stdy
[geometric mean (95% CI): 10.3 (8.3 - 12.7) mb min ' kg !, 0 = 6.7
Abbreviations: AUC= area under the plasma drug concentration-time curve from zero o infin
plasma clearance of nifedipine; Cuax= maximum (peak) plasima drugs concentration;, 1=
fraction of the dosc of a drug; G)C= grapefruit juice concentrate; GIRS= grapefruit juice regulir steengith;
iv= intravenous; OJC= orange juice concentrate; OJRS= arange juice regular strenpthy fus= time to reach
the maximum (peak) drug concentration following extravascular drug administration; 71,2= climination half-
life of the drug associated with the terminal slope of a semilogarithmic plasma drug, concentration-hme
curve.

ity; (:l.—l./l": oral
systemically avalable

Bioavailability of nifedipine in the GJC group was about double that of the (tap) water

Absolute bioavailability of nifedipine coadministered with GJC - exceeded 1.0,

group.

Although inhibition of systemic plasma nifedipine clearance cannot be ruled out, this result

=
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was probibly due to the wide confidence infervals of the clearance values used |equation (1))
and the Fact that iv dara was obrained from another study” (e, intersrudy variability).  The
determination of relative and absolute bioavailabilities in this report assumes that nitedipine
systemic clearance was unchanged by cach treatment and was similar in both studics.
Support tor the former assumption, comes from human studies in which grapefruit juice did
not alter the kinetics of an iy nifedipine dose but increased the AUC and bioavailability of
nifedipine given po, and by the fact that the climination half-life of the drug was
anchanged® Similarly, grapefruit juice did not effect the systemic clearance of cyclosporine
or midazolam but did improve oral bioavailability of both agents suggesting that s
mechanism of action is to increase absorption or reduce gut wall metabolism.™ “The high
absolute  bioavailability found supgests that both hepatic and  extrahepatic presystemic
metabolism were inhibited by GJC, or that a large portion of the dose bypassed presystemic
metabolism |via absorption in the lower gastrointestinal (G1) tract|. Surprisingly, GJRS did

not significantly increase nifedipine bioavailability in rat (although a small increase was found)
l() a3 i_‘

as has been shown with regular or double=strength grapefruit juice in human beings,”
indicaring that a relatively large dose of the inhibitory substance(s) in grapefiuit juice is
required to achieve an effect in rar (e, GJC). This is in contrast to in vitro findings with
naringenin which show that rat liver microsomal metabolism of nifedipine is inhibited more
than in human preparations.™

In addition to its cffect on nifedipine bioavailability, GJC significantly increased the 7/,
found for the drug compared to all other groups (Table 9-1), corroborating the findings of a
previous study.'' The apparent increase in nifedipine /,,, observed for OJC was not
significantly different than (tap) water or regular strength juice groups. However, this was a
result of the double—peaking phenomenon previously described.  Flence, if the first peak in
the OJC rat profiles had been excluded when determining /4, then a significant ditterence
waotld have been observed. The regular strength solutions of both juices did not signiticantly
alter £, from that of (tap) water, and these values were not statistically different from that

reported in a previous study (see Chapter 8) for po dosing in a group of rats ted water ad

1

Ghitnm |1, (95% C1) = 16.7 (9.5 - 23.8) minutes|. Interestingly, GJRS has been shown to

postpone the peak time of po administered cyclosporine, midazolam, quinidine and triazolam

78,1354

in human  subjecrs.” Variable effects on 7, of 14—dihydropyridines (nifedipine,
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telodipine, nisoldipine) by regular or double—strength grapetruit juice have heen reported in
humans including reduced,” none'™***or increased™ ™ eftects.

The presence of a double~peak phenomenon in the nifedipine plasn concenteation—time
profiles, observed with G)C and to a greater extent with OJC s interesting, “The reason for
the larger double—peak cffect with OfC s not clear at present, as both juices are of similar
consistency and composition (except tor the differences previously noted). A double-peak
phenomenon has been observed tor several drugs administered orally such as cimetidine, 1.-
dopa, morphine, pafenolol and others.™ Several potential explanations for this phenomenon
could include: enterohepatic circulation, pl=dependent solubility, ditferent peemeabilities or
extents of presystemic metabolism in various regions of the G tract, or interruption of
gastric emptying. Lack of a double—peak phenomenon in the (rap) water or regulare strength
juice groups would tend to rule out the possibility of enterohepatic cireulition. As well,
nifedipine is rapidly, extensively and presumably irreversibly metabolized via oxidation i the
rat, with the principle metabolite further metabolized to several other biotrnstormation
products which themselves may undergo enterohepatic circulation,™" Given that the pRa-
value (basic) of nifedipine is ~0.9," the drug exists primarily in its anprotonated form at all
pll conditions in the GI tract and thus plI-dependent solubility and absorption can be ruled
out. The existence of specific sites of absorption (fabsorption windows’) tor nifedipine can
also be ruled out since the drug is well absorbed (> 90%) throughout the upper and lower
intestine in both rats and man,** although differences in the extent of gut wall metabolism
in different regions of the gur could contribute, in part, to the observed double=peak effeet.”
of gastric emptying by both GJC and OJC.

Commonly used laboratory animals display a cyclic gasteic motility pattern (e, the unfed
state has several phases which repeat every 2 hours and empty the stomach contents), but in
the fed state gastric retention can be several hours.” In the rat, gastric cmptying of liquids is
relatively rapid as shown by a study were gastric-emptying of "' I-polyvinylpyrrolidone was
75% complete within 15 minutes.™ “T'hercfore, following coadministration of a nifedipine
solution with (tap) water or regular strength juice, rapid absorption of drug from the small
intestine can be expected (see Table 9-1). When a nifedipine solution is coadministered with
grapefruit and orange juice concentrates (both relatively viscous solutions with high

osmolarity), the effect on gastric emptying rate is more difficulr to predict since the exact
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mechamsm of inhibition by liquid and solid meals is not yer known in rats or humans,”
FHuman studies have shown gastric emptying to be delayed by hot meals, fatty foods, high
o . ' ) . o o 6l sk B « B e .
protein or carbohydrate meals, and viscous solutions.”  As well, citric acid is used to inhibit
: iy . B - .l = : - L (n.¥ 1 B N
gastric motiliry in PC-urca breath tests for detection of Helicobactor pylori infection.*® On

the other hand, large fluid volumes can increase gastric emptying rate.”’
I£ it is assumed thar GJC and OJC did not significantly affect gastric emptying, then the

delayed absorption of nifedipine observed would have to involve a physical effect, whereby

nifedipine is incorporated into the concentrate and prevented from being absorbed until the
concentrate is digested, presumably in the small intestine or colon,  ‘The transit time of

material through the rat small intestine is reported to take abour 88 minutes,”’ and in another
report® 50% of I-PVP given intraduodenally passed through the small intestine in 20
minutes. Small intestinal transit of a "C<PEGH000 saline solution (1 g 1.") was found to be
about 3 hours in unancsthetized rats™  Hence, under the conditions described and the
kinetic profiles obtained in the GJC and OQJC groups, one would expect the majority of the
nitedipine dose ro be absorbed from the colon in cach case. Data from intracolonic and
rectal nifedipine dosing in rats shows that bioavailability increases relative to po dosing.""
However, the relative nitedipine bioavailability of the OJC group was less than the (tap) water
group (Table 9-1), indicating that a physical effect by cach of the concentrates on nifedipine
absorption is unlikely (assuming nifedipine absorption was complete in all cases).  ‘This

observation, taken with the finding of double—peaking, strongly indicates that both G)C and

OJC affected the rate of gastric emiptying in this study.
Interestingly, du Souich et al.* noted a lack of intesrinal, hepatic or pulmonary presystemic

metabolism of nitedipine in the rabbit, leading to speculation by the authors that nifedipine
nmuy be decomposed in the G1 lumen of rats and humans to account for its poor oral

bioavailability.  The results presented here seem to contradict this theory, as nitedipine

‘This is despite the fact that GJC greatly delays the absorption of nifedipine which might be
expected to increase any decomposition of the parent drug in the GI tract.

In conclusion, the results of this study show that GJC acts to inhibit presystemic
metabolism of nifedipine (both hepatic and extrahepatic), and that both GJC and OJC slow
the rate of gastric emptying in rats.  As expected, OJC and OJRS did not significantly

mcrease nitedipine bioavailability compared to (tap) water.  Surprisingly, GJRS had no
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significant effect on nitedipine bioavailability.  Nonetheless, the suitability of the rat tor in

vivo investigation of the interaction of grapetruit juice with nifedipine was demonstrated.
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Chapreer 10

GRAPEFRUIT JUICE DOES NOT INFLUENCE THE EXTENT OF IN VITRO

NIFEDIPINE PROTEIN BINDING IN HUMAN PLASMA®*

Introduction

cyclosporine, midazolam, triazolam, terfenadine and the Lid=dihydropyridine class of calcium
channel blockers."® To date, the mechanism by which grapefiuit juice exerts its cffects on
specific drugs has not been uncequivoeally established. The most probable and aceepred
theory is that grapefruit juice contains an active ingredient(s) specific 1o the juice —- generally
cytochrome  Pd450 isozymes responsible for the presystemic metabolism of various
compounds.’ However, in vivo studics investigating the interaction of specific drugs (known
to interact with grapefruit juice) with cerrain bioflavonoids give cither mixed results or show
no cvidence of an interaction."™®  Several explanations have heen proposed for these
findings' but none, to date, have been confirmed.

The bioavailability of nifedipine, a 1 4=dihydropyridine calcium channel blocker used in
the treatment of essential hypertension and angina, is increased by grapefruit juice in humin
beings."”"" This compound undergoes intermediate extraction (18 = 0,32 to 0.6):* "' henee, if
it is assumed that the liver is the principle clearance organ, then absolute bioavailability (1) of
the compound is influenced by hepatic intrinsic clearance (CL), hepatic blood flow (2) and

plasma protein binding (fraction unbound, /):"

, . 0 ,
‘well-stirred model’ = ﬁ (10.1)
‘parallel-tube model’ 17= g (10.2)

* A version of this chapter has been submitied for publication:
J.S. Grundy, R.T. Foster. Bipharar. Drg Dispas. (1996).
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Grapefruit juice, however, should not significantly attfecr @4, as it conrains very little protein,
and orange juice, which contains similar basic nutrients, doces not affect nifedipine
bicavailability.  As stated abeve, decreased hepatic (or possibly extrahepatic?) intrinsic
clearance is the most likely explaination for the effects of grapefruit juice, but alteration of
plasma protein binding (i.c., the extent or affinity of nifedipine binding to plasma proteins) is
another possibility that has not yer been investigated.  Interestingly, Kupferschmidt et al.’™®
state that an cffect of grapefruir juice on plasma protein binding of midazolam cannot be
excluded as a possible explanation for the increased  bioavailability observed with that
compound.

The in vitro protein binding of nifedipine has been previously investigated'™  and the
results found are relarively consistent (nitedipine is 91 to 99% protein bound): even when, for
example, the concentrations evaluated (1200 ng ml.") exceed the therapeutic range (< 400 ng
mi )" Rosenkranz et al.,”” however, reported that nifedipine binding in pooled serum was
concentration—dependent (i.e., saturable) at very high concentrations, decreasing trom 98% at
200 ng ml." to 92% ar 20 ug mL". Fence, as saturation of protein binding is approached it
may be possible to obtain a general estimate of nifedipine affinity to plasma or serum
proteins by graphical means (e.g., Rosenthal or modified Scatchard plot)® using a suitable
range of nifedipine concentrations. A Rosenthal plot is useful in situations where the protein

concentration is not known, and is based on the equation:

('
?‘i =nK P -K,C, (10.3)
.

where Gy is the bound drug concentration, C: is the free drug concentration, n is the number
of binding sites, K, is the association constant and Py is the total protein concentration.
Plotting (/G versus Gy typically yields a straight line (assuming one class of equivalent and
independent prot.cin binding sites) whose negative slope is the association constant K, ‘The
inverse of K, is the cquilibrium dissociation constant (Ky) which represents the concentration
of unbound drug at which exactly one-half of the binding sites are occupiced, and is analogous
to the Michaelis constant (K,) described for enzymatic metabolism. A potential limitation of

this approach for studying nifedipine protein binding in particular, is the low water solubility

of the compound (about 10 ug mL" > or less in phosphate buffer™*); hence, if the K,

IR Q 9 T > s M . : ! 1 = 4 ] 3 B
exceeds this value then saturable protein binding will not be possible. However, Otto et al.



veport a value of 2,12 x 107 1. mol ' as an estimate ol K, tor nitedipine in hunun serum, trom
which an estimated K of 163 g ml. ' can be caleulated.

In this report, the protein binding of nitedipine in human plasma at physiological pHand
temperature wis measured with and without the presence ot grapetruir juice concentpate
(GJC, 2.5%, v/v). A suitable range of roral nifedipine plisma concentrations were used (o
give unbound nifedipine concentrations below and above the assumed K, so that the binding,
atfinity of nifedipine in cach case could be adequately estinated,

Materials and Methods

Martevials and Chemicaly

Blank human plsma, collected less than one week prior 1o use, was obtained from the
local Red Cross.  Unsweetened grapefruit juice pure frozen concentrate (Bel Air®, Tacerne
Foods Ltd., Vancouver, BC, Canada) was purchased from a local supermarket. Disposable
ultrafiltration units (Centrifree™ Micropartition System, maximum and  ninimum  sample
volumes: 1.0 ml. and 0.15 ml., respectively) were obtained from Amicon Canada Lad.
(Oakville, ON, Canada) and contained a YMT membrance capable of retaining 99.9%% of
serum or plasma protein with a molecular weight cutoff of 30,000 daltons. Nitedipine was
purchased from Sigma Chemical Company (St. Louis, MO, USA). Nisoldipine was provided

as a gift from Bayer Canada Inc. (Litobicoke, ON, Canada). All other chemicals and solvents

were either reagent or HPLC grade and obtiined from commercial suppliers.
Sample Preparation

All procedures were performed under sodium Tamps to prevent photodegradation of
nifedipine.™ Blank human plasma was thawed at room temperature immediately prior o use,
pH 7.4) or 0.25 mL of grapefruit juice concentrate. Appropriate stock solutions of nifedipine
in methanol were prepared so that nifedipine could be spiked into the plisma-buffer or
plasma—grapetruit juice solutions to give a range of nifedipine concentrations (2, 10, 20, 30,
50, 75 and 150 pg mL.", 10 ml. of cach), while keeping the final methanol concentration <

1.0 gfu (V/\’).



Ullnafiltvation

Protein binding studies were conducted at 37°C in a temperature—controlled room using
ultrafiltration.  ITmmediately prior to ultratiltration, the plT of cach nitedipine spiked solution
(10 ml.) was measured (Model 15 pHl meter, Fisher Scientific, Nepean, ON, Canada) and
adjusted o pl1 7.4 £ 0.1 using a small volume (50 to 200 ul) of 1 N NaOH, if necessary. The
ultrafiltration of 1 ml. aliquots of cach sample placed in the reservoir of cach ultrafilfration
unit was accomplished using a Dynac 11 centrifuge (Becton-Dickinson, Parsippany, NJ, USA)
at 1850 g tor a period of time required to obtain 0.3 to 0.7 ml of ultrafiltrate (about 45
minutes). This was done after the ultrafiltration units containing the samples were allowed to
incubate at 37°C for 30 minutes. Vhe reservoir of cach unit was capped to prevent sample
evaporation and plT changes during the ultrafiltration procedure. Ultrafiltrate was collected
in a removable cup artached to the base of cach ultrafiltration unit and all samples were
vistually inspecred for a yellow appearance to determine if protein leakage (> 20%%) had
oceurred.  In addition, protein leakage < 0.5% was tested in a small number of samples
chosen at random, t.c., to an aliquot of cach sample chosen was added an equal volume of
acctonitrile.”™ 1f turbidity or a precipitate formed then the sample was discarded — note: no
evidence of protein leakage was found in any of the samples taken and, hence, none were
discarded.

Determination of Adsorption of Nifedipine to the Ultrafiltration Unit or Membrane

Preliminary studies were initially conducted to determine the extent of non-specific
binding of nifedipine to the ultrafiltration unit or membrane. Nifedipine spiked protein—free
solutions [about 2 ug mL ' of niredipine in phosphate (Sorensen) butter (1/15 M, pH 7], 1
ml. samples, were pliced into the reservoir of the ultrafiltration units and left undisturbed for
1.25 hours at 37°C, or were ultrafiltered by the procedure described above.  Nifedipine
concentrations remaining in the protein—free buffer or ultrafiltrate solutions were compared
with the initial protein—free buffer concentrations of nifedipine (sce cquation 10.5).  Six

replicates were performed in cach case.



Evaporative Sample 1.oss Diring Ultiafiltration

The weight of cach ulrratiltration unit was measured before loading, with sample, and
before and after centrifugation when loaded with sample. "The pereent evaporative loss (Yol )
was caleulated using the equation:

Y
W W,

% ly = - I 5 100% (10.:)
(Hflﬁ‘ ~Wy) '

where [y is the weight of the filter unit before loading, with samiple, and 17 17 are the
weights of the loaded filter unit hefore and afrer centrifugation, respectively,  Ultrafiltrate

concentrations were subsequently corrected for evaporative loss.
Chromatagraphy

Nitedipine concentrations in the plsma-butfer, plasma-grapefruit juice, protein-free
solutions and ultrafiltrate samples were determined by means of an established  HPLC
method (lower limit of quantitation 5 ng m1")* using 0.1 to 0.3 ml, samples diluted 10 L0
ml. with HPLC~grade water. Al sample analyses were conducted under sodium lamps 1o
prevent photodegradation of nifedipine.™ TIPLC instrumentation included: o Maodel 6001
solvent delivery system, a Model 717 autosampler; a Model 486 tunable UV-VIS absorhance
detector (set at 350 nm); and an NEC 486-33 MIlz computer running Millennium 2010

chromatography manager software Version 11 (Warters Lid., Mississzuga, ON, Canad).
Determination of Protein Baund Fraction

‘The percent binding of nifedipine to plisma protein, %oB, was determined using the

expression:

%8B ¢ 100% (10.5)

where Cywas the total (bound and unbound) nifedipine concentration in cach sample before
ultrafiltration, and C,;: was the ultrafiltrate nifedipine concentration,
Results and Discussion
Loss of nifedipine duc to non—specific binding to the altrafiltration unit or membrane
averaged less than 5% (lable 10-1). Ience, the degree of crror in the calculations of %
resulting from non-specific binding was minimal (< 1%). ‘I'hese resulrs are in contrast 10 the
b mf 7k 30 e of TR . .
work of Zhirkov et al.” who questioned the usefulness of ultrafiliration in drug—protcin
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binding studies tor the drugs nitedipine, nudolol, prazosin and verapamil. This group notes
that severe non-—specitic adsorption can oceur with the compounds tested using ultrafiltration
units containing, one of several different rypes of membranes, including YMT membrances.
IFor assessment of nitedipine adsorption, they used initial nifedipine concentrations of 10 and
30 ng ml."in bufter or primary ultrafiltrate of serum, which are concentrations within the

therapeutic range of the compound.  Nifedipine concentrations in the filtrates of these

solutions (filtered through YMT membranes) are non~detectable (< 2 ng mL"). Thus, these
findings® and the results reported here could suggest that ni&rdipiﬁc adsorption  to
ultrafiltration units conraining YM'I' membranes is saturable and 1s significant only for levels
of nifedipine within or less than the therapeutic range.  Interestingly however, Otto et al™

reports  that non—specitic adsorption ot nifedipine in - ultrafiltration umits with YMT

membranes s less than 8%, usiﬁg phf}ﬁphﬂtc buffered protein—free solutions Lﬂﬂf.lll'llﬂéﬁ
l 30

may be limited ro a spcciﬁc type(s) of ultratiltration unir.
Table 10-1. Adsorption of nifedipine to the ulteafiltration unit or membrane [conimas separate results from multiple

analyses (0 = 6)].

Initial Nifedipine I itial Nifedipine Bound to
Concentration (g mL") Concentration (ug mL™) ultrafiltration unit or
[Theoretical] __[Measured] membrane (%)
Binding to ultmﬁltrstmﬂ unit (1.25 hour incubation)

2 1.6 -11,-0.7, 2.0, 13.1, 5.9, 2.5

(3.6 £5.3)
Binding to ultrafiltration membrane - -

2 1.8 3.7.-5.2,12.1,3.7,4.9, 7.1

(4 45, '7)

Evaporative loss of samples (%olZ) during centrifugation can potentially result in an
underestimation of protein binding.  Although adjustments to the ultratiltrate concentrations
observed were made based upon YolZ caleulations using equation 10.4, the corrections made
were very small since the mean %ol? found was negligible (0.6 £ 0.1%) in this study.

The mean £y values of %8B, with and without the presence of GJC, were found to be

relanively constant (94.9 + 1.3% and 94.3 & 1.8%, respectively) and independent of nifedipine
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protein bound (up to 97%%) bur in serum and isolated solutions of human serum albumin
(FISA) the binding is unsaturable.”  However, the findings reported here are in conteast 1o an
R L B T | B BT | o L . R L LT L i

carlier report’” which described saturable serum protein binding, of nifedipine when the
that particular study (measured by an ultracentritugal method) only changed trom 986 10
92% over the range 0.2 to 20 pg mlL ' and the small differences found might he expliined as
experimental error. The estimated Ky value for the nitedipine--protein complex (163 ng ml.
", as stated previously in the introduction to this chapter, was caleulited using, o K, value
from another srudy™ and is based on the assumption of one hinding site per protein
molecule.  Tiowever, based on the results reported here, this assumption is probably
incorreet and the estimated Ky value is most likely an underestimate of the acnnl valoe,
Unfortunately, further increases in the nifedipine concentration beyond the range used in the
current study would probably result in precipitation of excess drug, due 1o free tractions
exceeding the water solubility of the compound (about 10 pg ml. "), giving misleading and
unpredictable results.

There are ar least two reasons thar protein binding effects have not been seriously
constdered as a likely mechanism of action for grapefruit juice: (1) because niledipine, while
highly plasma protein bound (mainly ro albumin, but also to @, -acid plycoprotein and

acted (1= 032 10 0.6)""" and hence blood

clearance of the compound appears to be independent of plasima protein hinding: and (2) it is
well established from in vitro studies that bioflavoneids inhibit hepatic cytochrome 14450
3 32 : . . : G M MU Y L. 3 41 5 -

A4 the isozyme muainly responsible for nifedipine ofidation.  Nevertheless, protein

binding cffects by a constituent(s) of grapetruit juice have not yet bheen raled out,
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Table 10-2, Plasia protein binding of ifedipine. Huoman plasnia samples spiked with different concenirations of'
nifedipine, containing cither phospliate butter (2.5 "4, v/v, pl1 7.4, 1/15 M) or grapefruit juice coneentrate (2.5%, v/v),
were analyzed in duplicate individual resulis separated by a commua).

Initial Nifedipine Initial Nifedipine Bound
Concentration (pg mL.") Concentration (ug mL™") to
{I'heoretical] [Measured] Plasma Protein (%)
Plasma—-Buffer Solutions
2 1.9 93.8, 96.5
10 9.7 96.3, 94.7
20 19.4 95.8, 95.5
30 27.7 95.7, 95.7
50 48.2 95.7, 95.6
75 72.2 9.8, 94.7
150 140.1 924,920

949+ 1.3)
Plasma—-Grapefruit Juice Solutions

2 18 95.4, 95.4
10 9.4 95.1, 95.7
20 19.4 9.0, 95.1
30 25.4 95.1, 95.0
50 47.0 95.1, 94.8
75 71.0 93.8, 93.6
(50 139.7 90.6, 90.1

(94.3 + 1.8)

Protein binding of ligands can be considered ‘restrictive’ (e.g., warfarin) or ‘pe.missive’
(c.g., nifedipine, propranolol).™ I grapefruit juice could aftect the ‘available’ free fraction of

nitedipine (i.c., 32% to 60% of the total plasma concentration) or alter the aftinity of binding

might account for its observed effects on nifedipine bioavailability. Brodie et al.” were the
first to propose the ‘free—drug’ hypothesis which states that only the free fraction of drug
determined in vitro s available for transport into tissues in vivo. However, Pardridge et
al™¥ later proposed the ‘free—intermediate’ model (Figure 10-1) to explain why the transport
of some drugs (e.g., propranolol, lidocaine) into tissues (c.g., liver, brain) exceeded the free
drug traction. In this model, protein bound ligand can enter tissue via a frec—intermediate
mechanism by which ligand  dissociation from the plasma binding protein and ligand
ditfusion through the biological membrane are fast relative to the capillary transit time. The

three primary determinants of this model are: (1) the capillary transit time, c.g., about 10
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scconds for liver; (b) the rate of unidirectional dissociation ot ligand from the plisma binding,
protein; and () the rate of ligand diffusion through the biological membrance lining, the
plasma compartment, c.g., hepatoeyte cell membrane”  Alternatively, another explanation
tor the transport of bound ligands s the operation of receptor—mediated mechanisms for the
uptake of plasma proteins.'™  Although binding sites for albumin in brain capillaries and
liver sinusoids have been found, this mechanism remains controversial. Nonetheless,
assuming that the free—intermediate model applies to nifedipine plisma protein binding, the
presence of another substrate (e.g., a constituent of grapetruit juice) could potentially attect

the dissociation of nifedipine from its binding sites on plisma proteins.

' |
*b()lmd! ey o \
l

Blood JH

Flow RS
,i frcc e |
i |

e

[Hepatocytes or Tissuc

Figure 10-1. The free—intermediate model. 4 *7 Unbound ligand in the capillary blood stream is continnonsly and rapidly
(relative to organ transit time) exchanged with tissue, with a corresponding decrease in the free ligand concentration in the
blood and subsequent displacement of bound ligand in the capillary blood stream,

Allosteric effects may occur in some interactions hetween THSA and its ligands, trigpered
by binding forces such as hydrogen bonds, Van der Waals and clectrostatic interactions, and
hydrophobic bonds.™ Thus, the stability of the bouna form in the microcirculation may e
modificd in some instances, and in vitro measurements of binding may not always retlect i
vivo binding” ‘T'he association constant of drug—protein binding cannot help 1o predict the
ctfects of the drug—protein interaction on drug transfer into tissues, however, the presence of
another ligand could induce an increase in the binding affinity of the drug-protein comples

and turther increase the ability of the protein to retain the drug™  An example of this is the
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. . . " . | - - : 1 : Licsases vl 3,
free fatty acids, resulting in reduced warfarin transfer into the brain and salivary glands.™"

Other cxamples of this phenomenon include: warfarin=hbenzodiazepine and - tenoxicam—
dinzepam interactions which tend to increase cach others protein binding, respectively,™"
Theretore, cquilibrium  measurements of free drug in vitro may  underestimate  the
exchangeable fraction of drug in vivo,

Unfortunately, the results of this study preclude an assessment of the effects of GJC on
the binding affinity of nifedipine to plasma proteins. ‘The lack of an effect by GJC on the
extent of nifedipine hinding  to plasma proteins may suggest that affiniry is also unlikely to

have been altered, bur the Tatter mechamsm cannot be ruled out entirely.
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Chaprer 11

GENERAL DISCUSSION AND CONCLUSIONS

A series of in vitro and in vivo experiments were done with the nifedipine gastrointestinal
therapeutic system (GI'T'S) and a nifedipine dosing solution.  In the course of these studies,
several factors that can potentially atfect nitedipine bioavailability in human beings or rats
were nvestigated  (Le,  photostability,  chronopharmacokinetics,  drug dissolution
characteristics, hepaite and extrahepatic presystemic metabolism, grapefiuit juice effeets and
alterations in nifedipine plasma protein binding). Fvaluation of these factors s important in
providing a better understanding of the mechanisms involved in delivering nitfedipine 1o the
systemic circulation and to optimize clinical outcome(s).

Prior to conducting the principal experiments a rapid, simple, seositive and selective
reversed—phase high—performance liquid chromatographic (HPLC) assay was developed to

quantitate nifedipine in aqueous and biological samples.' ‘This procedure involved extraction

of nifedipine from plasma under alkaline conditions (pl1 12), separation via reversed—phase
HPLC and ultraviolet detection (350 rim). The peak corresponding, to nifedipine did not
overlap (R > 1.5) with esponding peaks of nifedipine photodegradation products or
known metabolites. ‘The method was validated over a range of 5 to 250 ng ml.' using
weighted least—squares lincar regression analysis. Accuracy and precision were approximately
10% or less over the entire concentration range except for the lowest concentration used
which, nonetheless, was acceptable and approached 15%.  The minimurn quantifiable
concentration of nifedipine was determined to be 5 ng ml.'. ‘The minimum detectable
concentration was in the order of 1 ng mL'. Analysis of plasma samples collected from
healthy volunteers demonstrated that this assay was applicable to clinical pharmacokinetic
studies.

The principal studies that were conducted in this report, included: (1) a determination of
the photostability o '3mmc,:rcially available nifedipine formulations; (2) a determination of

the single—dose pharmacokinetics and biocquivalency of different nifedipine GITS tablers
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admimstered to healthy human volunteers; (3) an investigation of mifedipine GI'TS dissolution
characteristics including development of a novel dissolution test to improve in vitro—=in vivo
correlations; (1) a derermination of nifedipine bioavailability in rats [via intravenous (iv) and
extravascular routes of administration]| to establish the site(s) of presystemic nifedipine
metabolism; (5) an evaluation of the rat as a suitable in vivo model for investigating the ctfect
of grapefruit juice on nifedipine bioavailability; and (6) a determination of the effects of
grapefruit juice on nifedipine protein binding in human plasma.  Brief overviews of these
studies and the results found are provided next.

It was hypothesized that significant decomposition of nifedipine in commercial nifedipine
formulations might occur during prolonged sunlight exposure.  Nifedipine undergoes
photodegradation to dehydronifedipine (IDNTF) upon exposure to ultraviolet light and to the
nitroso—analog of dehydronifedipine (NIDNI1Y) when exposed to sunlight?  Nifedipine
photodegradation products do not contribute to clinical activity,” thus the content of
nifedipine must remain uniform between equipotent formulations. Large differences in light
stabiliry between assumed bioequivalent nitedipine products could potentially resuit in the
therapeutic failure of unstable preparations. Consequently, if large photostability differences

exist between ntidipim: prcpnmti@ns then px‘Dduct substitution mighr not be warranted.

rclc;lsc (CR) oral niF«:ﬁ:dipinc tormulations, obtained from scveml Furopean and North
American manufacturers, was studied using direct continuous artificial sunlight exposure
extending over a 12—week period. The content of both nifedipine and NDNIF for each
product was measured using HPLC. In addition, the rate of nifedipine photodegradation was

measured tor both a methanolie solution of niﬁzdipine and pur‘c nif';:clipine I)DWC]EI“ to validate

sunlight exposure less than 2% of NDNIF (\v/w initial nifcdipina content) was found in any
of the formulations. Conversely, photodegradation of the methanolic nifedipine solution and
pure nitedipine powder samples exceeded 10% (w/w initial nifedipine content) after about 5

to 10 minutes (mean 7, ek 31 minutes) and 24 hours (mean /, ,, /= = 7.7 days) of artificial

LA

sunlight exposure, respectively.  Therefore, these results showed that all the formulations
cvaluated  provided adequate protection against nifedipine photodegradation during
prolonged artificial sunlight exposure and also validated the test system. It was concluded
that if bioinequivalence, therapeutic failures or pharmacodynamic differences between the
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tested nitedipine formulations were observed then photoinstability would be unlikely to he
major contributory factor.

Signiticant daily variability occurs in the bioavailability and peak plasma concenteations of
nitedipine given perorally as an IR dosage form, which is attributed to increased absorption
or reduced presystemic metabolism in the morning.'®  "The nifedipine GUIS is an oril
osmotic delivery device that exhibits CR properties within the gastrointestinal (G1) teact, and
is designed to provide zcro—order nifedipine release for nearly o full day”  Thus,
chronopharmacokinetic properties of nifedipine might also be observed following, single-
dose administration of a GI'TS formulation by comparing plasmi concentrations found in
the evening with those of the following morning (e.g., 12 hour versus 24 hour postdosing
levels, respectively).  Hence, time—dependency and the variability in nifedipine plsnu
concentrations and kinetics within and between subjects were assessed ina hioeguivalency
study conducted with 4 commercially available nifedipine GITS formuliations (2 lots of hoth
30 mg and 60 mg strengths obtained from the same manufacturer) given in single—dose
fashion to 12 healthy subjects. As expected, mean €, and AUC(0-1) values of the 60 mg,
doses were approximately double those of the 30 rng doses suggesting a lincar dose versus
concentration relationship; however, typical standards of biocquivalence were not met
because of large inter— and intrasubject vartabiliry that is only partially explained by the
relatively small number of study participants.  This larter finding may have important
ramifications for others attempting to develop a bioequivalent product.  Interestingly, mean
plasma nifedipine concentrations increased up to 24 hours post—dosing with cach of the 4
lots tested. In the individual kinetic profiles, 4,,, was measured as 24 hours (corresponding 1o
about 8 AM) over half the time (56%), consistent with previously reported
chronopharmacokinetic observations for nifedipine. Alternatively, these results could suggest
that the location of the GI'TS tablet in the GI tract influenced nifedipine bioavailabiliry.

ss the dissolution

Given the results of the previous study, it was dlso necessary to asse
characteristics of the nifedipine GITS as a potential source of the variability and apparent
chronopharmacokinetic properties observed. ‘The nifedipine GI'T'S incorporates a push—pull
osmotic pump to release — in zero-order fashion — a finely—divided suspension of
nifedipine which must then undergo dissolution in the Gl tract before the drug can be
absorbed.”  Classical, differential (ALZA) and flow—through type dissolution methods

adequately characterize the in vitro nifedipine suspension release rate from the nifedipine
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GITS however, these methods fail to measure the in vitro dissolution rate of the
suspended particles — a potentially signiticant shortcoming considering that nifedipine 1s
poorly water—soluble (£ 10 ug mLLY)." ‘Therefore, an in viiro two—phase dissolution system
was developed. This system measured the rate of nifedipine ‘transfer’ from an aqueous phase
(simulated intestinal fluid, USP, without pancreatin, containing a nifedipine GI'TS tablet) into
an organic phase (n—octanol), a process dependent on release of the drug suspension from
the tabl 1 dissolution of the particles in the aqueous phase and partitioning of the drug in the
organic phase.  For the nifedipine GI'TS strengths tested (30 mg and 60 mg) the two—phase
method indicated that about 90% of the drug was transferred within 30 hours. In contrast,
results from single~phase dissolution methods show that about 90% of the drug suspension
is released within 24 hours.* Hence, the two—phase dissolution method gave results which
appeared to he in better agreement with published in vivo studies of the nifedipine GITS™"
with regard to both the rate and duration of nifedipine absorption from the GI tract.
However, the results also indicated that the large inter— and intrasubject variability and
apparent chronopharmacokinetic properties, observed in vivo in the clinical study described
previously and scen in some other reports,” ' could not be accounted for by the release and
dissolution: properties of the drug from the GITS dosage form. This study, nonctheless,
emphasized the importance of differentiating between nifedipine suspension release and
nifedipine dissolution for this type of formulation; but, the two—phase dissolution method
may also be usctul for other pharmaceutical formulations and poorly water—soluble drugs.
The nifedipine GI'I'S produces relatively linear fractional absorption—time plots between 6
and 24 hours and about 70% of the ‘available’ dose is absorbed within 24 hours." However,
conventional single—phase in vitro dissolution tests with the nifedipine GI'TS demonstrate
pseudo zero—order release of nifedipine suspension between about 2 to 20 hours and = 90%
of the labeled dose is relcased within 24 hours.*” Using the two—phase dissolution system
described above, mean in vitro data obtained from 2 strengths of the nifedipine GITS were
compared with mean in vivo data from a human biocquivalency study'” in anticipation of
improved in vitro—in vivo correlations. For the in vivo data, deconvolution was performed
using both the Wagner-Nelson method (model-dependent, WN) and DeMonS$ which is a
new method of numerical deconvolution (model-independent, DS)."*  Calculated zero—
order rates of drug absorption [0.95(WN)/1.03(DS) mg h' and 1.88(WN)/1.94(DS) mg h'';

30 mg and 60 mg strengths, respectively] compared reasonably well with the calculated zero—
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order rates of drug transfer (0.96 and 2.02 mg h'; 30 mg and 60 my strengths, respectively).
These values, however, are considerably less than zero—order drug, release eates obrained
using single-phasc dissolution methods or reported as  the  manufacturers  desipn
specifications (1.7 and 3.4 mg h's 30 mg and 60 myg strengths, respectively).™ 1lence,
improved in vitro—in vivo corrclations were demonstrated with the two—phase dissolution
test, yielding 1:1 (Level A) correlations (£ > 0.99 in all cases).

The peroral (po) bioavailability of nifedipine is reported to range from about 43% to 58
in the rat,”"** which compares favorably to human beings (0% < 142 68%). "% The
metabolism of nifedipine is similar in both rats and humuns {(nvolving oxidation of the
dihydropyridine ring) and the liver is believed to be mainly responsible for the systemic
clearance of the drug and the observed first—pass effect after po dosing™ ™% Tenee, a study
was conducted to determine if intestinal metabolism also contributed to the first—pass
elimination of nifedipine in the rat. ‘The systemic availability’s of a nifedipine dose given by
po, intracolonic (ic) and intraperitoneal (ip) routes of administration were compared to an iv
dose (in each case a nifedipine dose of 6 mg kg was used) in adult male Sprague-Dawley rats
(249 to 311 g, n = 6 or 7 per group). The geometric mean of systemic nifedipine plasma
clearance after iv dosing was 10.3 mL min” kg'. "T'he nifedipine Dlood—to~plasma ratio was
found to be about 0.59. Therefore, the systemic blood clearance of nifedipine was about
17.5 mL min" kg''; which, compared to the hepatic blood flow in rats (55 to 80 ml. min ' kg
"*¥ demonstrated poor nifedipine extraction by the liver (0.22 <[4, < (),32). The maan
absolute bioavailabilities of the po, ip and ic doses found were 61%, 90% and 100%,
respectively.  Assuming complete absorption of extravascular nifedipine doses, then these
results indicate that, in addition to hepatic extraction, substantial first—puss climination of
nifedipine occurs within the wall of the small intestine — but not the colon — of the rat.

The Dbioavailability of nifedipine in rats appears to increase and its absorption is
significantly delayed by grapefruit juice concentrate (GJC).™ lHence, the effect(s) of GJC
could be to delay stomach emptying and inhibit nifedipine metabolism in the small intestinal
wall and liver or, alternatively, to impede nifedipine absorption until the drug reaches the
large intestine where gut wall presystemic metabolism is 2 less important factor. 'The
mechanism(s) of action of GJC might be partially resolved by compuring its effect on the
pharmacokinetics of nifedipine with orange juice concentrate (OJC) which has a similar
consistency but lacks inhibitory cffects on nifedipine presystemic metabolism, and also by
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piving regular strength solutions of the two juices both of which should nor significantly
affect stomach emptying. Thus, a study was conducted to compare the po bivavailability of
nifedipine (6 mg kg') in male Spraguce—Dawley rats coadministered GJC, OJC, grapefruit
juice regular strength (GJRS), orange juice regular strength (OJRS) or (tap) water. Nifedipine
plasma concentration-time profiles in the GJRS, OJRS and (tap) water groups displayed a
single—peak. Both GJC and OJC groups gave double—peak profiles (indicating delayed gastric
emptying): however, the majority of the nifedipine dose in both cases was absorbed during
the time interval of the sccond peak, ie., several hours postdosing.  GJC significantly
increased nifedipine bioavailability [relative bioavailability = 2.02, compared with (tap) water].
Absolute nifedipine bivavailability in the GJC group was 1.20 (relative fo iv data®), indicating
that GJC may affect both extrahepatic and hepatic first—pass metabolism, although a
reduction in systemic nifedipine clearance cannot be ruled out. There appeared to be a slight
increase in bioavailability after GRS dosing but this was not statistically significant. OJC did
not increase nifedipine bioavailability, further suggesting that the delay in nifedipine
absorption by GJC or OJC results from delayed gastric emptying. Despite an apparent lack
of affect by GJRS, the GJC results demonstrate that the rat may be a suitable animal model
for turther investigating the grapetruit juice—nifedipine interaction.

Interestingly, the mechanism by which grapefruit juice increases nifedipine bioavailability
in human beings has not been unequivocally established to date.™ Assuming that the liver is
the principle organ responsible for the poor—to-intermediate extraction of nitedipine,
bioavailability of the compound is therefore influenced by hepatic intrinsic clearance, hepatic
blood flow and plasma protein binding. Because grapefruit juice does not signiticantly alter
hepatic blood flow® then the most likely explanation for its effect(s) is the presence of an
inhibitory substance(s) contained in the juice that temporarily decreases intrinsic clearance,
such as a bioflavonoid (e.g., naringin, quercetin). However, conflicting results are reported
from in vivo studies where individual bioflavonoids are coadministered with grapetruit
juice ¥ On the other hand, nifedipine is highly plasma protein bound (91% to 99%)**” but
is non-restrictively cleared as its hepatic extraction ratio (32% to 60%) exceeds the free drug
fraction (1% to 8%). Thus, a constituent(s) of grapefruit juice could change the free
‘available’ fraction of nifedipine by altering its extent or affinity of binding to plasma proteins
(ic., temporarily altering the nature of binding from non-restrictive to restrictive) during

first—pass through the liver, based on the ‘free~intermediate’ hypothesis.*** Hence, a simple
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in vitro human plasma protein binding study using an ultrafiltration method was undertaken,
The results of the study showed that grapefruit juice concentrate (GO, 2.5%, v/v) did not
signiticantly affect the extent of nifedipine plasma protein binding (mean > 949, with and
without GJC) throughout the concentration range evaluated (2 10 150 pg mlh,
Unfortunately, the affinity of nifedipine binding could not be estimated using, praphical
methods (i.c., Rosenthal or modified Scatchard plor) because protein binding was found to
be unsaturable. In conclusion, GJC did not affect the extent of nifedipine binding to plisnu
proteins; suggesting, perhaps, that binding affinity was also unatfected but this cannot be
completely ruled out.

In summary, the findings reported here illustrate some of the Factors which are important

in determining nifedipine bioavailability. Photoinstability of commercial oral nifedipine

preparations and potential changes in nifedipine human plismi protein hinding, by grapefiuit

nitedipine absorption (e.g.,, gut wall metabolism), drug dissolution, and grapetruit juice)
appeared to significantly influence the biowvailability (rate or extent) of nifedipine in human
beings or rats. The development of future oral nifedipine dosage forms (or formulations of
similar compounds) should be done in the expectation of improving oral bioavailability and
therapeutic response, and reducing the inter— and intrasubject variabiliry in drug delivery to
the systemic circulation and the incidence and severity of adverse effects. The in vitro and in
vivo studies conducted in this report provide a somewhat better understanding of several
factors which should be taken into consideration during the design, development and clinical
use of nifedipine products. However, these findings also demonstrte the need for more
clinical studies to be conducted with existing nifedipine formulations such as the nifedipine
GITS, especially since the data that was obtained from in vitro studies and rats cannot be
necessarily extrapolated to the human clinical setting.  Finally, given recent concerns that
have been raised regarding the clinical use of IR nifedipine formulations and subsequent
uncertainty about the use of longer—acting formulations, more attention needs to he focused
on the mechanisms and magnitude of factors involved in  determining nifedipine

bioavailability in human beings as related to clinical outcome(s).
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