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ABSTRACT:

Existing experimental strategies for the in vivo evaluation of fac-
tors affecting oral bioavailability have been reviewed. Based on
concepts that have evolved, an integrated set of strategies
emerges that appears capable of providing estimates of the indi-
vidual contributions attributable to absorption, losses in the gut

only assumptions are linear pharmacokinetics and constant clear-
ance between treatments. These methods are also suitable for the
assessment of metabolite bioavailability after drug administration
and the quantitative determination of sites of biotransformation
and metabolite formation in vivo.

lumen, and first-pass elimination in the gut wall and the liver. The

Historically, the concept of bioavailability is closely, if not exclu-circulation is defined experimentally by the sampling site, usually a
sively, associated with dosage form performance. This is becauseltl@d vessel in the peripheral circulation. Fig. 1 is a schematic
drug entity has been defined and its absorption and disposition chapresentation of drug movement after oral ingestion. As the dru
acteristicper seare fixed. Recently, the application of bioavailabilitypasses down the gastrointestinal tract, part of the dose may not |
principles and techniques has been extended to include animal studiesilable for absorption because of chemical degradation, physic
in the selection of potential drug candidates for development. imactivation through binding or complexation, microbial biotransfor-
particular, poor oral bioavailability is increasingly an issue in the drugation, etc. Of that which is absorbed@aisome may be metabolized
discovery process. In situations where different chemical entities anetransit through the gut wall. Unchanged drug that reaches thi
under investigation, dosage form performance is just one of thepatic portal veinp may be extracted by the liver by way of
possible contributing factors to poor oral bioavailability. Other podiotransformation or biliary excretion. Finally, further elimination
sibilities include diminished access for absorption because of chemay occur between the hepatic véirand the site of measurement,
ical degradation, physical inactivation, and insufficient contact time Bay a peripheral veipor a peripheral arterg.
transit through the gastrointestinal tract; poor permeability across theThus, the bioavailability Fof an orally administered dose is com-
gastrointestinal mucosa; and elimination during the first passagesed of the individual fractions that survive the various barriers
through the gut wall and the liver. Reliable estimates of the relati@ncountered by the drug during its first passage from the gut lumen t
importance of these causative factors are essential as guides to chibm-sampling site (15, 27yjz.,
ical modifications aimed to optimize oral bioavailability.

There is a body of literature on the subject of presystemic events

and first-pass elimination and their evaluationvivo (1-32). How- E is the fracti bsorbedl . tof h dd
ever, existing strategies and methods do not possess the flexibility é{YJ?Fre s the fraction absorbed €. net transport of unchanged drug

versatility that current applications demand. The main drawbacks %O fand_arouhnd _the absorpttl)v?. ce(ljls_ of th_e glastromtestmr? ! tra(ghi}shF
that key variables are incompletely resolved and parameter estima{ raction that is not metabolized in a single passage through the g

are often confounded by simplifying assumptions attendant to thg\fpl’ Fiis th? fraction th?t IS not ex_tracted durm_g the first passage
rough the liver, and &is the fraction that survives post-hepatic

solution. The liver has been most extensively studied, and its conﬁtr_ ati 1o th i ite. By definii theref
bution to oral bioavailability is well defined. The isolation and quan? imination en routeto the sampling site. By detinition, tneretore,
nabsorption and lumenal elimination are represented by the qual

titation of the remaining components are problematic and usual
- ; ; t % (1= Fy).

predicated on assumptions such as the dose being completely X1 llv defi ! bi ilabili di

sorbed unchanged, biotransformation not occurring in the gut wall; the g- _ormﬂ y detines or? . |iava||ad| ity an '_Tslts c?dmponent p:]arts.

liver being the only drug metabolizing organ; etc. While such qual|-n practice, OWEVer, exp 'C'.t Kxhowiedge Ofs seidom soug t

fying assumptions may be appropriate in specific situations, th nce, the more familiar definition of oral bioavailability, F, is that

detract from the general applicability of a method. The purpose of tHLen by eq. 2.

communication is to consider supplemental strategies in search of

wider applicability.

F'=F«FsFyFs 1)

F=FFsFy (2)

The difference between egs. 1 and 2 is in the point of refererece,
how one defines the general circulation. Whereagdfers to that

The bloavallablllty of an administered substance is that fraction ﬂ'bction of an oral that reaches the samp”ng site unchanged, Fi
the dose that reaches the general circulation unchanged. The gengfattively a measure of drug availability to the hepatic venous
circulation. Experimentally, different sites of drug administration are
indicated in the determination of total body clearance (33-35).

Experimental strategies will be developed to isolate and quantify
the individual components shown on the right-hand side of eq. 1. Eac
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1330 KWAN
usually determined in a separate experiment, such that

Div,i

CL=—5u
AUCP”

4)

GUEAIY where D' refers to an intravenous dose of drug administered to &

peripheral vein. Combining eqgs. 2—4, one obtains

D™ AUCP”
Fx Fe Fu = ome AUCT” (5)
Similarly, the bioavailability of an intravenous dose of drug admin-
istered to the portal vein, BP, can be represented by eq. 6.
DV AUCP"’
_ j
FH - Div.p AUCJDiv.i (6)
c
o) which, when divided into eq. 5, yields
e
& ! s
= DVP AUCP”
o 3 FFo= o5~ @)
_= [=] X G Dpo AUCDMP
& A & :
® \ a i ) To resolve k Fg, it would be necessary to effect an independent
@ ORGAN s estimate of § or Fg. It is generally recognized that absorption of
E = xenobiotics occurs mainly in the intestines, especially the upper pal
1 g-, of the small intestine. It follows, therefore, that the intestinal wall
\ a J g contributes most prominently to gut-wall metabolism. Accordingly,
s TISSUE an intra-arterial dose of drug to the superior (cranial) mesenteri
artery, D*™, should yield an estimate ofA,. That is to say,
-
\ e D™ AUCP™" 8
e i = pam W (8)
A Dividing eg. 8 into eq. 5,
4 k ia,m Dpo
N ¢ KIDNEYS I—/ Fo= D AUGT ©)
D AUC,
Finally, from egs. 7 and 9,
p piam
Fic. 1. Schematic representation of drug movement in the body. D** AUG; (10)

G = Dia,m AUCDN,D
Lower case letter mark sites of possible interest: Absorption sitéle )

hepatic portal veirp; the hepatic veirh; peripheral veins, j, k, |; peripheral

: f : : The experimental determination of Bhould nominally include an
arteriesa; the mesenteric artery m; and arterial supplp venous effluent gt

intravenous dose to the hepatic vein¥'l) as the test treatment.
) ) ) ) ) _ However, D' is not a suitable reference in the determination of total
case involves the grouping of experiments in which the sites Bbdy clearance. This is because the first-pass effects encountered

administration and measurement are systematically varied to Yig}t:" are virtually identical to those operating o1 such that
estimates of the desired parameters (1, 13, 14, 19). Experimental

designs will evolve from the familiar to the more esoteric in search of AuCP*"  AucP™
greater precision and efficiency. Assumptions are that total body DVh = pwi a1
clearance is independent of concentration and constant between treat-
ments. Moreover, individual components of body clearance, es&eripheral venous sites of administration other thare similarly
cially those of primary interese.g. gut wall and liver, need to be Unsuitable.
invariant between treatments. One way to avoid this dispositional overlap is to administer the

Measurement in the Peripheral Circulation Only. Let's begin drug intra-arterially at site in fig. 1 such that
with the evaluation of bioavailability as defined by eq. 2. The amount Dian
of drug that reaches general circulation after an oral do§8,i® CL' = AUCT™

]

(12)
po — Dro

FD CLAUG ) where CL is total body clearance as defined by the site of adminis-

where AUC is the area under the plasma, serum, or blood drtrgtionn and the site of measuremgr(27, 33);n is the arterial supply

concentration curve from time zero to time infinity; the superscrifib the organ or tissue for whighis the venous effluent. For now, let's

refers to the route of drug administration, the subsgrigenotes a assume that no drug elimination occurs betweemdj. Under these

venous sampling site; and CL is the total body clearance thatdscumstances, the product of Cand AUCJDW'h is the amount of drug
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"Cgs x" the gut wall and the liver. The rate of drug delivery, R, from the gut lumen
to the portal circulation can be estimated (23) by
Sless it % 8§
T \E/ |: ’C\li T \E/ R= Qp(css,p_ css,‘p) (15)
w RiGssh 11| Cosi | S w R|  where Q is the blood flow rate in the hepatic portal vein, Gis the
L El Ces J Ceca 3 observed concentration in portal blood at steady state, gnis @at part
S of C prepresented by drug returning from the general circulation. The
difference between G ,and G, therefore, represents new contributions
_________ Ces from the gut lumen. The relationship betweeg Fand G can be
Css k visualized by rolling fig. 2 back on itself to form a cylinder wherein
vertical bars representing “gut wall” and “liver” on the far right coincide
m m with their counterparts on the left. In this alignment, Gand G appear
BLOOD BLOGD in the same column representing the portal vein.
Fic. 2. Schematic diagram of steady-state concentrations, & sites of By analogy to eq. 15, the total amount of drug that reaches the
interest during a continuous perfusion of drug solution to the portal circulation from the gut following a single oral dose is
gastrointestinal tract at a constant rate.
Lower case letter designation have the same meaning as in fig.1, € Fx Fo DP = Q,(AUC]” — AUCE"™) (16)
the effective steady-state concentration at the absorptior. stee text for the oo . . .
definition of C. AUC™" is not an experimentally observable entity, but its value can

be deduced from the corresponding area measured in samples tak
o o from a peripheral blood vessel, say, AR
that reaches the sampling site following’®. Hence, From an intravenous dose, one obtains @'j@nd AUCEW. Since
there is no lumenal source of drug after an intravenous dose,
CL’ AUCP™"  D=" AUC™" o .
Fs=——pws —~pwn AUCT™ (13) AUCE" = AUC? (17)

Furthermore, in a linear system with constant clearance between trez
Combining egs. 11 and 13, ments, the ratio of AUC to AUCis invariant regardless of the route of
administration and numerically equal to that following an iv dose;

= E ﬂ (14) AUCP™ AuCP*" AUCY"
ST DY AucP*” = = ... = (18)
AUC;" AUC; AUC;

Eq. 14 is experimentally preferable to eq. 13 in that a peripheral v&ilbmbining eqs. 1618,
is more accessible than the hepatic vein. Moreover, the evaluation of
F< would entail only one additional treatment'®D, rather than two, Q - AUCP” -
Dia,n and Dv,h' FX FG = W AUCp - 7AUC2W AUCp (19)

Total body clearance, CL or CLmay be calculated from serum,
plasma, or blood concentration data as long as the same mediurfeiden that
used consistently in bioavailability assessment. v AUCD™

For clarity, ensuing discussions will dispense with the assess- Fy Fo Fy = Di U 2 (20)
ment of which can always be amended with an additional experiment. D™ AUCZ
Furthermore, since all peripheral veins are interchangeable as sites.of . . .
administration, the site qualifiers for'Dare no longer necessary andalvIdlng €q. 19 into eq. 20 yields
will be dropped. The B¥P designation is retained for drug adminis- DV AUCD™
tration to the hepatic portal vein, however. Whereas peripheral veins Fy= Q {Aucgpo AUCP" — AUCP" AUC?.V} (21)

appear to be equivalent as sites of administration, they are not inter-

changeable as sampling sites. Conversely, peripheral sampling s#gfilarly, the amount of drug that reaches the portal circulation aftes

on the arterial side are equivalent, but administration to each artef¥jose to the mesenteric artery is

engenders a unique first-pass effect. Therefore, data used to extract

pharmacokinetic parameters should come from samples taken from a Fg D™= Q,(AUCy"" — AUCE™") (22)

common venous sampling site. Data derived from samples taken from . . .

peripheral arteries are not similarly constrained. For this reasdiich. when combined with egs. 17 and 18, yields

subseguenF developments will designate an aideag the peripheral Q AUC?@MAUC?V — AUCP®" AUC?.V

sampling site. ( = ) (23)
Measurements in the Portal and Peripheral Circulation. Con- AUC,

comita_nt me_asu_rements_in the porte_ll and peripheral blood p_rovidt_;;iﬂa"y’ dividing eq. 23 into eq. 19, one obtains

new dimension in experimental design. Suppose the gastrointestinal

tract were subjected to a continuous perfusion at a constant rate of a drug Diam( AU c'g"" AUCP" — AUCY” AU C,?W

tsolgt.lon of fixed gomposmon. At stegdy s.tate,.blood F:oncentrgtlggatc Fx = D { AUCS‘” AUCD” — AUCD™" AUCE'V} (24)

individual sampling sites become time invariant. Fig. 2 depicts steady-

state concentrations at sampling sites of possible interest for a drug théimultaneous measurement in the portal vein and a peripher:

is capable of being absorbed and the eliminating organs for which inclualtery eliminates the need for an iv,p treatment. There are, howeve

chh Dia,m
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twice as many measurements in the remaining treatments. In additibhe fraction of ¥° that is absorbed as drug is Fsuch that

the application of egs. 21 and 23 requires explicit knowledge of the - -

blood flow rate in the portal vein; implicit in eq. 24 is the assumption b AUC, (30)
of constant Q between treatments. Depending how precisely one X D AuCR®”

needs to separate the parametegs Fs, and R, one can either

measure Qdirectly (35-38) or rely on literature values (39). With Q The product of egs. 29 and 30 is, therefore,

defined as blood flow rate, drug concentrations in whole blood should MY AUCP™ AUCD®"
be used in egs. 21 and 23. fm F + Fx Fo Fym + Fx Fom Fiim = D[I)o H (31)
Simultaneous Measurement of Drug and MetaboliteLet’s de- AUC;" AUC

fine F,, as the bioavailability of a specific metabolitg after oral

administration of the parent drugiz. The difference between eq. 31 and eq. 28 is the contribution o

first-pass metabolism to the bioavailability of from an oral dose of
MY AUCP™ drug, viz.
i mj,a

=5 v (25)
Dp AUCT’\TA]ii,a

mi

Fx Fo Frim + Fx Fo.m Flim =

H,m;

v

MY AUCD™ (AUCR™T  AUCE',

D* aucM {AUCEM AUCEV}

where M is the dose administered as and AUG, is the area under e (32)

the m concentration curve from time zero to time infinity. Other

superscripts and subscripts have the same meaning as before. Mb{ two terms on the left-hand side of eq. 32 represent the respecti

equivalents of drug and metabolite should be used throughout@@ntributions of mformed in the liver and the gut wall. Separate

account for the difference in their molecular weight. estimates for each can be effected by administering drug to the port:
Similarly, Fx . Fo.m and K, , are, respectively, the fraction thatvein, following which the bioavailability of mis given by eq. 33.

is absorbed as nfrom the lumen following an oral dose of drug, the MY AUCD"?

fraction that reaches the portal vein asfoilowing a single passage frr Fu+ Fom = =ns e

of drug through the gut wall, and the fraction that reaches the hepatic ' "D auch

vein as m following a single passage of drug through the liver. Y

Finally, Fy, FY,, F¢', and R, are to mfollowing metabolite m Since

administration as F, § Fg, and F, are, respectively, to drug follow-

ing drug administration. Fx Fo = =55 ——ovs
The quantity F, is comprised of mthat is derived from parent drug D™ AUC;

that reached the general circulation initially as drug andttmat

reaches the sampling site for the first time ggper se That fraction

of the total body clearance of drug that is available asisnhml. The M AUCE"(’AUCEK';

bioavailability of drug after an oral dose’Dis F. Hence, the systemic fo F+ Fx Fo Fum =

source of K, is f., F. The nonsystemic component of,fs the sum

of the bioavailability of mthat is formed in the gut lumen,F.,, FYi

M A i s - G.m  Subtracting eq. 28 from eq. 35 and then eq. 36 from eq. 32, one ge
Fii'm, @and m that is formed and survived during first passage of the

(33)

D" AUCE”
(34)

the product of egs. 33 and 34 is

N R YA (35)
po iv, M
D™ auce* aucl,

parent through the gut wall and liver. The latter is composed of m MY AUCD™ (AUCY'?  AUCY,
e ot e ol ot ad e E o <0 et ey | 9
through the liver, & Fg ., F¥'r,. Thus, and
Foo = Fxom Form Fitm + Fx(Fo Fum + Fom Fiim) + f F - (26) . MY AUCD”(AUCRT  AUCHY
Fx Fom FH,‘m. = DPo Aucﬁva{AUC?am - AUCEIV,D} (37)

The fraction {, of drug clearance that is bioavailable asisrgiven by

eq. 27. Finally, the bioavailability of lumenally formed nis the difference
_ N between eq. 26 and eq. 3iiz.
M} AUCH,
m = W M (27) Fx.m‘ Fg,‘m Fm,'mi = Fm‘ - fm‘ F- Fx FG FH,m\ - Fx FG,m Fm,'m.
AUC ',
Theref MY AUCD” (AUCRY, AUCRY
erefore, = D AUCmi:,va AUCY” ~ AUCD™ (38)

iv DV Dpo
= M; w (28) The key expressions are egs. 25, 28, 32, and 38. They indicate that t
DPe AUCan' JAUCY” overall bioavailability F;, can be separated into its lumenal, first-pass,
' and systemic components through the simultaneous measurement
By analogy to egs. 25 and 26, the bioavailability gfafter a dose drug and mfollowing DP°, D™ D", and M". The gut-wall and

o F

of drug to the mesenteric artery is given by eq. 29. hepatic contributions to first-pass drug elimination andbiavail-
ability can be separated from each other by the addition %*.D

MY AUCE:T Further resolution is possible through the additional treatments o
f Fo Fu + Fo Fum + Fom Flim = ——  (29) MP° M=™ and M*-P to obtain estimates of rformation in the lumen

© pam My . S . .
AUC, and bioavailability across the gut wall and liver. Assumptions that



ORAL BIOAVAILABILITY AND FIRST-PASS EFFECTS 1333

pertain to mdisposition are the same as those for dilggclearances effect, K F5 has been experimentally defined either as drug absorp
are independent of concentration and constant between treatmetigs. or gut-wall metabolism. Similarly, the experimental evaluation of
Reversibility in the biotransformation of drug and tm each other is F, and R by dose administration to a mesenteric artery are subject tc
not excluded conceptually but may require some change in form dalifferent set of design constraints and dependencies. In subseque
accommodate the definition of clearance (40). discussion, it may be useful to treat bioavailability F and its compo-
nents as net transport and survival to their respective experimentall
defined reference points. By considering the formal definitions of
Experimental strategies have been outlined to isolate and quanify.p, parameter and their possible dependencies on method, one
the individual elements that contribute to the bioavailability of druge petter able to interpret the results. For example, would a molecul
and metabolite after an oral dose of drug. They represent an integigeqistered as part of FF, or F, if it enters an enterocyte as drug,
tion of and extensions to existing methods (1, 7, 15, 17, 19, 23, 25, 29gnjugated there, and is deconjugated in the liver? What about

32). Depending on the kind of information being sought, experimeniso|ecyle that is absorbed in the stomach and is metabolized in th
may involve drug and metabolite administration orally, intravenoush(ler?

to the hepatic portal vein and a peripheral vein, and intra-arterially 1074 the extent that the superior mesenteric vein is only one of the

the rEels_‘em_e”EI ar(tjery folllowedkby :he mﬁas;uremc_ent of dlrug_ affbutaries feeding the hepatic portal circulation, the proposed treat
metabolite in blood samples taken from the hepatic portal vein, g, ot qosing to the superior mesenteric artery does not complete!
peripheral vein, and a peripheral artery. Assumptions are linear ph@arlbture metabolic activities of the entire gut wall. Among the unrep-

macoklr:.etlcs and cotnste:jnF ciﬁaranlce tpetw&:en treatmgnts..th i resented regions are the stomach and the upper portion of the rectul
Questions encountered in the selection of compounds with optiny wever, absorption must take place through these tissues for tt

oral bioavailability for further development as a potential drug alfetabolic activities therein to manifest. In consideration of factors

different fro_m those in support of clln_lcal evaluation of a selecte lich as tissue permeability, effective surface area, dwell time, an
compound in man or other target animals. Instead of whether the _, . . o .
) S ecal impaction, contribution of the rectum to drug absorption after ar
bioavailability of a compound has been adversely affected by formu- . S .
. . . oral dose is usually thought to be negligible while that of the stomact
lation or whether the intended effect of the formulation to enhance or ) . . . . ) .
. - . . .~ 1S about 10%,; the remainder is attributed to the intestines, particularl
modulate has been achieved, one is more likely to be interested in the )

. . - . . .. the upper part of the small intestine (41—-43). Since only a fraction of
factors affecting oral bioavailability and their respective contributio . .
. . . at which is absorbed through the stomach wall contributes to th
to the observed value. In drug discovery, therefore, it would be high ) o . L
erall bioavailability, the error associated with its neglect seems

desirable to be able to separate and quantify lumenal events from tabl I In situati h th t of th £
systemic ones and permeability issues from first-pass effects jeeptably small. In situations where another segment of the gut |

individual compounds under investigation. Coincidentally, there eemed to contribute more significantly than the small intestine, the

also greater flexibility in experiment design in the preclinical evall2' of adrr_nmstr_atlon should then be the artery su_pplymg that seg
ation of drug candidates. ment. Dosing simultaneously to two or more loci may be more

Heretofore, estimates of fraction absorbed have been based One[ﬂtéompassing but is conceptually less desirable than dosing only 1

assumption of no gut-wall metabolism or on nonspecific measurb§ r€gion mostly responsible for metabolism in the gut wall. This is
ause such an undertaking would engender the need to apporti

such as drug-related substances recovered in the urine or AUC of t ] M -
radioactivity. Such estimates are not useful in the resolution&t.F € refative contribution of each segmenpriori. The consequences
into its components. On the other hand, drug administration to tRE NcOMPlete coverage, albeit by design, is that estimates of th
arterial supply of the gut provides an opportunity to assess metabolif#ftion absorbed J- are somewhat biased on the high side to the
by the gut-walls free from the confounding effects of gastrointestingK(ent that & is underestimated. This is because their prodyéid
absorption. First choice among such arteries is the superior (cranigiyinaffected by the nature of the experimental approximation. Drug
mesenteric because it has the widest coverage of absorptive surfiggigcules that are absorbed from the lower rectum directly into the
along the gut. To the extent that a reasonable estimate, aff be inferior vena cava would also positively bias estimates of Fhis
effected, the magnitude of the corresponding grovides useful Source of error is probably insignificant after an oral dose but may be
direction for new compound synthesis. For example, a high value $i@nificant after rectal administration or in situations when drug is
F,. would indicate good membrane permeability while a low valugbsorbed directly into the lymphatic system.

Discussion

suggests poor net transport or significant lumenal loss, .17he In addition, there may be situations in which not all of the metabolic
relative magnitudes of £ and FF,, would distinguish transport activity extant in the intestinal epithelium is accessible to drug enter:
problems from first-pass elimination. ing from the serosal side. This would result in an overestimate;of F

Because experimental parameters are often dependent on &A@ & corresponding underestimation of Fhasmuch as the product
method for their determination, they can be defined more precisély Fx and F is unaffected, the decrement in Fvould appear as a
after the fact. The assessment of oral bioavailability and its compeRrresponding increase in the fraction of the dose metabolized in th
nents is typical. The definition of F is dependent on the choice @ttlumen. For example, a qualitative difference in biotransformation
reference for the determination of body clearance and the samplafter oral and parenteral routes of administration may indicate that th
site. Insofar as f; can be determined under well-defined experiment@nzyme system responsible for the orally-specific metabolite is no
conditions, KF is precisely defined by the ratio FjFConversely, accessible to substrate delivered from the serosal side of the gut or th
by sampling hepatic portal blood, one can estimgtEdirectly and said metabolite is formed in the lumen and absorbed as such. Fe
define R, as F/KFs. By definition, K Fg is clearly the net effect of attempts have been made to distinguish between the alternatives.
drug absorption and first-pass gut-wall metabolism. However, tligolated intestinal segments, absence of conjugates in the effluent aft
experimental separation and quantitation gféhd F; are seldom, if the administration of phenol (44) and isoprenaline (20) to the arteria
ever, attempted. Most of the reported strategies are based on ghpply may indicate lack of penetration by these substrates. On th
assumption that the drug is either completely absorbed (8, 12, 15—-a#her hand, the presence of only nonconjugated metabolites of testo
25, 27, 28) or not metabolized in the gut wall (7, 8, 12, 15, 31). Iterone (44) in the effluent suggests transport into enterocytes but ne
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to the relevant phase Il enzymes therein. Indirectly, substrate perrpatic circulation are not entering for the first time and, therefore,
ability into enterocytes from the systemic circulation may be inferrezshould register as part of AUCas well. To fully account for the
from studies on the inductive and inhibitory effects of xenobiotics oaffects of enterohepatic circulation the sampling scheme should b
intestinal enzymes following inhalation or parenteral administratioadequate to effect competent measures of Aai@ AUG,. Overall,
Substances presumably polycyclic aromatic hydrocarbons from ciglere are no apparent strategic advantages or experimental expedie
rette smoke (45) and intraperitonially administered dexamethasaries associated with simultaneous measurements in the portal circ
(46) and some combination of phenobarbital, polyhalogenated bipHation.
nyls, and organochlorine pesticides (47) seem to have ready access fthere is renewed interest in the use of the portal-to-periphera
enterocytes while erythromycin (48) apparently does not. In view obncentration gradient as a measure of intestinal absorption (41—4E&
the paucity and inconclusive nature of the evidence, the possibility Mbtwithstanding the confounding effects of gut-wall metabolism, the
limited access should be considered in the design and interpretationaifdity of this approach depends on how closely the drug concentra
experiments. If one suspects incomplete access, comparative turndioer profile measured in a peripheral blood vessel resembles the
rates in gut-wall homogenates. lumenal contents may be revealing.which is occurring ap. Fig. 2 shows that steady-state concentrations
Also, high rates of metabolism in gut-wall homogenates may Iz peripheral sampling sitésj, k, anda may differ from each other
incompatible with high estimates ofFFinally, as a practical matter, and from the expected value at for one drug at a fixed rate of input
an acceptably high estimate of Br an unacceptably low estimate of The relative magnitudes at these same sites will differ from drug tc
F«Fs may be sufficiently decisive despite misapportionment. drug since they depend on where drug elimination occurs and th
Available evidence seems to suggest that systemic access to dretptive contributions of each eliminating organ. After a single oral
metabolizing enzymes in enterocytes is compound specific (25). Codose of drug, the difference in concentration betwpeand varies
plete access leads the best estimate 9BRd the highest resolution with time and is proportional to the time course of change in drug
among K, Fg, and F,. At the other end of the spectrum, totalinput to the portal circulation; it starts at zero at time zero, goes
inaccessibility would result in no resolution betweep Bnd its through a series of finite values, and returns to zero eventually
neighbors k and k. Nonetheless, dose administration to the me®ifferences in concentration betweprand peripheral siteis j, k, or
enteric artery, [%™ is the preferred treatment in situations in whicka must undergo similar changes with time but not coincidently with
the primary objective is to assess the relative contribution of nonadach other. Also unlike the differences between thogeaatd , they
sorptionvs.first-pass elimination. In the worst case, one would obtaiare not necessarily zero in the absence of input from the gut anc
a valid estimate of | as if the dose had been administered to thiherefore, generally not proportional to the drug input profile. The
hepatic portal vein. Except in the worst case, the result should mmoteness with which concentrations at a peripheral site can emula
closer to the target than that following the alternative treatméh®.D those atp suggests that the valid use of portal-to-peripheral concen
In the assessment ofsFby egs. 13 or 14, D" should best be tration gradientper sewould be limited. Empirically, applicability is
administered by infusion rather than as a bolus. This is to maximilimited to situations in which AUC’s measured in the portal vein and
the opportunities for representative sampling at pigand to ensure the peripheral site after an iv dose are equal. In other words, differ
thereby a competent estimate of CThe assumption that the organences in drug concentration between the portal and the peripher:
spanning sitea andj should be noneliminating was dictated by eq. 1blood are not indicative of ongoing absorption except in highly
wherein the general circulation was defined by the sampling slfe specialized situation®.g. the drug is metabolically inert. They are
this assumed condition were not satisfied, the application of eq. 13especially inappropriate as indices of comparative absorption acros
14 would result in a different estimate of post-hepatic elimination, s@pmpounds.
FS', that is numerically larger thangFIn effect, the reference point  There are many situations in which one would be interested in the
has again been changed such that general circulation is now syndpigavailability of a metabolite in addition to or instead of the drug. For
mous with the arterial supply. Although seldom indicated, the decrexample, in the evaluation of prodrugs, bioavailability of the drug is
ment between § and F; can be restored by assessing the extractiagermane. In this context, F is a measure of the bioavailability of the
ratio across sites andj. Alternative experimental strategies haveprodrug after prodrug administration whilg,Fs the bioavailability of
been described for the determination qf &, more generally, first- drug after prodrug administration. On another occasion one may wis
pass effects across organs (49-52). Different combinations of sitesmfknow how much of the administered drug reaches the genere
administration and measurement may result in estimates that eireulation as an active metabolite. The experimental strategy fo
independently valid but differ because of their point of reference. metabolite bioavailability assessment is the same as that for drug
any event, the implementation of experimental strategies that requig bioavailability involves the accounting of a single sequence of
total accountability at the site of administration should be undertakewments in which drug molecules move serially through the gut lumen
with care (19, 27, 53-56). the gastrointestinal mucosa, the gut wall, and the liver. Drug mole:
Simultaneous sampling in the portal and peripheral circulatiarules that survive each tissue are a continuing source of metabolif
represents an alternative experimental strategy wherein the referembde metabolite formed in each tissue must survive the remaining
point shifts from a peripheral site to the portal vein. The prominetissues sequentially to be counted. Metabolite bioavailability, there:
role of the portal measurements is evident by comparing eq. 16 to &re, consists of the tracking of parallel sequences representing tt
19 and eq. 22 to eq. 23. They clearly show the subordinate naturesefial survival of drug and metabolite. Since there are no constraint
the peripheral samples which are used mainly to effect estimatesoof the relationship between drug and metabolite,primary or ri"
AUCp. An intravenous dose is needed in the estimation of ALBY  generation, the same strategy applies for any other metabolite. Fu
design this treatment is to emulate only drug molecules returningtteermore, more than one metabolite can be studied simultaneousl
the portal vein from the general circulation. Sampling in a periphergbr example, the bioavailability of metabolites and m after drug
artery ensures the registration of drug molecules from the intraven@gministration would nominally entail one additional treatment M
dose prior to their entry to the portal circulation for the first timeand analyzing all samples for drug; emd m. How the results should
Similarly, drug molecules that enter the portal veia the enterohe- be analyzed to yield the appropriate parameters would depend on tt
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relationship between pand m. If they are products of parallel and 5. T. Suzuki, Y. Saitok, S. Isozaki, and R. Ishida: Drug absorption and
mutually exclusive metabolic pathways, the components obiat metabolism studies by use of portal vein infusion in the rat. I. Pyloric
availability would be represented by expressions analogous to egs. 25, Vein cannulation and its application fo study of first-pass effect on
28, 32, and 38. Where s an obligatory precursor ijmhe serial bioavailability of propranolol.Chem. Pharm. Bull.20, 2731-2735
survival of drug and qacross each tissue must be accounted for in th% (1972)'. L .
bioavailability of m whil 25 28. 32 and 38 remain valid form M. Gibaldi and S. Feldman: Route of administration and drug metabolism
oava a_ yorm € €0s. 2o, 25, . a € _a_ alid fof. Eur. J. Pharmacol19, 523-329 (1972).
Where mis ong of the sources ofjn'or vice vers.aaddltlonal branch 7. M. Rowland: Influence of route of administration on drug availability.
points must b_e mclu_d_ed to account for the survival gaumd m across J. Pharm. Sci61, 70-74 (1972).
each tissue in addition to their direct descendence from the paregt p. Perrier, M. Gibaldi, and R. N. Boyes: Prediction of systemic availabil-
drug. Insofar as their applicability extends to precursor-product rela- ity from plasma-level data after oral administratidh.Pharm. Phar-
tionships, the proposed strategies are not limited to bioavailability = mac.25,256-257 (1973).
assessment but should be generally useful irirthévo evaluation of 9. T. Suzuki, S. Isozaki, R. Ishida, Y. Satoh, and F. Nakagawa: Drug
sites of drug metabolism and metabolite formation. absorption and metabolism studies by use of portal vein infusion in the
Most of the analytical expressions of interest involve area compar- rat. Il. Influence of dose and infusion rate on the bioavailability of
isons after two or more different treatments. Experimental designs can __Propranolol.Chem. Pharm. Bull22, 1639-1645 (1974).

- . . .10. M. Gibaldi and D. Perrier: Route of administration and drug disposition.
be made more efficient, therefore, by the concomitant administration Drug Metab. Rev3, 185-199 (1974).

of different isotope-labeled d_ru_g or_metabollte by different routeill C.F. George, E. Q. Blackwell, and D. S. Davies: Metabolism of isopren-
Whereas four separate administrations are needeq to resolve and e in the intestinel. Pharm. Pharmac26, 265-267 (1974).
estimate |, F, and K by egs. 6, 10, and 9, respectively, only twoj2 w. L. Chiou: Quantitation of hepatic and pulmonary first-pass effect and
treatments would suffice by giving two different labels concomitantly its implications in pharmacokinetic study. I. Pharmacokinetics of chlo-
in each. Alternatively, the concomitant administration of an intrave- roform in man.J. Pharmacokin. Biopharn8, 193-201 (1975).

nous dose with each of the other three routes not only reduces the td&lK. lwamoto and C. D. Klaassen: First-pass effect of morphine in rats.
number of treatments but also dispenses with the assumption of J. Pharmacol. Exp. The200,236-244 (1977). o
constant total body clearance between treatments. In paradigmsli- K. lwamoto and C. D. Klaassen: First-pass effect of nalorphine in rats
volving simultaneous measurements in the portal and peripheral cir-  J- Pharmacol. Exp. The203, 365-376 (1977).

culation. concomitant administration of a labeled dose intravenou ? K. S. Pang and J. R. Gillette: Theoretical relationships between area und
ensures’ a competent estimate of AUEee from assumptions of the curve and route of administration of drugs and their precursors fo

evaluating sites and pathways of metaboligmPharm. Sci67, 703—
constant clearance and components thereof. Furthermore, drug and 704 (1978)

_metaboll_tes (?an be administered Slmultaneously.by one route conCqgl-i s, Pang and J. R. Gillette: A theoretical examination of the effects of
itantly with differently labeled drug and metabolites by another. The gyt wall metabolism, hepatic elimination and enterohepatic recycling
number of compounds that can be co-administered by each route and on estimates of bioavailability and of hepatic blood flal.Pharma-
the diversity of the isotope labels needed therein depend on one’s cokin. Biopharm6, 355-367 (1978).
ability to distinguish and quantify drug and metabolite(s) unequivd. W. A. Colburn and M. Gibaldi: Pharmacokinetic model of presystemic
cally by source. metabolismDrug Metab. Dispos6, 193-196 (1978).

While it is desirable to have experimental strategies and procedufés W- Colburn: A pharmacokinetic model to differentiate preabsorption, gut
in place to effect estimates for the individual components of bioavail- ~ ePithelial, and hepatic first-pass metabolisi. Pharmacokin. Bio-

ability, their routine applicatiorin toto is seldom indicated. On a pharm'4’_407_415 (1979). . )
iven occasion, primary interest is usually limited to one or twog' M. K. Cassidy and J. B. Houstom vivo assessment of extrahepatic
9 ’ conjugation metabolism in first pass effects using the model compounc

'elemen_ts. The folIow?ng_sequence of ev_ents is on_Iy intgnded to be phenol.J. Pharm, Pharmac32, 5759 (1980).

illustrative. An otherwise ideal compound is poorly bioavailable whegy i F. jiett, C. T. Dollery, and D. S. Davies: Isoprenaline conjugation: a
given orally. By administering a dose to the mesenteric artery, one  “tre first-pass effect” in the dog intesting. Pharm. Pharmac32, 362
learns the problem is poor absorption not extensive first-pass elimi-  (1980).

nation. Drug bioavailability remains poor after oral administration afl. T. Suzaki, S. Isozaki, T. Ohkuma, and T. Rikihisa: Influence of the route
a prodrug. By administering the prodrug intravenously, one learns that ~ of administration on the mean hepatic extraction ratio of propranolol in
the oral bioavailability of the prodrug is excellent but biotransforma-  the rat.J. Pharm. Dyn3, 603-611 (1980).

tion to drug is poor. The process continues. By posing questio?’% C. F. George: Drug metabolism by the gastrointestinal mudGEa.

precisely, each iteration seldom requires more than one or two addj- _ " narmacokinets, 259-274 (1981). o _
tional experiments 23. T. Suzuki, T. Ohkuma, and S. Isozaki: Nonlinear first-pass metabolism o

propranolol in the ratd. Pharm. Dyn4, 131-141 (1981).
24. J. Shibasaki, R. Konishi, M. Koike, A. Imamura, and M. Sueyasu: Some
quantitative evaluation of first-pass metabolism of salicylamide in
1. P. A Harris and S. Riegelman: Influence of the route of administration on rabbit and ratJ. Pharm. Dyn4, 91-100 (1981).
the area under the plasma concentration-time cutvBharm. Sci58, 25. R. F. Minchin and K. F. llett: Presystemic elimination of drugs: theoretical
71-75 (1969). considerations for quantifying the relative contribution of gut and liver.
2. M. Gibaldi and S. Feldman: Pharmacokinetic basis for the influence of J. Pharm. Sci71, 458-460 (1982).
route of administration on the area under the plasma concentration-ti2e@ C. F. George, D. G. Shand, and A. G. Renwick, eds.: “Presystemic Dru
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