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Abstr¿rct

Pharmacokinetlc¡; is thr: study of the rate proce6aeri

involved in the absorptíonn distribution and elimination of

drugs in the ani-mal bod.y" The rate at which a compound is

eliminated from the body is an important factor in regulatíng

pharmacological response. I{ov¡ever, animals are complex and. to treat

events takingLplac'e in intact organÍsms, some simplification

of reality is required, which is the basis of nharmacoþinetic

modelling. Pharmacokinetic models are developed to trace the

elimination of the compound. The trproof'r for such a model is

generally considered to be accurate fit of the experirnental

results. Model parameter6 are evaluated and exarnined for

their biological significanceo

ïn this work amaranth and rose bengal v¡ere adminstered

intravenously to rats and the levels of dyes foll-owed in

blood and bile. I'or amarar th at d.oses up to tr.renty micro rnoles

per rat, the dye kinetics'¿ere found to obey the superposÍtion

rule and anpeared to fit 'irst-order linear relati.onshùps.

Pharmacokinetic r,nodel ling rrsing di qital and anal og; curve fittíng;

techniques shovrs that tl e data at low doseo may be fitted

accurately by f,lodel I o inr olving f irst order unta.ke to the

l-iver from b1ood, a rever ,ible storage comnartment in the

liver probably as.socÍated with tissue bindin4 of dye and

first ordeB excretion ínto the bi1e. The d¿rta for rose bengal

at ten rnicro-mole$ per rat may be f i tted to a norle] similar

to I, to r,rhich tlie reflux of dye from l-iver to blootl is



introduced" For b,he azo dyes geranine,, lissamine, and

dechlorolissamine, bire level data v¡as avair-abre for
examination of i¡rode-l f - Model parameters obtaÍned. ,*¡ere

correlated with the percentage of protein bound. dye in the
liver and with the I j.ver:blood protein binding ratio" Excel_lent
linear correlation v.'as obtained for k,12, (rate constant for
hepatic uptake of dye from blood) versus percentage protein
bound in liver, which su¡1¡ests thar hepatic protein bindíng
of dyes plays an important part in the uptake of dyes in the
liver 

"
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Chapter I.

Introduction

Biliary excretion is ar important route for the elininati-on

of foreign compounds. The riliar;¡ excretion system is closely

related to the fecal- rxcretionr the enterohepatic circulation
(Williams et aI., 196l), and the intestinal rnetabolism of

compounds. ïnterest in the hepatic uptake and biliary excretion

of dyes and foreign cornpoun is has centered around several

problems:

1" The importance on therapeutics and toxicology of

enterohepatic circulation as a factor in the duration of drug

action (Wittiams et al-., I)6)).

2. The possibl-e toxicol.ogy of'bi.Iiary excretion of food

dyee and other cornpounds in relation to li-ver damage (Smittr, 1()(16) "

7¡. The diagnostic utj. lity of some cornpounds in the evaluation

of l-iver function and biliary cliseases (Brauer , l9r9).

The physiochemical propertíes, which determine if a co:rpound.

is to be excreted via the bile o have been extensively investi¡,;ated.

Anionic confounds with a sufficÍently lar6çe rnolecufar v;eight

v¡i1l pass into the bi1e, often as the exclnsive rneans of

el-.inrj.natj-on (l'lil-t¡urn, L97O). ltrumerous pharrna.cokínetic moclel.s

have beerr proposs.d fo:'bilíary excretion (V,tinkler, 196r). In

part.icular, studi-es have beer¡ made on srrlfobromophthalein (BSP)

(wink-l-er, rc)(";; Ri-chards , L'.61; Priestly, 196'/; (ruarfordt, I971) "

liichards ç1t¡(,5 ) and r¿uarf ord t O9?1) nronosed a model wi th

reflux of dye i'ro,-rl liver to blood which can satì sfactoril;y fit
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the btood curve for BSP in man. OrReilly et at. (l-gZt) used

biliary measurerrents and a simple model to deterrrine the rate

constants for demethyJation of methyl orange and its biliary

excretion in the rat. Pharmacokinetic models for the excretion

of amaranth have been proposed (Otneitl-y et aI" , L9?Z), the

study of which is further expanded in this thesis.

As a general introduction to the biliary excretion of dyes

and other compounds, the following topics are discussed in this

chapter:

1. Structure of biliary secretion in the liver"

2. Composition of normal biliary output and possible micellar

invol-vernent.

1. Types of foreign compounds excreted in the bile and the

requirements for the secretory me<:hanism.

Section l-. Structures related to biliary excretion in liver

Bile is elaborated in the liver. To i1]ustrate the formation

of bile, the hepatic cef l-ul-ar structures are described.

The parenchymjl

The liver is a continu¡us mass of parenchyrnal cell-s tunneled

by the portal venous sinusc r.ds" The 'rrarenchyrrral, partitions

between those vessels f orrn 'r system of wal-1s, the mura.Liurn.

These walls are continuous v¡irh each other throu¡¡h the perforatione

in the parenchymal wal-l-s" El-ec bron microscopy has shown that

the liver cells contain an endoplasmic reticulum which consists

of piles of band-shaped doubl e nembr¿ines (Et:.as and Cohen, L9r4) "

Toward the lacunaeo 'l;he l-iver cel-1s are studded with broad
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microvillí" The hepatic cell-s

fastening etructuree (!'avrcett,

The einusoids

are h,;l-d together by opecial

L915; Ruttner arrd Vo¿,;el, 1957 l.

The sinusoids ar(? specialized capillaries suapended in the

Iacunae of the l-iver ce1le. They form an uninterrupted, three

dimensional- network in the labyrinth of l-acunae. They are

lined uith the Kupffer cell-s which are fl-at and overlap }oosely

(Ho1le, 1961) , Between the Kupf f er cel-ls and the liver cel-ls

is the space of Disse which is normally narrow and contains a

network of argyrophile fibres. The Kupffer cells are potential-

phagocytes which can control the blood flow by bulging into

the l-umen of sinusoids (Ruttner and Voge1, L957).

The parenchyma and the sinusoids are i]lustrated. in figuree 1 & Z.

The liver lobule

Polyhedral lobul-¡rr uni bs appear in the histological- sections

of the hepatic l-aminae. Each lobule is about one millimeter in

diameter, having a smafL ceatral vein as its central- axis,

surrounded at its edges by portal canal-s" The central vein is

a tributary of the hepatíc vein" The portal canaf contains a

branch of the 1iorta1. vein, ¿i branch of the hcpatic artery arrd

arì interlobular bile ciuctul-e. 'i'he triad is sheathed b-y connective

tissrLe. It has been c rrs i.c,:m¿i ry to consider the hepatic lobul-ar

as conaisting of ? corcts t of l-iver cells radiating from a

central vein, each I cord I cr¡nsisting of tv¡o rows of liver cells

with a bile canaficulus between them., and radiating venou6

sinusoids lying between adjacent tcordsr such that the bil-e
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Fig.1

iver cell

Ilepatic Lacuna

Bil e canal-i cul-i

cnourì sin usoi d

Hunan liver parenchymao reconstruction from serial sect'c:is

showing that thg l-iver is a muralium simpl-ex"

(Reprint from Res. Serv" l'{ed" 17 ¡ 1-25¡ G'Do Searle & Co" t

Stokie, Illinoiso 1913.)



Fig. 2
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Paulyo lhe Biljarf, $ys!e4, Chapter 1o page 4,

Bl-ackvvell- Sci en tific Publi cations I 1965 "

tr'rom El-ias and

ed. h/. Tayl.or ,
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canal-i cul-us is senarat ed f r:nn the sinusoids by

a liver cefl (Cray, 1966), as shov¡n in figures

The biLe cana]icul-us and bile d.uctul-e

the thickness of

2 e 3.

Minute bile capillaries, the bile canal-iculi, form netv¡orks

of polygonal meshes.' each rnesh surrounding an índividual- liver

ceII except on the surface of the cel1 opposite to the venous

sinusoids, An individual bile canalÍculus lies between the

wal-l-s of adjoining liver cel-fs. Electron mícroscopy has

revealed that the canalicul-i wal-Is are formed by a conoensation

of cellul-ar exoplasm from tire liver cells" At the periphery of

the hepatic l-obules the bile canal-iculi join to form very thin

intralobular ductules whicL enter the interl-obular ductule in

the portaf canals. The bi-l e ductulcs in the portal- canal-s

are l-ined. with columnar cel l-s. The epithelium of the ductules

is continuous with that of the galI-bIadder, but the columnar

cells here have a convex free surface and microvilli (ngtitis

and Hayes, f957). Each rni< rovil-Ius has a thickened. end, the

capitulum, which is studdet. with extremely fine hair like

extensions, the antennulae.

Thg bile and. t_he_ gErll:Þlell(þ¿

The b-i1e duct enters the superior part of' the duodenurn.

It may be joined. ',,¡:ith the l,ancreatic duct before the duodenum

as in mann or may be separ¿,ted from the pancreatic duct as in

the rabbit" It is Ínnervai,ed by the parasyrnT)athetic vagus

and the sympathetic system" A plexus formed of botlt k-inds of

fÍbres joined to ourround the biliary pa66ages, the hepatic



Fig. 3

I'tr/ornl ìot
l¡ lanína

IIt¡ulic li¡ucc oJ
Ißct¿ta l)iss¿

friaås
I I t ¡ n r t i c t, y ur ¡ t h ut i c t !, ¡ lí7-iíí r,t i--¡i¡¡"
lact¿ttu t'¿tt¡l ¿rlztu t'tira duclul¿

ll; l1
clnaliatli

$¡nee ol
ÃIall

A diaeramatic ill-ustration cf' the structure of the liver"

-.

Based on Ho Elias ( Bío1. Rev. 30, 1915 ).
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artery and the portal vein (Benel-ey, f94B; lralker, 1965)"

The ga1l-bladder is an extension structure of the bile

duct where emptying of bil-e into the duodenum may be regulated

after the bile content Ìr¿.r.s been concentrated. TÌ'ie gaI1-b]adder

and the choledod.uodenal- junction cooperate with each other in

that, when the ¿1al1-bladder contracts, the chol-ed.oduodenal

junction is relaxed (l4elzer, IgIT). According to Magee Q965),

the contraction of the gal.l-bladder and the relaxation of the

choledoduodenal junction may be subjected to hormonal control.

PossibJ-y the rol-e of r:xtrinsic nerves is to facilitate or

depress the response ( f these organs to hormones. The gal1-

blaclder has i ts own ar tonomous f unction, wi th spontaneous,

rhythmical contractior,s. Cholecystokinin has a ga1l-bladder

contracting effect which can be augmented. by secretin.. The

vague etimulation increases whil-e the sympathetic decreases

the tone of the gall-b1ad.der (pal-lin and Skolund, f96L).

The above mentioned structures are closeÌy related to the

biliary secretion function of the liver. The hepatic cells

are the site of bil-e el-aboration and organic ions secretíon

(Krebs and Brauer, LSJB; I'larrzon, T952; Novikof f and ilssner,

1964; Schaffer e! aJ", 1960)" It appears l-ikel-y that the Ìrepatic

secretion of osmoti,cally ac i.ive organic anions into the bil-e

canaliculi is a major deterrrinant of bil-e fLow. Sperber (I9r9)

has published a detailed review on this subject" According

to this view, various organic anions are a.ctively secreted.in

hi gh concentration j-nto the l-umen of the biliary tract.
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Appropr.i,ate concentratione of inorganic c¡¡tj onEj are delivered

simultaneously into bile in order to maintain electrochemic¿r1

neutrality" The relatively non-diffusi-bl-e and osmotically

active anions initiate the passive movement of water into bÍ1e"

Additionaf solute diffuses passively ínto bile along concentra-

tion gradients that have been establ-ished" Such substances

cause an inflow of v¡ater to ¡:naintain isotonicity" The

resultant bile is a fl-uid isotonic with blood but varies

widely in composition (t,Jheeler and Rarnos, 1960)" Klassen (tgZl)

suggests that the canalicular bile production in rats is not

soleIy determined by the rate of bile acid secretion" He

examined the correlation between bile acid secretion and

biliary flow in a number of experirnental conditions rvhich

woul-d be expected to alter biliary flow and/or bil-e acid

secretion. A summary of his result is presented in the follovring

table:

Experi.mental- conditiols Bì-le flow rate in rats Bile acids IeJS_l-

1. Interruption of entero-

hepatic circulation

of bile acids,

2 " Exogenous bi. le sal-ts

loadj-ng.

3 . Phenoba: bi ta-1 pre-

treatment "

4" D-Thyroxine pre-

treatment

, " I{ypophysectomy

D ecr eas e Marked i-ncrease

itlormal lriarked increase

Incr eas e þlarked decrease

I'iormal

Dr:ç¡g¿- g

I"Íarked decrease

lularked decrea.se
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If the active secreti-on of bil-e acids is the primary step

in the formation of canalicular bile, and the volume is due

to the osmotic addition of v¡ater and electrolytes in the presence

of bile salts in the bj.le c;rnaliculi, then the ]evel- of bile

acids shoul-d remain constant at all- tirnes. Since the bitiary

bile acide do not remain constant in concentration, it would

appear that the bile acid socretion is not the rprime moverr

in the initiation of canalicular bile flow in rats despite

its choleretic effect. Other osmotically active compounds

may be important in bile prod.uction" It is possible that

normal bile volume is not produced by an osmotic response to

substances secreted into the canaliculi. Other mechanisms

may regulate bile production, such as the hypothetical- active transport

of water into the canaliculi or that bile may be rprepackagedr

in the Golgi complex ¡rnd then transÐorted into the canaliculi

(Kl,assen I Lg?L). Reccntly, it has been suggested that there

is a bile saft indepe::dent fraction of canal-icul-ar bil-e

productÍon, the physiological importance of v¿hich is stil-l

not clear (Nahrwold arrd Grossman, t96?; Wheel-er et al., 1968;

!ìrlinger et =1" 1 Li6) r 
"

Section 2" ComlgFi!-ioje .ol_4grma] biliary output"

The normai constituents of bile incl-ude bile salts s.g"

the.taurine and the 6.Lycine conjugates of bile acids; bile

pigments e.g" bilirubin diglucuronide and the free bil-irubin;

cholesterol, lecithin, mucin, fatty acids, inorpçanic electro-
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lytes and water (l,ierci', Manual-, 1972) " Brauer O9r9) tras

cl-assified the ma:Ln constituents in bile into three groupsr

according to their bile/plasma concentration ratios.

Class A . ratio is 1 : l---the exampl es j-nclude glucose, N"*, K*,

Cf-; the rate of excretion is dependent in the bil-e

flow rate but independent of the plasma concentration.

Class B. ratio is 1OO:1 or greater--the examples include

organic acids, organic cations, glucuronide metabolites

of anionic c,rmpounds.

C1ass C. ratio is much fess than one--the exampl-es include

sulfanilic acid and the biphenyls" These compounds

are either not secreted into the bile or come out

in a minute amount.

The glycocholates, taurocholates and bilirubin are

concentrated in bile at a h i gher level than that in the plasmau

which may be explained by an active rrptake or secretion by

the Liver ceIIs. The bi-1e/nlasma concentration ratio is

maximal at a low plasma concentration and decreases as the

plasma concentration íncrea:;e6. Hence they are characterized

by a maximal transport ratí,¡" This i-ndicates that the active

transport rnechanism may be r;aturated by a high substrate

conc entration"

Bilirubin is the princ i.pal- bile pigment derived from

erythrocyte breakdown in thr: reticul-oendothel-ial system"

The porphyrin ring releaced is metabolized to forrrr bil-iverdín

which is reduced immediatel;r to bilirubin (Rafetson and
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Binkley, L965) " Bilirubin normally found in pì-asma appears

to be the unconjugated form, but most of the biliary

bil-irubj-n is conjugated, prirnarily with gi-ucuronic acid or

to a l-ess extent with the sulfates or other compounds (Lathe

and. \^Jalker, L95B). Conjugation occurs in the liver microsoma]

fraction, Uridíne diphosphate glucuronic acid is the major

source of glucuronic acid and the reaction is catalysed. by

glucuronyl transf erase (Sctrmid et al. ¡ 1957; Lathe and Vialker,

l95B). Bilirubin sul-fate may be formed in the presence of an

ammonium sulfate fraction of the liver (fsselbacher and

McCarthy, L959). Adenosine tri.phosrrhate is required, suggesting

that htgh energy transfer oc@urs, and that active sulfate

is an intermediate. Líttte inforr¡atLon is avaifable about the

characteristice of hepatic uptake of bilirubin or about the

mechanism responsibl-e for the delivery of the conjugated form

into the bile. It ap rears that conjugation of bilirubin is

a prerequisíte for bi l.iary excretion (Combes , 196\) " Hovrever,

a smal] amount of unconjugated bilirubin does appear"

Bil-e acids are an important compound in bile" The

structural similarity betv¡een cholesterol- and bile acids leads

to the hypothesis of a meta bolic relationship (Bloci< et al- . ,

19\3) " The mecha:ii "=,Tr ¡i-¡r.d- i he reaction sequence of bile acids

forrn¿Ltion from cholesterol have been studied extensively.

l:ixcellent revíew6 in this I i.el-d have been publ.ished (Bergstrom

and Daníelsson, 1958; Bergstrom et 1., 1960; Daniel-sson and

Tchen? 1968; van Belle, 1965)" Some steps in the sequence of
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cholesterol conversi-on to bile acid conjugates a.re outl-ined

in figure 4"

The two primary bi. Ie acid.s in mammalian species are chof ic

acid and chenodeoxycholic acid which are conjugated with

taurine or glycine and are excreted in bile. Chol-esterol

catabolism occurs in the microsomal region (Schersten, 1967a) "

Bremer (L956) suggested that there are trvo transferases

involved in the conjup;ati-on, one for taurine and one for

glycine. The reactior' may Ì;e represented as fo11ows:

l. Cho1i<, acid + ATP + CoA-S-H

Bile acid activating enzyrne
++Hg

¡¡rophosphat e

l4n++

Taurocholic acid

Taurine CoA-S-H

Cho1yI-S-CoA

Glycine

Glycocholic acid

Cholyl-S-CoA + AMP

ll
+P

2.

bile acyl transferas

bile acyl transferasd

CoA-S-H
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formation from cholesterol (lqiI1¡urn 1 197o)
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aci d

Glycocheno'
deoxycholi<
aci d

Taurocholic acid-



15

Schersten (t96ZA) has etudied the subcellular l-oc¿¡-lizatio¡r of

the bilo acid conJugating enzyrneso lle srrggests that the

microsomes are bearers of the bile acid activating enzymes,

and the L-fraction (lvhere lysoeomes are concent::ated) contains

the two kinds of bite acyl transferase. A special kind of

transport mechaniom has been postulated to explaj-n the directi.on

of b:LIe acids channeling through the liver cell where enzynes

are located., and to account for the lack of interference on

the cellular function by the detergent effect of bile acids.

In the enterohepatic círculation bí1e acids are transported

from the portal bl-ood to the bile" A direct uptake of bile

acids from the extracellular space to the endopl-asmic reticulum

has been discussed by Mirsky and osawa (1961) and porter (196r)"

A connection between the endoplasmic reticulum rr'here bile acid

activation occurs and the primary lysosomes where transference

of enzymes takes place.' has been suggested by i'trovikof f and co-

workers Q96o, 1964), and cohn and Benson ll.gíSarbrcrd)" The

further transport of bile ¿,cid conjugates through out the

liver ce11 may be considerrd to take place in the lysosomes

before final secretion into the bi1e. The peri-biliary

localizatíon of liver l.ysosomes, the existence of lysosome

content in-tire bí--1..i.a:,,¡ capiiiaries (Bruní and Porter, 196r)

as well as the localiz-ation of lysosome enzy;nes in the rat bile
(DeDuve and. V/attiaux, f966), indicate that l-iver lysosomes

may empty their contents i rrto bil-e" Hence bile acid conjugates

may pos6i.b1y be secreted b'' the hepatic lysosomes. The bile
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acid conjugate6 aeem lo have sorne physiological importance

Ín the biliary transp:rt of cholesterol- and lecithin in the

form of mícelles, and j-n other parts of the enterohepatic

circulation (Schersten, L96?b) "

Chol-esterol- and lecitnin ( the r:nain phospholipid) depend

on bile for their bílLary el-imination, Cholesterol synthesis

takes place in many t'rpes of tissues but the liver and the

gastro-intestinal tract handle about ninety percent of the total-

d.emonstrable cholesterogenesis (Dietschy and Wilson, 1968) "

BÍ1e acids controL the chol-esterogenic activity i-n the intestine,

but hepatic cholesterogenesis is dependent on the amount of

exogenous cholesterol absorbed by the íntestine. l¡r/hether bile

acids woul-d affect the leve1 of cholesterol in the liver or

not is still unclear (Danielsson et aI. , 1967) "

Evidence has recently been presented. that there is a

special, functionally compartmented pool- of phospholipids in

the l-iver with a high turn over rate (Schersten et al., L96?)"

The secretion from this pool seems to be directed exclusiveJ-y

into the bile.

Since choles'cerol and phospholipids are essentially

insoluble in water, it ís l.ostulated that the lipids are

excreted fyoin'L.he cel.l. ir:rqether with the bile acid conjugates

forming micel-l-es in the bil-e" The inportant quaternary system

of conjugated bj. 1e acids-v¡ater-l-ecithin-cholesterol- has been

studied by Smal-l and Bourgee |J966) and Smal1 et al." (t966arU).

They clarified the fact thr t only a certain amount of cholesterol
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can be d.issolved'i,n a rnixed mi_cellar

acids-l-ecitlrin-wal;er" At a low leci

exce66 of cholesterol will appear in

At a high Iecithin-bi1e acids ratio,

phase of conjugated bile

thin-bile acids ratio,

a crystal-line form"

cholesteroL will appear

in a liquid crystalline phase"

El,ectrolytes 1íke Na+, K*, Cf -, HCOT-, are .simil-ar in

concentration in both the bile and the plasma (Combes I 1964) "

The cations are transported with the organic ions to maíntain

electrochemical neutrality" Additional electrolytes diffuse

into the bil-e along the concentration gradients established

during the passive diffusio¡r of water (Whee1er and Ramos, L)6O;

Preisig É g¿" , L96I). Viheoler and iris associate have

accunulated convincing evid.ence for another nechanism for

eJ-ectrolyte secretion into the bile. He suggests that the

passive diffusion into the bile of a protein-free electrolyte

solution takes place in the narroïr space between adjacent cells

which form a continuous channel from the sínusoids through the

space of Disse to the cana1iculi. Some bicarbonates and chlorides

are transported via this route (Asworth and Sand.ers, 1960).

Rapid appearance and equilibration of radioactive potassium

¿¡.nd sodium in the bile f ollc¡wing intravenous in j ection, v¡ith

slow equili.bratioyr of ¡:clae siurn in hepatic cells, also suggests

a more dista.l site for the additíon of electrolyte sol_utions

(Leons C! aL" , 1957) "

The sun of anions and cations in bile exceeds the determined

osmola.lity (Wheeler and. Ramos, 1960)" The greatest discrepancy
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occurs i-n bil-e with high bi e acid concentration. The osmotic

inactivity of bile acid.s is explained by their tendency to

form micellee at physiologir;al concentratj-ons (tdheeler and

Ramoe, 1960; Ekwall et af .,, IJJlarb)"

Compounds like alkal,ine phosphatase, inufin, sucrose,

glucose and others apl ear iÌr bile at a l-ov¡er concentration

than that of plasrna (I;rauer , 1959) " Diffusion from blood.

probably accounts for their appearance in the bile"

Section J" Bili,arJ eecretjon of jþreign compounds.

Bíliary secretion is an important route in the fecal

el-imination of foreign compounds. Reviews on this topic have

been presented by Stowe and Pl-aa (f968), Smith (L966) , Taylor

Q96r) and sperber Qg>g). The types of compounds may be

discussed from the point of view of:

1. Chemíca1 structure relating to biliary excretion.

2" Metabolic modification for extensive biliary excretion.

t. Species difference in biliary excretion of compounds"

Compounds secreted into bile may be in the forms of anions,

cations, or uncharged. molecr.lies. Their chemical- structures may

be widely different but therr molecular weights are in the

region of 4OO-9O0 for any extensive biliary secretion, and the

preaence oi a pal-a:: group io ¿rnother contributing factor

(ltillburnn 1970), The types of compounds are díscussed according

to the following cl-assificar-ion:

la. Organic anions of l-ow molecul-ar weÍght (Iess than 3OO)"

Ib" Organic anic,ns of molecular weight from JOO-)OO.
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Organic anions of rnol-ecul-ar weight above lOO.

Organic catj.one"

Uncharged molecules.

Class l-a" OrFanic anions o.f l-_ovr molecul-ar we.Lr.Jqht.

Benzene derivatives of molecular weight less than JOO

eliminated Ín bil-e have been studied. by Abou-E1-Makarem et al-"

Qg6Z). Theír results are shown in figure 5"

The benzene derivatives are poorly excreted in the bile.

Most of the compounds are anions at pH /.4, and form acid

conJugates which are too polar to come out in bile and are

excreted preferentially into urine. Some of the polar conjugates

have a molecul-ar weíght of JOO or more, examples of which

include the biphenyls and some sulfonamides. The biphenyl

glucuronides have a moleculer weight of about 15O and exist

in the al-kaline pH of the bile a6 anj-ons (l'tiltburn I I967a) "

The glucuronides of sul-fapyridine ancl sulfamethoxypyridazine

meet such a requirement and about ten percent of the administered

dose is excreted in the biÌe (t4illburn et aI., Lg6?b).

Phenolic compounds including stilbestrol- and phenolphthal-ein

are conjugated in the liver to yield monogl-ucuronides of

molecular weight ahout 5OO" ilhe metabolites are excreted in

Iar6e amounts {15*7CA% of the g;rven dose) in bil-e" The d.isulfate

conjugates of these drugs al.so appear as biliary metabolites.

The low bili"ary output of low molecular weight compounds

may be due to twc reasonss

.Lc.

)

7
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Biphenyl

R

u¡¡

OH

Rr

H

OH

l''l 
" 

Vi 
"

154

170

186

Dose

n8/K8

31

3'

Percent dose

1n brJ.e

i.n 24 hours"

12

57

Compound

1. Biphenyl

2. 4-hydrorybiph.enyl

1. 4;4r-dibydrory-

- biphenyl

4. 4-glucuronosid,o-

.. biphenyl

5 o 4; 4 t-gtucuronosidö.

-hydroxybiphenyl

6>1BOHOH

12

9-

746

162

H

OH

59

4¡ 92

Fig. 5 Bllia:'y cxcsetien of b:.phenyJ- and some of its derivativeso
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Io Rapid clearance of such compounds by kídneys" But it
is not so simple as renal pedicle l-igation does not increase

the bil-iary output.

2. Low hepatic uptake due to a low permeability of hepatic

cel-L membrane to these compounds" Alternatively, the compounds

may be secreted from the h.epatic cells to plasrna against a

concentration gradient" Smíth and l¡/illiam (tgZO) have shown

that smaIl organic anions l-ike J-aminophenyl sulfate and 4-

antinophenyr glucuronide, following their retrograde injection

into the bile duct of rat, are readily absorbed from the biliary

system and elininated in the urine.

Class l-b" OrAanic anions of mol-ecul-ar weiEht 5OO-5OO-

Mol-ecular weight and 1 olaríty are the two important

determinants of the amount of the compounds secreted irito the

bi1e" For instance, sulfadimethoxine is excreted unchanged

in bile at a low level- v¡ÌLile its N4- and Nf- gfucuronides

are excreted extensively in bileo hence the addition of a

polar glucuronyl radical- facilitates biJ-iary excretion (Bridges

et al"r 1968)" The structure of sulfadirnethoxine and the

rnetabolj.tes are presented in figure 6"

Among the mj scel.Laneouñ group of' compounds within this

rallSe of no-t-ecu-lai' ,,;ei,ght I i;orne a-re Of praCtical importance.

Their biliary excretion h¿rs been studi ed and the resul-ts ¿rre

outl-ined in figu.i-È 7"
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6 Structures of sulfadimethoxine and metabolites.

4
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Structure of compound
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Class Ic " Organic anions ol' rnolecular weight g.ìreater than 5OO.

I'4ost organic anions in this group are dyes and cholecysto-

graphic agents" The dyes are l-isted as foIlov¡s:

a. Tricarbocyanine dye, €.go indocyanine green, molecul_ar

weight 7)2.

b. Sulfonic acid. d.ye, ê.go sul-fobrornophthalein, molecul-ar

weíçht 792.

c. Halogenated fluorescein derivativee, e.g. rose bengal,

molecular v¡eigkrt 974, and rhodarníne B, molecular r.yeigìnt 479.

d" Azo dyes, ê"g" amarantho molecular weight 604"5.

The cholecystographíc agents include:

a, Tetrabromophenolphthalein, mol-ecular vreíght 614"

b. Iodophthalein, molecular weight 822.

c. Pheniodol,, molecular weight 4t4.

d. Iopanoic acid, molecular weight r'/L.

e. Iophenoxic acid, molecul-ar wei $nL JlZ.

f" Iodipamide, molecular vreight 1140.

AnÍonic dyes

Indoc-vanine green is rapidl-y cleared by the liver to the

bile in an unchanged fo:-m (yriil-¡urn, 1970)" About 6O-TOO% ot

the admini.stered dl::se iias been observed in the bile of the ratu

dog, rab-oit, and rna.ii {",:,'heele:' e! gi", 1958; Caesar et al. , 196I;

Cherrick et ¿L " , l-960) "

Sulfobrornophthalein (BSP) is excreted in bil-e in the form

of free riye and as metaboiites" Krebs and Brauer O9r8) :-n¡ected
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the dye into rat, cat, sheep and chicken and obtained several_

metabolites plus the unchanged form on paper chromatography.

The number of metabolites, their relative amounts and the

quantity of unchanged dye in the bile vary with the species,

e.g. there is no metabolite ín the catfs bile, The biliary

form of BSP is a glutathione conjugate, in which BSP is joined

to the sulfhydryl group of cysteine by a thioether lÍnk

(Combes and Stakeluno t96O; Javitt et af., 1960), There

are four possible isomers of the conjugate having mol-ecular

weight of about 1O2O" Other metabolites of the dye may be

partial breakdown products of the glutathione conjugate" The

dye can be bound by }iver proteín as well as plasma protein"

Their rel-ative degrees of bjnding wí11 deterrnÍne the amount

taken by the liver and. eventually secreted into the bile

(Priestly, 1967).

Amaranth is known to be excreted extensively in an

unchernged form into the bil<, of rats (Ryan and VJright, 196I) "

Earlier work indicated that the rel-ative degree of bindíng to

the l-iver tissue tras an important factor in deternining the

rate of biliary excretion o several- azc dyes (Priestly and

Orlìeilly, t-q66) . The liver : blood protein bíndíng ratio is

larger than ¿rre r'.'lr..i.ci: i";¡ ¡Lic¿.rtes an extensive and rapid clearance

in'bo the bile" The biìiary clearance is inhibited by probenecid

which suggests that the excretory mechanism resembles that of

hippurates and. sulfon¿rmirles (Despopoulos, 1966)" Since

amaranth is structural}y rel-ated to the su-Lfonic acid. dyes, it
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may be expected to participi te in the active secretory process

in the f iver and the kidneys (Des¡ropoulos, f 968) , Oral_ì-y

administered amaranth and other azo d.yes are red.uced by azo

reductase in the gut of rats and the products are excreted in
urine" The relation between the chemical structures of some

azo dyes and the biliary excretion ha.ve been stuclied (Iìyan

and ldright, 196I) " It r,;as fonnd that arnaranth was the rnost

extensively excreted dye among; azorubin S, amaranth and new

coccine in the bile of rats. The number of ,surfonate groups

and their position in the mol-ecule appear to play an inportant

role in enhancing biliary excretion" rn this study, anaranth

has been used as a test compound to evaluate the utility of

several pharmacokinetic models designed to describe the bl_ood

level and biliary excretion rate of anionic compounds in the rat.
Iìose bengal is an iodinated fl-uorescein derivative which

has been tested for hepatic uptahe in rat, rabbit and man

(Nosslin and Morgan I 1965; jirsa and Raban, 1962), About

,O-7O% of an intravenous do¡;e of the radio-iodinated dye

excreted in the bil-e of rat and rabbit" Rose ben¡1al does

appear to be me'i;abolized in the ¡na¡nm¿rlian species and j_s

elininated uncha-¡-ged in bilr.: (Ku¡in et aI. , I960) " Turco

Ã966) hav,: :;tr-ril .i :,.-r. ii¡.E i:'-onr.;ti::Eïat-n and the blood kinetics

tl3t* labej-led :'oee bengal" Ihe:i.r model will be further

discussed ín this work,

VJAS

not

et al",

of

Cholecystographic a¡;ents (fig;" 8) are al-l- hi6h molecular

weight, halogenated, ¿rromatic cornpounds used to render the
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¡z;a11-bladder opaclue tr, f-r¿, .ys, 'J.'hey are secretecl by the liver

into the bile ¿rnd ¡ir.rs; i:o i. re ga J .l -til.¿rdder" .l.odophtho..ì-ei n

has been banned aE a. ( hol-el ;ystographic a¿çent due to its

toxÍcity (Paul et a].", I)Lr4; Unfug, L946)" PhenÍodol has

been introduced by Dohrn ard Diedrich in 1940 for the examination

of the biliary tract (Mill-burn, I9?O) " It is excreted in the

bile of rats and cats in an a¡rpreciable amount (Free g!.1.,

L}SL)" Iopanoic acid can b: excreted by the kidney and in the

bile, and the latter is the marjor pathway in man, cats, and

dogs (McChesney and llcppe ,.1916) " It is excreted rn the form

of an ester 651ucuronide" Iophenoxic acid and Iodipamide are

rapÍdly removed from the fiver and concentrated in tlie biliary

tract of man and other species (Seedorf and Powell, t955;

Link et al., 1955; Sutton and TiJ-lett, 1954)"

Class 2" Organic cations.

There is relatively l-ittle information on this topic

except for a number of triphenyl methane dyes and some quaternary

ammonium compounds (Fig" 9) v¡hich are aecreted in the bile of

rats to the extent of ten percent or nore of the given dose

(Schanker, 1965) " These con¡:cu:rr!.r; have common characteris.i;ícs

in the structure , ar ooJ-,lr o.raternary amine group at one end of

the molecu-'l-e a¡i;. -)r:r r' (1.!r :rror.í-- i:r,rnlrol.a:': rings at the opnosite

end" The poJ-ar" grüup åiilieerõ to be essential- for extensive

biliary excretio:n (Levrne and Cl-ark, L955). Divalent organic

cations e"g" hexa.nethonir-im and decamethonium are poorly el-iminated
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in bile (Levine, 1960; Schanker, L962) 
"

Structures of Hexamethonium
++

( cH- ),N- (cH^ ),-N (cH-) _2 ) ¿ o )'t
iviohl " ZOz

D e c am ethoni un
++(cur) 

3N-rcHz)ro-N 
(cHì 

3

14"t¡/" zjg

The quaternary amines are excreted in relati-vely sma11 portions

of the dose" Schanker Q96r) suggested that the lack of a

phenyl ring at one end of the molecule is involved" No marked.

difference exists between the relative amounts excreted by

rabbits, rats and- man (l,,iillburn, I97O) "

Iga e! 4", QgZl.y,,) investigated the factors aff ecting

the biliary excretior: cf triphenylmethane dyes" They found

that the number of sulfonate groups and their position of

substitution on the molecul-e had a remarkable effect on the

percentage excreted and the excretion pattern. Do6e dependency

was shown in the excretion behavior"

Clase ]" Uncharge4 molecul-es"

The cardiac glycosides, steroids and some lipophilic

compound.s are examples of uncharged molecul-es eliminated in

bil-e (Schanker, 1968) "

Cardiac giycosiCes c(rrìi-.i-,:t of a steroid ring system with

a sugar :'esidue :ube t." tuted at C-3 and an unsaturated lactone

ri-n.g at, C*-i',.t. -LI.rl.er.;'ijî;'i;i;';i,ì;:'si¡ âfê -shown in figure 1O (Millburnu

I97O), T1:s suil;aï ¡ir¡:j e iies in the g.Lyco¡-;ides confer polarity

on the mol.ecules" Gl',icoGÐ and :rhamno,se render the compounds

more polar than d.igitexoseo Cox ancl Wri.ght J9r9) suggest
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t'ltat there.is a r'e-LaciunsiLÌT L¡etwee¡r t,he r.ei¿:.."-r'\,rì pola.i_.;.uy ,:f

these compouriils a¡r,J cire extelt of clreir biliar.¡, cxc-r.et j_on 
"

Lanatosides Â ¿l¡rd C rti,ntai- glucorie in their sugðLr.r,esidues

¿rrrd are tlie rlore Ìiígh-i y €xcreLeil compounds j-i:i the b:, 1e"

Ouabairr (Cox _qJ a1", Ig|9) e ¡rrì tjcÍllaren A (,5j.rnc,n ari<ì !ir.ir,;lic,

1-96O) behave si,rri1.ayi.y,

l'iiany steroids ar"e eiirnjnated via the l¡rre of the c-r_f jì .:;_r.Í;r"r.

spëc1 es " t'h*y are L.xri.¡:'e.b iji.l ìs con jr-re;at es of p;.ruc: r:r::"ou j tl i,.-s arri,l

to a snrarl- exte:.rto as uuL.i,ri.c r:oi:rjugates" solne ¡;t,e¡.oicis

r.tndergo an extensrvel r' e:;terDlrepatic circula-l,io.i:r (srnittr, _i,jbír) ,

'I'ire avail-aîii1Í uy .;r* tta.-tot',"ir=d sterord-s iras ¡rrade poss.r- i i t

quaittitative stui1.7 uf steroj.il r¡retabolism* Sanr-j.llerr'l .rnr'j-

Slaurrwhite (f 9j6) h¿rve cirv j.ii:C üire corJtpuunds j-nLo l,r" ". ¡i- ìLÌr- -j

t¡ased on thej^r biliary excre.ion rn nran:

Iu iistrone arrd pr"ogesterot:e " 1,J-qA% of dos¿ in bile,

2o 'lestosterü1rÈ errri. so:''Èicor;.el"r:rre, r¿*z>"/, of rlose iir brlr,,,

)" Cr¡rtisr¡I and cr¡rtiiìoner ] "5'/i¡ ai dose irt l¡rf e"

I-'lasnra prct,eru bindì-ng .i..s high for pjroììI) orLe ¿irrd lol,; for

group three whÍ ch r e ii ect tlì;¿'L b LiÍaly excretro¡i oi t¡¡e st sl.i:i ci i,.

rittty be rei-ated Lc ti:¿ riL'L,rahüp.r. lic pr,o i,ein b, i.iLiii-n¡,, or r.c, i,ire

metar¡oli.sm of i:lurjrìr€¡. trr¡.o'tû,i¡ Lc u¡hrcl¿ stercl,Ls ¿rrE; boLrnci,,

Uncllerrge'.1 i.i pcrph.il-ic :iri.rii;Ð ai'e .rr;surne,l. no t to lrel e.;li:ret;t:rl

exce¡rsÍveJ-y iii b-r.-l s ¿j ¡;ce it¡t¿;e lrtul-ecr¡1eE are e.{-peccsri to tiif,fi.i:.;¡

passivel.y ó:ct"o¡j:j t-fic c;il¡,-l .i ¿ii,i,:,,:1. itcìlirr'¿.ine$ oÍ' ire ¡,;L.i.ocyt: es" li

j; ev; exúÈpL j-r¡¡¡s Lü r.it r ¡; r"u-i û ir¿ri-g Ì¡esn relioi ted by llacid.ock e-1, ;rl-

(19¿,5)" They .i'cun* r:irr:,'[ .¿¡it,l¡:in ú{ se:'ies cî iron cii.cl¡rt,es on]v
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the i¡lore liprrpiril-j.c ¡nenrbers r.ier¿ 3xcr.êLerf i¡r'1,, r;i.r-* rjì r,.í.,i;r;rr¡...,

t"l eyer-lJrunot and Keber.le (196d) reported tÌrat felr:io]:¿,ilr j.jì¿ii

are excreted into the l¡rte of r¿rts" TÌre cLer'Í-;aùives r.er,;teú

vJefe neutral" rnolecìf1e¡ which r:¡ere ¡lot rreL¿¡br.¡Lrzed. lh¿_L::.

v'¿:.tç:s of bÍ1iary excr,,Li.oi:r .i'ollowetl the lipophil ic 1;ro¡relir

of t;he compoundsu .ð,he nrost lipcrplii'l ic reacired a bjr* r [i_'l¡-: lirr:,¡ :¡:.¡¿tjc¡

crf 1OO:1ø ,, Bí,:hel ¿¡:rd '¡Je.Ler" (fg6¿J) found i;i¡a.t af',te.,r.

pai:entera-L ad¡rri:-lisLr'atío¡r ol i.¡ri-þi'a¡0:inr., to ra l,s., ir'!()ï"e L¡,,:, ,i.r I f

of tile do;se caLr be 1c¡,::¡.irzci.l .i-rr ïi¡¡L íirteoli.-n¿1. corr'LeiiLu.,

Cotrsiderable åÌnotrr'ti,,ri of i-u:"1 r'airri.r),e an¿1 desrneth;¡]irniirraiti: rre

vlere also present ur'nor' E 'Ulie r1.li..ri:uroni.d.es anC. ot.hey poj ai.

con jugaLes., u¡hich inc: c¡r.ieiJ a !-;r1iar;y ex<:r.e t:.on ..,f Ì i rropi: ',.Lrir

rnol ecules" lJicke.I a¡rt ltiirder (r9Zo) deirronsiraied by e,_1 u.:_-i,ili¡.irirr

dialysis and ul-traceni¡'if uge sedimentation bhat the bile sat.i:-

phospholipÍd rnÍcerles would .:;oiubiLj-ze iririprarnirre ¿lncl

desnrethyrírniprarnine br.r t not i;rreir trycì.rophil--lc n,ètaboli-l,es.,

Protein in bire anil srnal-J mc-L.ecr.r1 es u'hiclr ¿ire not sirrÍ'¡.r:e

active are iio L t.iken up by the micel 1es" A uic,f ee ul-at coriri:osi i,í<>n

of about ótl¿it,t:'/ foc-'L.rr.e þi-Ie salL :Ie;rtìrin :i.irri i:rarn-i,rLe

¡licelles has beeir calcui¿rte<l lri:rl experirirelrt.s, r,,lh.ic;ir uorrta,s;ir,.ri{-i ,:r

to ch¿rt <.¡'b b¿rinetl f ur, iiitl bil (:) salù ,;plr.o:;¡rhi;J-r p:-ci,i r:llc¡-l Êû-lÊi,r.!.1

rnicelles r¡Í' hurnan þj. l.e liy I'Ja',¿ly¿rn¿ì (.t 9¿r¿j). T'he sí ce of ¡il: r;+j l,e

fc¡¡'tnatiorr i¿i ¡rilllüul¡¡ro 1t fr¿r ; lJt-"¿tlr Ei.tp,ges'i;e d. iry De sai. .g"!. .::,j,,,

(1965) an,J S'o¡e.r-Ì .g-.'-,. .;åi, i'.i-,)i',) il¡., Ì- bil.s inir:ê-1 -ìrr.u irtjr,,;, ï)(j írrc"1i r:il

j-n rhe he¡ta Loc,y 1,.:,t , ll'l:i.i,o t'r¡ i l¡,r' t ;l'irl.¿,r j.ri eiì ì:y' ui-rc i't-lc ¡, ¡i¡.itï oit-l-),

tnic,-.1-l-e-f<;rrrting; -Lii;ì r-1.¡ är.e ti ricrerecj. iil i.he ,orJ-e, ¡¡rc1 í.1.,:u i.)i,
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the rrrr.,r'Jrha'Lo¡:;i, c¿,:..1 rq:Iat.lone iri. p of c¡¿¡ral-Í. cuiar r¡,i .l I j- ir, i_h l,

Gol-¿qi cornplexeo (liiie.rJ.clck, l9Ø'). ifo1./eveL" thr'; ,lrri:i;i, j,t:l ,ii)).'.:,i:

rernain open since can¿rlicul-ar b:Í. 1e has noi; k¡een co.Li¿<:ted- ¡,.ir¡,i

the bÍ1e rnay concentrate Curing Áiesreticin.

Þ.lt].*sr*,q9sgg.!"t9-{L-_qi- ç?,rtrt:l¿ilt:_'it_IÀ_ç,qlJ,?i_d*¿-l-}tiçf,i¿ !1,-+.-:

B:'auer (.L')r91 iriLt rrr¡t,ç'tJ tfi¿rL cciripounä¡; r',ii t.l; Li:i¡:;ì'r r:, ir,r,rt lrl,

weigtrts do no'b äppe¿i-r in b,:-l !- s.,¿jù iirui jn ¿r¡r,l pJä.srua 1tri,l,.i;.i ,.

i.'i ih noletuL¡:r wei¿glrt ¡;r-r:a i; c * iliari lôtl()" l"li l .l ì:,i¡'.ir {: ,,''1,.t

stert ed th.¿r L uz-r d;ie¡¡ r,¡i th *¡ i--Ì-¡:.i,d¿-L ¡rro pe,l L:i e s do .ni., [ ;.1i r,.:..,.,

Ín rat bi1e" l,:i:â.rttr.r1er C'f si;-;h cj\r*,.t inc-l udi* ljvalr ¡s l;-l Lr¡ jir,.r.

I'rypan blue. Tire ani {)i1s o f these 11,¡es i:ir v e ¿¡ inttl e-t:r-r.} ¡.r í. .:,,r i ¡..j:r r.

of ¡rbout BOö ¿lnC rr¡oi-rl rl hre e::.reftari to lrave a bi-gi:11 i..i,.i.;ir';r

excretion, Irrovn dia-l-ysis alid molecul-¿rr lreight ilcasii.í'È!'riÉíl i- j:;

the molecu]ar iteight of ther.e CJtes ec'e h:rgÌrty ¿-r.ÐsÕcjatei ì".r:

fot'n st11.aat (!-iese'r and l¡r çsr'rr'.¡ LWÒ) r,'rhj.ch srìr'i)¿rrìs 'iì'.e ,;i-,ir,.)r"

l.i.rrirt of rnol..-rcr.r-'l-aÌ" srl,s for e:¿i.rn,;i.ve itr:li.lrv ercr.eticr:rr

(tutiIlbuy..no I9Zo)"

lisçr*l¡ei!.*lgå,. !.*.9--ss.g.tgt3.9.g r.i J-g,.t,9=1",t*"'s"9.ytr.:?.ti{:g:p -.iå -!i.}.9"

'I'here seems to be 6epar'rtg' rnecharrj-srns for'' 'hhe trei-.'i:t.r ..r

secreIion cf orgartic u.nÍon.; , c.:itions a-ncl i;¡rc]ri;,rg-;ed LloLe(;,.;..;,-..

(i;chanlter ai'rct liolcinorro f 9t'5; Sclranker"! J-t6ti) " ijci¡ey-"rL i::i:rs,iii...,i.i

and biolop;"icaL f ac Lors ålrpè¿1r- to tlet*r¡rrine tile bi-ì.iei:',y e,l.:ì rirrj-i.i., ir.-, i.,Ìl

,:f contporinds" Tire ¿hcn¡rùar iac[ors inc]-ude:

I" I'lo1ecular vrej-E¡lj; or a't j e¿r:it 5'21*JrO"

2o A. polar an:Lon.f üÌ c¿¡biciricl Ll.f ylo.il*j.oníc gt'or-rp i.rr i.ire :,i.rtr.,..:;.. -.,:.,
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7' The nulr¡ber of'l;uLrs,irr:r.entri and ttreir position in l-:1.ì¿ ri,i.)l .. 1

'I'he main biolo¿..ic:-r1. I er<¡r's :ì_ncl,ucl.e:

1" IVebabofj.sm :;nd the i¡rffu¿¡rce r:f' s,recies difference ¡,.tad,:ìe.lr

d.ifference on ìTl etaì's.[,is1¡,

2" ii'unctions of the h.r p;ar:ir; ce.L^Ls in taking and, secr eli.!-!íj: i.irij

compounds a,:!aj,t't,sr ; toncje¡ri;rat,ion gri:.tlient"

7" i:ìnt,erohepz:'[j.c ci-r'crrìratiorr ¿rnrl its eff ect o:-r the c.i <:Éilr.r,.:;¡,: 1,:--i..

.r subsrat,Lcr¡ f rolii ì-ire bt:11.,...

The cher:li t:al i"'-,rc I ui's i-r.i ,:r'¡ n.n irri-rroltant ro-i. tl i-n i;h¿: rr ;-,i r ;.:.r'y-

excretion of foreÍgn roirrpourr ds by ihe different species,

I¡actors l and 2 f¿rcili.taLe t ire l,ransf er of substanceE aüÌ:."a,.ir,:;

the hepati c ce.Ll mernbran e ., ;jorne or¿çanic anions vrj_-Lh Iri 1,,.,¡.

bi-liary excretron Ilèner"aIly i'orm complexes with plasma pr:.1.r.{:.i:.i,r..,

llhis is not a nece,ssary preï:quisite sj.nce sorre suf fon¿ìnii-,:jr::-r i.jr j1r,

suc c i-nyl sul fathiazol e ¡rnd sr ì- fa d.i m et [oxin e*N t -ßl rrcuroni d e ¿r:i. e

not bound to pJ.asma protein j>ut are (,xcreted in the bil-e ¡rt ¿r

irrplh l.evel (i'ii-11bur.n., l9'/O), ilhe bj.n,iing of organic anj,cn,,; .c,.:

the hepatic cel-Luclar proteii,ô may possibry be a f¿rcior in

lhe ext ent. cf tirei. r bi.l. j.¿rr--y , .i-: nl i-n¿r1;.i on, ihe cytopi_a:srn-i.r.:

ì)T'o l-{'ìtns l-r¿r.v e been rso-larer,l îi ()rr-r the rat lir¡e:: (Le.¡j- .9.]: j¡-l .. .r.!iliL: )

tvhích h¿¡.ve a hr¡;ir rrf frn:i ty f'r r. J;sp ancl bilirrrbirr. J.i h.¿;.¡: i:,.;,:¡

Fit.t[.tìÉr;èÍitcd t]rat 1.]rc¡;e-. pi.o.l-t:i.ir: rrieiT be :i nvo-Lved. in iLLe .[:eir:,, r'..ì ,.:

t-l'.)i-iLli.e o1' r.rr-¡1an:! c ¿rriir-.¡¡ ¡,;* l.i,.rirlL:,c2,¡4 ;end sl.aunr+iLite (r_95tr)

h¡lvil f)oj n t;cri oLrL. Li.¿:¡.i, r:ri-¿üi1 il riln¡,. r:l,"iy tte irrr lort¡rnt j. l.¡ i;iitt

il:.f .i.ary <t:ccretj,o¡t cr f Llì'tclrai'¡1 , ,;i ploJ.ejcìtl-es u"Cì" si:,eroi d,:;. l-r-i ¡,:t._r.t..i ,,,

and orIìe'il.r;¡ ç¡,166) l:,:.,.,, e ,,,ioi"l :-r! ollt 1he l. j-ver : irr-ot:û. p-í.()ijÐ:-i:ì
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bi.nding ratios f or amaranth, geranine, lissamirre ând

dechlororissami.ne, ¿rnd corn'o¡ red then to the t.,.u (tratr lif e in
minutes) for the primary bi]iary excretion rate of the drugs

('laure 1) " A higher ratio j ¡rdic¿ites a more rapid crearance of

the dye in the bile,

Organic cations excreted in bile have one chiì_¡qc¡errstic

f eature: a polar quaterna.ry a-mine at one end of tlle nolecule

"rnd one or more phenyl ::in¿çs at the opposit e end , Ther:r

importance in determininp; b: 1rary. secretic,n Ì-nay be similar.

to that for anions, but a seoarate nrechanism io berievec- to

h¿rndl-e cation elirnination in the bile (l,.iil_l_burn, L7ZO) 
"

sch¿rnker (r9/a8) consídr rs that uncharrged. norecur-es a'e

excreted in bile involving a transport mechanism different.

from those for the anions or cations" Iulost of the compounde

have a high molecul-ar vreight from 4oo-5oo and. possess a polar

residuet which renders the n,)Iecule hydrophí1ic and facilitates

the biliary excretion*

Modíf ication of a compc rrnd via metabolisil is an important

factor e"g, conjugation lvj-th glucuronic.rcid which r¡oul_d

increase the size and. polriri i-y ì-n a mol ecure. lloth rnole cr.r-l,ar

size and polarity are i.mport rnt for an ext¿-ri¡;ive secretion into

the bile"

Metaboli sm of most or¿ça,ri-c compounds usually occrrr in tvrcr

consecutive phases (Viiiliarnr, 1959). ph¿rse I may be oxidation,

redrrction, hyororysis or deariination- phase fr rnay involve

synthetic reactions such ¿rs conjugation wi.th glucuronic acido
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T¿rT:1e I PrSrt_êi¡ -þirj3igA- ¿rn_4, þ_íli*a¿y- -!_gcq.g!lg4-,_ (Priestly ¿ind O'Rei11y , 1)6(:)

Tr.'¿ ,\maranth Leranír; e Ligsamine Dechforol-i-ssarnrne

% ex.cxetion in

b:-.1-, in 6 hours. 53

t,. rli.',:iu.t es

P::'o ì; ir i. n b o u¡r d

\Yo .'!'- ,r e't )

Pv"o t ein bound

/^t - -l70 Ð-l-;ro d,

I.,ir¡ +:3: : bloo d

bilrcl:i.ng ratio

þlole,cular r.veight

of. anion

4450

78

r-

6¿

91

Br

10" 9

1"12

51'

46

L' "'.i

463

O o()Z

96

24 "?

505

o" 65

Bo

1O

87

416

o"5f
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hippuri c ¿rcid and ûactivatect sr-rl-phate" These reections are

catalysed by enzynìesn especially the hepatic microsomal

enzynes. The induction of rni crosornal- enzymes by varÍous rig,e rrts

inducing phenobarbitone, has been described (Conney, Lg6?) "

species differences j-n metabolism of compounds affect the

amount of a compound excrete:d in bile" TLre domesti c cat

appear6 to h¿ive a deficient glucuronyl tr¿insferase systenr

(lutton and creigu 7957) ivhich may a.f f ect the follouring r.r:acti,on:

Hence glucuronide formation i¡r the cat is r.elatively lovrer

tlran other species (Robinsor, and Wil-Iiams, L95B) "

In the passage of a comoound from blood to bile, it has to

go through the permeable endothelium of blood sinusoids and

the hepatic cell- membrane" 'l'wo separate active transport

processes may be involved il, the uptake and j-n the excretion

of the compound into bile* I'he endopl"asrnrc reticulum, an

intracell-ular ¡nentbr¿rr'¡eu . seerns to influence tlie cha¡rnel-ing of the

cornpound in the fiver cel-I ¿ nd. affect the ¿rmount secreted into

the bil-e (Levj.ne SJ.. gJ_" e Lg'tt(t) o Phenobarbitone induces a rnarked

proliferation of the tnd-opL;:smic reticul-urn (1ìemrner and Þlerker,

ny

¡i

Gl-ucuronidogenic cc,rnpounds + IJDPGA

I

I Gl,r...,
w

À -cr@ ucuronide + UDP
g

UDPGA ; Uridine diphosphate glucuroníc

UDP : Uridine diphosphate

I transferase



l: -rl ,...i- -.: i ll : .: i,:.: :.:.: : :i

19

L96r)r yet, it appears that the ncw1.y formed mentÌ.rranes clo nr¡t.

participate in the transport of organic anions from the liver

to bile (Kl-assen, 1971)"
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Mod-els for bil.iary ex:Iet;þr¡

Numerous models rave been proposed for biliary excretion

procesa (VJinkler, 1965)o Tire philooophy of pharmacokinetj-c

model.J-ing hae bee¡r describerl in a number of revi ews (Gar¡,et

et al. , L961; hiagner I T97L; O rReilly" et al", j9?Z) " Thc b¿r¡;ic

purpoae of such ¡nodele is tc provide a general.izeð, rnathcrn¡tical

picture of biologÍcal eventr intended to codify existin¡,;

knowledge and to have predictive utility. The previous

diecuesion of bili.ary excrei ion indicates that the process is

varied and conplex" To proiuce a satisfactory rnodel- sone

sinplifying assumptions are e6sential" The basic observai;j-on

which must be considered fol incl-usion in a bil-iary model are:

f" The uptake of material from the bl-ood into the 1iver"

?-" The passap;e of material- I rom liver to bile"

1. Protein and tj-ssue bindir,g components within the l-iver and

perhaps the bl-ood (Priestly and 0'Reilly, 1966)"

4" The possible reflux of m¿terial from the liver to blood and

from bile to l-iver (Richlrds, 196r).

5" 'l'he nature of the transf r r process. Since concentr¿rtive

transfer from l-iver to bj Le occurs (Brauer , 1959) , it is

probable that some form of saturabl-e or active transfer

occurs in c'ne or nore of the above proceõoeso

If active tr';rnsf er prûc essês occur ín any of the transpclrt

stepe then the model Irropos(d must take into ¡rccount non-l-inear



4t

or dose-dependent behaviour (O'lteitly , L9'/2) " Such mod el-e

are mathematically complex and frequently difficult to analyse

even with high speecl digital computing techniquesô llowever

at low dose l-eve1s complex ¿Lctive transport systems vril-l

behave in a first-order linear manner which greatly simplifies

the mathematical- description of the process, fn this v,¡ork

pharmacokinetic modele of the first-order finear type are

developed and the data are tc sted f or cÌose-independent beli¿.rviour

by the prínciple of superpor;ition (Dost'- 7968) " The mocieis are

intended to apply to fov¡-dose behaviour (see chapter 3).
lulost models so far developed have been based on blood.

l-evel- studies of drugs and oyes knov¡n to pass into bile" luiuch

work has been carried out v¡ith sulphobromophthal-ein (BSp)

(Winkter, 1965; Ricbards, 19,65; Priestly, 196?; Quarfordt eJ ät" r j9T1)

and other dyes" fn general the blood level curve of BSP may

be described by a biexponential bloo<i level- curve and is usually

interpreted Ín terms of distribution of dye (or drug) betv¡een

a readily diffusibl-e central compartrnent r,,rhich incl-udes the

blood and a l-ess readily diffusible peripheral compartrnent

(Rlggs, 1963) " Such behaviour is cornmonly found vrith many

drugs and metabolites excreted in either bile or urine and is

knor.rn ¿rs the tvro-compartment rnodef . In the case of BSP,

Richards (lg6>) and other v¡orkers (Quarfordt e! aI", I97L) have

interpreted the bi exponenti.al bl-ood curve in terms of a ref lux

of dye from the l-iver back to the blood" Such a model (I) has

been shown to fit ihe blood t.evel of BSP in rnan (Quarfordt et al",

rgTl*) "
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Cornparatively ]i ttle wr,rk h¿rs been dclne on Lh e phnrrnaco-

kinetics of bi liary secretion of drugs ¿rrrd rneta.bolites" '-L,he

rat has a bile duct structnre and. bile flow characteristics
which permit the rel-atively simore study of biliary pharrnaco-

kinetics. osIìeilry e_t qJ, Q9?L) used biliary excreti-on

meaEurements and a sinrpì-e pharmacokinetic modef to deterrnine

the rate constants for dernethyJ-ation and. biliary excretion

of methyì- orange in the rat"

lrarl-i er work with dyes including amaranth (pri estly aud

O'Rei11y, 1966) and indocyanine green (priestly, 196T) inAicated

that the dye n¿rterÍal disappeared from the blood rapidly after
injection" The kinetic behaviour of these dyes in the blood

was not determined" t/ork to be described here indÍcates that
the dye disappearance may be of a mono-o bi-, or tri-exponential
type" l¡/hen the rate of bili :rry excretion of dyes, inclu.ding

amaranthr was determined (Pr i estly ¿ind. o rlìeirly I 1966; pri estlyo

7L)6?) it was found. to be tri '.xponential. A model- of biliary
excretion of these dyestuffs rnust therefore take into account

a mono-, bi*r or a trí-exponential disappearance from blood.

and a triexponential" biliary excretion curve, on the basis

of these requi.rernents, nurÌleri)us rnod.els nay be developed for.

bÍliary excretion (otReilly, work in progress), rn this thesisu

three model,s ( r, rf u :rr )(i,'ig" l-r) v¡i11 be developed and

examined in terms of blood ¿rrd bile level data"
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-["i g" ]-1 Proposed pharmacokinetic model-s for the biliary secretion

of dyes in r¿it,s " (O ûIìei.t ty et al. , I9?Z )

Dg Amount of dye in the blood ccrmpartment"

D:lt Amount of d.ye in the unbound compartment of the l_iver"

DiZ Amount of dye in the bound compartment of the liver"
DO Amount of dye in the bil_e"

klz First-order rate constant fo. up"cake of dye to the l-íver"

1r2i Ì'irst-order rate con.stant for reflux froin the l-i-ver to bl-ood"

ì.2O I'irst-order rate constant for secretion into the bil-e from Lr"

i.l5 I¡irst-order dÍstribution cr;rr,;tant from L, to Lr"

", )A -t"irst-order rate cone tant fol ref lux from L, to L, "

OIO "L'irst-order rate consiant fo¡ secretion into the bile from Lr"
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Model I

Pharmacokinetic ì,locie1 I

In this model a iirst-order uptake

a clistributive process invoì-ving tissue

(D,") and first-order passale into the
lJ¿

The differential equatJons of this

= -kr-2DB

kzjDtt - ktzDr,¿

kzoDl,t

above equations nal¡ be solv

l97I) to give the fcllowing

Ievels of dye"

-. -k_ ^tUE L¿
o

phase is follor+ed by

binding in the liver

bife"

model are:
c
T\
"ttD
a

Dl,t
a

Dl,z

D¡

The

(ln/agner,

and bile

D-=
IJ
IJ

ed by standard

equations for

m etho ds

the blood

(1)

\¿)

\t )

(4)

(5)

ktzDs *kSzDrz - (k¿o *ur1)'r1
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Do = kzoD o(u¡,, _ krz) -4,t
(r-e LL 

)

(", - krJ (rr- kre)

kt2kzoDo(xr, - "a) -r- tl-\I-e )

r,,, lÌ.12 - rr)(r, * "t)

* 
kt2kzo'o(oi, - te) -"2t.(r-e -)

r..(t<--, - r...)(r- * r'-.) (6)
¿L¿¿L¿

where
---_->--

"r - o"r(kzo * k2-, * kjz * _Í(k2o * nr] * kr;)- - 4urok.1z) e)

'z - o'5(uzo *kz,*ktz - ..ßuao *kzj*ntz¡''4xrok12.I (B)

This model is analogous to the two-conpartment model- i'¡ith

absorption (Loo, fg68) and ¿-ill the parameters of the model may

be determined from the biliary excretion plot" The parameters

may be estimated as follows: a plot of log rate of biliary

excretion versu6 the rnid poi nt of the col-l-ection intervals

(tdagner.. I97I) is constructcd" The l.ine (Fig" lB) rises to

a maximum and then falls as a biexponential curve, By curve

peeJ-ing techniques (niggs, 1963; I'Jagner t I97L) ttre tine may be

f i tt ed to a tri exponential c urve ( equation p )

-at .- -bt ,. -ctD¡ - -Ae-ou + ]Je -- + Ce (9)

ruhere one of ao be ar¡d c t" n* and the other tvro are r, and rr"

If bl-ood. levef data are ¿rvaj lable a plot of 1o8 Cr, (¡lood tevel)

versus t (time) wíII h¡ive a s1oÞe kr, (equation 5) ¿rnd hence

will tel1 us which of au b? or c is k' and thus completely

d.etermine the equat'í on" If k12 = ar tl = b and r, = c, the above
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rate equation for thís mode.l
@o¡ = k'oktzDo(kjz _ u:_a)

b ecomes

-ktet
e

(rr_ - krr) (r,

* 
nrontzDr(ktz *"tt

-*2 t

(ro)

10 and the foll-ovring rel_ation-

pararneters of the model may

B are added, equation 11 resuÌtso

krz )

tt)

(nr, * rr) (r,
keokrzÐo (kJz

tr'

r^)

(nr_, - rr)(r, - *¿)

I¡rom the coefficients of equ,rtiorr

ships from equations T and I ttie

be estimated" If equations,, and

if multiplied we get equation 1?"

tI * 'z = kao * kz1 * k3z (11)

"1 . 12 = kzokJz (rz)

rf blood level- data are not ¡rvail-able(as in chapt er j, section 2),

then various assurnptions nust be tried until a satisfactory
sol'ution is obtained" rn eqrie.tion 9 i f k,, , is not known then

one index (e"g" oat ) could be equated. with k' and the val_uee

of the parameters cal-culated on this basis, If kr, = ar then

"l_ = b and ra - cr since fror¡ equations./ and B, "l))"r, The

first assumption is tha* tr-z)rlÞ 
"¿ ; the paraneters may also

be derived on the assurnpti.n that "tÞ ktz) "z and 11) "z) krz"

Thue three sets of paranreter val.ueÉi aye theoretically possible

fron bile rat,e data i.f blood leve1 information is ¡rot availabl-e.
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some sets are exctuded if negative values of rate constant

are obtained. The reasonable certainty of a unique identi-

fication of the parameters of a given set of data comes from

computer simulation of data by analog or digital computer and

from error eval-uatíon by non-linear square fì.tting v¡ith the

proÉsram NONLIN (luietzleru L96g). to fit this mod.el on tire

digital computer a tr-ortran sr.rbroutine (il¡'UNC) lvas v¡ritten for
No[]LrN r incorporating the al- c,;ebraic equations of normalized

bl-ood and bil-e measuremerrts ( equations 5 and l,O) " This v¡as the

procedure used. with amaranth (ootieilly e! al" , rg7z). viith

J-issamine, dechlorolissanrine and gerarrine, tlre subroutine

involved fitting cumu]ative equation (equation 6). In each

case the graphical estimates were used. to start the computer

program.

Analog fitting r.ras carri,ed. out on the ,JR 20 Analog

computer (I-ig. t1); trial anrl error estimation of parameter

val-ues may be made by this mcthod and used as dígital comnuter

input" The analog computer rloes not give any estimates of

error and the fitting of oth,:r than sirnple models to data is

difficult (O 'ReiI1y'- I972) "
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Fig, 11 Analog Ciycuit for Biliary Iixcretion Model- I
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Modef I1

Here the reflux of dye from liver to bl_ood is introd.uced.

otherwÍse this model is identícal- vith r" Models similar to

this one h¿rve been described in the literature for biliary
excretion of dyes (priestly, 196T ) and orphenadrine (Hespe and

Kafoe, L97O). No solution of this nod.el has been publ_ished.

although similar models have been derived for other purposes

(Wagner , I9'/I; Kru¡çer-Thei¡ner , L966). The solution given

here (otRei11y, unpubìished rlata) was obtained by Laplace

transform techniqueso The differential equations of the model_

-3u = -kzlDll_+kleon
eDl,t = k12Ds*ktzDLz- (k;u1 *kzo*nrì'"t
oDl,z = kzSDLr
oDu = kzoD],I

- klzDrz

Or sol-utlon of these yield:

Dn = Ae-êt*B*-btnce-"t
where A = Do("2 -pa -po)

(u-a)(c*a)

B = Dn(b2 -Áb -rdo)

(a - b)(c - b)
2c = Do(c- *,Åc *¡io)

Q1)

(r4)

(rl)
(16)

Í7)

(a..c)(b*c)
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and a, b, and c are the compl-ex roots of a cubic eq.uation

arising from the Laplace soLution of the system of equation"

The val-ues of a, b, and c in ternns of rate constants are

exceedíngly complex but the following relatíonships may be

used to estimate valr¡es of t,'re parameters (o tneitly , L97?) "

A = kzo * kzI * k21 * klr-

Áo = kzok32*kz1k7,z

abc = klZkZOkSZ

a+b+c = k1z ok12*k2ookzl*nzj
ab + ac + bc = kzokSz*kzok:,z*k1z\z*k¿_klz*ktzkz3
For the cumulative excretion of dye into bile (equation 2J),

the sol-ution is:

Du = k2oklzDo(k3z-'-) 
(r_"-rt)

a(u-a)(c-a)

keoklzDo (krz - b)

b(a - b)(c - b)

* 
k2oklz'o(ki, - c)

(18)

(rç)

(zo)

(2l-)

(2;t)

( r - u-bt)

(r - "-"t)
c(a - c)(¡ - e) Qt)

thus this model predicts that a triexponentíaI disappearance

from bl-ood will be followed lry a triexponential apnearance in

the bi1e" If blood data are ¡rvail-abIe a plot of 1og C-^ (bloo¿"p
l-eve1) versus t (time) shoul-rl fit a triexponeritial equation 07)

and from the vaLues of the c¡ref ficient and indices the model-

parameters may be estj-n¿r.L,eil iLsin6 equations ça7 - 22) "
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Digital computer progr¿trns vrere rvritten I'or blr:L¡; r',odef

as fol-1ov¡s:

a) For equation 17 the estinates of a, b, c, /6 , anð. Åo vrere

used to ol¡tain a good fit oÍì the blood level curve, and also

the refined estiLna.tes of thr-'parameters r.'hich v¡ere then used

to re-estimate the pa.rameters"

b) The paraneters thus obta j ned r.¡ere returned to the comput cr

'"li"th ¡r sì,ibroutj.ne of the di l'f er'enti¿.r1. equat:lons 1J - f ó

lvhj"ch v¡ere solved in the cor:rnut er bl/ ¿t Run¡,;e-Kutta procedrrre"

This method had to be usecl lrere bec¿ruse of the complex vat ues

of ei, b, and c in terms of 1he parameters"

The application of the¡:e methods to rose bengal is grven

in clrapter j, section ]. !'or arnaranth (chapt er 3 t section l)

a si.mpler approxim¿ite proceciure \{as used. k' was e-stirnated.

from the initial- sJ-ope of t.-r e blood fevel clìrve cLnd a, b, and c

est j.mated from the lorl rate of biliary excretion plot " 'l'hen

usiri8 kr2r ae b, ancÌ c in e., u¿ition.s 20 - 22 and equation 2J the

parrameter¡l were estim¿rted" 'L'hese parameters were refined bl¡

non-l.inear least square6 us:, ng; subroutine b above"

Árralog simul¡-rtions r.rj.ti; this rnocìel u-led. the t)roÉ.ìr¿in ¡;hor,n

in fi¡,;ure 11.
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Mo_del- I_I.I

Turco et al" lyc¡66) proposed. ¿r model for hepatic uptake

and biliary excretion of rose benp;a] . Their d¿rt¿r (bl_oo¿ l-evel s)

were fitted to this model by a deconvorution method using a

digital simuLation prograÍld They díd not pubfish a mathematical_

analysis of their model and the sorution given bel-ow was

carried out in this laboratory (o'tteitly, to be published)"

The differential equations of the model ¿rre:

D,, = k-. D.. * k- ^D-.LJ ¿I l,l t¿ b

= kt2DB - (k¿f " Uef)rrt

= kz)'Lr - kfoDr,¿

Du = k.,oDLz

ljol ution of these equations giv es the

D- and D-IJ b)

._D.lJ- = O
l5

(k¿1, o kzl * 
")u-tt -

b

Þ
-I

Dr,t

n"L2

D.
b

vrh er e

b

alr.d

fol. lovring solutions

(t^- + k..- - b) "-bt¿L ¿t

ç24)-

/"Ê\
\C) J

\¿õ )

Q: )

ior

1I (zal
_.1

-t)L.(r_-e )

(2q)

a

"k.c- t_ oDo

t
t-

-A-

a(u - a) (k-^ - a))\)
k- .-k^-1c-. - D+ r¿¿t)oö

ulo(. * ulo) (b - kJ())

."r 
I

o.:; I
L

1^lt=

l- l-n^- t A^-.. +¿r ¿t

k¿l ' uz) +

k-. * k^,,
LJ. .:)

ì- t-nrznz=;

,-4---k.,, -i (l(r. +
j¡- 

{ 
L-

* ur.r.)z - ,"rr."-)

:Çf - +ç,1.,,71.tr¿)z

ç3ct)

( l1)

(t2 )

3J)

=

a+

a.b

b(a - b) (kro - b)

ì-
-tt_ ^ L(r-e )\) 

)

t.
''l ;l t n r-t
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This modeÌ predicts a t,i expcnential disappearance of d¡¡e

from the blood follorved by ; triexponent,ial appearance in the

bile (equations 28 and 29)" lSfood level data may be fitted

to equation 28 and the parameters estimated from the coeffi-

cients and indices of the equation with the aid of equatíons

32 and 33, To estimatu kgO trÍle data must be analysed. The

fit of these equations to rose bengal pharmacokinetics r,+il1

be described (chapter 1)"

Digital computer 6ubrorrtj,nes were v¡ritten for equations

28 and 2p using as starting estimates parameter valu.es ob'cained

graphically as descrÍbed ab<:ve" Analog simulations and fítting

were carried out using the J rogram outlined j-n fígure 17"
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l-ig" 17 Analog Circuit For Liliary Excretion t4odel- III
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Exyreri mentrrl- M eth od"o ¿;rrd Iviateri¡¡Ìr";.Section 2

(a) Dyes

'.lhe dyes used in

supplied as mentioned

all êx r)erirnents

below"

v/ere cor[r.rercial sarnples

1" Amaranth lìed

M"\d" 5t5

(Ersher Scicntific Company)

HO SO

:^{1 '

/-1,
\_1

\,,n _
I

2" Rose

l'1.VJ.

Ð-

Bengal

974

Na

(Jiratash ljru i{ouse )

RO
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(b) Anesthetic

The anesthetic used rvas urethane (ethyl carbamate)

supplied by Coleman and 8e11.

AnimaLs and treatment

!iaI e Sprague*Darvl ey r;,,ts (the colony, ìvladison) of

weight range 275 to i95 g,rarns were used" The rats were

maintained at norrnal body temperature by exposure to a

radiator and incisoi:s viere 6urrounded by cotton svrabs

presoaked in normal saline"

Coll-ection of bile sample

The anÍmals v¡ere anesl-hetized rvith urethane (12, mg"/KF.)

injected intraperitoneally- A 1on¡:itudinal- incison was made

belot'¡ the diaphragm and thr bile duct was ligated at the

duodenal- end. A cannula cor sistinr.r of a Z4-gaup;e hynodermic

nledfe shaft attached to an appropriate l-enr;th of polyethylene

tube was fitted to the bilc duct and secrrred v¡ith cotton thread.

A bl-ank ì:i l-e sample was col- l-ected before inje ction of the dye.

Two methods of in'braL'enou6 in j ection were emnloyed,

either via the femoraL vein or the juquì-ar vein" Bile samples at

five minutes intervaL rvere coLlected, into prevreighed tubes

for three hours or i-or.ger until nearly alf the dye was elrminated via

the bile.
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Collection of blood samples

The nethod of Van Peten (L97O) was ador:ted" The jugular

vein was canuulated ruith a heparinized polyethylene tube

vrhich was secured 'uvitii thread, O., rnl of blank blood sample

r,vas v¡ithdrawn before adminstraiíon of the dose" The same

volume of bl-ood was co'l lected- at 2 to 1) minutes intervaf s

for the f irst hal-f hour af ter ¿rdmini stering the dose"

In sorne ex'lrerirnents ihe blood and the bile samplings rvere

carried out at the same trr:ne.,

Analysis

Blood samples: the bl-ocd sarnpieE were placed in centrif uge

tubes containing h,eparinizecì normal sal-ine (4"5 ml-s) " In the

analysis of amaranth the heparinized norraal- saline was al-so

acidified with O,OI M hydrochJ-oric acid" The bl-ood sarnnles

were then centrifuged at 6OO rpm for 20 rninutes in a General

Laboratory Centrifuge luic¡del*I" The supernatant v¡as pipetted

into the cuvette and the dyc content was determined by reading

the optical density ín a Bau;ch and Lomb Spectronic 20, at the

wavelength of maximal absorptioil for each dyeå,

Amaranth: l2O nnr

Lìose bengal : lBO nm

The standard curve for deternination of the dye concentration

ura6 prepared by adding lçnol",'n quantities of oye to the blood

¿rnd readinpç the reÉpective o otical densiti es"

BÍ1e samples: the bile iì;ìtlì,i.es containing am¿lranth vrere diluted



61

r{i th O"01 M hydrochloric acid v¡hile those containing rose

bengal v¡ere diluted v¡ith distilled rvater to a suit¿rbl-e volume

such that the concentrat,ion coincided with the range covered

by the standard. curve of each dye" The d.ye content v,¡as deter-

mined by reading the optíca} density at the wavelength of

maximal absorption as quoted in the analysis of blood sanples"

The stand.ard curve for each dye was prepared by spiking

the bile samples with knortrn quantities of each dye and readi.ng

the respective optÍcal density, A graph of optical density

versus concentration of dye v;as plotted"

Enzyme induction experiments:

Phenobarbital Q5 ne/Ke) wa.s injected intraperitoneally

into rats (Jzo - ,60 e) for four days, 'Iwenty-four hours

after the last injectionu tlLe rats were cannulated and dosed

with ten mícromoles of amar¿nth via the femoral- vein" Bile

samples rùere collected as described'before"

Control rats were trea.ted v¿ith normal saline of equal

volume as the phenobarbital injection for the sane neriod

and then dosed vríth amaranth as described for the test rats"

Analysis of bile sarnp Les r¡as as bef ore"
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Ohapter III

Section l- Result and discussions on amaranth,

After an íntravenous injection, the blood sampl-es and bil-e

sample6 vrere obtained simultaneously. The blood level feI1

rapidly and the dye could not be detected within ten minutes

of in.jection v¡hen the blood Level had fallen below ten percent

of its initial val-ue, The blood l-evel curve followed first-

order kinetics with an efimination rate constant k' of

13"52 h' (range 12"9r¡ - -r5,(,9 tr*). ThÍs value was very símilar

to one of the exponents in the t.riexponential biliary excretion

rate curve (Fig" 18)" A similar rapid d.isapnearance of dye

from blood had been observed with indocyanine ßreen in the rat
(Paumgartner et $.r I97O) " The appearance in bile \^,as very

rapid after an intravenous ¿idminÍstration. J:arlier workers

(iìyan and ldright, 1"96I) reportetl that 51 peycent (range 4l - Zg

percent) of the dye was excreted in the bite within four hours"

\rlith the present series, due to a slightly different technique

and a longer period of collection, the recovery of bile was

J2 percent, (range t4 - BO percent) for the one to twenty

micrornoles range. Priestly and OiReilly QgSe) ina:-cated that

the lo6ç rate of excretj"on of dye increased inÍtia}ly after

injection ¿rncl then declined in a biexponential fashion" ilhe

curve strr¡ctlrre was ,siror.vn to be independent of bil e fl-ow r¿rte

(Priestl.y, 19Éi7) " In tlij iì wor"k a tyr-,ical r¿rte plot (l'i-g;. 18,)

w¿rs ¿rnal¡.lsed by the rne'thod o f residuals j-nto a triex'ponentiaf

function" VJork r,ritkr ÍjSP (i,eiest1y, L967), trir:henylmethane,
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Rate of 1

bili ary

exc r et i- on

in ng/nL/hr 
"

100

1

Time in hour

Ffg" 18 Log rate of bi,liary excretion of amaranth in rat 11,

The points are plotted versus the mid-point of the coll-ection

interval" Graphical analysis of this curve indicates that it

may be described by a triexponential function

(-to.7 u -13'41t + 8"5e-5 'Z'lf, + o"rlu-o"66t )

trrhich hJas usecÌ to estim¡rte the parameterõ of the model"
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xanthene and, ¿izo ciyes (Iga eq al ", I9-/Oo I9'/)a1 lc)'/l-b) il"a

exhibited similar curves" ga e! a1_" had interpreted the dye

rate excretion curves as cotnposed of trn¡o fÍrst-order rate

components" This does not agree wÍth their data v,¡hich clearly

exhibit triexponential behaviour"

Thus in the case of arraranth there is a first-order

disappearance of dye from the bl.ood and a triexnonential

app€arance of dye ì.n the bile" TÌre sinrplest model- v¡hich vrill

fulfill- these requirements i s ;;Ìrovrn j-n fí¿5ure 12, þiodel I"

Amaranth is known to be bound to -Liver tissue (Priestty and

O ilìeilly I )-966; figure 19) r ncl the Da, compartment shown in

the rnodel is regarded as a tissue binding cornlrartrnent" 'i'he

first-order rate constant for uptake into the liver, nra,

lvas obtailled as the slope of the J-og bLood leve} versus time

nlot, as shov¡n in equation 1, The other exl:onents in the

triexponential function v¡ere taken as r, and r, (ec,ua.ti-on 2)

¿¡.nd used to obtain estimate¡; of the other rate cor:stants of

the model . The grayrhical ¡-r¡tirn¿.Ltes of rate cons.i;¿.r-nts were

used as starting estimates jn the computer program designed, to

fit the data to the eqrratj,orr of the rr:ocìe.1 (erìuations l- ¿lnd 2)

by an iterative non-Iinear -i east square procedure. 'I'he

computer fit of the rnodel- to the data v¡as excel-lent (l'ig. 2O) "

The rate constants for each dose J evel a-re slLov¡n in table II "

thus it rvoufd seern that l"lod.e1 I Aives a satj.sfactory description

of the data" llorvever the br;haviour of arnaranth appears to be

clifferent fronl sonte óther compounrls like ilsl'(",,iinirl-er, 1965i
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R, protein binding ratio
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o "92
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Fis" 19 Graph of rate constant versua protein binding ratio'



66

1oO

o.B

0"6

o"4

o"2

o

Tise in hr"

Fig. 20 Cumulative hil_iery excretion ( g ) and bl_ood level (o)

curves ín rat 6"

Data is cal"eulated as the f'raction (t) of the total material

in the bile and blood compartmeni;" rn the bloocl" f = c. ,1 co-b,-b
where cf is ttre extrap¿rlat¿'d bloc,d 1evel at zero time"b

For biliary cumlrtation, f = UO/Uf 
"

The sol-id lines repre,s*nt the corrputer generaterl lines of be:st

fit of the data for lvlodels t and II"

The broken l.i-ne j-s the hepa i¿:¡1-r""an, ( tota: liver cont ent of

dye).
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Iìichards, 1965), rose bengal ('Iurco et al-" e L966), atropine

(Kalser eg e].", L965) and benzquinar¡ide (Wíseman et al,1 1964)

lvhich show biexponential blood curve¡; instead of a mono-

exponent,ial disappearance from blood before biliary secretion"

l"requently for various reasons, a reflux of ma.terial from

líver to blood has been sug{;ested. to explain the biexponential

blood curve (Quarfordt g_t- e-1 ", I9?I) " T'r,ro other moclels (II ancl

III) which predict a f3"ì¿¡ponential appearance in the bile
( equa,tions 6 and 11) u ¿rre shov¡n in f igure 1I. lviodel f f

predicts a triexponentía1 disappearance from the blood

( equation J) whil-e I'iocieì III a biexponential- one ( equation IO).

l,{hil-e this is dif f erent froi i the nonoexponential beha.viour'

actually observed with amaranthn simulations of both model.s

on the analog computer (EAI, TR2O) indicated that an essentially

first-order blood curve such as that obtained with ¿¡maranth

coul-cl arise if k1Z)) ka, in either model"

Va1ues of the rate constants r.¡ere estir¡¿rted for lfodel II

frorn the triexponential bilÌary excretion curver k' was

estimated from ecluations 6 * 9" These estimates vrere i.nput

to the comþuter with tire experirnental results and the differential-

ecluationr; of the model-, the ref ined val ues of the rate constants

were obtained" In the three sets of dat,a treated this way the

fit to the bl.ood antl h:-ie cu.vves rdas ver y good (ta¡le III),

The rate constants may be ccnipa::ed with those obtained for

lvlodeL l (fa¡: e )-I)" The ratr: cone L,ants k' for -Liver uptake

and kr. for bi-l.iary excretiotr ¿¡re similar j.n both models but the
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3 "45
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1

1

I
1

l
!

i
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:

:
+

k^_
¿l)

--lh

3"92 + o"Lr5

4.19 + o "?-j

5"5I + O"L9

3"23 + O"I9

5"jO + O"2O

4"54 + o"Lz

4,a4 + o,27

4"62 + o,1o

,"42 + O"i3

4.r9 r o.z,

4"Lz ! L"6,

4.6i + o"z5

5"66 + O"2O

Table ïI

for biliary excretion of amaranth atMod,el I rate constants

var-yin6ç dose levels"

The figurea are sholtn + S,D"s of the parameter"

S.Ð"n is the standa.rd C-eviai;iorr 
"
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Tabl-e IIï

Model- II rate constants for bilì-ary

at ten micromoles dose level o

The figures are shÕvtn + S.D. of the

excr et1 0n of amaranth

param et er.
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rate constants for dístri-bution, k23 und ki2, differ considerably.

The rate constant ior refl-ux into the blood, k21e r^/as smalln

Thus it appears that l,lodels I and. It give a good. fit to

the data" rn a stir.dy of th¡' bi. liary excretion of rose bengal ,

'I'urco ejt al-. (1966) measur.eo the hepatogram or ov erall liver

content of radioactive dye versus tÍme curve" To eval_u¿rte if

this method coul-d be used tc distinguish between i.fodel,s I and II

for amaranthu the data anri i:[e r"a,te constants \,/ere used in an

analog compute:r to generate rlhe amounts of dye in the blood.,

bíle and total liver compart rents during the time course of

the experÍments" Al-i these comparrtments were identical for

both nodels" llenee the cl¿rta wrl I not permit erny clistinction

between l,lodel-s f and II,

Attempts to fit the dat;r to l,1odel III by usi ns simj_l ar

techniques appl-ied to l.{odel I but with equatjons }1 - }5

were unsuccessful using eithrrr the analog computer or the

digi taJ- computer methods" r r, ,,'ías thus concl-uded that I.lodel rrr

v¡oul-d not describe the biliatry e;ccretion of amaranth"

It rrust be concluded thr:t as determÍned by the anal_ytical

methods described, the pharrn¡.cokinetics of'am¡,rranth a.re best

represent ed by iliodel I " Ilor,vr ver, a smal-l contribution o f ref lux

from l-iver to bl-ood cannot be, excl-uded.

studi es on the bil i¿rr"y e:ccretÍon of amaranth at dif f erent dose

fevel-s

i\nionic conpounds e:r,::.i-=i:¿d rria the biLiarv route probabl.y
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follov¡ a pathr,vray invoivin¿i one or rnore transnort processes

(Sperber o 1959; I"iillburn, 197O) " üence these compounds shoul-d

show transport sat,uration effects which wíll be reflected in

the dose-dependent biliary tnansport kinetics" To test this

possibility the principles ¡fl superpositíon of Dost (1968)

was applied" The ctata for eech dose }evel uras norrnalized as a

function of total- dye excreted in the hile" The curnuf¡-rtive

excretion plots for <1c-,ses f::om ten to twenty micromol-es

superimpose (l'ig. ?-1u) indic;¿¡ilirig that the dye pharmacokinetics

are independ.ent of dr¡t;e" 'lhís is not the case for doses above

tvrenty micromoles (Fi¡;" 22) " Iligher doses exhibit dose-

dependent kinetics and. prebabJ-;' requÍre a model of a non-l-inear

type "

Iif f cct of nhenobarbi tal on 'o Ll-iart¡ excretion of amaranth

A variety of polycyclic hydrocarbons, drugs and hormones

have shown enhancing effect on the activities of microsornal

and sol-ub1e enzymes " Phenob:trbi tal enhanc es the mí crosomal

activity and thu.s increase6 the r,-rte of biotransformation of

a large number of d.rugs" SocÌium ,rhenobarbital has been shor'rn

to increase hepatie bilirubin conjugating capacity in mice

and rabbits and stirnulate suLfardimethoxine glucuronide formation

in rats (C:":-gter aiic Gclq, f r69)" Pharmacokinetic studies

with sal-icylariiiile rsholverl cit¡| t.he deficient SlLrcuronide

con.jug;ating c¿Ii)acl-t;ø in jaut,tliced infants rv¿rs rostored to

noy'mal- vrith pi-ienob¿ri:bi, l,a-'l- 'crt¿r.t.inerrt (yaf f e et a] " I L966) "
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This increased bio Lra-r sf o::niat j-on rate redrrces the biof ogic;r.l-

half life of marry druf;s" iiovrever, phenobarbital al-so enhances

bi1íary flow (Roberts and Flaa, L967)" This increase in

biliary flow appears to ç'Ley an importa-nt role in the accelerated

plasma di sappearanc e o f l-lij} ( Kl-assen and P1aa , 1968 ) ,

indocyanine green (Hart anc Ad.¿rrnson o 1968) , and thyroxine

(Coldstein and Taurcg, 1968 ) " 'fhe nurpose of the present

investigation is to obseri¡e rihe effect of phenobarbital treat-

ment on the biliary excr"ei:íon 'cf anaranth"

It was observed. that rats treated. v¡ith phenobarbital for

a period of foriy days siror,.ied enhanced bil-iary fIour as compared

to the control rats treated vrith normal saline instead..

llowever the biliary rate of excrei:ion expressed as microgïam

per ml of bile per hour in both the test rats and the control

rats were essentially the same (FÍg" 2j) " 'l'he rate const,anis

for the flow curves fj tted to iiodel I are essentially the

same and it may be concluCed that the dye is excreted in both

treated and untreated anir¡a J-s by a similar mechanism and

independent of bile fl-oiv" lhÍs agrees with the fact that

amaranth r{as not metabol-ized by the hepatíc microsomal enzymes

in rats and the in.creased" b i liary output of the dye is a direct

effect of the enhanced bile ffow" The cl-inical- importance of

the enhancecl bil iary fioi,r ¿i Iri*t. nhenobarbital treatment is stíIl

not lvel-I-known" If phenoba-cital has a simrlar ef f ect in man

as in rats, the b:c-LogiciiÌ. rr¡¡-l-f lives and drug action wiIl be

reduced for nany ccrnpound.n e iiminated in b j-Ie"
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Section 2

?6

Bilrary e.'<cretion of geranine, lissatrine, and

dechlorol,i. ssamine "

Data on the azo dyes geranine, lissamine, and dech1oro-

lissamine had been obtaineci earlier (Priestly and O'Iìei11;', L966) "

The data v¡as fitted he:re to lvlc;del I (Fig" 12) as previously

described (chapter II*--rr.44) " Initial values of the rate

constants v/ere estimateC. from the triexponential biliary rate

of excretion curve and t¡e rlttmr-ilative ctrrve. The data \^jas

lrroces6ed in the digital cÕrn1)uter using the l'lONLIiti Program

(Metzler o 1969) , Values of 'Lhe rate constants obtained f or

these dyes at dlffereni cÌcse levels are presented in table IV"

Since the blood 1e'¿e1 data fo¡ tlrese dyes v,'ere noi availablq,

an initial graphical- estrrnatíon of k* could not be obtaiired

directly" These parameters coul-d be fitted more accurately

to the data if blood l-evel determination uere avaifable"

I{owever the fít obta.ined 'r¡as g;ood and the pararneters íor the

various dyes may be useftrliy connared. wi th that of arnaranih

('ta¡te IV ) , The rate constants f or herratic uptake of dye are

generally 1ar¡1e ccmpared. ¡o tliLe other rate con, tauts (Table

fV>" This uould sup¡:ort th¿: vi ev; that rtrtake into the -1.i"'ei:

is a rapid. procesa, Alnt:ng the.1or-rr dyes the hepatic uptake

rate is hi6hest for amar¡.nth (ta¡te IV) "
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Tabl-e IV Averaged pararnete¡.¡ for various azo dyes for Þfodel I

biliary excre'cj-on.

k_^
L¿

-ì

h

v

-"th

k_ _.

)L

-'lh

1,"zo
.-1hDye

GeranÍne
10*

**
8"i9 + 1""2] I.o7 + o"88 2"66 + 1"94 7"-/,,t + o"8\

Lissamine 8"51 + ),.?-4 o"73 + o"5l ;'-.7I + I"/rf 1.Os + L'¡1
10

Dech.lorol-issamine 6"72 + l.o5 o"'jl- + o"i:'; 2,8,f + l"o8 l"(>7 + ct"iL

Amaranth a3"Lr5 + o"4O o"92 + O"25 2"J6 + L"(), 4"16 + Ct"31
r1

* number of rats used to obtain the aata

4* the standard deviaticn <¡f the mean of the parameters
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The rate parameter6 t/ere correlated with the protein

binding of the dyes in the liver and the liver : blood

binding ratio as obtained by PriestJ_y and O,ReiIIy (1g66) 
"

Plois to shovr these correlatLons are given in figurc 27"

The linear correiation of k.;¡ 1,'êr6us protein binding in liver

wa6 excelleni (o"995)" Thi¡; sLrongly supports the earlier

view (Priestl;' and OtRei-i]-y , 1966) ttrat f iver protein binding

ple.ys an irnportant par't in the hepatic uptake of clye" The

correl-ation of protein bi-ndÍng vrith other model parameters

is much less marked."
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Section J I3iliary excretíon of rose bengal.

After an intravenous injection of a ten rnÍcromoles dose

into the rat, both the hl-ood and the bile sampl_es were colrected.
The dye level- in btood fel1 rapidly to l ess than 5% of its
initíal val-ue and dye appeared in th.e bil-e within five
minutes after adminstration. -lhe collection of both blood

and bile samples Çan oeverery deplete the anir¿al and.

necessitates rather infrequent blood sampling" on the other

hand mathematical analysis may be better accomplished with
a larp5e number of observations. b/hen the blood level data

for the test rats were plottecl on the same graph, it wa6

observed that they folrowed the same curve. By norrna.rj zj.n6

al-l the d.ata as a fraction of cpo, corrbined ¡granh for thc

blood values of rose bengal was constructed. The composite

values were then used in al1 the computer prograrns to

describe the rose bengal in bl_ood..

Cumulative excretion curves were constructed of the biliary
excretion data and an asymptote val-ue wa.s estimated, expressed

as off. The biliary cumulatíve amount of dye obtained at

any ¿1iven time wa,.; then converted to a fraction of the asymptote

"u O¡,ZU{ and. expresserl. as ) percentage.

Barlíer workers (Turco et al. I l-966) studied the brood

kinetics of rose bengal. Trey propor;6d s model which described

a biexponential disappearan(re of dye from blood but r,¡ithout

any mathematical solution" rn this nork the brood curve
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obtained showed a biexponential disappearance but the

possibility of a triexponential disappearênce could not be

excluded" Hence I'iodel I whj ch requires a biexponential- bl-ood

curve and Mode1 II which treqìlires a triexnonential bl-ood curve l{ere

tested in the anal og computer and in the digital computer

using the NONLII'I Program (l'lelzleru 1969). The analog and

digital fit of the blood curve to l'lodel- II \'/ere good (Fig" 2r)

but no satiofactory fit coul ri bt: obtained for l4odel f and for

l"lodel III of Turco g-! e,1" (l ç66)" The rate of anpearance of

dye in bile tn¡as found to be tr"iexponential" ll'he parameters of

l.iod.el II r¡¿ere evaluated by ¡"raphical analysÍs of the data as

described earlier (p" ,2)" 'fhe parameter estimates were used

to start the computer progran, using the differential equatione

of the model (equations i] * 16). This method is slovr and

expensive and rl'as u6ed here trith the bl-ood data to obtain

estimates of k,. and k-, o Val-ues of other para.meters (kr- and
l2 -'--- --¿1" .)¿

k.-) were obtained by this r ethod with a rather hi6h standard

deviation, To obtaín refíned r¡alues of these parameters' a

programme hras used in whicirr k* and k21r ar be and c in equa-tions

17 and 2J were hel-d constanl--, otd k2o, k3, and k^, al-:-.oi'red to

vary. By thís procedure val ues for ¿ill the rate constants of

the rnod.el v¿ev'e obtained (f i¡1 " 26) and the calculated curve gave

an excellent fr-t of the ti.at¿, '
¡iodel -T-I ldac fcund to reþresent the biliary excreti on of

rose bengal better than þlodr I I " 'Ihi-s may be exnlained by the

f¿rct that ¿r::eflux ¡f i;he dve from the liver to the blood
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occured which alsû accoLlnt6 for the triexponenti.al- disappear-

ance of dye from bl-ood" An alternative expl.anation may be the

distribution of the dye fr'or.', blood to the extrahepatic peripheral-

compartment aË illustratecl in the following diagramt

Dr

trt

{.ttB

D_^
L¿

Åt

ilil
IVDr,t# D¡

DT t ExtrahepatÍc tissue cor',rpartment"

The hypothesis of rdeJ-ayed compartmentst proposed by

Dedrick and Bischoff QgZt) on the metabotism of methotrexate

in rats may be applicable tr-¡ explain the biliary excretion

of rose bengal"
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