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THE BILIARY EXCRETION AND ENTEROHEPATIC CIRCULATION
OF DIETHYLSTILBESTROL AND DIETHYLSTILBESTROL
MONOGLUCURONIDE IN THE RHESUS MONKEY.

Available for Consultation at the University of California Library

Edward J. MROSZCZAK, Ph.D.
University of California, San Francisco, 1974

Adult, male rhesus monkeys were prepared surgically with indwelling
arterial-venous catheters as well as permanent catheters to the common
bile duct (cystic duct ligated) and duodenum (opposite the sphincter of
0ddi). After surgery, the monkey was placed in a restraining primate
chair for chronic usage. A continuous intravascular infusion of hepari-
nized saline was necessary to prevent clotting. The externalized hepatic
and duodenal catheters could be connected to allow a normal enterohepatic
circulation of bile, when the monkey was not being used experimentally.

Diethylstilbestrol-14C was used in all in vivo studies and was assayed
by liquid scintillation counting, after separation of unchanged compound
from metabolites. Throughout the experiments, hepatic bile was totally
collected and a duodenal or intravenous infusion of sodium taurocholate
was maintained to assure a steady bile flow rate. Urine was collected
after voluntary voiding into a tray which separated urine from feces. Ar-
terial blood was sampled at appropriate times within an experiment.

After an intravenous injection of diethylstilbestrol-lac, approxi-
mately 58% of the dose is excreted into the urine and 30Z into the bile
after 24 hours. Diethylstilbestrol and sodium diethylstilbestrol monoglu-
curonide, prepared biosynthetically using female New Zealand white rabbits,
served as chromatographic standards in elucidating the metabolism of di-
ethylstilbestrol in the rhesus monkey. In bile, only diethylstilbestrol

monoglucuronide-14C was found while multiple, unidentified metabolites



appeared in the urine. No unchanged compound is excreted into the urine
or bile. Blood samples contained unchanged compound and the monoglucuro-
nide.

Pharmacokinetic analysis of post-injection (800‘/(g containing 38.5
/401) diethylstilbestrol-lac blood levels indicated that the three com-
partment open model was most compatible with the observed data. A digi-
tal computer (IBM 360/50) generated the following equation describing the
model: C, = 4,470ee” "2 € 4 5 go0se” "M 4 57006 1080 F e
Cb represents the blood concentration levels of diethylstilbestrol-lac as
a function of time (t). The pre-exponential terms represent intercepts
on the ordinate at zero time (DPM/ml) and the exponential terms represent
hybrid rate constants (min71),

In vitro solubility studies of sodium diethylstilbestrol monoglucuro-
nide were carried out at ambient room temperature (23.5 to 24.5°C)in iso-
tonic sodium phosphate buffer solutions (pH = 8.00, #/ = 0.170). In plain
buffer the solubility of the monoglucuronide is 1.37 mg/ml, however, this
could be increased several times by the addition of taurocholate alone or
a taurocholate-lecithin combination (molar ratio 5.7 to 1) in amounts
which exceed the CMC. In contrast, the addition of sodium taurodehydro-
cholate, which does not form micelles in the concentration ranges studied,
did not enhance the solubility of the monoglucuronide.

Blood samples were taken and total collections of bile and urine were
made during a constant intravenous infusion of diethylstilbestrol-lac
(equivalent to 179‘//g/min) which was maintained throughout the experiment.
Bile flow rate was brought to an initial constant level (.095 ml/min) with

a duodenal infusion of taurocholate (2.9‘/anllmin) and was then increased

to a higher steady state level (0.149 ml/min) in response to an increased



taurocholate infusion rate (13.6 g4/mol/min). The results of this experi-
ment indicated that a bile flow dependent transport maximum exists for
the excretion of diethylstilbestrol monoglucuronide into the bile.

Separate experiments were undertaken in which solutions of diethyl-

14

stilbestrol-lac or diethylstilbestrol monoglucuronide-" 'C were administered

duodenally. The results of these experiments indicated that the extensive
enterohepatic circulation of diethylstilbestrol is mediated by bacterial
enzymes (specifically /?—glucuronidase) located in the large intestine

of the rhesus monkey. Therefore, in an intact animal (given diethylstil-
bestrol) diethylstilbestrol monoglucuronide would be excreted into the
bile and deposited in the duodenum. Since the polar glucuronide is not
well absorbed, it will pass down to the bacteria rich environment of the
large intestine. Here, enzymatic hydrolysis liberates free diethylstil-

bestrol which can be absorbed, resulting in an enterchepatic circulation.
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GENERAL ASPECTS OF THE BILIARY SYSTEM

Anatomy

Any consideration of the elimination of foreign compounds and es-
pecially one involving biliary excretion necessitates a detailed discus-
sion of the biliary system. The overall anatomy and physiology of the
liver is very well described (1). One therefore can forego a discussion
of the liver and concentrate on the anatomy of the biliary system which
includes the bile canaliculi, ductules, intrahepatic ducts, the hepatic
duct, the cystic duct, the gall bladder and the common bile duct (2).

The following discription applies to man and primates in general which
are very similar with respect to anatomy of the biliary tree.

The biliary system can be considered to begin with the bile canaliculi.
These canaliculi consist of two grooves in the contact surfaces of liver
cells and have no distinct walls of their own. Numerous microvilli project
into the lumen of the canaliculi. Although some disagreement exists, it
would seem that the only entrance into the canaliculi is through the hep-
atic parenchymal cell wall, but the possibility exists that there is a di-
rect connection to the Space of Disse (3). The bile canaliculi are numer-
ous and form a network between the liver cells, imparting strength to the
entire liver muralium (4).

Bile canaliculi empty into the ductules or colangioles, an extensive,
wide-meshed network of intralobular ductules which is continuous throughout
the liver. These ductules have walls which are extremely thin and are well
endowed with a venous and arterial blood supply. The small ductules dis-
charge into slightly larger ducts within the liver which form plexuses sur-

rounding the portal vein branches. In addition, arterial capillary branches



form a subepithelial plexus around the larger bile ducts (5). Finally, the
larger bile ducts converge to form the extrahepatic-right and left hepatic
ducts which anastomose forming the common bile duct. Further down, the
common bile duct is joined by the cystic duct which originates from the gall
bladder. The pancreatic ducts join just prior to termination in an elab-
orate musculature, collectively known as the sphincter of 0ddi which opens
into the duodenum (6).

It would seem that the highly perfused ductules and ducts would have a
secretive and reabsorptive capacity and both have been demonstrated (7,8,9).
In this respect the biliary system could be compared to the kidney with the
exception that a high capacity filtration mechanism found in the glomerulus
of the kidney does not exist in the biliary system. It has been shown in
the rat that bile pressures normally exceed portal pressures by 50 per cent
or more, establishing conclusively that the basic mechanism of fluid transfer
(or bile formation) cannot be filtration. Therefore, the elaboration of bile
is essentially a secretory process involving the active transfer of various

elements in bile which determine directly or indirectly those fluid movements

which are observed (10).

Mechanism of Bile Formation

The question then arises as to what is the exact nature of the driving
force for bile formation. It has been demonstrated in dogs that acute in-
terruption of the normal enterohepatic circulation of bile salts results in
a progressive diminuation of bile flow (11). This was demonstrated to be due
to the diminishing rate of bile salt excretion and could be overcome by the
administration of sodium taurocholate (a typical bile salt) intravenously.

It has been postulated that all bile salts are actively secreted at the can-



alicular level and this process is the prime driving force for bile produc~
tion (12,13,14). These workers have demonstrated the linear dependence of
bile flow and inorganic anion excretion (chloride and bicarbonate) on the
rate of taurocholate secretion. Various mechanisms can account for the role
of sodium taurocholate as the major choleretic in bile. First, one can con-
sider that taurocholate is actively secreted at the bile canaliculi and this
results in the entry of water and diffusible ions by osmosis and passive di-
ffusion. Obviously, anion secretion requires concomitant transport of sodium
and other cations for charge balance and the active transport of taurocholate
along with sodium causes water to be transported into the canaliculi. Bile
salts are known to exist in bile as part of complex micellar structures with
only a portion of the molecules being ionized. Charge neutralization will
still require sodium cations to balance the anionic charge of the micelle.
Transport of sodium and water therefore ensues until the system becomes isos-
motic with respect to blood. The net output of water and electrolytes is
therefore subject to the quantity of bile salt in the lumen of the biliary
tree. Whatever the mechanism, it is clear that bile salt transport is the
major determinant of bile flow and electrolyte composition. It is believed
that the hormone secretin acts further downstream from the canaliculi (the
bile ductular system) and its choleretic effect is due to active transport
of solute into the lumen with consequent passage of water and diffusable
electrolytes. It should also be mentioned that certain organic anions and
cations also possess a choleretic activity.

Under normal circumstances, of course, bile salts secreted by the liver
pass into the intestine and are absorbed back into the hepatic portal circu-
lation primarily in the ileum (15). Normal processes such as waking and

sleeping, feeding and fasting and gastrointestinal hormone secretion can ef-



fect the enterohepatic circulation of bile salts. As is the case with all
smooth muscle, the biliary tract is subject to a variety of humoral and

neurogenic stimuli as well as direct vagal effects (16).

Micellar Structures of Bile

The bile salts are surface active compounds and appear to be present
in all vertebrates. An excellent review of the clinical implications due
to the unique properties of those compounds is presented by Hofmann (17).
Although the bile salts can be likened to anionic detergents, their molecu-
lar structure is quite different from that of the typical detergent. Bile
salts, the primary components of bile, are association colloids which form
polymolecular aggregates known as micelles. These compounds contain both
hydrophobic and hydrophilic regions and are thus known as amphiphilic com-
pounds. They are important in lipid solubilization and transport in the
bile and fat digestion and absorption in the intestine (17).

As mentioned, bile plays a major role in promoting fat digestion and
fatty acid absorption. In the intestine, pancreatic lipase reacts at the
surface of the dispersed fat droplets and fatty acids and monoglycerides
are brought into a micellar solution with the bile salts. Without the bile
salts the process of fat digestion and solubilization of these various sub-
stances could not occur.

In hepatic bile it is found that bile salt concentrations are as high
as 50 mM while in the intestine the concentration may drop to as low as 5 mM,
due to dilution by the various fluids. However, the critical micellar con-
centration (CMC) of the bile salts is about 3 to 4 mM and therefore at least

a fraction of the bile molecules are associated into micelles, even in the

intestinal contents.



There are basically three bile acids of importance in primates. They
are the dihydroxy bile acids (deoxycholate and chenodeoxycholate) and the
trihydroxy bile acid (cholate). These bile acids are conjugated with tau-
rine or glycine and therefore a total of six bile salts are possible., 1In
bile, virtually all bile salts are present as conjugates. This conjugation
lowers the pKa of the bile acids and thus ensures that they will remain in
solution while in bile and intestinal contents. No major differences have
been found regarding the micelle forming properties of the dihydroxy and
trihydroxy conjugates of either glycine or taurine.

Human bile appears to be a transparent solution, even though it contains
a high concentration of cholesterol far above its water solubility. This
cholesterol must be present in lipoprotein or micellar complex form, since
it is virtually insoluble by itself in water. However, a third component,
lecithin, is found to be necessary to solubilize cholesterol to an appre-
ciable degree. Lecithin alone is insoluble in water but has a remarkably
high solubility in bile salt solutions. As the bile salt micelle is swollen
by lecithin, the micelle can dissolve more cholesterol. Hence a rather com-
plex mixed micelle composed of bile salt, lecithin, and cholesterol exists
in bile. The ratio of components is critical and perturbation can result
in turbidity or even separation and precipitation of cholesterol as crystals.
The mixed micelle contains many negative surface charges and resembles
a bead of ion exchange resin at the molecular level. Cations, primarily so-
dium, will be found in association with the negative charges of the bile salt
anions. Since osmotic pressure is related to the total number of particles
present and since the micelle with its bound counter ions behaves to some
extent as a single particle, the osmotic pressure of bile salt solutions is

far lower than one would calculate on a purely stochiometric basis. If it



were not for this micellular association a bile solution would be very hy-

pertonic. It is in fact isosmotic with blood due to the formation of these

micellar aggregates.

A compound closely resembling cholic acid (a trihydroxy bile acid) is

dehydrocholic acid (Decholin). The only difference between them is that

Decholin has three keto groups in place of the hydroxyl groups of cholate.
Decholin is not normally found in bile and its absence of hydroxyl groups
renders it incapable of micelle formation and therefore it cannot solubilize

cholesterol or lecithin nor enhance fat absorption.



EXCRETION OF FOREIGN COMPOUNDS INTO BILE

Physical-Chemical Considerations

A large number of compounds and their metabolites are known to be
excreted into the bile (18,19) some of which have been hypothesized to
undergo an enterohepatic circulation which can significantly effect their
disposition (20). Much of the work involving biliary excretion has been
concentrated on organic anions. Most compounds are excreted in bile con-
jugated with glucuronic acid, glycine, taurine, sulfuric acid and gluta-
thione and as such are present as anions. For an anion to be excreted to
an appreciable degree in the bile it has been suggested (21) that it should
possess three general characteristics; 1.) a molecular weight of at least
325 T 50, 2.) a polar anionic group in its structure, and 3.) a certain
molecular structure - as yet 111l defined. This molecular structure feature
undoubtedly includes a specific charge distribution as well as a minimum
lipid solubility below which little biliary excretion occurs. Also, it
should be considered that the molecular weight requirement refers to the
compound excreted into the bile only. Hence a molecule may have a molecular
weight of 250 and as such not fit the requirements. However, if it is con-
jugated with glucuronic acid, the metabolite will have a molecular weight of
444 which is well above the molecular weight range required.

Relatively little information is available on the types of organic
bases eliminated in the bile. Of the compounds studied, they seem to have
one characteristic in common: a polar quaternary amine group at one end of
the molecule and one or more nonpolar ring structures at the opposite end.
In comparing those organic cations excreted in the bile with the above de-

scribed anions, it is interesting to note that in both cases the presence



of a polar ionizable group as well as a nonpolar portion (two or more
aromatic or saturated rings) are features resulting in extensive biliary
excretion. Also, as in the kidney, there appear to be two separate mech-
anisms in the liver for the secretion of organic anions and cations (22,23).
A number of organic compounds which are neither anions nor cations are
excreted in the bile. The cardiac glycosides are important examples of such
compounds. Here, the presence of a water-soluble sugar residue in the mole-
cule is the one structural feature which stands out as being necessary for
extensive biliary elimination. In a series of compounds, those containing
the most sugar residues (the most polar) exhibit the highest biliary excre-
tion. Again we can see a similarity between the organic anions and catioms
and those glycosides which are well excreted in the bile. They all have
high molecular weight, a degree of polarity and contain at least two aromatic

or saturated rings (nonpolar portion) in the molecule (21).

Species Variation in Biliary Excretion

With regard to species differences in biliary excretion, several fac-
tors must be considered. One must not only consider species differences but
also the physical-chemical properties of the compounds under study since both
are inter-related. To begin, one may roughly organize the various species
studied into three groups (21). Group I contains the rat, dog and hen which
are generally good biliary excretors. Group II contains the cat and sheep
which are intermediate and Group III includes the rabbit, guinea pig, rhesus
monkey amd probably man - relatively poor biliary excretors.

If one ﬁow attempts to correlate the biliary excretion of organic anions
in the various species the following picture ensues, Anions with a molecular

weight below 300 are excreted poorly in all species. In the molecular weight



range of 300-500 species differences occur in accordance with the three
groups listed. For example, Group I would excrete 20-30Z of a dose of suc-
cinylsulfathiazole into the bile, Group II 5-15% and Group III 0-1Z. For
those compounds with a molecular weight range of 500-1200, biliary excretion
is uniformly high in all species listed.

It should be noted both that man and the rhesus monkey are both in the
same group (poor biliary excretors). Much of the previous research with
diethylstilbestrol has been done on the rat and dog which are the best bil-
iary excretors studied. 1In this respect the rhesus monkey is the model of

choice 1f correlations to man are to be made.

Role of Bile Micelles in Biliary Excretion

The relation between biliary bile salt excretion and biliary cholesterol
and phospholipid excretion has been studied in rats (24). Infusion of tauro-
cholate, a micelle-forming bile salt, causes a concomitant increase in bil-
iary bile salt excretion and biliary 1lipid excretion. However, with in-
fusion of dehydrocholate, a nonmicelle-forming bile salt biliary 1lipid ex-
cretion increased negligibly. These studies prove that micelle formation is
an important mechanism in biliary lipid excretion, but this alone could not
account for the quantitative relation between biliary bile salt and 1lipid
excretion.

In this study, both compounds investigated (cholesterol and lecithin)
are normal components of bile and the bile salt mixed-micelle system. Hence,
such a close correlation with bile salt excretion rate would not be unex-
pected. This may be related to the formation of a specific macromolecular
complex in the liver and its subsequent excretion in the bile.

Another group (25) studied the drugs imipramine and desmethylimipramine
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in the rat. They demonstrated that both compounds were taken up by the bile
salt-phospholipid-micelles of bile in vitro. They were also able to calcu-
late the molecular composition of the bile salt-lecithin-imipramine micelle
to be 60:10:7 with a molecular weight of 36,000. It was further demonstrated
(again using in vitro models) that while pure bile salt micelles could take
up these drugs, the presence of phospholipid enhanced their solubilization.
These workers also studied both drugs in rats and were able to show that the
intact compounds and their metabolites appeared to be taken up into bile mi—v
celles and transported as such, somewhat analogous to a concentrative trans-
fer process (25).

The anions bromsulphthalein (BSP) and bilirubin are known to be exten-
sively excreted into bile. While no conclusive studies have been made to
show that there is a micellar interaction with these anions in bile, this
has been suggested for bilirubin (26). The biliary excretion of BSP is di-
rectly influenced by taurocholate excretion rate and here a carrier system
of some sort was postulated but no studies of a possible interaction with
bile micelles were undertaken (27).

It is obvious that the presence of micelles in bile can directly ac-
count for the biliary excretion of certain endogenous compounds. It has
also been shown that certain foreign compounds can interact with these bile
micelles and it was suggested that this interaction may be the controlling
mechanism for excretion into the bile. These studies are important in that
they show conclusively that the biliary micelles can function as a "carrier"
of both endogenous and foreign compounds. Little more can be said since so
little work in this area has been done. However, it is clear that the pres-
ence of these micellar structures in bile must be considered in the study of

any compound which undergoes biliary excretion. While much more can be dis-



cussed in the area of biliary excretion it is hoped that the relatively
small area covered above will adequately serve as an introduction to certain

key areas which can be further pursued if desired.

11
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THE RHESUS MONKEY AS AN EXPERIMENTAL MODEL

FOR THE STUDY OF BILIARY EXCRETION

Before any research project is begun one must consider the goals and
how they can best be attained. One of the most important considerations
is the appropriate experimental model to be used. While it has not always
been true in the study of biliary excretion and enterohepatic circulation,
an animal model resembling man on an anatomic and physiologic 1level should
be preferred. In addition, rather extensive surgery is required to gain
access to the biliary pathways. It would be desirable to devise a model in
which surgical trauma is minimized and anesthesia eliminated. 1Ideally, the
animal should be allowed to recover completely from the surgical trauma
and anesthesia and be maintained as a chronic preparation. It was found
that the monkey was best suited to this end.

The type of monkey studied most commonly in this laboratory is the
rhesus monkey (species-Macaca Mulatta). The use of the rhesus monkey is not
new and has proved to be a valuable tool in many research projects. Basically,
this monkey is very easy to handle and in our laboratory has proved to be
a friendly and sociable animal. On the evolutionary scale the similarity of
monkey to man is obvious. It has, in fact, been shown in various toxicologic
studies, that once it is established that a given drug has a similar action
in both monkey and man, the rhesus monkey is the experimental model of choice
(28). The rhesus monkey is very adaptable to a chronic experimental situa-
tion and is virtually an ideal animal in which to study the biliary excre-
tion and enterohepatic circulation of drugs.

It has already been made clear that man and monkey are very similar

with respect to the anatomy of the biliary tree and in their ability to

excrete foreign compounds into the bile. A review of some additional past



research will point out specifically, important areas of similarity and dis-
similarity with respect to: various hemodynamic factors, bacterial environ-
ment of the intestine, and normal composition of bile. Finally, the suita-
bility of the rhesus monkey as a chronic preparation will be discussed.
Studies have been completed which describe the normal distribution of
cardiac output in the unanesthetized, restrained rhesus monkey (29). This
was accomplished using radioactively labeled microspheres injected into the
left ventricle of the heart. These workers have demonstrated that the per
cent of cardiac output transitting specific organs in the monkey are in the
same range as those reported in man. For example, the per cent of cardiac
output in man versus monkey for various organs are: liver 28Z vs 19Z, kid-
ney 23% vs 12%, heart 5% vs 5% and brain 14% vs 7%Z. However, in the monkey
a much higher total cardiac output per 100 Gm body weight was observed.
This high total of cardiac output is reflected in the much higher flow seen
in most of the regional organs for the monkey compared to man. This was
especially noticeable (comparing man vs monkey) in flow per 100 Gm of tis-
sue (ml/min) in the liver 58 vs 148, kidney 420 vs 543, heart 84 vs 324 and
brain 54 vs 80. It is also noteworthy that these monkeys had an unusually
low hematocrit (28.2 to 32.2) compared to the normal value in human sub-

jects (45.0).

Another important factor to consider is the bacterial environment of

13

the intestinal tract. Since bile empties directly into the duodenum and from

there can either be reabsorbed or passed into the feces, any factors which

modify this are important. It is well known that man has almost no bacteria

in the intestine from the pyloric sphincter to the ileo-caecal valve. This

is also true of the rhesus monkey (30). On the other hand the rat and dog

have bacteria throughout the small and large intestine. This is particularl

true of the rat which is highly infested with bacteria throughout

y



the intestine.

This is significant since certain bacteria such as E coli are known
to producetg-glucuronidase, an enzyme which can cleave glucuronides which
are excreted into bile. Hence, if one assumes that the unconjugated form
of a drug is more completely absorbed than the conjugate, one may get a
false impression of the potential for enterohepatic circulation of a drug
in man if the rat was used as the experimental model. For example, a drug
administered to a rat if excreted into the bile as a glucuronide will be
readily cleaved in the intestine, due to the presence of bacterial glucuro-
nidase. The unconjugated drug thus produced could then be absorbed effi-
ciently and an enterohepatic circulation of this drug would be established.
However, in man or monkey this potential for enterohepatic circulation may
not be observed at all or to a much smaller degree due to a relative lack
of bacterial produced glucuronidase in the small intestine (31). These
bacteria can also produce other alterations of drug molecules which can
result in various toxic metabolites which may be observed in rat or dog
but not necessarily in man or monkey (32).

Dowling and co-workers have used the rhesus monkey to study the en-
terohepatic circulation of bile (33). They were able to exteriorize the
normal extrahepatic biliary pathway and by interposing an electronic
stream-splitter in the circuit, the normal enterohepatic circulation of
bile could be interrupted to an accurately controlled degree (34). Their
results clearly demonstrated that the rhesus monkey could be successfully
used, on a chronic basis, to study the enterohepatic circulation of bile

and other deugs. It has also been shown that the composition of bile in

this primate closely resembles the composition of bile in man (35,36).

The methods employed by Dowling are far superior to those of other

14
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workers in the field of biliary excretion. Dowling demonstrated that the
rhesus monkey can be surgically prepared far in advance of a given exper-
iment and during the interim placed in a restraining chair. In this way
one can avoid the use of any anesthesia during an experiment and also the
severe trauma of surgery - both of which can alter the physiologic signif-
icance of the results. In addition, monkeys placed in restraining chairs,
if well taken care of, can last for months - considerably reducing the

costs involved in working with such expensive primates.
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DIETHYLSTILBESTROL AS A MODEL COMPOUND FOR

THE STUDY OF BILIARY EXCRETION

Diethylstilbestrol is a synthetic estrogen widely used both orally
and parenterally in man and animals. It is a neutral compound, insoluble
in water but soluble in alcohol, ether, chloroform and various oils. It
can be recrystallized from benzene as small plates and has a melting point
of 170°C and a molecular weight of 268.3. It is relatively non-toxic
having an LD-50, orally, in mice of 3 grams per kilogram. In the physio-
logic system it will be non-ionized since it has a pKa of approximately 10.

Diethylstilbestrol is known to undergo cis-trans isomerization (37).
This isomerization has been the subject of much controversy but of the two
forms, the trans isomer is believed to be more biologically active be-
cause of its structural similarity Qith estradiol (38). The importance of
the trans configuration in regard to biological activity was demonstrated
by Walton and Brownlee (39) who showed the trans dipropionate diethylstil-
bestrol derivative to be 600 times more active than the cis derivative.
The cis isomer is found mainly in solvents of low dielectric constant such
as benzene where it may account for as much as 25% of the diethylstilbes-
trol present. In high dielectric constant solvents and in vivo one can
expect the trans isomer to predominate. In fact it has been proposed that
any activity seen with the cis isomer is due to isomerization to the trans
isomer in vivo.

Diethylstilbestrol is capable of producing all the pharmacologic and
therapeutic responses attributed to natural estrogens. It is indicated
for the relief of symptoms of the menopause; in senile vaginitis; for the
relief or prevention of painful engorgement of the breasts postpartum; for

control of functional uterine bleeding; in carcinoma of the prostate; and
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in mammary carcinoma of postmenopausal women. The dose can vary from 0.1
to 15 mg daily and has recently been recommended in much higher doses as
a post-coital contraceptive.

Diethylstilbestrol is also capable of producing malignant tumors in
experimental animals. Cancers of the breast, uterus, abdominal cavity,
testicular Leydig-cell, and lymph may be incited by large doses of this
drug. More recently it has been proposed that maternal ingestion of die-
thylstilbestrol during pregnancy increases the risk of vaginal adenocarcinoma
developing years later in the offspring exposed (40,41).

The synthetic estrogens have been in use for some 25 years, the most
important of these being diethylstilbestrol (42). It is well known that
the naturally occuring estrogens are extensively excreted into the bile of
man and may undergo an enterohepatic circulation (43). However, no infor-
mation appears to be available regarding the disposition of diethylstil-
bestrol in primates or in any other animal.

Although many studies have been made in the past on the biliary ex-
cretion of diethylstilbestrol, few have been directed at defining the basic
mechanisms involved and the overall in vivo effect excretion into the bile
can produce. Fisher (44) and Hanahan (45) have shown that in the bile fis-

tula rat, after the injection of diethylstilbestrol-14

C, 947 of the radio-
activity appeared in the bile and 2% in the urine after 24 hours. In the
bile 3% of the recovered radioactivity is diethylstilbestrol, 72% diethyl-
stilbestrol monoglucuronide and 25% a combination of at least three other
metabolites which were not identified. 1In other species it was found that
in the dog, 60 to 90% appeared in the bile and 10 to 30Z in the urine (45).

The rabbit is exceptional in that about 70% of the administered dose is

found in the urine (mainly as the glucuronide) 6 days following the oral



administration of diethylstilbestrol (47). Note, that all the bile re-
covery experiments were done with total collection of bile during or im-
mediately after anesthesia and under acute non-physiologic conditions.

It has also been shown that when diethylstilbestrol is administered
a steroid-induced cholestasis results (48). This effect has been corre-
lated with a depression of bile flow rate the mechanism of which is still
conjectural. This report indicates that bile flow rate may influence the
biliary excretion of diethylstilbestrol or its metabolites and leads into
the questions regarding the basic mechanisms involved.

As will be pointed out in subsequent sections it appeared that di-
ethylstilbestrol would be a fairly simple compound to study. It will be
shown that only the monoglucuronidé is present in bile and co-exists with
unchanged compound in the blood. Also the separation of unchanged com-~
pound from metabolite is a fast and efficient process. The urine appar-
ently contains multiple metabolites, Hence diethylstilbestrol appears
to be an ideal compound with which to investigate the various aspects of
biliary excretion.

In summary, while it is known to be excreted in the bile of various
species of animals, little has been done to explain how or why this occurs.
In short, we have a pharmaéologically active compound in widespread usage
today with a significant toxic potential. However, beyond these facts
there are many gaps in our understanding of the fate of this compound in

vivo.
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PROJECT GOALS

A compound which undergoes biliary excretion and entereohepatic cir-
culation poses at least seven problems which merit study as follows:

(1) what happens to the compound in the blood, (ii) how does the compound
pass from the blood to the hepatic cell, (iii) what happens to the com-
pound in the hepatic cell, (iv) how does this compound (or its metabo-
lites) pass from the hepatic cell into the bile canaliculi, (v) what
happens to the compound (or its metabolites) in the bile, (vi) what happens
to the compound (or its metabolites) in the intestine, and (vii) how
does the compound (or its metabolites) pass from the intestine into the
blood? To answer all of these questions would require more than one re-
search project and more than one experimental model. In my research I
propose to consider mainly questions i, iii, iv, v, and vii with respect
to the synthetic estrogen diethylstilbestrol and one of its metabolites
diethylstilbestrol monoglucuronide.

As previously mentioned, no work is available concerning the bio-
logical fate of diethylstilbestrol in primates. Since both man and monkey
can be regarded as poor biliary excretors, much of the previous work done
in the rat and dog (good biliary excretors) is not necessarily applicable.
Therefore, the initial goal will be to determine to what extent diethyl-
stilbestrol is excreted into the bile of the rhesus monkey. Logically,
the next goal will be to determine the form in which it is excreted into
bile. If possible, one would desire to define diethylstilbestrol metabo-
lism as completely as possible and elucidate those metabolic end products
present in blood, bile, and possibly urine.

By studying the blood levels of diethylstilbestrol, one can describe



a pharmacokinetic model and from this obtain its biologic half-life,
volume of distribution and clearance, all of which are important in
rational drug therapy and avoidance of potential toxicities.

A detailed study of the excretory pattern in bile is proposed. It
is imperative that bile flow rate be regulated throughout the experimen-
tal procedures. This is accomplished by the infusion of sodium tauro-
cholate, a typical bile salt. Without this replacement, the volume of
bile produced per unit time progressively decreases making sampling dif-
ficult and possibly also exerting an effect on the excretion of diethyl-
stilbestrol (or its metabolites) in the bile. It will also be important
to study the effect of bile flow rate on the excretion of diethylstilbes-
trol (and its metabolite). Past studies have shown that the choleresis
induced by bile salts enhances the biliary excretion of cholesterol and
lecithin (49) and also bromsulphthalein (27). However, choleresis can
also depress the excretion of various compounds such as phenol red and
bromcresol green (50). These reports indicate that bile flow rate in-
fluences the biliary excretion of many compounds and a detailed study
of this effect is proposed. Another common occurence in the biliary ex-—
cretion of various compounds is the presence of a maximal excretory rate
which may be altered by varying the bile salt excretion rate. Both of
these effects will be studied with respect to diethylstilbestrol and its
metabolites. Closely related to these features is the ability of a com-
pound itself to cause an increase or decrease in bile flow rate due to
its excretion into the bile.

Another aspect to be studied is the potential for an enterohepatic
circulation of diethylstilbestrol and its metabolites. Past studies done
in this area (in the rat) may not be entirely valid due to the differences

of intestinal bacteria populations (between rodents and primates) as
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discussed earlier. This aspect of biliary excretion can also have an effect
on the biologic half-life of a compound and the potential build up of met-
abolites (51).

Perhaps the most important question to consider is; what is the pri-
mary driving force for excretion into the bile? The possibility that in-
corporation into bile micelles is a significant factor will be considered,
since it is well known that bile micelles primarily composed of bile salts
and lecithin do exist. The ability of these bile micelles to incorporate
various fat soluble compounds has been discussed (52). However, whether
the incorporation into the core of biliary micelles, or some other type of
association with bile salts provides the driving force for biliary excre-
tion has never been clearly established. Various in vivo and in vitro ex-
periments will be conducted in order to clarify some of these questions.

Diethylstilbestrol and its major metabolite diethylstilbestrol mono-
glucuronide provide the basic tools for the investigation into the various
aspects and potential mechanisms of biliary excretion. The parent compound
is available and the metabolite can be prepared and this allows one to
carry out various studies not otherwise possible. These facts combined with
the knowledge that diethylstilbestrol (as with the naturally occuring es-
trogens) has a good potential for biliary excretion and enterohepatic cir-

culation make these project goals feasible.
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SURGERY, MEDICAL CARE AND MAINTENANCE OF THE RHESUS MONKEY

Male rhesus monkeys, species - Macaca Mulatta, weighing from 4.1 to
5.5 kilograms were used. These monkeys are distributed through the New
York Primate Laboratory which obtains them from India. Immediately after
arrival, the monkeys are placed in quarantine for a period of not less
than five weeks. This screening period is necessary since the use of ani-
mals nearer to man on the evolutionary scale brings with it the problems of
contagious diseases which can be easily transmitted from monkey to man.
During the quarantine the monkeys are checked for viral infections, para-
sites and tuberculosis. It is of particular importance to rule out the
presence of Virus B, an endemic disease of rhesus monkeys which may cause
encephalitis in man with a very high mortality rate.

Prior to surgery, the monkey can be immobilized with ketamine HCl
(Vetalar-Parke Davis), 10 mg/Kg by intramuscular injection. This renders
the monkey immobile but not unconscious and he can then be easily handled.
After transferring the monkey out of the cage one can administer a hyp-
notic dose of sodium pentobarbital (Diabutal-Diamond Labs), 30 mg/Kg by
intravenous injection.

The initial surgery to be performed involves insertion of permanent
arterial-venous catheters. First the monkey is shaved over the lower ab-
dominal region and prepared with tincture of iodine solution. A left flank
incision is then made running obliquely from the iliac crest to the midin-
guinal region. The left external iliac vein and artery are then exposed
and polyvinyl catheters (Resinite #20-Western Fibrous Glass Prod. Co.)
introduced and passed cephalad, until the tips of the catheters reach the

inferior vena cava and descending aorta distal to the renal arteries.
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The catheters were then sutured firmly to fascia before being exteriorized
through puncture holes in the skin near the umbilicus. Post surgically
the monkey is allowed to recover in a prone position after he has been
placed in a primate chair and kept on his back until completely conscious.
The monkey is then set upright and both catheters connected to an infusion
pump (Harvard Apparatus) containing 5 units of heparin per ml of normal sa-
line (see plate I). This heparinized saline is pumped through the catheters
at a rate of 1 ml per hour per syringe. In addition, each day the catheters
are flushed with about 8 ml of heparinized saline to insure that no clots
develop. Using this procedure the catheters may be kept functional for
months., During a given experiment one can administer drug as a bolus or
infusion via the venous catheter and obtain blood samples from the arterial
catheter. If an infection develops post surgically a penicillin-streptomycin
combination (Streptillin-Trico Pharm. Co.) can be administered intramuscu-
larly - 1 ml per day for five days. Generally, the monkey is not used ex-
perimentally for at least 10 days after surgery.

Two weeks after implantation of the catheters, hepatic bile duct sur-
gery was performed. The monkey was prepared as before but additionally,
food was withheld for 24 hours prior to surgery. Water was given ad libitum.

An abdominal midline incision was made and the external hepatic ducts
exposed (see plate II). The cystic duct was isolated and severed from the
common bile duct. The proximal and distal ends of the severed cystic duct
were ligated and the gall bladder left in place. Then the common bile duct
was severed from the duodenum just above the sphincter of Oddi and the duo-
denal portion of the duct ligated. A latex T-tube (size 8 Fr. Bardex-C.R.
Bard, Inc.) was inserted into the common bile duct via an incision distal

to the point of entry of the ligated cystic duct. One arm of the T-tube was



Plate I - Rhesus monkey in primate chair.
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previously cut so as to be positioned just below the juncture of the right
and left hepatic bile ducts while the other arm was passed through the
distal portion of the common bile duct previously severed from the duodenum.
Both the straight length "T" portion and the distal arm of the T-tube were
then exteriorized through punch holes in the skin. The T-tube was secured
into the common bile duct by ties at both points of exit. This type of
circuit has the advantage of anchoring the T-tube into place and also al-
lows one to flush the line periodically as necessary. A second T-tube
(size 10 Fr.) was inserted into the proximal third of the duodenum, approx-
imately opposite to the sphincter of 0ddi and the straight "T'" portion of
the tube was exteriorized through a punch hole in the skin. A purse string
suture was made to hold the duodenal tube in place. The abdomen was closed
in layers, and the monkey again was placed in the primate chair and al-
lowed to recover from anesthesia in a prone position. Food was withheld
for 2 to 3 days after surgery but water given ad libitum. Following the
operation 1 ml of penicillin-streptomycin was given daily by intramuscular
injection for 5 days. This circuit allows complete drainage from the hep-
atic ducts, bypassing the gall bladder, and returns bile to the duodenum
at approximately the same site as would occur under physiologic conditions.
It should be noted that in one monkey only the straight "T" length portion
of the hepatic T-tube was exteriorized while both arms of the tube, suit-
ably cut, were placed into the common bile duct, the distal portion of the
duct was ligated.

After surgery the exteriorized hepatic and duodenal tubes (plate III)
were connected via a peristaltic pump (Harvard) in order to maintain a
normal enterohepatic circulation of bile when the monkey is not being used

(plate IV). The interposing of a peristaltic pump was necessary since



32

*U99S 9q OSTE UBD UDWODPJE 313 JO JUBIPEND JIOT IDMOT 213 wolaj
POZTIIOTIL3X2 230M UITUA SA239YJEBD SNOU3A pPUB [BTIIIIE Y]  SI93013ed (I233WRIp
TTeWS) Teusponp pue

(193sueTp 9daey) OT3edaY pPoazTAO0TIPlXe AT[vuTwopqy - III 23BTJ




Plate IV - Full view of a surgically prepared rhesus monkey
in a primate chair. Bile from the hepatic catheter is
collected into reservoirs located to the right of the chair
and then driven into the duodenal catheter by means of a
peristaltic pump located above the chair. A constant intra-
venous and intra-arterial infusion of heparinized saline is

maintained by means of an infusion pump also located above
the chair.
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precipitation of phospholipids and cholesterol, which occasionally occurs,
caused clogging of the tubes and prevented normal hepatic bile pressures
from maintaining proper drainage into the duodenum. This precipitation
can cause considerable problems and one must flush the lines daily to pre-~
vent clogging.

In addition to the above precautions a regular routine of maintenance
is required to keep the monkeys healthy. To prevent pressure sores, it is
necessary to clean and dry the metal bars of the monkey seat each day and
to inspect vulnerable areas where pressure necrosis may result. Various
types of padding may be placed under the armpits and on the midplate where
the monkey rests his elbows. The monkey can be immobilized with ketamine
if it is necessary to remove him from the chair for care and cleaning.

The monkey is fed a regular diet of monkey chow (Purina) and water
ad libitum. Also, it may be necessary to supplement his diet parenterally
if blood tests warrent it with intramuscular Imferon (Lakeside), Pluribex
(Pasadena Res. Lab.) and intravenous Ambex (Elanco Prod. Co. - Lilly).

If well-cared for, a given monkey is well worth the cost and time of set-
ting up. In our laboratories several monkeys have lasted a year and longer.

Hence, a monkey suitably prepared allows one to readily administer
drugs parenterally and take blood samples without disturbing the monkey.
The biliary circuit allows one to collect bile 100% or return it, if de-
sired, via the duodenal tube. It is also possible to give an "oral" dose
via the duodenal tube. Urine can be collected by means of a urine tray
placed beneath the primate chair. All of this can be done without anes-

thesia or trauma to the monkey, approximating physiologic conditioms.
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BIOSYNTHESIS OF SODIUM DIETHYLSTILBESTROL MONOGLUCURONIDE

USING NEW ZEALAND WHITE RABBITS

Diethylstilbestrol monoglucuronide (sodium salt) was prepared bio-
synthetically in rabbits after the method of Dodgson (1). Female, New
Zealand white rabbits weighing from 4 to 6 kilograms were used. After
several attempts with the former method which was not very successful
several modifications were made.

Diethylstilbestrol (Matheson Coleman and Bell) was used as supplied
without further purification. An intravenous solution was prepared by
dissolving 200 mg of diethylstilbestrol in 2.0 ml of absolute ethanol
which was then transferred to a 200 ml volumetric flask, This was well
mixed with 50 ml of PEG-400 and then made up to 100 ml with sterile dis-
tilled water containing 500 units of heparin. This solution was administered
via an ear vein at the rate of 0.25 ml per minute. The urinary bladder
was cannulated and urine was collected over dry ice for two days follow-
ing the infusion. Urine was thawed (just prior to extraction), adjusted
to pH 3.0 and continuously extracted with a threefold volume of ether for
9 to 18 hours. The ether extracts were combined and evaporated to a vol-
ume of 100 ml and then 30 ml of a saturated solution of sodium bicarbonate
was added. The sodium salt of diethylstilbestrol monoglucuronide precip-
itates at the interface. The crude product is collected, dried and dis-
solved in a minimum volume of methanol and recrystallized by addition of
ethyl acetate. Subsequent recrystallizations are made from a methanol-
ethyl acetate solution. A typical experiment produced 111 mg of metabo-
lite, representing a 32% yield.

A portion of the sample was further dried over P205 at 78°C in a 54

vacuum for 12 hours and subjected to elemental analysis. The analysis
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found C-59.20Z and H-6.03Z which would correspond to the monohydrate of
sodium diethylstilbestrol monoglucuronide which calculates to C-59.507
and H~6.05Z both of which are ¥ 0.2 to 0.4Z. To rule out the possibility

of aromatic hydroxylation an IR spectrum of both diethylstilbestrol and

its glucuronide was run (plate V) in KBr pressed discs. The spectrum

shows characteristic evidence of 1-4 disubstitution of the aromatic ring

between 800 to 900 cm-1 for both diethylstilbestrol and metabolite. Ome

can also observe evidence for an ether linkage and alicyclic secondary

alcohols (glucuronide) present between 1000 and 1100 cm-1 for metabolite

but not parent compound. This evidence along with that of Dodgsen et al

provides further support that the product isolated is in fact sodium

diethylstilbestrol monoglucuronide.
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ANALYTICAL METHODS

In Vitro Assay and Separation Techniques for Diethylstilbestrol

and Sodium Diethylstilbestrol Monoglucuronide

Non-radioactive diethylstilbestrol and its monoglucuronide were
studied using various TLC and solvent extraction methods to determine an
efficient method of separation. Unlabeled compound could be readily
analyzed using direct ultraviolet spectrophotometric absorption techniques.
Various other assays for non-radioactive diethylstilbestrol are also
available (2,3,4). Diethylstilbestrol and metabolite were dissolved in
95Z ethanol for all absorption measurements which were performed on the
Cary 15 spectrophotometer. Diethylstilbestrol and diethylstilbestrol
monoglucuronide both absorb maximally at 235 nm in 95% ethanol and ex-
hibit linearity (Fig. 1) in the concentration ranges studied.

Thin layer chromatography (TLC) studies of diethylstilbestrol and
metabolite were done using 5 x 20 cm glass silica gel plates, of 0.25 mm
layer thickness, (EM Reagents Div. - Westbury, N.Y.). The compounds were
dissolved in methanol (Spectroquality-MCB) as a 10 mg Z solution and 0.05
to 0.10 ml were streaked onto the plate which was then developed in a
solvent system of reagent grade n-propanol and concentrated aqueous am-
monia (7:3). A second development system was prepared with reagent grade
n-butanol and ammonium carbonate buffer (4:2). Development times ranged
from six to eight hours. Immediately after air drying, the plates were
placed on a TLC scraping device (Analabs-North Haven, Conn) and 5 mm seg-
ments were scraped into wide mouth vials. Diethylstilbestrol and metabolite
were eluted from the silica gel with 957 ethanol and absorbence was mea-

sured affer centrifugation. Additionally, some TLC plates were simply
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visualized under a UV light source after development to determine Rf values.
Chromatography studies were carried out in the two systems described for
diethylstilbestrol and metabolite. A plot of optical density versus dis-
tance along the TLC plate indicates good separation using both systems
(Figs:2,3). In the n-propanol plus aqueous ammonia system the average Rf
with standard deviation in parenthesis for diethylstilbestrol was 0.874

(.044) and diethylstilbestrol monoglucuronide 0.372 (.042). In the n-

butanol plus ammonium carbonate buffer system one obtains an Rf of 0.874

(.044) for diethylstilbestrol and 0.095 (.009) for diethylstilbestrol mono-
glucuronide. A similar pattern of chromatographic behavior was observed
for these compounds by Fischer and Millburn (5).

Both compounds could also be separated using the Folch extraction
procedure (6). Basically, this procedure employs a chloroform-methanol-
water system which when combined in the proper proportions will cause a
separation into two phases. The chloroform phase will contain non polar
substances such as diethylstilbestrol while the methanol-water phase will
contain the polar glucuronide. This extraction procedure will be further
detailed in the bile salt assay section where it was also used with an
additional precipitation step. However, in these studies the precipitation
step was not included because the glucuronide is precipitated. Instead,
methanol or ethanol solutions were prepared and aliquots transferred to
test tubes which were then evaporated. One then can add 0.1 ml of dis-
tilled water and the chloroform-methanol solution and proceed as described
in the bile salt assay section. After separation of the two phases, they
are evaporated, the residue dissolved in 95% ethanol, and measured spec-
trophotometrically. In a typical experiment in which diethylstilbestrol

and metabolite were studied separately in ethanol solutions, it was found



ABSORBENCLE UNITS

5 10 15
DISTANCE FROM ORIGIN, cm
Fipgure 2 - Thin layer chromatogram of diethylstilbestrol (R _=,36)

and diethylstilbestrol monoglucuronide (R =.32) standards
developed in the n-propanol plus aqueous armronia (7:3) systen.
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ABSORBENCE UNITS

5 19 15

PISTANCE TR OPIGIN, cm

Tipure 3 - Thin layer chromatogram of diethylstilbestrol
(®.=.81) and diethylstilbestrol monoglucuronide (2 _=.092)

standards developed in the n-butanol plus armonium”
carbonate buffer (4:2) systen.
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that diethylstilbestrol partitions into the methanol-water phase to the
extent of 2.8% while 97.5% resides in the non-polar chloroform phase.
Diethylstilbestrol monoglucuronide, however, partitions mainly into the
polar methanol-water phase (94.0%) while almost none (0.1%) can be found
in the chloroform phase. These experiments were carried out using a total
amount of 100 4 gm of diethylstilbestrol and metabolite, an amount well
above what one would encounter in biologic samples. Another series of ex-
periments were done at lower levels and with diethylstilbestrol and metab-
olite present together in the initial solutions. This was accomplished

by using radioactive diethylstilbestrol-14

C of known specific activity
(the assay of which will be described in the next section) and cold metab-
olite - allowing one to assay for each independently, while both are pres-

ent in the same system. Table 1 clearly demonstrates that efficient and
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reproducible separation is possible with varying combinations of diethylstil-

bestrol and metabolite present in the same initial ethanolic solution. The

average per cent recovery (standard deviation in parenthesis)for di-

ethylstilbestrol in the chloroform phase is 95.3 (1.60) and in the methanol-

water phase 4.48 (0.05) with a total recovery of 99.7 (1.60). However, for
diethylstilbestrol monoglucuronide one finds that 96.4% (4.13) partitions
into the polar methanol-water phase while none could be detected in chloro-

form giving a total recovery of 96.4% (4.13).

Characterization of Diethylstilbestrol Monoethyl-1-C14

Diethylstilbestrol monoethyl-1-Cl4 of specific activity 39 m Ci/mmol
was obtained from Amersham/Searle Corporation. Radiochemical purity at the
time of purchase, determined by chromatography, was 98 to 99Z. It is stored

at room temperature as a dilute benzene solution sealed under nitrogen.
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Table 1 - Recovery of Diethiylstilbestrol (DES) and Sodium Diethylstilbestrol
Vonoglucuronide (XlaDiSGA) Separately and 'hen Combined in Various Combinations
and Carried Through the Folch Extraction Procedure,

Anount present in
initial solution

Per cent recovery

fethanol-water

(yoran) _phase
DES 10.290 4.5
NaDLSrA - -
DES 7.65 4.5
11aDLSGA 2.00 97.5
DLS 5.10 4.5
NaDLSCA 4.00 101.0
DES 2.55 4.4
NahISGA 6.00 01.4
DLS - -
NadLocA 5.00 95.4
(a)

(a)
Chloroform

—phase

96.9

FEacih figure represents an average of two experiments.

Combined
total

101.4

~N N
o .
[6; Mo

o JNe]
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Prior to usage 1 4L (293,000 DPM) was tested chromatographically in the
n-propanol plus aqueous ammonia system. After development, the TLC plate
was scanned using the Autochron Radio Scanner (Varian Aerograph, Berthold).
Figure 4 indicates that there are no radiochemical impurities detectable

using this particular system and that the Rf value is the same one obtained

using cold diethylstilbestrol.

Various Aspects of Liquid Scintillation Counting

Once the disintegration of a radionuclide begins, the probability of
this disintegration is characteristic of the half-life of the isotope and
because of the large number of events involved, follows a statistical law
such as the normal or Gaussian distribution. Therefore, the accuracy of
an observed radioactivity measurement is generally expressed in terms of
deviation from the distribution law. In radioactive counting measurement
the normal distribution law can be substituted by the Poisson distribu-
tion law allowing greater ease in the manipulation of counting data. When
the number of observed events (counts) is relatively large, the standard
deviation as calculated from both the normal and the Poisson distribution
laws are almost identical in value.

The standard deviation (0°) of a given number of gross counts (n) is:

T =An
regardless of the length of time required to accumulate the counts. When
the standard deviation i1s expressed as percentage error, the following ex-

pression is used:

o % = 100/4n



PER DEFLLCTION

-

DISTANICE FROII ORICIN, cm

. . . . 14
Figure 4 - Radioscan of diethylstilbestrol-""C (R_=,90) developed in the
n-propanol plus aqueous ammoria (7:3) svstem. The following conditions
were employed in obtaining the scan: measure range = 300, time constant =

3, and scan speed = 100 inches per hour.
1
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Therefore to obtain a percent standard deviation of 1, one must accumulate
10,000 gross counts per minute. Similarly, if one obtains at least 5,000
gross counts per minute (cpm), 0% = 1.41. In all experiments a gross
count of at least 5000 cpm was strived for. In addition to gross cpm one
must also consider net cpm, that is the counts due to the activity of the
sample less background. Some of the blood samples approach background and
require a large number of counts (long counting time) to achieve an accep-
table level of significance. With care in the handling and cleaning of
equipment, such low level counting can be done. When samples which showed
less than twice background counts are included in the data they will be
pointed out since the degree of confidence here is greatly diminished. It
should be noted that only a few of the blood samples approach a level of
twice background or less, while the majority of samples particularly bile
and urine greatly exceed background.

All 1liquid scintillation counting was donme on the Packard Tri-Carb
Liquid Scintillation Spectrometer, Model 3375. Prior to counting, radio-
active compound was incorporated into 1.8 ml of methanol (spectroquality)
or 100% ethanol (Rossville Gold Shield) which was placed into high quality
glass or plastic counting vials (Scientific Products). Then 10 ml of a
toluene (Scintillation Grade-Eastman) cocktail ,prepared by adding 4 grams
of Omnifluor (New England Nuclear) to one liter of toluene was added.

The following procedure was used in those assays involving TLC and subse-
quent liquid scintillation counting. After scraping into counting vials,
1.8 ml of methanol was added to the vial which was shaken for 15 minutes
to elute all radioactivity from the silica gel. Then 10 ml of toluene
cocktail was added, mixed well and allowed to settle for 24 hours in a re-

frigerator prior to counting. In those assays involving the Folch extrac-
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tion procedure, both phases were completely evaporated after separation,
the residue redissolved in 2.0 ml of methanol and a 1.8 ml aliquot was then
transferred to a counting vial to which 10 ml of toluene was added.

The Packard Model 3375 has an Automatic External Standardization (AES)
capacity which was used to correct for quenching. Since the most serious
quenching to be encountered would be due to the bile samples which impart
a yellow color to the cocktail, picric acid in methanol (10 mg/ml) was used
to construct a quench curve (Fig. 5). As one adds methanol alone (1.8 ml)
to toluene (10 ml) and then methanol containing picric acid to toluene the
AES ratio will decline due to the increased quenching of the system. A
plot of this ratio versus the per cent efficiency of counting results in a
smooth curve on cartesian-coordinate graph paper. A known amount of toluene-

4C standard is added to each quenched sample allowing one to calculate the

efficiency of counting of the sample.

Diethx}stilbestrol-lac

Recovery from Blood, Bile, and Urine

The recovery of diethylstilbestrol-lAC was measured from blood, bile
and urine obtained fresh from a rhesus monkey. Diethylstilbestrol-14c
was initially dissolved in methanol and an aliquot of this was transferred
to a screw cap test tube (29,300 DPM, equivalent to 0.0913 4 gm). The
methanol was evaporated and 0.1 ml of fresh whole blood, bile or urine was
added to the test tube and mixed well. The test tubes were then placed in
a water bath at 37°C for 60 to 90 minutes. Following this, 1.9 ml of ab-
solute ethanol was added, mixed well and the samples were centrifuged at
2400 rpm for 10 minutes. A 1.8 ml aliquot of the supernatant was transferred

to a counting vial and 10 ml of toluene cocktail added and the sample was
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counted. In some experiments, the 1.8 ml ethanolic supernatant was trans-
ferred to another test tube, evaporated, and the residue redissolved in
0.1 ml of methanol. This volume was streaked onto TLC plates which were
developed in the n-propanol plus aqueous ammonia system. This latter pro-
cedure was carried out to exclude the possibility of chemical alteration
of parent compound in the various body fluids to be studied.

Blood recovery (standard deviation in parenthesis) averaged 101.2
(1.77)Z, bile 98.9 (1.11)% and urine 103.8 (1.76)%Z. All three systems
showed only one peak after TLC with an average Rf (standard deviation in
parenthesis) in blood of 0.890 (.008), bile 0.908 (.017) and urine 0.875
(.024) . Therefore, one can conclude that recovery from all the biologic
fluids studied is essentially 100Z (following ethanol precipitation) and
that no metabolic alteration of parent compound occurs in these fluids

(that can be detected in the TLC system used).

Rapid Spectrofluorometric Assay For

Total Bile Salts in Bile

There are a number of assays available for the determination of bile
salts1 in various biological fluids. By far the most widely used method
is gas-liquid chromatography (GLC), which is highly sensitive and specific
for determination of the individual bile salts (7). However, if one is
interested in total bile salts only, GLC can prove to be too time-consuming

and costly. An enzymatic assay is also available, applicable to serum and
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other biological fluids (8,9). This is a reliable assay for total bile salts

and can be used for the individual bile salts if the appropriate separation

1The term "bile salts' as used here refers to the sodium salts of the bile

acids conjugated with taurine or glycine.
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procedures are carried out before the assay. However, significant prob-
lems are encountered: preparation, purification, and standardization of
the enzyme; preparation of the multiple component solutions; adherence

to standard conditions; and finally, instability of the enzyme and cofac-
tor used.

A number of spectrophotometric assays for bile salts have been de-
veloped. One of these (10) involves hydrolysis of the bile salts, a series
of extractions, treatment in 657 sulfuric acid, and ultraviolet absorp-
tion analysis. This assay requires the simultaneous measurement of cholic
and deoxycholic acids. A similar assay (11) involves many tedious extrac-
tions in the separation of glycine and taurine conjugates, and color de-
velopment with furfural solution. It also requires simultaneous measure-
ment of cholic and deoxycholic acids in bile. However, it does not re-
quire hydrolysis of the conjugates, which is known to cause structural
alterations of the bile acid molecule that result in errors in the subse-
quent results (12). Each of the above spectrophotometric assays fails to
recognize the presence of other bile acids, namely chenodeoxycholate and
lithocholate, the former being present in high concentrations in human bile.

The method presented below is based on the well~known fact that the
bile acids fluoresce after treatment with sulfuric acid (13). A number
of workers have made use of this characteristic in the determination of
bile acids in blood and bile. Levin et al. (14) used fluorescence to mea-
sure total bile salts in bile. However, before sulfuric acid treatment
the bile acid conjugates were hydrolyzed, followed by a series of extrac-
tions. Also, the sample volume required for this method is much larger

than in the method reported here. However, the assay does take advantage



of the fact that after specific treatment with sulfuric acid, the bile
acids have fluorescence spectra that are sufficiently similar to permit
the determination of total bile acids in unresolved mixtures of these
acids. Panveliwalla et al. (15) used fluorometry after thin-layer chrom-

atographic separation to measure individual bile salts in various bio-

logical fluids. This group did not hydrolyze the bile salts before treat-
ment with sulfuric acid and were able to assay for the bile salts with
good sensitivity.

The method presented here (16) is applicable to those procedures in
which a rapid yet reliable assay of total bile salts in bile is desired.
It involves a single precipitation and extraction step and then treatment
with concentrated sulfuric acid under such conditions that the fluores-
cence spectrum resulting is such as to allow determination of all bile
salts (except the conjugates of lithocholate) at one emission wavelength
setting. In the assay a small sample volume is required and there is no
need for prior hydrolysis of the conjugates, a time-consuming and destruc-
tive process. Finally, the method requires no unusual equipment or pro-
cedures; all reagents and the resultant fluorescent products are stable.
All the bile acids except lithocholate are accounted for. However, since
this particular bile acid is less than 37 of the total bile acids or com-
pletely absent in most mammals studied, the error caused by its omission
will be small, although it does fluoresce significantly after sulfuric
acid treatment and so it is likely that under conditions of the assay much
of it 1s detected.

Materials and Apparatus. Absolute ethanol (Rossville-Gold Shield

Alcohol, U.S.P.), chloroform (analytical grade), methanol (spectrograde),

and sulfuric acid (analytical grade, 95.5 to 96.5%, relative density 1.84)
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are used without further treatment. Barium hydroxide and zinc sulfate
(analytical grade) solutions are prepared in distilled water as described
by Levin et al. (11). The bile salts (Maybridge Chemical Co., Ltd.,
Tintagel, N. Cornwall, U.K.) are used without further purification. The
sodium chloride is analytical grade and preparation of its solution, '"pure
solvents upper phase - - containing 0.29% sodium chloride," is described
by Folch et al. (6).

Evaporation of samples is by nitrogen jet with the 'N-Evap" (Model
106) apparatus. Mixing of samples is most efficiently accomplished with
a vortex mixer such as the "Vari-Whirl" (Scientific Supplies Co.). A
Perkin~-Elmer MPF-2A Fluorescence Spectrophotometer is used to measure the
fluorescent values however, any fluorometer can be used as long as the
proper excitation and emission wavelengths and slit widths are set. 1In
our laboratory the International Centrifuge (Model UV) and the "Porta
Temp" water bath (Precision Scientific Co.) were available.

As with any fluorometric assay, all glassware used must be rigorously
cleaned. In particular, the test tubes are routinely acid washed to re-
move any fluorescent contaminants. Teflon-lined screwcap test tubes
(Kimax, 16 x 100 mm) are appropriate in all steps of the procedure.

Procedure. A 1.75 ml quantity of absolute ethanol is added to 0.1
ml of bile. Then, 0.1 ml of barium hydroxide solution, and 0.05 ml of zinc
sulfate solution are added to precipitate protein and bilirubin (the latter
causes high fluorescent readings owing to nonspecific color interference).
After mixing, the samples are centrifuged at 2400 rpm for 10 min. One-tenth
volume (0.2 ml) of the supernatant fluid is transferred to another test tube
and evaporated. In order to separate the polar and nonpolar material the
method of Folch et al. (6) was used. In this procedure the residue is

taken up in 0.1 ml of distilled water and 39 volumes (3.9 ml) of chloro-
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form-methanol solution (2:1 by vol). This is then mixed well with 0.22
volumes (0.88 ml) of sodium chloride 'wash solution" (7 g/liter). The
phases separate; the bile salts are partitioned into the more polar
(methanol-water) upper phase, which is drawn off with a Pasteur pipet.
Phospholipids, fatty acids, and cholesterol go into the less polar
(chloroform) lower phase (17). To ensure quantitative removal of bile
salts, the lower phase is rinsed three times with about 1 ml of 'pure
solvents upper phase - containing 0.29% sodium chloride" (6). These are
combined and made up to a volume of 5.0 ml with methanol. A 0.25-ml
aliquot is transferred to another test tube and evaporated. To the resi-
due one adds 5.0 ml of concentrated sulfuric acid, mixes thoroughly, then
heats in a water bath at 60 b 1°C for 60 min. After this period the sam-
ples are immediately placed in an ice bath for 5 min. After removal and
equilibration to room temperature, fluorescence is measured at an excita-
tion wavelength of 470 nm and emission of 505 nm. The emission and ex-
citation wavelength slit widths are each set at 10 nm bandpass.

Standard solutions of sodium taurocholate are prepared in distilled
water ranging from 9.3 to 37.2 umol/ml, the concentration range one
would expect in most bile samples (18,19). A blank consisting of distilled
water is run concurrently with the standards. The entire procedure re-
sults in a 10,000-fold dilution, so that a sample originally containing
9.3 M mol of sodium taurocholate per milliliter is diluted to a final con-
centration of 0.93 mmol/ml of sulfuric acid. This concentration is easily
measured at the least sensitive setting on the instrument, and one can
easily detect a taurocholate concentration of 0.372 nmol/ml (0.2 /zg/ml)
in sulfuric acid. A correction is made for the dilution factor and the

average percent recovery for all the bile salts, and the concentration of
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the bile sample is expressed as‘/,mol of total bile salt per milliliter.

Discussion. Precipitation with ethanol along with barium hydroxide
and zinc sulfate solution effectively removes the small amount of protein
present as well as the potentially interfering bilirubin. In earlier
procedures attempted in this laboratory, distilled water rather than
ethanol was used and variable precipitation of the bile salts occurred,
rendering the assay unreliable. The extraction step is sufficient to re-
move cholesterol, phospholipids, and fatty acids which partition into the
lower phase and are discarded. Any steroids present will be in low con-
centration with respect to the bile salts and the dilution factor alone
will make their interference negligible. Also, it would be expected that
most steroids would enter the lower phase. Hence the assay appears to
be specific for total bile salts. There is a possibility, however, that
conjugates of drugs under study might interfere.

It should be noted that the instrument settings in this study may
vary with different fluorometers. Thus it will be necessary for each
laboratory to define the appropriate wavelength settings of their instru-
ment.

Treatment of the bile salts with sulfuric acid as described produces
overlapping emission spectra with an isosbestic point at 505 nm. This is
seen in Figure 6, in which the emission spectra of the conjugates of cho-
late, deoxycholate, chenodeoxycholate, and lithocholate are shown (exci-
tation 470 nm, 10-nm slit). These spectra are independent of whether a
given bile acid is conjugated with taurine or glycine. It is probable that
the conjugates are completely hydrolyzed during the heating process in
sulfuric acid solution. Obviously, they also undergo dehydration and other

reactions resulting in fluorescent moieties. As observed, the trihydroxy
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bile salts, sodium taurocholate-sodium glycocholate, produce a broad flat-
tened emission spectrum. The dihydroxy bile salts, sodium taurodeoxycholate-
sodium glycodeoxycholate and sodium taurochenodeoxycholate-sodium glyco-
chenodeoxycholate, produce almost identical emission spectra and have a
sharper peak occurring at a shorter wavelength than the trihydroxy bile
salts. The overlapping emission spectra allow one to simultaneously assay
any combination of these bile salts (except lithocholate conjugates).
Under the conditions specified, equimolar solutions of the six bile salts,
separately or in combination, produce essentially the same fluorescence.
This is seen in Table 2, which lists the relative fluorescence intensity
of each bile salt and a combination based on sodium taurocholate as the
standard, which is assigned a value of 1.00.

The procedure as described involves a precipitation and extraction
step. The extraction is a modification of that described by Folch et al.
To test the extraction characteristics of this procedure, a combination of
equimolar quantities of the six bile salts was prepared in distilled wat-
er at a concentration of 18.6 4mol/ml. This solution was carried through
the extraction procedure as described and the resultant upper and lower
phases were assayed for bile salts with both the GLC and fluorometric
method. Essentially 100% of the bile salts enter the upper phase and none
are found in the lower phase. In addition, a sample of rat bile was as-
sayed for bile salts after extraction and again no bile salts were found
in the lower phase. Hence, partitioning of bile salts into the more po-
lar phase is complete.

Recovery studies of each of the bile salts were made after their ad-
dition to pooled rat bile samples, which were then carried through the

entire procedure. The bile salts were added to give an initial concentra-
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Table 2 - Relative Fluorescence Intensity of the Bile Salts Based on
Sodium Taurocholate as the Standard.

Bile saltl(a) Relative fluorescence intensity(b)
Na taurocholate 1.00

Na taurodeoxycholate 1.03 (.07)

Na taurochenodeoxycholate 1.04 (.10)

Na glycocholate 1.06 (.01)

Na glycodeoxycholate 0.92 (.09)

Na glycochenodeoxycholate 1.00 (.12)

Combination ¢ 0.99 (.09)

(a)

Final concentration of each bile salt is 1.86 nmol/ml of sulfuric acid.

(b)

An average of three experiments, each based on sodium taurocholate
assigned a fluorescence intensity of 1.00 (Standard deviation in paren-
thesis). The average relative fluorescence intensity of the six bile
salts is 1.01 with standard deviation of 0.05.

(c) An equal parts combination of the six bile salts to give the same final

concentration.
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tion of 9.3 4mol/ml over and above the concentration of bile salts already
present in the bile sample. Table 3 lists the average percent recovery of
each bile salt. Although there is some variability here - for example,
sodium glycodeoxycholate is quite low (80.7% recovery, SD 9.1) - all the
others are almost completely recovered. The average recovery of total
bile salts is 95.7% (standard deviation, 8.5). This average was used when
correcting for total bile salts in subsequent calculations.

Figure 7 indicates that linear fluorescence response is obtained when
the aqueous standards of sodium taurocholate (9.3 to 37.2 4mol/ml) are
carried through the procedure. This range of concentration should include
most bile samples; however, if a very concentrated sample is encountered,
it may be diluted with concentrated sulfuric acid after the heat treat-
ment. Fluorescent readings taken soon after cooling and a week later were
essentially the same for a series of samples (with the exception of the
most dilute sample) in the same range of concentration as the aqueous
standards (Table 4). For very dilute samples (0.372 nmol/ml of sulfuric
acid) a significant change in fluorescence intensity may occur with time.

Reproducibility is observed both within a single run and from day to
day. To test variation within a run, five 0.1-ml portioms of a single
bile sample were carried through the procedure. The average concentration
determined was 5.56 g mol/ml of bile (SD, 0.311). On another bile sample
nine determinations were made on different days to evaluate day-to-day
variation. The average concentration calculated was 18.59 & mol/ml of bile
(SD, 1.09). Note that bile samples are collected on ice and frozen soon
thereafter. Samples may be thawed and refrozen for subsequent analysis
without noticeable effect.

In order to check the validity of the assay, various bile samples






Table 3 - Recovery of Each Bile Salt From Pooled Rat Bile.

Bile salts(a) Percent recovery(b)
Na taurocholate 103.0 (14.3)
Na taurodeoxycholate 97.3 (10.9)
Na taurochenodeoxycholate 104.0 (24.0)
Na glycocholate 93.0 (21.9)
Na glycodeoxycholate 80.7 (9.1)
Na glycochenodeoxycholate 96.0 (19.7)

(a) Each bile salt was added to pooled rat bile to give an initial
concentration of 9.3 mol/ml above that already present in the

bile sample.

(b) An average of three experiments with the standard deviation in
parenthesis. The average percent recovery of the six bile
salts is 95.7% with a standard deviation of 8.5Z.
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Table 4 - Stability of Sodium Taurocholate Solutions in Concentrated
Sulfurie Acid

b
Concentration(a) Initial fluorescence(b) Final fluorescence ) Variation

(nmol/ml) intensity intensity 7 of initial)
0.372 24.0 27.0 +12.5%
0.744 41.0 38.5 -6.17
1.116 63.2 63.9 -0.3%
1.860 100.0 100.0 0.0%

(a)

Final concentration of sodium taurocholate in concentrated sulfuric acid.

(®) Initial fluorescence intensity is that read immediately after procedure
while final fluorescence intensity is that read on the same samples,
stored at room temperature, one week later.



were subjected to fluorometric, GLC, and enzymatic assay. On a sample of
rat bile both the fluorometric and GLC assay were run and the results are
shown in Table 5. As observed, both assays give essentially the same re-
sult; also, slightly less variability is obtained with the fluorometric
assay. On a series of five different human bile samples, the fluorometric
assay was performed in our laboratory while another group ran the enzy-
matic assay. The results are compared in Table 6. The data (20) were
statistically evaluated, applying the t test to the differences of the
paired observations to test the hypothesis that the mean difference = 0.
One can then calculate t = 0.211, and consequently must accept the hypo-
thesis that there is no difference between the calculated concentrations of

fluorometric and enzymatic assay.
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Table 5 - Comparison of Total Bile Salt Concentration Determined by the
Fluorometric and GLC Method.

Sample Concentration ( mol/ml of bile)
Fluorometric GLC
Rat bile 24.2(2.4) @ 22.6(2.9) (&

(a) The average of four determinations with standard deviation in
parentheses.
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Table 6 - Comparison of Total Bile Salt Concentration Determined by the
Yluorormetric and Enzymatic “ethod.

b

Efﬁple(a) Concentration (amol/ml bile)( )

Fluoronmetric Lnzymatic
1. 1.4 1.8
2. 2.5 2.6
3. 7.2 6.4
4, 6.2 7.0
5. 8.5 8.4

(a)

(b)

Different samples of human intestinal bile (1 & 2) and human t-tube
bile (3-5).

The fluorometric assay was done in our laboratory and the enzymatic
assay in another laboratory, resulting in paired observations on each
bile sample. The differences of the paired observations were calcu-
lated and statistically evaluated using the t test. The calculated t
statistic is, t = -0.211.
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IN VITRO SOLUBILITY STUDIES OF SODIUM DIETHYLSTILBESTROL MONOGLUCURONIDE

All trihydroxy and dihydroxy bile salts are capable of forming mi-
celles, the size and number of which are influenced by bile salt concen-
tration, counterion concentration, pH, and temperature. Very small or
primary micelles are probably bonded hydrophobically while larger micelles
are formed by the aggregation of small micelles through hydrogen bonding
of hydroxyl groups. Sodium dehydrocholate, a triketo bile salt and a
very potent choleretic does not form micelles in vitro (1). Phospholi-
pids, in the presence of bile salts and water form molecular associations.
Lecithin, an insoluble amphiphile with two hydrocarbon chains, is solu-
bilized by bile saltg,either free or conjugated, forming mixed bile salt-
lecithin micelles (2).

It is known that certain compounds are excreted into tihe bile se-
questered in the mixed micelles which are present (3,4). It has in fact
been suggested that bile salts regulate the excretion of biliary lipids
due to the formation of a specific macromolecular complex in the liver
and its subsequent excretion in the bile (5). The role of biliary mi-
celles in the excretion of anions is less clear, yet bile flow dependent
excretion has been observed for bilirubin (6) and sulfobromophthalein
Sodium (7). 1In the former reference it was suggested that bilirubin may
be sequestered within the bile acid micelle.

In light of these previous investigations, a study of the potential
interaction of the anion sodium diethylstilbestrol monoglucuronide with
bile salt micelles was begun. The ability of sodium taurocholate to form
micelles with or without lecithin under various experimental conditions

has been well defined in vitro (8). Therefore, it was decided that in

69



70

vitro systems would provide the most straight-forward approach in de-
fining those interactions involved.

Materials and Apparatus. Sodium taurocholate (Maybridge, Ltd.,

Tintagel, N. Cornwall, U.K.), lecithin (L-&-lecithin dipalmitoyl, syn-~
thetic - General Biochemicals, Chagrin Falls, Ohio) and sodium taurode-
hydrocholate (Calbiochem, Los Angeles, Calif.) were used without further
purification. Sodium diethylstilbestrol monoglucuronide was obtained
biosynthetically from rabbits as previously described. Since monkey
bile was found to have a pH ranging from 7.8 to 8.2 an isotonic sodium
phosphate buffer of pH 8.00 was prepared as described by Sorensen (9).
The buffer solution was prepared such that the sodium ion concentration
was 0.154 molar and the ionic strength, 4 = 0.170.

Solubility studies were carried out in the following systems: phos-
phate buffer solution alone, buffer solution containing sodium taurocho-
late (concentration range 0.32 to 32.0 mM), buffer solution containing
sodium taurocholate plus lecithin (molar ratic 5.7 to 1) in the concentration
range for taurocholate of 0.077 to 7.7 mM, and buffer solution containing
sodium taurodehydrocholate (concentration range 0.1 to 30 mM). In certain
experiments actual monkey bile was used as such and in diluted form, all
dilutions were done with the phosphate buffer solution. In the various
aqueous in vitro model systems studied, phosphate buffer was the vehicle
in all cases to insure that pH, ionic strength and sodium ion concentration
would remain within very narrow limits and not of themselves influence the
solubility studies. The sodium salts of taurocholate, taurodehydrocholate,
and diethylstilbestrol monoglucuronide will contribute to the ionic strength
and total sodium concentration in the final solutions. However, since the

final system results in a very complex equilibrium of free ions and those



associated within the micelles no correction was made for these added
moities and it was assumed that their contribution would not be a major
factor (8).

Absorbance measurements were made on the Cary 15 spectrophotometer
and pH measurements on the Corning pH meter (Model 10, Scientific Prod-
ucts). Continuous mixing of the aqueous systems was provided by an in-
version mixing device (Linson Instruments, AB LARS Ljungberg & Co.,
Stockholm). Two different centrifuges (Spinco 152 Microfuge-Beckman and
the Model HN-S centrifuge-International Equipment Co. Mass.) were used at
different stages of the procedure,

Procedure. A 0.5 ml portion of each of the above described aqueous
systems was placed in a test tube and sodium diethylstilbestrol monoglu-
curonide was added with vigorous mixing. When the glucuronide appeared
to be in excess the test tubes were placed on the continuous shaking de-
vice and mixed for 12 and 24 hour periods. During this time the samples
were frequently checked to make sure that an excess of glucuronide was
always present. These studies were done at ambient room temperature which
ranged from 23.5 to 24.5°C. After shaking was terminated, the mixture was
centrifuged for four minutes on the Spinco 152 Microfuge and 0.1 ml of the
clear supernatant was transferred to another test tube and made up to 10 ml
volume with 95% ethanol (which precipitates the various buffer salts).

This was mixed well and centrifuged again for 20 minutes at 2000 rpm on
the model HN-S centrifuge and absorption measurements were made on the
clear solution. 1In all cases a blank consisting of the exact system un-
der study (without glucuronide) was also run. The corrected absorbance

measurements were converted to concentration units (mg/ml) and these

values represented the solubility of glucuronide at saturation.
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Apparent saturation solubility was obtained at 12 hours. The data are
presented as a log-log plot of total glucuronide dissolved in mg/ml ver-
sus millimolar concentration of the solubilizing bile salt system.

Results and Discussion. In Figure 8 one observes that taurocholate,

alone and with lecithin, has the ability to increase the solubility of
sodium diethylstilbestrol monoglucuronide. However, taurodehydrocholate
has no solubilizing effect above that of buffer alone. At the highest
concentrations (of solubilizer) studied the taurocholate system is ob-
served to increase glucuronide solubility by 7.4 fold and the taurocho-~
late plus lecithin system by 4.4 fold. In contrast, the average glucu-
ronide concentration in the taurodehydrocholate system is the same as
that in buffer. The trend of the solubility curves indicate that as
taurocholate concentration is increased glucuronide solubility will in-
crease further. Due to the lack of sufficient quantities of glucuronide
additional points were not obtained. If one extrapolates the linear
portions of the curves until they intersect it can be seen that the "break"
in solubility for the taurocholate system occurs at approximately 3.7 mM,
It has been reported that the critical micellar concentration (CMC) of
taurocholate under similar conditions is between 3.2 and 4.0 mM (8).
Similarly, in the taurocholate plus lecithin system the "break" in solu-
bility occurs at approximately 0.82 mM taurocholate. It has been reported
that the CMC for taurocholate-lecithin (molar ratio 5.7 to 1) is approxi-
mately 0.77 mM taurocholate (8). Sodium taurodehydrocholate does not form
micelles in the concentration ranges studied (1) and no break in the sol-
ubility curve 1s observed.

In these aqueous systems the pH varied between 7.90 and 8.05 with no

particular trend in any direction, therefore pH changes cannot account for
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the solubility differences. Additionally, in certain samples the possi-
bility of hydrolysis of the glucuronide to free diethylstilbestrol was
monitered. It was found that hydrolysis was negligible, amounting to

3% or less, again with no particular trend. Therefore, the observed
concentrations of glucuronide cannot be due to hydrolyzed, solubilized
diethylstilbestrol. A single trial run of taurodehydrocholate with le-
cithin was attempted and it was found that lecithin could not be solubi-
lized in this system. As expected, the solubility of glucuronide with
taurodehydrocholate alone and in the taurodehydrocholate plus lecithin
system was the same. This rules out any solubilizing activity of leci-
thin alone since without the presence of the micelle forming taurocho-
late, lecithin itself is insoluble. It would appear then that some molec-
ular association of sodium diethylstilbestrol monoglucuronide within the
micelles that are present in the taurocholate systems is the only mech-
anism which could explain the data.

A further study was carried out in monkey bile. On the assumption
that micellar solubilization of the glucuronide is an important factor,
glucuronide solubility was determined in whole bile and bile which was
diluted such that no micelles would be present. It was found that whole
bile could solubilize sodium diethylstilbestrol monoglucuronide to the
extent of 10.4 mg/ml (7.6 times the solubility in plain buffer) while
bile diluted below the CMC for bile salts could not enhance glucuronide
solubility (1.24 mg/ml) above that of buffer alone,1.37 (0.17 S.D.) mg/ml.

It should be pointed out that this latter study was of only 2 hours
duration since the possibility of hydrolysis of the glucuronide by bile
glucuronidase (10) ean be a problem over longer periods of time. Another

problem associated with the use of whole bile is the fact that it 1is an

74



unbuf fered system and in this experiment the pH of whole bile changed
from 8.04 initially to 9.00 at completion of the study. The bile which
was diluted with buffer maintained a pH of 8.04 throughout the experiment.
To exclude the possibility that the increase in pH was a factor, a solu-
bility study was conducted in pH 10.0 buffer. It was found that glucuro-
nide solubility at pH 10.0 was 1.68 mg/ml which is 1.2 times the solubil-
ity in pH 8.00 buffer. Hence, the pH increase in whole bile was not a
significant factor in this study.

These studies clearly demonstrate that sodium diethylstilbestrol
monoglucuronide forms an association with micellar structures both in
synthetic aqueous solutions and in bile. The ability of taurocholate to
solubilize the glucuronide is enhanced by the presence of lecithin. This
is probably due to the fact that the bile salt-lecithin mixed micelle has
a lower CMC for a given taurocholate concentration and more and larger
micelles are present, hence a greater association and solubilization ef-
fect is possible.

Solubilization can be thought of as a mode of bringing into solu-
tion substances that are otherwise insoluble in a given medium. Solu-
bilization involves the previous presence of a colloidal solution whose
particles take up and incorporate within or upon themselves the otherwise
insoluble material. 1In this instance it is the bile salts which are them~
selves freely soluble and colloidal and which take other substances into
solution. However, in contrast to the general situation, sodium diethyl-
stilbestrol monoglucuronide is not insoluble and it is charged negatively
at a pH of 8.00 and therefore quite polar. Yet it can be further solubi-
lized., This is in contrast to the general picture of a water insoluble,

non-polar compound which resides inside the 1ipid like interior of a
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micelle.

If one examines sodium diethylstilbestrol monoglucuronide it can be
seen that this molecule is,in fact an amphiphilic compound. That is it
has both a polar (hydrophilic) and non polar (lipophilic) portion within
the molecule. One could theorize that such a molecule interacts with
bile micelles in the following manner. The glucuronide can be envisioned
as Interdigitating with the associated molecules of the micelle in such a
fashion that the relatively non-polar (phenolic) portion is alligned with-
in the hydrocarbon interior of the micelle with its polar (glucuronide)
portion extending out into the aqueous environment. In effect such a
molecule will cause the micelle to conform into another association com-
plex including sodium diethylstilbestrol monoglucuronide within its system.
Considering the relatively '"loose" configuration of bile salt mixed micelles
(1) such an interaction is theoretically possible (11).

The micelle systems investigated above are saturated with respect to
sodium diethylstilbestrol monoglucuronide which means both the micelles
and aqueous environment are at saturation. If these systems were diluted
with a blank micellar solution (no glucuronide present) the solute would
re-equilibrate between the micellar and aqueous environment. At all times
a significant amount of glucuronide would be dissolved in water. This may
be contrasted to most solubilized compounds (water insoluble) where it
would be observed that the solute partitions into the micelle to a very
large extent with a considerably reduced number of freely dissolved mole-
cules in water.

It is interesting to consider sodium diethylstilbestrol monoglucuro-
nide in light of those requirements specified as being necessary for a

compound to be well excreted into the bile (12). It does in fact fit all
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the requirements in that it has the necessary molecular weight, is an anion,
and has the required structural features that many other well excreted
molecules also possess. That is, it contains a polar and non-polar portion
and as the free acid (pH<3), exhibits a significant degree of lipid solubil-
ity. Perhaps this latter requirement is the most important.

If the interaction with bile micelles is an important requirement for
good biliary excretion one can consider several mechanisms to explain why
this may be so. One could consider this interaction to occur within the
liver where a macromolecular complex (bile salt micelle) is formed and subse-
quently excreted into the canaliculi (5). Any compound with a high affin-
ity for the bile micelle could therefore be carried along with it into the
canaliculi. Alternatively one could postulate that all compounds are ex-
creted into the bile but only those which strongly interact with the bile
micelle (reducing the escaping tendency) remain, and are excreted in the
bile. All other compounds are efficiently reabsorbed back into the blood
and subsequently excreted into the urine.

Micellar solubilization has been theorized as being important for
the biliary excretion of bilirubin (6) and shown definitively for the
drugs imipramine and desmethylimipramine (3). In those studies involving
bilirubin it was observed that bile osmolalities did not increase concur-
rently with marked increases in bile bilirubin concentrations suggesting
that bilirubin conjugates are excreted as a sequestered molecule within
a micelle, possibly in conjunction with the bile acids as previously pos-
tulated by Javitt (13). A discussion of the biliary excretion mechanisms
of imipramine, desmethylimipramine and their conjugates has been presented
earlier (Role of Bile Micelles in Biliary Excretion). Thus there are now

at least three independent studies indicating that micelle solubilization
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may play an important role in the biliary excretion of drugs. This pro-
vided a stimulating beginning for various in vivo investigations with
diethylstilbestrol in an attempt to clarify some of the ambiguities con-

cerning the biliary excretion of foreign compounds.



METABOLIS!H OF DIETHYLSTILBESTROL—14C IN THE RHESUS MONKEY:

ASSAY PROCEDURES IN BL0OOD, BILE, AND URINE

The initial goal in the study of diethylstilbcstrol-14C in the rhe-
sus monkey was to determine its metabolic end products in blood, bile,
and urine and to develop suitable assay and separation techniques in
these fluids. A study of the metabolism of diethylstilbestrol—l4c was
undertaken by administering the drug as an intravenous bolus. Thin layer
chromatography (TLC) techniques and the Folch extraction procedure were
used to determine the presence of unchanged drug and metabolites in the
various fluids.

Preparation of Solutions. Radioactive diethylstilbestrol-lAC was di-

luted with cold diethylstilbestrol as follows. First, an aliquot of a
benzene solution of radioactive compound was accurately measured, trans-
ferred to a test tube and the benzene evaporated under a gentle nitrogen
jet. Then cold diethylstilbestrol, previously dissolved in absolute eth-
anol, was added to the radioactive residue and completely dissolved.
Polyethylene glycol 400 (PEG-400) was added, mixed well and then the sys-
tem was diluted with distilled water. he resultant solution contained
PEG-400 (50%), ethanol (27) and distilled water (48%). A total dose of
38.5 MCi and 0.80 mg of diethylstilbestrol—l4c was contained in a 4.5
nl total volume of the injection solution. It was necessary to use PEG-
400 as a component of the solvent due to the very low solubility of di-
ethylstilbestrol in water. The general use and low toxicity of the high
molecular weight polyethylene glycols has been well documented (14,15).
Just prior to injection, this solution was sterilized by filtration

through a Millipore filter (IIAWG 013, HA 0.45M, 13 mm) using a Swinny

adapter. Sodium taurocholate (Gen. Biochem.), for duodenal infusion, was
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prepared by dissolving 9.38 Gm of sodium taurocholate in 250 ml of dis-
tilled water (69.74 mol/ml). Adequate urine output was assured by an
intravenous infusion of heparinized normal saline prepared by adding 5,000
units of a sterile solution of heparin to 1000 ml of sterile normal saline
(5 units/ml).

Experimental Protocol. Food was withheld from about 5 hours prior

to administration of drug and throughout the experiment but water was given
ad libitum. Since bile was to be collected without return, it was neces-
sary to replace bile salts. This was accomplished by infusing the sodium
taurocholate solution via the duodenal catheter at the rate of 0.139 ml/
min corresponding to a taurocholate input rate of 9.76 mol/min. This
duodenal infusion was begun 4 hours prior to the beginning of the experi-
ment and continued throughout in order to maintain a constant bile flow
rate. The heparinized normal saline solution was infused at the rate of
30 ml/hour, from 2 hours prior to and throughout the experimental period.
Diethylstilbestrol-14C was administered as an intravenous bolus via the
iliac vein and blood samples were collected via the iliac artery. Blood
samples were immediately placed in heparinized, screw cap test tubes.

Bile was collected using a fraction collector (Micro Fractionator-Gilson)
which has the capacity to collect either exact volumes or for a preset
length of time. Urine was collected immediately after voluntary urination
by means of a screened tray, placed beneath the primate chair, which sep-
arated feces from urine. During a typical experiment approximately 25 ml
of blood was withdrawn which represents less than ten per cent of total
blood volume (367 ml) in a 4.1 Kg monkey.

Analytical Procedures. In those samples which were subjected to TLC

the following procedure was followed. As soon as possible after sampling,
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an aliquot of blood (0.1 to 0.4 ml), bile, or urine (0.1 ml) was trans-
ferred to a screw cap test tube and diluted with 20 volumes of absolute
ethanol. The original samples were placed in a freezer immediately there-
after. These precautions were undertaken since the addition of ethanol to
precipitate proteins or freezing of the original sample was necessary to
prevent extensive hydrolysis of the conjugates present in urine and bile.
The ethanolic solutions were centrifuged and a portion of the supernatant
was transferred to another test tube and evaporated. The residue was taken
up in 0.1 ml of methanol, streaked onto a TLC plate and the plates devel-
oped in the n-propanol-aqueous ammonia (7:3) system for 6 to 7 hours. After
removal, the plates were air dried and 5 mm segments were scrapped into
liquid scintillation counting vials. The silica gel was mixed with 1.8 ml
of methanol for 15 minutes on a shaking apparatus to elute radioactive so-
lutes. Finally, 10 ml of toluene cocktail was added, mixed well and the
samples were allowed to settle for 24 hours in a freezer. These samples
were then counted as discussed earlier (see Various Aspects of Liquid
Scintillation Counting).

The Folch extraction procedure was employed in the analysis of blood
samples as follows. After ethanol precipitation and evaporation, as de-
scribed above, the residue is taken up in 0.1 ml of distilled water. Then
a chloroform-methanol solution (2:1 v/v) is added and one proceeds as de-
scribed in the analytical methods section (see In Vitro Assay and Separa-
tion Techniques for Diethylstilbestrol and Sodium Diethylstilbestrol Mono-
glucuronide). The bile and urine samples were assayed for total activity
as follows. First the ethanol precipitation procedure was carried out as
above. Next a portion of the ethanolic supernatant was transferred di-

rectly to counting vials and counted as previously discussed.
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It has been previously shown that the ethanol precipitation did not
result in loss of counts. Therefore 100% recovery was assumed after this
procedure in blood, bile, and urine. However, in blood a recovery correc-
tion had to be made for losses incurred during the Folch extraction pro-
cedure. Suitable corrections were also necessary for quenching which
averaged 71.0Z in blood, 64.5%Z in bile, and 73.2% in urine.

Results and Discussion. 1In carrying out a study of this nature one

must be certain that the compounds being assayed are stable in the sampled
biological fluids during the periods of collection, storage, and separa-
tion. Preliminary studies indicated the presence of relatively large
amounts of unchanged diethylstilbestrol as well as conjugates in the bile
and urine, These large amounts of unconjugated diethylstilbestrol were
possibly due to hydrolysis of metabolites and therefore studies were un-
dertaken to collect and process the samples in a manner which would minimize
this hydrolysis. Hence, any unchanged drug detected would only be that
existing in the fluids prior to collection. It was found that extensive
dilution with absolute ethanol or immediate freezing of the sample vir-
tually eliminated hydrolysis of metabolites which occured if the samples
were allowed to stand at room temperature for a period of time.

Even with these precautions, unchanged diethylstilbestrol was found
in the ethanol processed samples to the extent of 6% of the total activity
in bile and 4% in urine. It is our contention that this may be due to hy-
drolysis of metabolites either in the urinary bladder, in transit through
the hepatic collecting ducts and catheter tubing and/or on standing in the
collection vessels at room temperature during the short intervals prior to
dilution with ethanol. Therefore, in this and future experiments it will

be assumed that diethylstilbestrol is excreted into bile and urine only
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in conjugated form. Such an assumption will not significantly effect
conclusions drawn in later sections. This hydrolysis problem has plagued
workers in the field of steroids (16) which are chemically similar to
diethylstilbestrol.

In contrast to bile and urine, it was found that blood has little
or no ability to hydrolyze diethylstilbestrol metabolites, since untreated
blood samples allowed to stand for a few days gave the same TLC results as
those which were immediately frozen or diluted with ethanol. Hence, we
contend that the observed amounts of free and conjugated diethylstilbestrol
in blood are real and not an artifact.

The results of the TLC separation experiments are shown in Figures
9-11. The presence of unchanged diethylstilbestrol and its monoglucuronide
were verified by comparison with standards (see Analytical Methods) in
which the R. value for diethylstilbestrol had been found to fall within
the 95% confidence limits of 0.85 to 0.90. In contrast, the 95% confidence
interval for the monoglucuronide was found to be 0.32 to 0.42. The TLC
scans for blood samples showed peaks of R¢ value 0.87 and 0.34 respec-
tively indicating the presence of both compounds. The bile samples showed
one peak of Re value 0.39 indicating that only diethylstilbestrol monoglu-
curonide could be detected by this method. However, the urine TLC samples
were observed to have multiple peaks of Rf value 0.24 and 0.35 indicating
that while the monoglucuronide may be present (Rf=0.35) at least one other
metabolite is also in evidence. This low Rf compound represents a more
polar metabolite, possibly a double conjugate (diglucuronide) or a mixed
conjugate (glucuronide-sulfate) both of which are known to occur for es-
tradiol, a compound very similar to diethylstilbestrol (17). Scans of the

TLC plates of bile and urine also show peaks with a high Rf which would
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Figure 9 - Thin layer chromatogram of a blood sarnple ohtained after an
intravenous bolus of diethylstilbestrol-lac. The development system
consisted of n-propanol plus aqueous armonia (7:3). Two peaks of Rf
value 0.34 and 0.87 are obtained.
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Figure 10 - Thin layver chromatogram of a_bile sample obtained after an
intravenous bolus of diethylstilbestrol-+*C. The development system
consisted of n-propanol plus aqueous ammonia (7:3).
peak of Rf value 0.39 is obtained.
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Figure 11 - Thin layer chromatogram of a urine sample obtained after
an intravenous bolus of diethylstilbestrol-~"C. The development
system consisted of n-propanol plus aqueous ammonia (7:3), Low Rf

(0.24 and 0.35) multiple peaks are obtained.
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correspond to unchanged diethylstilbestrol. However, as previously noted,
the very small amounts of diethylstilbestrol indicated are very likely the
result of hydrolysis of the conjugates which occured before the samples
were processed.

This TLC data strongly supports thecontention that in the rhesus mon-
key diethylstilbestrol monoglucuronide is the major metabolite, as pre-
viously reported for the rat and rabbit. While it would be worthwhile to
further investigate the additional metabolite(s) in urine it was decided
to focus on the biliary excretion and potential for enterohepatic circu-
lation of diethylstilbestrol monoglucuronide. Hence urine data will be
used primarily to account for the fraction of total dose recovered since
further information cannot be obtained without separation and identifica-
tion of all metabolites present. Even if it was decided to separate and
identify those metabolites present in urine, it should be noted that this
would add greatly to the complexity of the project. For example, if one
were to assume that the second metabolite were the diglucuronide, the
question of whether the diglucuronide came directly from diethylstilbes-
trol or, secondarily, from the monoglucuronide would have to be consid-
ered. This would entail additional experiments where both diethylstil-
bestrol and the monoglucuronide would have to be administered separately,
or together with different labels. Both time and the amount of monoglu-
curonide (suitably labeled) which could be synthesized prohibited such
additional investigations. Finally, the identification of metabolites
requires the synthesis of such compounds (as was done with the monoglucu-

ronide) and then TLC comparisons and various other tests with the synthe-

sized compound and metabolites found in urine. Such a project is clearly

a task requiring separate investigation in which the primary goal is the

87



88

elucidation of metabolites formed from diethylstilbestrol.

The separation characteristics of TLC versus the Folch extraction
procedure are compared in Table 7 for blood, bile, and urine. Excellent
agreement between the two procedures is obtained with the blood samples

and ,therefore ,this assay method was used in place of TLC in all the re-

maining experiments as discussed earlier. In bile and urine, the same

magnitude of separation is obtained but the Folch procedure apparently
overestimates the amount of unchanged diethylstilbestrol present in these

samples, Since it was decided to measure total activity in bile and urine

(the unchanged diethylstilbestrol being proposed as an artifact) this dis-

crepancy was not investigated further. The TLC and Folch procedure data

obtained here provided the basis for the assay procedures in blood, bile,

and urine and have been described in detail earlier in this section.



Table 7 - Conparative Lfficiency of TLC and tlhe TFolch Ixtraction Procedure
in Separating Diethylstilbestrol from Diethiylstilbestrol lionoglucuronide
Present in Blood, Bile and Urine Samples.

Per cent of total activity in sanple

niethylstilbestrol

Diethylstilbestrol nonoglucuronide
Sample TLC Folch extraction TLC Tolch extraction
Blood 35.5 35.1 64.5 64.9
Bile 3.4 5.7 96.6 94.3
Urine 0.2 3.6 99.8 %6.4
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INTRAVENOUS INJECTIONS OF DIETHYLSTILBESTROL-14C

Having established the metabolic pattern of diethylstilbestrol, a
study of the disposition characteristics of the drug in blood, bile, and
urine was accomplished by administering an intravenous dose of diethyl-
stilbestrol and carefully following tlie concentration-time course of un-
changed drug and metabolite in these three fluids.

tethodoloay. An intravenous dose of diethylstilbestrol—l4c was ad-
ministered to the same male rhesus monkey (wgt 4.1 Kg) on two separate
occasions. Preparation of the dosage form, sampling of blood, bile, and
urine and other procedures and conditions of the experiment are described
in the previous section. In the first experiment a total dose of 43.3 4
Ci of diethylstilbestrol—l4c was adninistered. This had been diluted with
cold diethylstilbestrol to 1,000 4g, resulting in a specific activity of
0.0483 MCi per Meg. In the second study a dose of 38.5 MCi of diethyl-
stilbestrol-14c, diluted to 800 Mg, resulting in a specific activity of
0.0481 MCi per Mg was administered.

The dose in the semi-aqueous vehicle (4.5 ml) was injected into the
iliac vein slowly, over a period of from 5 to 6 minutes. This procedure
was followed since high concentrations of PEG-400 in the blood which
could result following a rapid intravenous bolus have been shown to cause
hemolysis (15). Also, the very rapid intravenous administration of the
vehicle without drug caused noticeable excitability and stress in the mon-
key,

This infusion period is corrected for in the plots of diethylstilbes-
trol and metabolite blood levels, by subtracting the length of time of the

infusion period (1) from real time (t), where the start of the infusion is
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taken as zero time. Therefore, in these plots, a corrected time axis
(t' = t -71) 1is used and "zero time' is actually the time at which the
infusion ended. Pharmacokinetic analysis is done on the post-infusion
blood level vs time curve.

Finally, a correction was also made for a '"lag time' in the plots
of biliary excretion rate data for metabolite. This correction can be
made if one knows the volume of 'dead space' in the externalized cathe-
ter tubing and the average bile flow rate during an experiment. The lag
time so calculated»was subtracted from real time resulting in a corrected
midpoint time which more closely approximates what is occuring at the
level of the external hepatic collection ducts. No corrections were made
in the analysis of urinary data since urine was collected immediately
after voluntary voiding.

Results and Discussion. In the first experiment blood, bile and

urine were sampled for 24 hours and a plot of the cumulative per cent of
dose excreted in urine and bile is seen in Figure 12. In this particular
experiment 84.87% of the dose administered could be accounted for with
61.5% appearing in the urine and 23.37% in the bile. It can be seen that
95% of the total amount collected in both bile and urine is excreted
within 5 hours after administration of the dose. However, even after 22
hours it appears that the asymptote has not yet been reached. 1If the
sample collections had been carried out longer, it is possible that a
greater portion of thie dose could be accounted for. For practical pur-
poses, it was decided to sawmple at discrete time intervals for 8 hours
following the intravenous injections. Bile and urine samples, however,
were collected out to 24 hours and pooled for calculation of the total

amount recovered. At least two weeks were allowed between experiments.
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At that time activity levels in both bile and urine were down to
background.

In the second experiment, 91% of the dose was recovered with 54.0%
appearing in the urine and 37.0% in the bile. Since diethylstilbestrol
is a fat soluble compound and residues can be found in cattle and poultry
tissues after slaughter it can be theorized that accumulation also occurs
in the monkey. That is, some diethylstilbestrol distributes into fatty
depots after an intravenous injection and can remain there for long per-
iods of time slowly leeching back out to be excreted in urine and bile
long after the dose. Hence, in a 24 hour period one may not be able to
account for 100% of the dose administered.

Pharmacokinetic Modeling Considerations. Drugs can distribute into

tissues in a highly complex manner. 1In a real sense, the tissues prob-
ably contain different concentrations of the drug down to the subcellular
level. Conceiving of the body as a multiple compartmental system allows
one to reduce this almost infinite degree of complexity to a workable
level. One may conceive of a model which represents drug distribution
and elimination to be made up of a central compartment with inter-exchang-
ing connections to one or more peripheral compartments. Such a model has
been termed a mammillary model (18). For practical purposes many of the
tissue compartments are small enough and exhibit sufficiently similar
properties to be pooled into large groups according to their perfusion
and partition characteristics (19) such as follows:

i) A highly perfused lean tissue group, consisting of the heart,
lung, hepatoportal system, kidneys and endocrine glands.

ii) A poorly perfused lean tissue group consisting of the large mass

of muscle and skin tissue.
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iii) A fat group consisting of the adipose tissue, including bone
marrow.

After an intravenous injection the resultant blood concentration
data frequently appears to fit a bi- or tri-exponential function. This
is considered to represent body distribution of the drug from a central
into one or two peripheral compartments, with metabolism and excretion
taking place from the central compartment. Generally one attempts to
minimize the number of exponential terms which appear to be required to
fit the actual experimental data.

Blood concentration data for diethylstilbestrol-lAC following intra-
venous administration at one dose level, employing a very intensive blood
sampling schedule have been obtained in the second experiment. A pharma-
cokinetic analysis of the data allows one to propose a model for the dis-
position of diethylstilbestrol in the rhesus monkey. A semi-log plot of
the blood concentration levels of diethylstilbestrol—lAC versus time is
shown in Figure 13. After several attempts at fitting the data, it was
concluded that the three body-compartmental model provided the best corre-
lation to experimental data.

It should be noted that the last three points of Figure 13 were less
than twice background, however they were included in the analysis. This
was done since use of all the data (which is best fit by the 3 compart-
ment model) provided much more compatable comparisons of the various model

parameters (especially clearance values) with those observed in other

studies.
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Figure 13 - A semilocarithmic plot of post infusion diethyl-
stilbestrol—l C blood levels versus time after an intravenous
infusion of diethylstilbestrol~lac. The solid circles are
actual data points while the solid line is the computer gen-
erated fit to the data based on a three-compartmental open
model. The curve may be resolved into its components yield-
ing three linear segments (broken lires) with slopes of -o/2.3,
-A/2.3, - ¥/2.3 and zero-time intercepts of A, B, and C

respectively.






Intravenous Injection
of Diethylstilbestrol—lac

Metabolism

In the above schematic, the central (Vl) and peripheral compartments

(V2 and V3) represent the various tissue groups just discussed. The rate
constants between the compartments and out of compartment 1 are apparent
first - order rate constants for distribution and metabolism, and it is
assumed that metabolism takes place only in the central compartment,

This model results in a tri-exponential equation (20) of the form:

where CB equals blood concentration levels of diethylstilbestrol (in the

central compartment), A, B, and C represent intercepts on the ordinate at
zero time, and X, A, and ¥ are hybrid rate constants, each influenced by
all of the rate constants of the system. Uhen plotted on semilogarithmic
paper - &A/2.3, - B/2.3, and - ¥/2.3 are the slopes of the respective ex-

ponential segments. By definition,x > 8 > ¥.

In actuality the following equation was the function defined and

analyzed on the computer:

96






97

C, = DOSE . | (kyp=®)+(ky) -0
G-» - *-2) - (¥-4)

N (kpy=¥) (kgq-) R :
*R-V-B-p

The Bi'Dx85 nonlinear least squares curve fitting program was used to fit
the data on the IBM 360/50 digital computer.1 This program results in a
weighted (reciprocal blood concentration) least squares fit of a user
specified function to data values by means of stepwise Gauss-Newton iter-
ations on the specified parameters. Initial estimates of the parameters
were obtained graphically and by use of the analog computer in the usual
manner.

The computer generated parameters along with various other constants
derived (21) from these parameters are presented in Table 8. The compu-
ter generated standard deviations, expressed as a per cent of the para-
meter value, are also included in the table. These standard deviations
are quite large and in some cases approach the value of the estimated
parameter. A detailed discussion of these parameter estimates and their
standard deviations will not be dealt with here. However, the reader is
referred to an excellent article by Boxenbaun et al. (21a) which does
deal specifically with the interpretation of statistical estimations in
For the present, it will suffice to point out that

pharmacokinetics.

when the standard deviation is a large value relative to the estimated

parameter, this indicates that any parameter estimate in a relatively

of llealth Sciences Computing Facil-

1
Th red by the staff
© program was prepa y be obtained from the Biomed manual.

ity, UCLA and further information can



large region of the parameter space gives about equally good fit to the
data. It should be strongly emphasized that this situation does not
necessarily result from poor data; indeed, good data may result in an
excellent computer fit, but with large standard deviations.

The derived constants (see Table 8) do not include standard devia-
tions, which could be obtained using more exact equations which include
the standard deviations of the computer generated parameters. For a de-
tailed discussion of these equations the reader is again referred to

Boxenbaum et al. (2la). The constant (Kel) can be calculated by use of

the following equation:

Kel = (A+B+C)e (&-B-Y¥)
ABY + BAY + C.a.8

where Kel equals the metabolic rate constant(s) since no free compound is

excreted in urine or bile. In order to calculate the rate coustants klZ

and k13 the following definitions are useful:

Let E1-= k12 + k13 + Kel
E2=ky
E 3= k31
Gl=A+8+Y
G2=aB+BY +a-¥

(]
w
|

K-B-¥

then,

El=G1-E2-E3
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After calculating the values for E1, E 2, E 3, G 1, G 2, and G 3, the

individual rate constants k12 and k13 can be determined from:

kl3 =G3-E3(G2~-CL1.E3 ~-F 2<E 3)
E 3¢(E 3 -EC 2)

and,

k12 =E1 - kl3 - Kel

As previously mentioned, pharmacokinetic analysis was done on the
post-infusion blood level curve of diethylstilbestrol—lac. harmacokin-
etic parameters are usually derived from the exponential equations which
describe the blood level curve after a single rapid intravenous injection.
However, it has been demonstrated (21L) that all the usual pharmacokinetic
parameters obtained after a rapid intravenous bolus can also be obtained
from postinfusion blood curves. These workers pointed out that the hybrid
rate constants (4, 8, and ¥ ) are the same whether they are obtained from
a post-infusion curve or a single intravenous bolus curve. However, the
intercepts of the exponential terms (A, B, and C) are different and the
differences increase as the infusion time lengthens. Since these inter-
cepts are often used to calculate kinetic constants intrinsic to multi-
compartmental models, appropriate corrections must be made.

The intercepts which would be obtained from an intravenous bolus

curve can be calculated from the following equation:
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where Ai is the real intercept and Ai' is the intercept obtained (after
extrapolation to t' = 0) from the post-infusion curve (where t' =t - ).
Of course, 1is the infusion time and ki represents the hybrid rate con-
stant of the exponential term. The above equation was used to calculate
those intercepts which would be obtained from blood level data after an
intravenous bolus. These corrected intercepts were then used to calcu-
late Kel by the equation previously listed and the volume of distribution

for the central compartment, Vl, where:

Vl = DOSE
A+B+C

vV, = 85,410,198 DPM
10,293.1 DPM/ml

v, = 8,298 ml

As expected, this value differs from that calculated by the digital com-
puter (Table 8) since digital computation was performed on post-infusion
data.

This model presents some interesting considerations in terms of the
obtained parameters. For example, in a 4.1 Kg monkey the circulating
blood volume would be approximately 367 ml which is far less than Vi
(8,298 ml). 1In fact this volume is far in excess of any volume compart-
ment which could be conceived of in an animal whose total body water
would be approximately 2,460 ml. This volume term (Vl) represents the
volume of the central compartment and at steady state the drug would be
distributed into V1 and the two peripheral compartments (V2 and v3) as
well. The following relationships allow one to calculate the volumes of

these peripheral compartments:
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Table 8 - Pharmacokinetic Parameters Obtained by Resolving Post-Infusion
Diethvlstilbestrol Blood Concentration BLata Into a Threce Compartment ‘odel.

Parancter

1
1

Koy

o<

Kel

k
12

13

(a)

Value
10,766(S.9)
0.07141(32.3)
0.01045(29.9)
0.12213(43.8)
0.03494(66.9)

0.00652(31.9)

0.04446

0.02234

0.01523

(a)

Units

ml
-1
min

. -1
nin
min

min

min

min
nin

min_

Comnent

Computer
generated
parameters

Constants
calculated from
computer generated
parameters

The computer generated asymptotic standard deviation, expressed as a

per cent of the value, is enclosed in parentheses.



also,

'he volumes of V2 and V3 are 2,596 ml and 12,093 ml respectively. If one

combines all of these volumes, the total volume of distribution at steady
state (Vdss) is 22,987 nl. Such large values for volume constants can
cause great confusion (21lc). In the case of V1 one can only emphasize
that it is not equal to the total body volume in which the drug would be
distributed at steady state conditions, nor does it equal the volume of
the blood or plasma. It is most logical to conceive of this so called
volume constant as simply a parameter of the equation required to convert
the mass of the drug we conceive to be in this imaginary central compart-
ment into concentration units. It is not unusual to find extremely large
volumes of distribution for various non polar, lipid soluble drugs (22).
In contrast, very polar-water soluble compounds, huge macromolecules, or
highly protein bould substances will have a volume of distribution which
approximates blood volume (23).

he microscopic rate constant k3l represents tlie rate of transfer of
drug out of the third compartment back into the central compartment. It
may be noted that this constant is very small and approximates the value
of ¥. This correlates well with the theory that diethylstilbestrol 1is

taken up into a poorly perfused tissue compartment (V3) and then leeches

out very slowly over a prolonged period of time. Illence, residual levels
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of drug can be found in the body long after administration of the dose.
One should recall however that this experiment was done with 1007 col-

lection of bile which does not allow for entero hepatic recycling (EHC)

of drug. 1If LHC is established (in an intact animal) this could also
contribute to the persistance of drug in the body.

Another important parameter to comment upon is mean clearance (6c1).
Clearance may be defined as the volume of blood completely cleared of
drug per unit time, by processes of metabolism and excretion. It is a
measure of the functional ability of an organ (or organs) to remove a
drug from the body. The estimated clearance of a drug can vary anywhere
from zero up to but not exceeding blood flow to the eliminating organ
(except in the case where blood itself can metabolize drug). The mean
blood clearance of diethylstilbestrol—l4c was estimated using the trape-
zoid rule to calculate the area under the blood level vs time curve (AUC)

and knowing the dose administered:

Vel DOSE

AUC

ch = 85,410,198 DPM
249,175 DPMemin
ml

This value (342.8 ml/min) is very large and in fact exceeds the reported
value for liver blood flow (218 ml/min, S.D. 78) in the rhesus monkey.
This indicates that there may be other organs responsible for the meta-
bolic clearance of diethylstilbestrol. One may postulate that the kidneys
(blood flow - 138 ml/min, S.D. 52) and a portion of the gastro-intestinal
tract (blood flow - 126 ml/min, S.D. 57) are additional clearing organs.

In the previous section evidence for metabolism occuring in the kidney was
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presented. If a portion of the additional conjugates seen in the urine are
formed directly from unchanged diethylstilbestrol entering the kidney from
the blood, this organ would then be serving as a clearing organ. The es-
timated mean clearance could therefore exceed liver blood flow. Also, in-
formation which will be presented later clearly implicates the intestinal
tract as a potential metabolizing organ. It has been previously demon-
strated that the blood itself does not metabolize diethylstilbestrol.
ifethods are available which allow one to determine tihe exact contribution

of additional clearing organs (24) but this was beyond the scope of the
present investigation.

While the model proposed and conclusions drawn may have validity,
the limitations of the model should be pointed out. It must be noted that
only one dose level was studied and in only one monkey. Hence the model
may hold here but the possibility of dose dependent kinetics which would
be observed at higher dose levels could change the model. The fact that
bile was collected but not returned,preventing EEC of drug,can also
modify the model as already pointed out.

Diethylstilbestrol—lAC and diethylstilbestrol monoglucuronide—l4c
activities found in blood and bile samples are plotted in Figure 14, The
blood data is expressed in DIII per ml and the bile data in terms of DIl
per minute, however one can easily convert to amounts knowing the specific
activity of diethylstilbestrol—laC (106,838 DPM//Jg) and metabolite
(61,436 DPM/ Ng). It can be observed that blood levels for metabolite ex-
ceed those of unchanged diethylstilbestrol at all time points. One can
calculate (using the trapezoid rule) that the area under the blood concen-
tration-time curve for metabolite exceeds parent compound by approximately

3 fold. A very rapid appearance of metabolite with a peak blood level
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occuring at approximately 6 minutes, is also observed. A high rate of
metabolism along with a relatively small volume of distribution for meta-
bolite (compared to parent compound) could explain the higher blood lev-
els observed for diethylstilbestrol monoglucuronide.

Figure 14 also includes a plot of the average biliary excretion rate

14C between collection times. Sev-

of diethylstilbestrol monoglucuronide-
eral of the data points are scattered above the curve. It will be dem-
onstrated later that these points are probably due to spontaneous varia-
tions in bile flow rate, which will be shown to influence the amount of
metabolite excreted per unit time. However, if one accepts the smooth
curve as drawn, the parallelism of the terminal portions of all three
curves (blood concentration levels of diethylstilbestrol and metabolite,
and excretion rate of metabolite in bile versus time) is obvious. Of
particular interest is the fact that the projected terminal slope ob-
tained in the fitting of blood data for unchanged diethylstilbestrol
(where very low level activity occurs) is seen to parallel the levels of
metabolite in blood and bile very closely (where much more confidence in
the data is obtained due to the higher levels of activity). This further
supports the contention that the three body-compartment model is probably
appropriate.

One could also analyze metabolite blood, bile, and urine data on the
digital computer and thereby quantitate its pharmacokinetic parameters.
The preferred method in doing this would be to first isolate and inject
diethylstilbestrol monoglucuronide—lAC (of high purity and high specific
activity) intravenously. In this manner the disposition characteristics
of the metabolite can be determined independently. After a pharmacokin-

etic model has been obtained for the metabolite one can then use the
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computer generated parameters asinput in analyzing the complete (pharma-
cokinetic) model which would describe diethylstilbestrol and metabolite
blood levels and metabolite levels in bile and urine.

If these procedures were not carried out and one attempted to fit
the data by computer analysis of all the various models which are rea-
sonable, many computational difficulties could occur. Also, interpre-
tation of the statistical information generated for very complex models
with a large number of parameters would be complex and based on the
statistics generated for diethylstilbestrol-lac blood levels - not par-
ticularly discriminating. For example, if one were to assume that di-
ethylstilbestrol monoglucuronide pharmacokinetics could best be described
by a one compartment open model, the following overall model would ensue

for diethylstillestrol and metabolite blood levels:

In this four compartment model the integrated equation for diethylstilbes-

trol blood levels would be the sare as previously described. The corres-
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ponding equation for metabolite blood levels would be:

(k21—kme)'(k3l—kme)
(d-kme) * (B-kme) * ( ¥~kme)

Cy = DOSE‘km _

e—kmet
DESGCA v
4

(== legy=d oy,
(kme—00 - -2 - (F-R)

(k21ﬂﬂ)‘(k3l-/»
(kme-A) + r-n) « (§-13)

-4 +

(kZI—K).(k31—X) . ~‘t
(kme-¥) - (A-¥) - (3-9)

where km and kme are the apparent first order rate constants for the for-
mation and excretion of diethylstilbestrol monoglucuronide respectively.
The term V4 represents the volume of distribution of diethylstilbestrol
monoglucuronide. The other microscopic rate constants are the same as
those previously described in the treatment of the pharmacokinetic model
for diethylstilbestrol blood levels. The above equation is rather com-
plex and the total number of parameters which would have to be estimated

is nine (V k k ki, kme, o, 8, and ¥). While one could obtain

1’ V4’ 21’ 31’

all the parameter estimates by non linear least squares regression analy-
sis they would probably have large standard deviations and therefore not
be particularly informative. Furthermore, in analvzing urine and bile
data these problems would be magnified since one may encounter lag times

and data which are not as "zood'" as blood data since excretion rate plots
g p

are average rates which are at best crude estimations of instantancous



rates of excretion. Analysis of the excretion rate data is further com-
plicated in the urine where the presence of multiple metabolites prevent
the separate detection and cquantitation of the monoglucuronide.

Since the primary purpose of this project was to study the biliary
excretion and enterohepatic circulation of diethylstilbestrol and its
monoglucuronide, a detailed pharmacokinetic description of drug and meta-

bolite was not persued. lowever, a pharmacokinetic model for diethyl-
P P y

14

stilbestrol-""C in blood was presented, with a general appreciation of

the complexities involved in describing a complete pharmacokinetic model

for parent drug and metabolite.
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INTRAVENOUS INFUSIONS OF DIETHYLSTILBESTROL-14C

Sodium Taurocholate Induced Alterations of Bile Flow Rate

Since earlier in vitro experiments indicated that an association be-
tween bile micelles and sodium diethylstilbestrol monoglucuronide exists,
an in vivo experiment was planned to assess how changes in bile salt ex-
cretion rate and/or bile flow rate would affect the disposition of this
compound in the bile, It was decided that a system at steady state would
provide the most appropriate model to examine, since the only variables
would be bile salt excretion rate and bile flow rate.

Preparation of Solutions. The intravenous bolus injection solution

was prepared in an ethanol (27%) - PEG-400 (50%) - water (487%) system as
described in the metabolism section. Exactly 12.294 MCi of radioactive
diethylstilbestrol—l4c was diluted with 12.375 mg of cold drug resulting
in a specific activity of 0.993 MCi/mg. This amount was diluted with
the above system to a final volume of 4.5 ml which results in a radio-
active drug concentration of 2.732 MCi/ml and a total concentration of
2.75 mg/ml of diethylstilbestrol. After preparation of the solution it
was sterilized by filtration through a Millipore filter. The intravenous
infusion solution was prepared in an ethanol (1%) - PEG-400 (50%) - water
(49%) system. The method of preparation was similar to the above proce-
dure. Exactly 132.24 MCi of radioactive diethylstilbestrol-lAC was di-
luted with 104.00 mg of cold drug resulting in a specific activity of
1.272 /VCi/mg. This amount was diluted with the above system to a final
volume of 80 ml resulting in a final radioactive drug concentration of
1.653 4 Ci/ml and a total concentration of 1.30 mg/ml. This solution was

again sterilized by filtration prior to administration.
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Sodium taurocholate was dissolved in distilled water (44.76 mg/ml)
for duodenal infusion during the initial stages of the experiment. So-
dium taurodehydrocholate was dissolved in distilled water (37.08 mg/ml)
for duodenal infusion during the terminal stage of the experiment. A
heparinized saline solution was prepared for intravenous hydration by
adding 5,000 units of sterile heparin to 1 liter of sterile normal saline
to give a final concentration of 5 units/ml.

Experimental Protocol. Duodenal infusion of sodium taurocholate at

the rate of 2.91 imol/min (0.035 ml/min) was begun 4 hours prior to the
start of the experiment to insure that bile flow rate and bile salt ex-
cretion rate would reach steady state levels. Intravenous hydration of
the monkey with heparinized saline (30 ml/hr) was begun 2 hours prior to
starting the experiment and maintained throughout.

Diethylstilbestrol-lac was administered by an intravenous bolus
(4.5 ml) followed immediately by an intravenous infusion (t = 0 hours)
in order to attain steady state blood levels as rapidly as possible. The
infusion was administered at the rate of 0.138 ml/min (0.228 /Ci/min)
over 480 minutes resulting in a total dose of 66.24 ml which contained
109.49 uci diethylstilbestrol-14C equivalent to 86.11 mg. Both solu-
tions were administered via the iliac vein and the combined bolus and in-
fusion represent a total dose of 121.78 A Ci of diethylstilbestrol—lAC
equivalent to 98.49 mg. This represents an average specific activity of
1.24 M Ci/mg.

First, the intravenous bolus injection was administered, immediately
followed by the start of the intravenous infusion of diethylstilbestrol-lac.

Sodium taurocholate was infused via the duodenum at an initial rate of

2.91 Mmol/min from t = 0 to 3 hours (level 1), and then increased to
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13.64 /Vmol/min for t = 3 to 6 hours (level 2). Then a duodenal infu-
sion of sodium taurodehydrocholate was begun in place of taurocholate at
t = 6 to 8 hours at a rate of 9.13 Mmol/min (level 3). The substitution
of taurodehydrocholate was an attempt to eliminate the micelle forming
capacity of bile by replacing taurocholate, a micelle forming bile salt,
with taurodehydrocholate, a non-micelle forming choleretic.

Analytical Procedures. Sampling of blood, bile, and urine and assay

techniques employed therein are discussed in the metabolism section. The

assay procedure for total bile salts in bile is discussed in the analytical

methods section,

Results and Discussion. In this experiment 87.3% of the dose could

be accounted for with 50.47 appearing in the urine and 36.9% in the bile.
As before, not all of the dose could be accounted for during the collection
period. Blood concentration (DPM/ml) versus time of diethylstilbestrol-l4c
and its monoglucuronide are plotted in Figure 15. It is apparent that un-
changed drug reaches a steady state concentration in blood with a mean

value of 1,654.4 DPM/ml. The total body clearance (Vel) of diethylstil-

14

bestrol-""C may be defined as;

. Infusion Rate (DPM/min)
Vcl = Steady State Blood Concentration (DPM/ml)

506,306.9 (DPM/min)
= " 1,654.4 (DPM/ml)

= 306.0 ml/min
this is close to the clearance value calculated from the intravenous bolus
study (342.8 ml/min). In the virtual absence of any excretion of unchanged
compound into the bile or urine, this represents the metabolic clearance of

diethylstilbestrol.

In contrast to unchanged drug, it appears that metabolite concentra-
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Fioure 15 — A »lot of the Ylood levels ?2 diethylstilbestrol- Lhe (®)
and diethylstilbestrol monoelucuronide-+%C (@) obtained during a

constant intravenous infusion of d1ethvlst11bestrol— 14c. Dpuring the
experiment a choleresis was maintained by a duodenal infusion of so-
dium taurocholate.

level curve occurs.

At t = 3 hours, a hreal in the retabolite blood
This corresponds to an increased bile flow rate

which resulted when the taurocholate infusion rate was increased to
a higher level.
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tions in the blood do not reach a steady state level and appear to be in-
creasing with time. One can also see that there is a sharp break in the
curve which occurs at t = 3 hours, at which time the duodenal infusion
rate of taurocholate was increased. After this break, the slope of the
blood concentration versus time curve decreases. Since blood levels of
diethylstilbestrol are constant, there was no change in the rate of
glucuronide formation.

As previously noted there are apparently multiple metabolites in the
urine. However, if one measures total activity in the urine it is found
that during the first three hours the aver&ge excretion rate is 272,414
DPM/min while during the 3 to 5 hour interval the excretion rate decreased
to 236,938 DPM/min. This corresponds to a 13.0% decrease. During the 5
to 8 hour interval the excretion rate dropped further to 208,443 DPM/min,
a decrease of 23.5%. These reductions should cause a net increase in the
accumulation of glucuronide in the blood when, in fact, the decrease in
slope indicates an actual decrease in the rate of accumulation. Therefore,
the change in slope of the blood curve must be due to a net decrease in the
rate at which diethylstilbestrol monoglucuronide is being transferred from
the biliary system to the blood. This is confirmed by examination of the
biliary excretion data which indicates a net increase in the biliary clear-
ance of metabolite during these time intervals. An approximation of the
biliary clearance of diethylstilbestrol monoglucuronide can be made using
the following formula;

. Steady State Excretion Rate (DPM/min)
Vel, metabolite, bile = Steady State Blood Levels (DPM/ml)

However, since the blood levels of metabolite are not at steady state,

the average blood concentration during level 1 and level 2 was calculated.
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The average biliary clearance during level 1 (130,795 DPM/min% 4,775

DPM/ml) is 27.4 ml/min and during level 2 (210,332 DPM/min % 5,675 DPM/
ml) equals 37.1 ml/min, indicating that excretion into the bile is truly
enhanced during choleresis and not simply a reflection of increased blood
levels of metabolite.

Figure 16 contains several graphs relating to the biliary excretion
of diethylstilbestrol monoglucuronide, including a plot of bile flow rate
vs time, metabolite excretion rate vs time and biliary concentration
levels vs time. The first three bile collection periods apparently re-
flect a response to the intravenous bolus of diethylstilbestrol-l4c Just
prior to initiating the constant infusion, resulting in an initial peak-
ing of metabolite excretion rate levels due to the bolus. The latter
periods reflect a response to the constant infusion. The samples taken
during the second and third hour indicate that an apparent steady state -
biliary excretion rate of diethylstilbestrol monoglucuronide has been
achieved, even though the blood concentration levels for this metabolite
are increasing. One may therefore presume that an apparent transport max-
imum (Tm) for excretion of diethylstilbestrol monoglucuronide has been
attained. After the first three hours, the duodenal sodium taurocholate
infusion rate was increased and this leads to a corresponding increase in
the rate of diethylstilbestrol monoglucuronide excretion into the bile.
While somewhat erratic, the excretion rate of the conjugate apparently
also levels off to a new steady state value. It is likely that the per-
turbations seen in the metabolite excretion rate plot are due to irregu-
larities in the bile flow rate since the peaks and valleys seen in this
curve appear to parallel the changes in excretion rate. In fact, this

linear dependence of metabolite excretion rate upon bile flow rate is per-
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Ficure 16 - A plot of bile flow rate (@), sodiun dietnylstilbestrol
monoglucuronide-ll’c biliary excretion rate (@) and concentration (&)
versus nidnoint tine. These data were obtained durine an enperiment
in which dietuylstiliestrol- *C was administered initially as an in-
travenous bolus and irmrediately thereafter as a constant intravenous
infusion which was maintained throughout. ©Bile ciwleresis was nain-
tained by a duodenal infusion of sodium taurocholate wwhich was in-
fused at a low rate initially and then increased approxinately four
fold at t = 3 hours.
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haps the most striking feature of this figure. If one divides the excre-
tion rate of metabolite by the bile flow rate at each time point one ob-
tains the concentration of metabolite in bile. This results in a hori-
zontal line indicating that the concentration of the conjugate in bile is
unaffected by flow rate. When sodium taurodehydrocholate infusion was sub-
stituted for sodium taurocholate, no effect was noted at t > 6 hours.

Table 9 includes a tabulation of the data obtained from analysis of
the bile samples. The linear dependence of glucuronide excretion upon
bile flow rate is more clearly demonstrated. Diethylstilbestrol mono-
glucuronide excretion rate is observed to increase by 60.87 when the so-
dium taurocholate infusion is increased from level 1 to level 2. Of all
the variables listed in the table, it can be seen that only bile flow
rate parallels this, increasing by 56.87%. The glucuronide concentration
in bile does not change significantly from level 1 to level 2, while bile
salt concentration and excretion rate levels increase to a much larger
degree than does the glucuronide excretion rate. Therefore, while all
three factors may be contributing to the increased glucuronide output in-
to the bile,only bile flow rate exhibits a linear, one to one dependence.

Since the substitution of taurodehydrocholate produced no signifi-
cant change, other than a slightly diminished bile flow rate, this por-
tion of the experiment is not included in the table. Possible reasons for
this lack of effect will be discussed in the next section which deals with
another experiment in which taurodehydrocholate is infused intravenously
as a choleretic under different experimental conditionms.

Since glucuronide excretion into the bile is apparently proceeding
at its maximal transport rate during both levels, what we have apparently

observed in these experiments is the capacity of a taurocholate induced
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choleresis to increase the Tm for glucuronide excretion into the bile. A
Tm for biliary excretion has been demonstrated for taurocholate (25),
bilirubin (26), and bromsulphthalein (BSP) (27). Increasing taurocholate
infusion levels were also shown to increase the Tm of BSP into the bile
and these workers concluded (27) that the limiting factor for BSP trans~
port was the concentration of BSP in the bile.

In the present experiment one can calculate the average concentration
of diethylstilbestrol monoglucuronide in the bile, knowing its specific
activity (0.711 A/Ci/mg or 1,579,555.5 DPM/mg). The average activity for
the duration of the 8 hour experiment was 1,455,515.2 DPM/ml (S§.D. =
109,488,3) which is equivalent to a concentration of 0.922 mg/ml. This
concentration is below the solubility of the conjugate in plain aqueous
buffer (1.37 mg/ml, S.D. = 0.17) and well below what one would expect in
bile in the presence of micelles (10.40 mg/ml). This apparent inconsis-
tency will be expanded upon in the next section along with a further

discussion of the data.

Sodium Taurodehvdrocholate Induced Choleresis

In the preceeding section it was observed that the administration of
sodium taurodehydrocholate in place of taurocholate did not alter the ex-
cretion rate of diethylstilbestrol monoglucuronide into the bile. It was
believed that the reason for this lack of an effect could be due to the
presence of (micelle forming) taurocholate in the bile which was part of
the pool of bile salts not completely depleted during the time course of
taurodehydrocholate infusion. Dowling et al. (28) have demonstrated that
the bile salt pool size averages about 1 m mole in the rhesus monkey. In

addition, they have shown that after complete diversion of the hepatic out-
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put of bile salts, it takes about 4.5 hours to deplete this pool. There-
fore, an experiment was conducted in which bile return to the duodenum was
stopped completely for 9 hours, twice the time necessary to deplete the
bile salt pool. An intravenous infusion of sodium taurodehydrocholate
was administered to maintain a constant bile flow rate.

In this manner, it was hoped that the normal bile salt concentration
would be reduced below that necessary for micelle formation. It is well
known that sodium taurodehydrocholate does not form micelles except pos-
sibly at very high concentrations. One would expect to see a marked drop
in glucuronide excretion into the bile after taurodehydrocholate infusion,
if in fact the biliary excretion of diethylstilbestrol monoglucuronide is

dependent upon solubilization in bile micelles.

Preparation of Solutions. Both the intravenous bolus and infusion

solutions of diethylStilbeStf°1‘14C were prepared and sterilized as in-
dicated in the previous section. The intravenous bolus solution contained
2.65 MCi/ml and was diluted with cold drug to a concentration of 2.17 mg/
ml. The total volume of the bolus solution was 4.5 ml. The resultant
14

specific activity of diethylstilbestrol-""C in this preparation was 1.221

M Ci/mg. The intravenous infusion solution contained 1.590 4Ci/ml and
was diluted with cold drug to a concentration of 1.375 mg/ml. The total
volume of infusion solution prepared was 80 ml. The resultant specific

14¢ in this preparation was 1.156 A/Ci/mg.

activity of diethylstilbestrol-
Sodium taurodehydrocholate was dissolved in normal saline (7.44 mg/ml)

and sterilized by filtration. Sodium taurocholate was also dissolved in

normal saline (9.68 mg/ml) and sterilized by filtration. This solution

was to be infused during the terminal portion of the experiment in place

of taurodehydrocholate. Since both bile salt solutions were to be admin-
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istered as intravenous infusions (15 ml/hr) it was not necessary to in-
fuse heparinized saline to maintain adequate hydration and urine output.

Analytical Methods. Blood, bile, and urine were collected and as-

sayed for unchanged and conjugated diethylstilbestrol—14c as previously
described in the metabolism section. Additionally, the bile was assayed
for total bile salts using the fluorometric technique previously described
(see Rapid Spectrofluorometric Assay for Total Bile Salts in Bile) and

by an enzymatic method (29). The bile was also subjected to TLC using
Hofmanns' (30) solvent system. A 0.1 ml portion of bile was diluted with
methanol to 1.0 ml, centrifuged, and a portion of the supernatant was
spotted on a silica gel TLC plate. Standards of the sodium salts of
taurocholate, taurodeoxycholate, taurochenodeoxycholate, and taurodehy-
drocholate, in methanol solutions, were also spotted and run concurrently.
These samples were developed for 3 hours and air dried. Then the TLC
plates were sprayed with phosphomolybdic acid and placed in an oven to
reveal the spots. The bile samples were also subjected to analysis by

gas liquid chromatography (GLC) using the method of Nair (31).

Experimental Protocol. Bile was completely diverted and collected

so that no return of bile salts to the liver could occur. Complete collec-
tion of bile was maintained throughout the experiment. An intravenous in-
fusion of sodium taurodehydrocholate (3.5 #mol/min) was started 6 hours
after biliary diversion via an external leg vein. The 4.5 ml intravenous
bolus containing diethylstilbestrol-lAC was administered via the iliac
vein, 9 hours after the initiation of complete biliary diversion. Immed-
iately following this (t = 0 hours) a constant infusion of diethylstil-
bestrol-14C was begun (also via the iliac vein) and continued throughout

the experiment. The steady state infusion rate of diethylstilbestrol—lac
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was 486,009.2 DPM/min. The duration of the infusion was 8.5 hours and

the total dose administered (bolus plus infusion) was 123.83 4 Ci which
was equivalent to 106.54 mg total drug. Hence, the average specific ac-
tivity of diethylstilbestrol—14c administered to the monkey was 1.162 A
Ci/mg.

As already mentioned, the taurodehydrocholate infusion (3.5’/(nnl/
min) was started 6 hours after complete biliary diversion. This infu-
sion (level 1) was continued at the same rate until 5 hours after ini-
tiation of the steady state infusion of diethylstilbestrol-l4c. At t =
5 hours an infusion of sodium taurocholate (4.5 Mmol/min) was substi-
tuted for taurodehydrocholate. Taurocholate infusion (level 2) was main-
tained from t = 5 hours to the end of the experiment (t = 8.5 hours). A
higher input rate of taurocholate was necessary, to produce the same bile
flow rate, since taurodehydrocholate is known to be a more potent cholere-
tic. The diethylstilbestrol—lac infusion rate remained constant through-

out the experiment.

Results and Discussion. Only 91% of the dose could be accounted

for, with 55.7%Z being eliminated in the urine and 35.47 being excreted in
the bile. Blood concentration levels of diethylstilbestrol—lac and its
monoglucuronide versus time are presented in Figure 17. These curves are
quite similar to those of Figure 15. Once again it is apparent that
diethylstilbestrol-14c blood levels are at steady state, averaging 1,630.4
DPM/ml. The total body clearance can be calculated to be 298.1 ml/min.
However, blood metabolite levels are not at steady state and a positive
slope of the blood concentration versus time curve is apparent throughout
the observation period.

The excretion rate of total metabolites in the urine achieved a
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Figure 17 = A plot of tie blood levels of diethylstilbestrol-14C (@)
and dietihylstilbestrol monoglucuronide-+*C (@) obtained during a con-
stant intravenous infusion of dietuylsti bestrol-14c. iuring the ex-
periment a choleresis was maintained by an intravenous infusion of
sodium taurodehydrocholate initially (0-5 hrs) and sodium taurocholate
terminally (5-8.5 hrs).
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steady state and remained relatively constant throughout the entire ex-
perimental period at 257,406 DPM/ml (S.D. = 17,084). The excretion rate
of diethylstilbestrol monoglucuronide-lac versus midpoint time is plotted
in Figure 18. Unfortunately, during the initial portion of the 1 to 2.5
hour interval the taurodehydrocholate infusion was temporarily interrupted
due to a jammed infusion pump. This problem was corrected and it is ap-
parent that a steady state excretion rate of glucuronide into the bile is
attained at t = 3 hours. During the time interval t = 3 to 5 hours it
averaged 177,132 DPM/min. As previously mentioned, at t = 5 hours the
taurocholate infusion was substituted for taurodehydrocholate and con-
tinued until t = 8.5 hours. During this period the biliary excretion rate
for glucuronide achieves a slightly higher level at 189,501 DPM/min. How-
ever, there was also an increase in bile flow rate from level 1 (2.43 ml/
20 min) to level 2 (2.93 ml/min) and one could conclude that the increased
glucuronide excretion rate was primarily due to an increased bile flow
rate.

It can be observed in Figure 17 that in spite of the change from the
taurodehydrocholate to taurocholate infusion, the metabolite blood level
curve shows no break or change in slope and continues to rise linearly
with time. This was not unexpected since the excretion rate of glucuronide
into the bile (and total metabolites in urine) was not significantly al-
tered. 1In fact, during the same time interval, the rate of metabolite(s)
excretion in the bile and urine appears to be at a steady state. This is
consistent with the postulate that a transport maximum (Tm) has been
achieved. On the basis of this data, therefore, it seems probable that
the urinary excretion of the glucuronide as well as the biliary pathway

has been saturated such that a constant rate of glucuronide accumulation
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Fipure 18 - A plot of_the biliary excretion rate of sodium diethylstilbes-
trol monoglucuronidg;™ C versus midpoint time. During this experiment
diethylstilbestrol-" 'C was administered initially as an intravenous bolus
and immediately thereafter as a constant intravenous infusion which was
maintained throughout. Bile choleresis was maintained by an intravenous
infusion of sodium taurodehiydrocholate initially (0-5 hirs) and sodium
taurocholate terminally (5-8.5 hrs). The bLroken line corresponds to a
period during which the taurodehydrocholate infusion was inter-
rupted resulting in a depressed bile flow rate. Bile samples taken during
this period were not meaningful and therefore excluded from the figpure.
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occurs in the blood.

Taurodehydrocholate Effect, The primary goal of this experiment was

to investigate the clearance of diethylstilbestrol monoglucuronide via
the bile during taurodehydrocholate induced choleresis. lowever, the
anticipated reduction in clearance was not observed. Furthermore, when
taurocholate was substituted for taurodehydrocholate essentially no change
in the biliary excretion pattern of diethylstilbestrol monoglucuronide was
observed except for a slight increase which could be attributed to in-
creased bile flow rate. Therefore a further analysis of the bile samples
was undertaken in an attempt to explain these unexpected results,

The bile samples collected during taurodehydrocholate and taurocholate
infusion were assayed for bile salts using the fluorometric assay, an en-
zymatic assay, TLC, and finally GLC. The fluorometric assay is not cap-
able of detecting taurodehydrocholate since the presence of hydroxyl
groups are required to produce the fluorescent species. When standard,
equimolar solutions of taurocholate and taurodehydrocholate were assayed
fluorometrically, the results indicate that taurodehydrocholate produces
only 2.7% the fluoresence response of taurocholate. Hence, bile assayed
by this method will be sensitive only to di- and tri-hydroxy bile salts.
In contrast, the enzymatic assay is sensitive to only those bile salts
having a hydroxyl group in the 3-position (29). Obviously taurodehydro-
cholate would not be detected by this method. However, all trihydroxy
bile salts and only some di- and mono-hydroxy bile salts (containing 3-OH
groups) would be detected. In the TLC procedure, the plates are treated
with phosphomolybdic acid to reveal the spots. Again, taurodehydrocho-
late is not detected by this treatment.

The results of these various treatments are presented in Table 10.
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Table 10 - Determination of Bile Salt Concentration Iuring Taurodehydrocholate
and Taurocholate Infusion by Three Different Techniques. I!leasurements Were
Made in Bile at Apparent Steady State Time Periods During the Experiment. See
Text and Tigure 18 for Further Details.

Averace bile salt concentration (ymol/ml)

Conditions Fluorometric Cnzymatic TLC(a)
assay assav assay

Taurodehydrocholate
infusion period
t = 3.2 to 4.85 hrs 2.9 15.3 +

Taurocholate infusion
period
t = 5.2 to 8.55 hrs 26.1 29.7 ++

(a)

Number of (+) indicates relative intensity of revealed spots
corresponding to bile salt standards.



During the terminal taurocholate infusion period the fluorometric and
enzymatic assay give approximately the same relative estimate of total
bile salts as expected. During the taurodehydrocholate infusion
period the enzymatic assay clearly indicates the reduction of at least
the 3-keto group to the 3-hydroxy form. The fluorometric data indicate
the possibility of even greater reduction to polyhydroxylated derivatives.
The TLC data also indicate the presence of pelyhydroxylated derivatives.
A more accurate determination of the bile salt constituents can be

made by GLC analysis of the bile samples. The data obtained in the GLC
analysis of bile during taurocholate and taurodehydrocholate infusion
are included in Figures 19a. and b., respectively. The chromatograms
indicate (after comparison with standards) that bile collected during
taurodehydrocholate infusion contains significant amounts of hydroxylated
bile salts which have the same retention times as cholate and chenodeo-
xycholate. In addition, a large proportion of a 'di-keto cholate' deri-
vative is also observed. Non-reduced dehydrocholate was not observed

in this study although this compound has a longer retention time and
would not appear on the chromatogram as reproduced. The combined hydro-
xylated bile salts (di- and tri-hydroxylated) correspond to approximately
25% of the total '"bile salt" output. Bile collected during taurocholate
infusion shows only a single cholate peak when subjected to GLC indicat-
ing no metabolism of this compound. Hence, we have conclusive evidence
from GLC that significant amounts of (micelle forming) di- and tri-hydroxy
bile salts are formed and excreted into the bile during taurodehydrocho-
late infusion.

These data are consistent with at least two mechanisms. The first,

is that taurodehydrocholate is metabolized on passage through the liver
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(a)

¥

Fipure 19 - Gas-licuid curomatograms of Lile
sannles obtained durinr sodium taurocholate
infusion (a) and sodium taurodelivdrocholate
Durina taurocholate infusion

infusion ().
a sinrgle peali corresnondine to cholic acid
is obtained. Iuring taurodehydrocholate in-
fusion two carly peals with the sane retention
times as chenodeoxycholic and cholic acid
standards are obtained. In addition to these

a pealk with a much loncer retention time is
also obtained which represents a di-keto de-

rivative of cholic acid.
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(reduction of keto functions) to variously hydroxylated products. That
this occurs with the unconjugated dehydrocholate in both man (32) and
rat (33) has been established. The latter reference specifically points
out that dehydrocholate infused bile has 10 to 17 per cent of the choles-
terol solubilizing capacity of taurocholate (equimolar) infused bile.
Hence the metabolites of dehydrocholate were shown to have a significant
micelle forming capacity., It was initially assumed that dehydrocholate
in conjugated form (taurodehydrocholate) would not be as extensively
metabolized. It is also possible that the liver is producing hydroxylated
bile salts endogenously. Dowling and co-workers (28) have demonstrated
that the metabolic synthesis and secretion of normal bile salts after
complete interruption of their EHC can approach approximately 7.1 per
cent of the bile salt secretion rate under normal conditions (intact EHC).
It is likely that both of these processes are in effect in the present
experiment. Hence the original goal in the taurodehydrocholate infusion
experiment of producing micelle free bile could not be achieved and the
hypothesis that micelle carrier structures are necessary for the excre-
tion of diethylstilbestrol monoglucuronide into the bile could not be
definitively tested in vivo.

However, if one combines the data of this and the previous experi-
ment several observations can be made. The primary determinant of di-
ethylstilbestrol monoglucuronide clearance into the bile appears to be
bile flow rate. It would seem that the concentration or excretion rate of
bile salts in bile bears no simple, one to one, relationship to glucuronide
excretion into the bile. It was noted that the concentration of diethyl-
stilbestrol monoglucuronide in sampled hepatic bile remained within very

narrow limits throughout a given experiment. Furthermore, the average
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concentration in the present experiment was 0.932 mg/ml while in the
previous experiment it averaged 0.922 mg/ml. Hence, the concentration

of glucuronide appears to be invariant once the Tm for excretion into

the bile has been established. Therefore, any alteration of bile flow
rate produces a corresponding change in glucuronide excretion rate. While
bile flow rate seems to be the driving force for glucuronide excretion
into bile, it would be incorrect to say that there is no dependence upon
bile salt excretion rate, since the latter has been shown to be the
driving force for bile flow rate.

An interesting similarity exists between the in vitro solubility
data and the in vivo data. In the in vitro taurocholate-lecithin system
it was observed that as the taurocholate concentration increased from 2.5
to 7.7 mM the solubility of diethylstilbestrol monoglucuronide increased
from 2.99 to 6.05 mg/ml. This represents a taurocholate concentration
increase of 3.1 fold while glucuronide solubility increased by only 2.0
fold. Hence, the in vitro system does not demonstrate a one to one rela-
tionship between solubilizer and solubilized moieties. In the in vivo
data, shown in Table 9, as the total bile salt concentration in bile in-
creased by a factor of 2.9 (level 1 to level 2) the glucuronide excretion
rate increased by a factor of 1.6 which is comparable to the in vitro data.
It would seem that while a direct relationship between total bile salt
concentration and glucuronide excretion rate is to be expected, this need
not be a simple one to one relationship. One cannot make a similar analy-
sis in the present experiment since the exact nature and concentration of
all the bile salt moities are not known (during taurodehydrocholate infu-
sion),

As previously discussed, the association between bile micelles and



diethylstilbestrol monoglucuronide is unusual in that a significant amount
of the glucuronide is dissolved in the aqueous environment. This rather
unique interaction wherein a solubilized molecule has appreciable water
solubility helps to explain the in vivo data obtained with regard to the
fact that sampled hepatic bile contains much less glucuronide than it
could maximally solubilize, based on the in vitro studies. If one assumes
that bile was saturated with diethylstilbestrol monoglucuronide at the
canalicular level, one could further hypothesize that as the bile traveled
down the ductules a portion of the glucuronide (freely dissolved in water)
could be reabsorbed. This would cause more glucuronide to transfer into
the aqueous environment which could also be reabsorbed until a new equi-
librium is established between the micelle, the free drug and the blood
into which it is transferring. As this process continued throughout the
biliary ductules it would be possible to deplete the bile micelles of

much of their solubilized glucuronide. Therefore, by the time one samples
the hepatic bile, glucuronide concentrations can be well below the theo-
retical maximum calculated using in vitro models. Even so, this miceller
solubilization appears to be important, for without it the glucuronide
would very likely be totally reabsorbed long before bile reaches the extra
hepatic collecting ducts.

This model is theoretical and one would have to sample canalicular
bile in order to substantiate it. This may be accomplished using mico-
puncture techniques or possibly in vitro liver preparations. Another
method which could be of value is retrograde injection of solutions con-
taining both solubilized and freely dissolved glucuronide (no micelles
present) in order to determine the actual capacity of the ductules to

reabsorb diethylstilbestrol monoglucuronide under both conditions.
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DUODLNAL ADNINISTRATION OF DIL ‘IIYLSTILBIJSTR-’)I,—14C IN SOLUTION

A major goal of this project was to determine the potential for an
entcrohepatic circulation of diethylstilbestrol and/or its metabolites.
It was decided to initiate our absorption studies with the parent com-
pound. Since the monkey was already prepared with a duodenal catheter
the dose could be administered via this route,

Freparation of Solutions. The drug was administered in solution

(4.5 1l) containing 1 ng (41.LU3/UCi) of diethylstilbestrol-léc in 1%
ethanol, 50% PLEG-400, and 497 distilled water. The preparation of this
solution is the same as previously described for the intravenous bolus
solutions. The preparation and administration procedures of the sodium
taurocholate and heparinized saline solution are described in the meta-
bolism section.

Experimental Protocol. TFood was withheld for 4 hours prior to the

experiment but water was given ad libitum. The semi-aqueous vehicle con-
taining the drug was administered as a duodenal bolus followed by 2 ml

of blank bile. Urine, blood, and bile were sampled for 12 hours after
administration of the dose and, additionally, feces was collected for
two days.

Analytical Procedures. Blood, bile, and urine were processed and

assayed as described in the metabolism section. Feces was collected and
placed in a freezer. After two days, the feces samples were combined and
eluted with methanol. A fine suspension in methanol was prepared by mix-
ing and sonicating the feces-methanol mixture. After centrifugation, an
aliquot of the supernatant was assayed for total activity as previously

described, assuming 1007% recovery.
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Results and Discussion. Approximately 78.9% of the total dose ad-

ministered could be accounted for, with 29.7% appearing in the bile, 35.2%
in the urine, and 13.9% in the feces. Adding the recoveries in urine and
bile gives the total amount absorbed which totals 64.9%. The rest of the
dose could probably be accounted for if the feces were collected for a
longer period of time.

Figure 20 is a plot of the blood levels of diethylstilbestrol—14C
and its monoglucuronide vs time along with the biliary excretion rate data
for tne monoglucuronide. Even though unconjugated diethylstilbestrol-14C
was administered, only a small fraction of the unconjugated form was de-
tected in the blood. This is seen in the bottom curve of Figure 20. The

fraction of the administered dose which is absorbed, in unmetabolized

form, into the blood can be estimated (35) by the following relationship,

"

(J:EPdt) oral 4 (Vcl) .y X 100
(DOSE) oral V.

18,138 2ilimin m“
, 300 _™L \+ (100)
9.,13x10'ppH min

5.96%

F(%)

The area under the blood concentration vs time curve of diethylstilbestrol-
140 was determined graphically using the trapezoid rule. The mean clear-
ance was estimated in the previous sections where diethylstilbestrol-l4c
was administered by constant intravenous infusion to steady state blood
levels. Since only 64.9% of the administered dose was absorbed, a correc-

tion can be made to convert the unmetabolized fraction absorbed to a per

cent of the actual total amount which entered the fluids of distribution,
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(gﬂEpdt) oral . Vel+100
DOSE absorbed

F corrected (%)

DPMemin
18,138 ml | (300 -1} (100)
5.92 x 10/DPM mi

9.18%

Apparently the remaining 90.87 of the absorbed dose was conjugated in
transit through the gut wall and the liver in the "first pass', prior to
reaching the blood and fluids of distribution. The metabolite blood and
bile curves, of course, reflect the much larger percentage of the dose
converted to the glucuronide. One may also take note that the peak blood
levels for metabolite and unchanged compound occur at approximately the
same time.

These observations correlate well with earlier studies indicating a
very high metabolic clearance of diethylstilbestrol with a rapid rate of
formation and an early peaking of the conjugate after an intravenous
dose. It can be seen that at all time points, the blood levels of metab-
olite greatly exceed those of unchanged diethylstilbestrol. If one cal-
culates the area under the blood concentration-time curve (AUC) for both
compounds it is found that the AUC for metabolite (705,664 PPM'min/ml) ex-
ceeds that of unchanged compound (18,138 DPM'min/ml) by a factor of approx-
imately 39 to 1. This again indicates a significant first pass effect,
since after an intravenous dose of diethylstilbestrol the corresponding
ratio is about 3 to 1.

Since systemic arterial blood is being analyzed it is impossible to
separate metabolism which is occuring in the intestinal mucosa from that

in the liver or other metabolizing organs. It is obvious from previous
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experiments that a large portion must be metabolized in the liver. How-
ever, it is well known that the alimentary tract does have the capacity
for glucuronide formation (36). In fact, it has been demonstrated that
diethylstilbestrol can be conjugated with glucuronic acid by everted in-
testinal sac preparations from the rat (37). Hence, a combination of gut
wall and liver metabolism is a very likely explanation for such a huge
first pass effect and the almost simultaneous peaking of diethylstilbes-
trol and metabolite blood levels.

A secondary peak, occuring at approximately 2 hours, is seen (Figure
20) in both the metabolite blood level curve and also the biliary excre-
tion rate curve for metabolite. It is apparent that there is a general
parallelism for metabolite blood levels and biliary excretion rate through-
out the time course of this experiment. This secondary peaking is not ob-
served after an intravenous bolus of diethylstilbestrol—lAC as shown in
Figure 14, It would therefore seem to be a direct result of the present
experimental conditions.

An explanation of this delayed peak can be offered. If one were to
assume that glucuronide formation does occur in the gut wall, it is possi-
ble that only a portion of the conjugated metabolite leaves the mucosal
cell by transferring into hepatic portal blood, while the rest "spills"
back into the intestinal lumen. Once in the gut lumen the glucuronide
would not be readily absorbed due to its polar, anionic nature and there-
fore passes down the gut to the bacteria rich environment of the large
intestine. llere bacterial enzymes can hydrolyze the glucuronide to free
diethylstilbestrol which is readily absorbed. However, during gut wall
and liver.transit diethylstilbestrol is re-conjugated, predominately in

the liver, prior to reaching the systemic blood and fluids of distribution.
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The appearance of this additional "bolus' of glucuronide gives rise to
the secondary peak observed. The 2 hour time lag is probably due to the
passage of metabolite from the duodenum to the large intestine.

Some evidence for the above hypothesis can be found in a study of
oestriol and oestradiol in human subjects (38). This study clearly
demonstrated that after duodenal or jejunal intubation of oestriol to
a patient with complete biliary fistula, glucuronide conjugates could
be isolated in the intestinal contents, intestinal wall and also in the
effluent venous blood. Furthermore, the estriol glucuronide conjugates,
once formed and deposited into the duodenal lumen, were not absorbed as
such., One would not expect that the conjugates would be hydrolyzed in
the duodenum since no bacteria are found in the normal human small in-
testine. It was further shown that the glucuronide conjugating capacity
of the gut wall is greatest in the proximal small intestine and virtually
absent in the large intestine. The above findings correlate well with
the present interpretation of blood and bile levels of diethylstilbestrol
monoglucuronide after duodenal administration of diethylstilbestrol, a

compound very similar to the naturally occuring estrogens,



DUODENAL ADMINISTRATION OF BILE CONTAINING SODIUM

14
DIETHYLSTILBESTROL MONCGLUCURONIDL C

An investigation into the potential for an enterohepatic recycling
of diethylstilbestrol monoglucuronide—l4c contained in a bile sample was
studied by instillation of the radioactive bile solution directly into
the duodenum. This is an ideal way to study the absorption characteris-
tics of the glucuronide, since after excretion into the bile it would
normally be emptied directly into the duodenum. It is possible that if
this compound was given orally and allowed to pass through the stomach,
an altogether different picture might ensue. For example, the acid pi
of the stomach could cause hydrolysis of the labile plucuronide with sub-
sequent rapid absorption of free diethylstilbestrol. Since the glucuro-
nide in bile would not normallv reach the acid environment of the stomach,
such results would be the artifact of an incorrectly designed experiment.

Procedure. Radioactive bile was obtained from a previous experi-
ment in which diethylstilbestrol-lac was administered as an intravenous
bolus and collected bile was frozen as soon as possible thereafter. A
total dose of 4.72 rml of pooled radioactive bile was administered con-
taining 5.53 MCi total activity. Of this activity, 5.77 (6.8 Ug) con-
sisted of free diethylstilbestrol and 94.3% (184.6 mp) diethylstilbestrol
monoglucuronide. This dose was washed into the duodenum with about 2 ml
of blank bile. An ostensibly constant bile flov rate was maintained with a
duodenal infusion of sodium taurocholate. The intravenous hydration with
normal saline and other conditions of the experiment were the same as de-
scribed in the previous section. Blood and urine sampling and total bile
collections wvere continued for 8 hours post administration of the dose.

Feces was collected for 24 hours and pooled. The processing and assay of
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blood, bile, urine, and feces was the same as described in the previous

section.

Results and Discussion. Sixty one per cent of the administered dose

could be accounted for with 25.27 appearing in the bile and 16.2% in the
urine, indicating a total absorption of 41.47% of the dose. Feces collected
over a 24 hour period contained 19.7% of the administered dose. It is
likely that a larger portion of the dose would be accounted for if the
fecal collection was carried out for a longer period of time. Although
some unconjugated diethylstilbestrol was present in the administered dose,
it accounted for only 5.7% of the total activity. Since 41.47 of the
dose was absorbed, at least 35.7%Z of the glucuronide initially present

in the bile was "absorbed". One can compare this to the previous experi-
ment in which 64.9% of a duodenal dose of diethylstilbestrol was ab-
sorbed. It is apparent that when diethylstilbestrol is administered in
conjugated form it is much less available for absorption than the free
form.

Figure 21 includes the blood concentration curve for diethylstilbes-
trol monoglucuronide after the administration of radioactive bile. This
is seen as the bottom curve (closed triangles). Also included in the |
same figure is the glucuronide blood level curve after an intravenous bo-
lus of diethylstilbestrol-14C, seen as the middle curve (closed circles).
This is redrawn from Figure 14. Finally, the glucuronide blood level
curve (redrawn from Figure 20) obtained after the duodenal administration
of diethylstilbestrol-lAC in solution is seen as the top curve (open cir-
cles). 1In all three experiments newly formed hepatic bile was collected
precluding the possibility of recycling. However, a taurocholate solu-

tion (containing no drug) was infused via the duodenum to maintain a con-
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Fipure 21 - A seniloparithnic plot of diethylstiliestrol roroglucuro-
nide-l4n LElood levels (versns time) ohtained after: a duedenal bolus

of bile containine diethvlstilbestrol monoplucuronide—léc (), a
cduodenal lolus of dicthﬁlstilbn:trol~140 in solution (@), and ar intra-
venous injection of diethvlstilbestrol-"7C (@).
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stant bile salt pool.

After an intravenous bolus of diethylstilbestrol-lac one sees only a

single peak in the metabolite blood level curve (closed circles) at about
6 minutes post administration. This is, of course, due to metabolic con-
version. After this peak the blood level curve decays exponentially with
no indication of secondary peaks.

After a duodenal bolus of radioactive bile, no unchanged diethylstil-
bestrol could be detected in the blood. This is probably due to the small
amount absorbed in unchanged form as well as the lack of sufficient sensi-
tivity of the assay method. The metabolite blood level curve (closed
triangles) contains an early and delayed peak similar to that observed
after a duodenal bolus of diethylstilbestrol-lAC (open circles). Close
examination of these curves brings out several interesting points. After
the duodenal bolus of radioactive bile (closed triangles) the early peak
in blood occurs at about 15 minutes. It is proposed that this early peak
is due to absorption (and subsequent conjugation) of the small amount of
free diethylstilbestrol originally present in the radioactive bile sam-
ple. This can be compared to the duodenally administered bolus of free
diethylstilbestrol-lac (open circles) which results in an early metabolite
blood level peak at about 10 minutes. The secondary peak after duodenal
administration of radioactive bile occurs at about 2.4 hours, while after
duodenal administration of free diethylstilbestrol it occurs at about 2.0
hours. The time at which the secondary peak occurs is proposed to be a
function of the transit time for glucuronide to pass from the small to the
large intestine which would be affected by changes in intestinal motility.
In spite of this the secondary peak times are relatively close for both
experiments. While the dose administered in each experiment was not equi-
valent, copparisons made on the basis of the shape of the curves are still

valid.
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The terminal portions of the metabolite blood level curves are para-
llel following an intravenous bolus of diethylstilbestrol-14c (closed cir-
cles) and duodenal administration of radioactive bile containing diethyl-
stilbestrol monoglucuronide (closed triangles). This indicates that hydro-
lysis of the conjugate and absorption of the liberated diethylstilbestrol
are not rate limiting after the conjugate reaches the bacterial rich en-
vironment of the large intestine. In contrast, the hlood level curve for
metabolite after the duodenal bolus of diethylstilbestrol—lac (open cir-
cles) exhibits a large degree of scatter during the terminal phase and
one could propose that a third peak occurs at approximately 6 hours. This
may be due to variations in the peristaltic movements of the intestine
which in this particular experiment emptied the glucuronide into the large
intestine in discrete portions rather than as a single bolus. Another
possibility which cannot be excluded is that diethylstilbestrol, being a
very insoluble substance, precipitates from solution after introduction
into the duodenum. Absorption (and subsequent conjugation) would then
become a function of dissolution which can be prolonged and quite vari-
able, thus giving rise to a corresponding variability in the metabolite
blood level curve as well as a prolonged terminal slope. However, since
a taurocholate infusion was administered, intraduodenally, subsequent to
the administration of diethylstilbestrol, precipitation may have been
prevented.

However, the overall results are compatible with the concept that
when diethylstilbestrol monoglucuronide appears in or is delivered to the
intestinal lumen it must be cleaved to free diethylstilbestrol (probably
by bacterial enzymes in the large intestine) prior to absorption, re-

conjugation, and subsequent appearance in the systemic blood and fluids
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of distribution. Since it is known that the gut wall of the large intes-
tine has a relatively smaller capacity for glucuronidation than duodenal
tissue (38), a greater proportion of free diethylstilbestrol will transit
the large intestinal gut wall and arrive at the liver. It is likely that
the liver will clear most of the free diethylstilbestrol, converting it
to the glucuronide. After conjugation, a portion of the metabolite is
then transferred into the systemic circulation while the rest appears

in the bile.

Thus, after an intravenous dose of diethylstilbestrol, the following
events would take place in the intact rhesus monkey:

i) Diethylstilbestrol is conjugated with glucuronic acid in the
liver and the conjugate is partly excreted via the bile into the duodenum
while the remainder passes into the systemic circulation and is excreted
via the urine.

ii) Diethylstilbestrol monoglucuronide from bile apparently transits
the small intestine unaltered until it reaches the large intestine where
at least a portion will be hydrolyzed by bacterial enzymes. The re-
leased diethylstilbestrol is available for absorption into the hepatic-
portal blood stream while the unhydrolyzed glucuronide will be excreted
in the feces.

iii) During absorption, diethylstilbestrol is re-conjugated in part
during transit through the gut wall but predominantly in the liver. A
portion of the newly formed glucuronide is re-excreted into the bile while
the rest is transferred to the systemic circulation and excreted in the
urine.

iv) That portion of the dose retained in the bile will be emptied

into the gut lumen and repeat the cycle.
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v) During each succeeding enterohepatic circulation a progressively
smaller amount of the dose is "trapped" in the cycle until all is re-
covered either in the urine or feces.

It should be emphasized that efficient enterohepatic circulation of
a compound depends upon the stability of its metabolite(s) in the gut.
Compounds excreted into the bile as stable metabolites will be excreted
in the feces since most polar, ionic metabolites are poorly absorbed, as
such, from the gut. Diethylstilbestrol monoglucuronide is quite easily

hydrolyzed, apparently by bacterial enzymes, thereby making it a good

candidate for an extensive enterohepatic circulation.
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