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Abstract | . ‘ e
Co . ,
Studies.with rabbit intestine and liver tlskue and
idolated cell preparations have shown that the in v%tré
uptake of estrone, 178-estradiol and 17a-estradiol o;curs by
P : ) .
d%n saturable diffusion. There is a‘subsequent teﬁperaturé
dependent conjugation with "glucuronic acid in-position 3 of
thé steroid pucleué, and éxport of the sequestered esérogen.

Uptake of the non acidic 178—estqa%§ol 3-glucoside occurs

M ’

only after prior hydrolysis to the steroid aglycone by a

soluble steroid 5—g1ucos@dase that 1s released tnto the
medium during incubation. Thé double conjugate
l7a—estradiol—3—g1u;uronide l17-N-acetyl-glucosaminide doegs
not entér liver or i&%estine and . the entry J& the
monoglucuronide is restricted. - Howeveé, uptake of intacr

l7p-estradiol 3-glucuronide by isolated hepatocytes may be a

minor component of the overall transport process.

",

[’
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l. General Introduction

l.1 structure of stercid hormones

-
¥ -

e .
Sterold hormones are chemically simple molecules. derived

from cholesterol. The compounds are amphiphatic, having a

hydrophobic steroid huclens ~ and Thydrophilic ‘oxygenated
. ._“ D - . -

substitugnts. The uncomjugated sterofds do not carry an

electrical charge at neutral "pH  and thus are _liposoluble

-

(Klng 1976, Glorgl 1980). The biological activities dlictate

the <classification of these compounds into five maln
i .

categorles: es’trogens, androgehs.' progestins,

glucocorticoids and mineralocorticolds. The specifliclty of

the response evoked by these low Informatlon molecules Is

helieved to be a result of the Interac&&g@ of =the hormone
with a receptor macromolecule in the cytosol of the target

tissue. Chéracter[st[cs-tgpt lead to the fdentiflcatlon of

a tissue as a target for a steroid hormone are prolonged

hormone retention (Jensen and Jacobson 1962, Yamamoto .and

Alberts 1976), the presence of an extranuclear speclfic

binding protein and a b{ologi{al response to the hormone.

-

1.2 mechanism of action

-

. .
Sterofid hormones alter the pattern ¢ gene exﬁ?@ssion of

their target cells. For all classes of sterold hormones,

the blologlc effect ellicited was gfencrally believed to be



the result of a 'Two Step 1Interaction Pattern'(Jensen,
Suzuk!, Kawashima, Stumpf, Jungblut and Desombre 1968). Thé

sequence Is inftiated by a reversible and highly specific

interaction of the steroid molecule with an extranucléar
receptor (Dandliker, Braton; Hsi, Bra¥h, Levin, Meyers and
Kolb 1978). This binding alters the reéeptor properties and
promotes the translocation of the hormone-receptor complex
to the target cell nucleus. Recently, a model explaining

b . e

discrepancies in receptor localization and binding kinetics

of estrogen to 1ts vreceptor has been put forward. New

L4 . -

enucleation technlques and fmmunocytochemistry wusing a
. .

mono¢lonal antigody against the estradiol receptor provide
ev{dencé for the nuclear distribution of both occupled and
unoccupled reteptor-as expressed in a review by Gorski,
Welshons and Sakal 1984, As  well, the codpérat{vity of
ligand receptor b{nd{ng observed In wvitro at high vet
"physiological' (1nM) .concentrations of extracted‘recebtor
- 1
can be suppressed by 1immobilizing the receptor (ex. to a
hydroxylapatite support), producing the bfnding behavior

seen with Intact <cells or tissues.- JThis new paradignm

provides an Interesting alternative to e two step model.
1.3 general aspects of sterold metabolism

Sterofds can be metabolizZed quite extensively during

[
thelr 'lifetime' in wvivo. Reactlions that are commonly

encountered In sterold metabolism are: oxldation-reduction,



hy@réxylation, conjugatioﬁ and hydrolysis. The oxo group at
position 17 of C18 and C19 steroids 1s susceptible to
metabolic‘interconvérsion and dictates the potency of the
steroid molecule. 17-8-E3tradiolf ellicits the greatest
estrogenic response in hﬁmans as well'as other mammals, and
’the 178-hydroxysteroid dehydrogenase | which reversibly
converts estrone to l78-estradiol is present {in all
mammalian speczieés studied in both steroid responsive and non
responsive tissues (Williamson 1979). Oxido~reduction
requires the participation of a cofactor that .sérves as

electron donor and/or . acceptor. l17a-Hydroxysterold

dehydrogenases using NAD, NADP or both pyridine nucleotides

-

A}

as cofactor have been identified.
3
The introduction of a polar substituent such ags
glucuronié aclid (GA), glucose (G), N-acetylglucosamine
(NAG), sulfate, amino acids, etc., is a means of renderlng

)

the parent molecule more ‘hydrophilic.‘ Tbe't;ansferases
catalysing the conjugation of a sugar moiéty‘~to the sterold
hydroxyl or phenolic¢ group are usual}iJ;arthulate enzynes,
and the sugar donors are{‘thé'u;idine nucleotides “o%.
uridine diphosphate glucuronic acld (UDPGA). = A.aimplified
model would assume the water soluble steroid conjugate to be
its final form in the body, however, in some cases, it may
be an intermedliate f;rm. . Glycosidases havigg‘ a high

affinity for estrogen glycosides are widespread 1in many

species. For example, a B-N-acetyl-gludosaminidase which
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effectiveiy removes N-acetyl . Elucosamine from
) = )

170—estradiol—3glucoside—l?N—acetyl glucosamine is present
In rabbit liver, kidney, spleen, plasma, large Iintestine,
small intestine, uterus, ovary, epldidymis and testis

(Whittemore ‘and Layne 1965).

2. Sterold transport

The d{nterconverslons ) undergbne by al sterold from
syntﬁesis to excretion are - varied, but 5ubcellu%ar
cdmpartmentalf&ption of th; transforming enzymes reduces the
accessibility of the latter. and 'makés t}ansport of the
sterold to the site a prime consideratlion in the fate of the
hormone: Because of the nonéolar nature of” the steroid
hormones, {E was generaliy assumed that the plasmg mewpranés
of target cells.allowed free passage of these solutes into
the cytoplasmiﬁ compartment where thef {nteractea with ';he
soluble receptor and were consequently retajned (Rao 1981;

Gorskl and Gannon 1976; Graff, Woklhueter and Plagemann

1877). Thls binding of hormone with receptor was thouwght to

“be the first (specif1c‘ step In the chaln of“_events

resulting in the phenotyplic effect. Of late, investigators

. have challenged the preceeding statements by presenting

evidence for the occurrence of specific entry processes for

sterolds Into their targets,

Uptake encompasses transport and metabolie trapping



(Heizhal, 1Ish-Shalom, Koren and Stein 1979). The transport
component may be by simple diffusion, where it can be
monitored by the assoclation of the hormone gith the system

and/or by metabolic-conversion. Transport can also occur by

facilitatgd dififusion, which has its, own kﬁnetic'parameters.
By ;ﬁxfever+process thg hormone makes its way iqto. the
tissue, in vitro studies have shown that the uptake is very
rapid, with the linear phase of uptake versus time lastlng
only secondﬁ at physiological temperature (Raoc 198B1l; Péck,
Burgner ane# Clark 1973; Glorgi and Stein 1981). Uptake Ls
also often accompanied by adsérption onto the external:

.gurfaces of membranes. 7

The -biological activity of the hormone has been,
attributéd to_;helfraction that is not bound (Rao 1981), and
the bulk of steroid perméating-the plasma membrane ia also
Iin the free form‘(Ggorgi 1980, Rao,_kao and Breuer 1977, Rao
1981). Yet 85-95% of all circulating sterolds are bound to
carrler proteins in the plasma. It would appear that the
carrier - proteing may regﬁlate- the concentratlon gradient
across tﬂe cell membrane. Another factor , that must Dbe
congidered is that the bound 1ligand crosses the caplllary
wall very slowly, ;ith the exception of the 1i§er sinu361d3
that are considerably more permeqble t; proteins (Bloom and
Fawcett 1975).

-

Within the target cell, at saturation, approximately 20%



~

of the sterold molecules ‘are specifically boun to
receptors. The fraction nongpecifically bound may attain
80%. Thus, the amount of free ~steroid, or 'chemically

active solute’' within the tissue could ultimately depend on

the relative affinity of the non-specific binding in the

intracellular and extracellular spaces, and on .the transit

time of the ligand flow through the tissué; (Pardridge and

Mietus 1979, Glorgil 1980, Baird, Horton, Longcope and Tait
1968). The problem 1is complex, and this section will
present some of the eéidence for simpté,diffwéion as well as

for a carrier mediated process.

v

.2.1 passive diffusion ,
v :

The least, complex mode of entry, given the lipophilic

nature of the steroid molecule, is by diffusion, which

'

involves the partionning of the hormone 1into the membrane

AT
from the aqueous environment, its movement within the
N ‘

membrane and its partionning out of the mqmbrane,&Giorgi
1980, Plaé%mann and Erbe 1976, Graff et al. 1977). The
velocity df passage of a sub;;ance:across a cell membrane,
or its permeability coefficlent, 1is a’funét}on of its

-

partition coefficient, 1ite diffusion coefficiert En&\<iée



inverse of 'the thictkness of the membrane (Graff et al.
1977). .Gliorgi and.-/Stein (1981) determined that n-octanol

was a good model solvent for membrane lipids. 1f uptake
L]

ogcurs by simple diffusion,. then ease of entry of various

steroids should follaow the trend set by partition

‘coefficients between n-octanol and 'water Lln response to the

number of 'éolar substituents. The diffusion coefflicient
describes the rate of movement of a substance within the
membrané and is a property of the penetrating_subsfance,
related to its molecular size, shape and cha}ge. The effect
of temperature on permeation is mainly on the giffusio;,
possibly due to a decrease in fluidity of membrane lipids

between 37°%°C and 4°C (Graff et al. 1977).

'

In ¥ivo studies on steroid transport do not generally
yleld details about the mode of entry of sterold hormones
into cells, However, Beckett and Plickup (1971) reported

that steroid absorption in the oral mucosa of human subjects

occurred by passive diffusion. The 'entry' was reversible,
but open, as sterold made its way 1into the general
clirculation independent of initial _concentratfon and

unaffected by the presence of a mixture of sterolds.

Isolated tissue "or slices offer the advaniage of
relatively 1intact cells still in contact with cell borders.

and natural barrilers but devoid of ehdécrine control. /ieck

et al. (1973} showed that the initial rate of movement of



’ 8
34-17-g~estradiol into rat uterus (a target tissue) and

diaphragm (a non target tissue) was independent of the

initial 178-estradiol concentration in the medium, between 1

Exposure of these tissues to the metabolic

L]

- and AQ nM.
inhibitor 2-4 dinitrophenol and/or the sulfhydryl reagent
‘N—ethylmaleimidg' had n effect on the initial  uptake
velocity. The loclusion of serum albumin in the incubations
decreased the estrogen uptake at physiological temperature,
a result consistent with a partition phenomenon. Anothe;

.criterion for passive diffusion fulf;lled by 'this

experimental system was the noncompetition of a 100 fold

excess of an unlabelled receptor iigand " analog

diethylstilbestrol (DES) for the uptake.

In studies on the binding of JH-178-estradiol by
isolated uterine cells Williams and Gorski (1971,1973)
demonstrated that the initial b¥nding procésé ~occurred auch
more slowly at 0°C than ét 37°¢. The total 3H-estf§didl
binding by the cell suspension could be divided -lanto two
components. Th; first was non specific, non saturable and
had an appafent activation energy.of 2.5 Kcal/mole under
initial uptake conditions (4min, 0-37°C), c;nsistent with
freel diffusion. The second component was sﬁecific,
saturable, and had an apparenf activation energy of 20.7
Kcal/mole. The authors state that this value is consistent

with elither significant conformational <contributions to

binding, or a temperature dependent penetration of estradiol



into uterine cells. If in fact the entry process 1iavolves
an additional interaction with membrane constituents, these
constituents are. not susceptible to the proteases used in
'cell isolation {pronase, trypsin).

-

Tseng, Stolee and Gurpide (1972) also failed to oﬁserve
saturation of uptake during in vitro perfusion of slices of
human endometrium andes placenta with labelled estrone and
178-estradiol, and concluded that the behavior indicated
passive diffusion, or at best, a carrier system with a high

dissoeciation constant that could not be saturated at

physiological concentrations of the hormones,

Giorgi and Stein (1981) incubated cultured hepatoma
cells (HTC-NIL) with 178-estradiol, progesterone,
testostl&one, corticosterone and dexamethasone-ana found

that the entry of sterold was linearly proportional to the

substrate concentration in the medium (up to 28 aM). " The
uptake was not reduced ~ by the presence of competing
steroids, and the rate of passage of sterolds through the

membrane could be correlated to the partition coefficlent of

the sterold between water and n-octanocl.

>
&

[ . .
Plagemann and Erbe (1976) compared the entry of the
synthetib glucocorticoid, prednisolone into Reuber.hépatoma

cells, a glucocorticoid responsive line and into Novikoff
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10

]

ceils,a cell 1line devold of the tytosolic recgptor.
frednisoloné entetred both .cell fines to the.same extent, the
initial rates bging slmilar. No saturation of steroid
uptake was attalined with a stetéid goncgntration‘ ranging
0.0! yM to 5 mM and there was no‘ competition forféntry by a
two hundred fold excess of wunlabelled corpiqostgrone.
Metabolic inhibitoré such as KCN did not alter uptake, ;or
did -preincubation "of the cells with  SaM’ iodoacetate,

v
Membrane perturbing agents such as phospholipase C and
neuraminidase did not inhibit entry. From these results, it
was concluded that prednisolone is taken up by both types of
cells equally well and thét simple diffusion is the

mechanism of entry into both responsive and unresponsive

cells.,

2,2 facilitated transport
_\/—

/*“ =

It is possible that there are sbecialized séeroid
transport systems in <classical and nonclassical target
cells. Antecedeggs fbr‘ carrier systems for lipophilic
molecules exist, fér example, ' the loﬁ density lipoproteiln
receptor system by whizh free chblesterol is made avallable

\

for use by <cells (Goldstein and Brown. 1977). - Steroid

transport .systems could function ,tdo . ensure an adequate
supply' of the hormone, to allow éh/e direct transfer of
sterold to its soluble receptor, to act itself as a receptor

precursor (Jackson  and CHalkey 1974), or to regulate éhe

—



.' - 11 K
) *

metabolic fate of the hormone 1n tissues processing large
quantitieé of steroids such as the liver and kidney. s
Miigrdm, Atger and Baulieu (1973) measured the uptake of
tritiated 178-estradiol by whole uterfne hornas ffom imma;uré
rats. ThHey measured 17B-estradiol uptake Indirectly b;
monitoring the amount of s%eroid specifically bound to the
high affinity sites\in cytosol and nuclear extracts affer
incybation, making the basic assumption that the rate of
assoﬁiat;on_ of 178-estradiol witg the soluble receptor was

not a limiting step. Also, initial velocities were measured

during the first 5 to 15 minutes, a time during whlch uptake

was foupd to be linear at 37°¢C. A scatchard type plot

revealed a saturable component for entry at stgroid

concentrations up to 3ngM ia the medium with anQﬁpparent -KD

of 3.21nM and a apnsaturable component at, ‘high.
\

concentrqtions, i.e. up to 40nM. The tissue uptake aglso

exhibited a temperathure depepdence;. . unlike

receptor-estradiol binding that has a high assdclatlion
constant even at 0°c. The effect of sulfhydryl reagents

guch .as 1lodoacetamide, 5,5'dithiobis(2~nltrobenzolc acld)

and pféhloromercurophenylsufonate was evident on Dboth the
entry process and on the cell-free receptor bindlng, but the

inhibition was greater when whole tissue was incubated.
?

Metaboli:z inhibitors, or a one hundred fold molar excess of

-

cortisol, corticdsterone, testosterone or progesterone did

‘not alter the entry ° process, whereas unlabelled

O
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178-estradiol and to a lesser extent, DES, competed for tpe
apparent uptake. The results differ markedly from those of

Peck et al. (1973) and Williams and Gerski (1973) and cannot

be explained by a model of simple diffusion.

Evidence supporting the existence of a carrier mediated

process for steroid translocation within the plasma membrane

v

of - rat hepatogytes has 'been presented. Using 4initial
velocity measurements at 15°C, Rao et al. (1977) showed that
the total uptake of estrone and 178-estradiol by lsolated

celly was saturable in Ehe micromolar range and inhibited by

sulfhydryl reagents,. Uptake'wés reduced by approximately

30% by the action of enzymes that disrupt membrane
integrity, i.e, B-glucosidase, _ B-glucurcnidase and
phosphollipase A, whereas neuraminidase, pronase and

]

N -

pﬁospholipase D did not alter estrégén migratibn.
Involvement of metabolic energy was indicated by the reduced
transport upon treatment with 2,4-dinitrophenol (20nmolar)
and Antimycin A. Although the specificity of uptake was not
lnvestigaééd in this system, the -suthors postulate the
exlistence of a membrane component +that facilitates the
uptake of estrogen from the plasma and deliver& it to the

cell interior.

Denisov, Sergeev, Saksonov and Shutko (1980) found that
thg'binding of 178-estradiol to liver plasma membranes from

female albino rat was temperature dependent and 4inhibited
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noncompetitively by cortisol in a one hundred fold excess.
A saturable compounent for 178-estradiol was decac;ed,
however at physiological ;oncentrati%ns praétic&lly all the
ITB-estraaiol interacted with the unsaturabie binding

»>
Ty,

system. . R

J. Sterold transport relationships

3.1 Steroid transport and mechanism of action

éstrophilic binding sites thave been deteqted on the
plasma membrahe of some target cells, The approaches-useq
to demonstrate these binding sites include immunofluorescent
detection of poly-estradiol binding sites and immobilization
of whole cells on estrogen derivatized supports. The use of
these probes that are not membrane permeable allows the
measurement of cell surface interaction exclusive of truei

cytoplasmic receptor binding and nuclear translocation,

Nencil, Fabris, Marchetti and Marzola (1980) demonstrated

that the outer surface of breast cancer «cells binds a

fluorescent macromolecular estradiol derivatlive
(17B-estradiol-6b-carboxymethyloxime-bovine serum atbumin
fluorescein isothiocyanate). Fluorescent _binding was

abolished by preincubatig&dof the cells with an antibody to
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polyestradiol. The uniform membrane fluorescence was absent

4 -
from mouse fibroblasts (non target cells) and could also be

abolished from target cells by pre- or co-incubation of the
latter with the hoﬁ fluoreiscenated estradiol derivative.

‘.

Pietras and Szegg -(1977) examined the affinity of
isolated endometrial,-liver and intestinal cells frem female
rats to estrogen immobilized by covalen; linkag: to nylon
monofilaments.. They observed that the number of surf;:e
binding sites correlated with the‘capacity of the celfs fronm
these various tlésues ta accumulate and retain eétrogen. In
liver and endometrium the interaction was also temperature
deﬁéndent, undergoing a four fold decrease when the-
temperaéure was lowered from 22aC to 4°C. The b;nding' was

. _ " :
due to the 178-estradiol moietfy of the fibers, -as it was’
lnhibited by prior incub Aing of the cells with
l7p-estradiol and could be d QFfaced by 178-estradiol but
not 17a-estradiol. Furtﬁer stugies by Piekras and Szego
(i979b) showed that ﬁot all rliv;f'cells from immature.réts

4

. were homogeneous with respect to their estrogen binding

o
properties. Also, +the cultured hepatocytes. 'eluted' from
. B =

the derivatized fibers appeared to be more responsive, as a-
group, to 178—-estradiol and the hepatocarcinogen *

dibutylnitrosamine than their nonbinding c0untefharts.
LN

-
4.

r, Jacksogn and Chalkey (1974) postulated that the membrane

i

binding site 1is actual}y a precursor of the cytoplasmic
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receptor, or the cytoplasmic receptor itself residing in the

e T

plasma membrane1 Upon estrogen receptor complex formation,
the entity can then ﬁgdergo translocation and conveésion to
a form with high affinity for the nuzlear chromatin. . This
model was 1lnitially  refuted’ by a large number ‘of
investigators on 1the-basis of insensitivity of the putative
‘membrane 'recepto;} to proteolytic enzymes, and to certain
sulfhydryl reaéents (Qilliams and Gorsﬁi 1973); the failu?:
of DES to compete efficiently with 178-estradiol for surface
binding (Nenci et al. 1980; Terayama, Okamura and Suyemtzu
1976; Rao et al. 1977) and on the stringent depe#denc; of
surface binding on ambient temperature (Rao et al. 1977).
However, in a recent review Szego (1i984) attributes the
discrepancies in interpretation of ‘the data ko the
uncontrolled disruption of tissues and cells during.
preparation of estrogen biA&Lng molecules. The concencus ls
that Che plasma membranes of ©some tayget cells contaln
components which bind sterolds with high affinltf and
speclficity. Howeyer'it has not been'ascertalned whether
these binding sites play a role ian hormone transit lnto
%‘ells. The other possible roles that could be attributed to
these sites are that ;héy act as an exchange Lntefmedlate‘
with the external environment or as sterocid metabolizing
enzyues. They <could also serve as a channel in the

intracellular traunsfer to the nucleus or function in cell to

cell recvganition (Glorgl and Stein 1981).
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3.2 Steroid transport and metabolism -
1) wuptake of conjugates
In general, conjugat@ﬂ steroids "carry a charge at

physiological - pi and c¢ross the membrane more slowly than

Ta

free sterolds,  however their apparent perheébility

r

coefficien;ﬁ are: much smaller than would be expected from

'.Stein

.-

their Eolﬁb;h1t§: in  organic solvents (Giorgi and

KOs -

1981).

Holinka and Gurpide (1980) carried out stuéieé.with
estrone and 1its sulfoconjugate. Upon injection of the
radiolabelled compounds into mature female rabbi;s,l iabel
distribution indicated that estrone sulfate reaching hepatic
tissues was directly utilized. The wuterus, metabolized
estrogens in vitro in the same manner as the liver, however
it did not appear <capable of utilizi;g - the blood horne
conjugate, Estrone sulfate in the circulation is strongly

bound to serum albimin, and the fenestrations in liver

sinusoidal epithelium may offer an easler access to lonized

or buiKy molecules than uterine epithelium.

Teeng et al. (1972) perfused slices of human placenta
with radiolabelled estrone, 178-estradiocl, estrone sulfate

~and l78-estradiol 3-sulfate, and observed that ateroid

uptake did not exhibit saturatiocn at concentrations up to 1

S

’ -
mlicromolar, The sulfate derivatives entered term placental

slices as readlily as estrone and estradiol, a finding not
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expected if simple diffusion was occurring.

In 4isolated rat liver cells, estrone sulfate 1s  taken
up, 1in the absence of measurable sulfatage agtivity, by a
'process that. is satur#ble, (apparent Km of 0.8+0.17uM),
exhibits its pH optimum 4in the thsiological ;ange, is
temperature dépendent,gnd is.” sehsitive ) to sulégydryl
reageﬁts -and metaboliz inhibitors. Tﬁe uptake of estrone
sulfate "is sodium dependent-- and tHe te;old competes for
uptake with sodium taurocholarte. Thus, . the’ uphake of
estrone sgulfate by rat hepatocytes exhiblts alt the
hallmarks of an energy requiring, carrier-medlated transport
system (Lopez Del Pino 1978, Schweénk and Lopez Del Pino

1980).

11) metabolism-linked transport
The only direct evidence for metabolism-linked s8terold
transport has been presented by Lefebvre, Shultz, Groman and

‘Watanabe (1979a,b). Thelr study involved the uptake of

testosterone into membrane vesicles from Pseudomonas
Lo .
testosteroni. The behavior of the uptake process with

'y

respect to pH optimum, speclficity, cofa;tor requirements,
effect of sulfﬁydryl reageﬁts and interaction'with specific
antibodies indicated that a' surface bound NAD-dependent
3(17)B—h;droxysteroid dehyd;ogenége was involved 4in the
uptake process and during transport, testosterone was

oxidized to androstenedione.
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1ii) enterohepatic circulation . .
' In most mammals the major route of excretion of
L, ' . .
egtrogens 1s the urine. "For example, in rats only 5 to 10%

of administered estrogens are recovered in the feces.

However there is considerable evidence for the enterohepatic

-

clrculation -of estrogeas and other steroids. Natural and
v . . ‘

synthetic estrogens and progestins are excreted to a
) consglderable extent in bile, principally as their

glucuronide derivatives (Dada and Martins, 1983). These
sterolds may be ‘absorbed from the intestine and re-enter the

circulation. In some cases sterold metabollsm also occurs

In the intestine.

The absorption of estrogens is most likely controlled by

2,,/khELr structure, concentration and their intérécﬁion with
- other gut contents. In an éarly stqdy by Smith?.Tapley and
Ross (1963), it was determined that the in vitro tranbfgr of
fadiolabelled estrone or l/R—-estradiol from rat mucosa to
serosa .occurred eqﬁally 1..P:ll‘ along the‘ entire small
iatestine. ‘The transport of labelled 178-estradiol’ was
carried out in everted sacs at 37°C for two hours and
resulted in the accuqulation of a water soluble. conjugate of
eatroné on the.serosal'side. The mucosal.mediqm gontaihéd

estrone and a small amount of the conjugate, all of the

estradiol having been oxidized.
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T Intestinal ﬁetabolism may affect the bi;availability of
exogenous as well ag endogenous estrogens. The effect of
certain drugs on intestinal metabolism with Qrespect" to
estrogen transport was ianvestigated by Dada and Martins
(1983). Incubation of “acetylsalicylic acid or
phehoﬁarbitone‘with i;olated rat.intestine sacs appeared to
alter éhe intestinal estrogen glucuronyl transferase _and
estrogen-3-su1fatase resulting in an A Inhibition of
l178-estradiol and estrdne sulfate transport by up to 50% of
coﬁtrol values. Conversely, chloroquine phosphate
stimulated both the réte and net absorption of the sterolds.
Ethanol, in | concentrations of 40 to 400mM inhibited

conjugate transport but enhanced «free l17R—-estradiol uptake.

Ig*general_ estrogen conjugates are hydrolyzed prior to
uptake of the sterold by 4intestinal mucosa and microbial
iﬁhabitants of the gastrOfidtestinal tract are a major
source of the hydrolytic enzymes“(Béck, Béeckenridge,
Chapman, Crawford, May; Orme and Rowe 1981; Huljghebaert,
Sim, Back and Eyssen .1984). The supply of enzymes may be’
altered by antiblotics as reflected Ln a decrease in plasma
and urinar; estriol levels within 2-4 days of the
administration of therapeutic oral doses of antiblotics to
pregnant women {Dada and Martins 1983). Neomycln and
1ipcomycin action- Lln the gastro-intesfinal tract of rabblits

-~

has been linked to an 1increased plasma clearance of
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ethinylestragiol and. in rats the suppression of gut

microflora 1leads to an increasé 1n faecal excretion of

conjugated estrogens (Back, Breckenridge, Cross, Orme and

Thomas, 1982).

4, Objectives of thesis research

The obiectivg of this thesis was to study the uptake of
estrogens by rabbit tissues and to determine;‘the role of
this tran;po;t .?r&cess in tﬁe'metaboLism and biological
action of estr;gensl The small‘ intestine was chosen for
initial Btudies because this tigssue does nopg have
appreciable amounts of the soluble estrogen receptor (Tong,
Layne, Dostaler and WiIliamson 1983) which could Lnterfere
with the measurement of estrogen transﬁorn. However, the
extent to which estrogens undergo énterohepatic Firculatioﬁ
ln'the rabblt (Quamme, Layne and Williamson 1971b) indicates

that this tissue 1is active Iin estrogen transport.

7]

The preliminary studies were carried out with everted

sacs, an in vitro system close to the in vivo situation with
the absorptive surface exposed and cell—ceil junctions
intact, The evertea. sacs were replaced by iso}ated
ep;theiiallcglls with whizch in vitro parameters are more

eaglly controlled and interpreted, and ultimately, binding
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to membrane fractions was- investigated. Comparison of
uptake of both freé and conjugated estrogens was undertaken
in order to assign a role to the enaogeqously formed
glycosides. Uptake of estrogens by 1liver tilssue -and
hepatocytes was exami?ed to show the similarities in
transport of estrogens by target and npntarget tissues.

*

The rabbit was chosen as the experimental model since
estrogen‘metabolism in this. species is well defined and
involves the formation of conjugated derivatives (Layne
1970): By the 'classical'+ definitlon of a hormone,

l178-estradiol is the most potent estrogen in the rabblt,

l7a-estradiol being an fnacrive product of‘. estrogen
metabolism (Williams, Hénry,‘ Collins and Layne 1968,
Williamson, and Layne 11970).- Interconversion of these two
forms Ls carriled out . . by distinct 178- and 1 7a-

hydroxysteroid dehydrogeggses present primarily in the liver
and kidney. The major metabolite excreted - Lin wurine whe;
elither ~ estrone, 17u-estfadiol or l7g-estradiol is
adminlstered to rabblts 1s 17a—estradiol-3GA-17NAG (Layne;
Sheth and Kirdani 1964; Layne 1965; Gwilliam, Paquet ,
Williamson and Layne 1974). This conjugate is formed by the Cy
sequentlial addition of thg sugars to the estrogén nucleus.
Glucuronic acld 1s transferred from UDPGA to the 3-hydroxyl
pasitidn of estrone; l17a—-estradiol or 17B;esfradiof.

Transfer of N-acetyl-glucosamine from UDPNAG occurs only.to

the 17e—-hydroxyl group of l7a-estradiol 3-glucuronide

vl
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4

(Layne, Labow and Williamson 1975). Sulfate conjugates have
1

not been detected in rabbit excreta althaugﬁ? rabbit liver
.can synthesize estrogen sulfate in vitro (Layné et al. 1964;

Collins, Williams and Layne 1967; Collins, Jirku and Layne

o
1968; Quamme, Layne and Williamson 1971a).

AF

The tisgue distribution of the MNAG trénsfefase parallels
that of the glucuronyl transferase. Both enzymes have been
detected in the microsomal fraction of rabbit 4ntestine,
liver and kidney. The relative abuandance of the two
activities in the latger tissues relates to the strict
sequence of metabolic conjugation. The supply of ©both
enzymes 1s more abundant in liver than in kidney, however,
in rabbit kidney the neutral sugar transferase has the
higher measufable activity, preparing the monoglucuronide
for excretion In the urine as the double conjugate (Layne
197b). Two other membrane assocdiated transferase activites
have been demonstrated in rabbit liver. The first gransfers
glucose from UDPG to the phenolic hydroxyl of esﬁrone,
17a—e3tradioi or l78-estradiol; the second transfers the
sugar moliety from the donor nucleotide to the l7a-hydroxyl
of 17a-¢stradiol-3-glucuronide (Comerton, Layne and

Williamson 1978; Labow, Williamson and Layne 1973, Labow,

Williamson, Layne and Collins 1975) .,
17a-Estradiol-3-glucuronide-17-glucoside is a - minor
éxcretory_ product 4in urine of rabblts injected with

3H-estrone (Layne, Labow, Paquet and Williamson 1976).
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However, 3-glucoside formation has only been demonstrated’

under in vitro conditions.

Heteroglycosidases having a high affinity for estrogen
glycosides are widespread in many species. For éxample, a
steroid B N-acetyl-glucosaminlidase which effectively removes
the 17NAG from l7d;éatradiol-3GA-l7ﬁAG is present in rabblt
liver, kidney, spleen, plasma, large 4intestine, smali

-

intestine, wuterus, ovary, epldidymis and testis (Whittemore

and Layne 1965). The predominant glycolytlie activity In

metabolic tissues is éenerally B-glucuronidase. However
some rabbit tissues also have a s8oluble sterold
B-D-glucosidase. The enzyme, detected in kidney, small

intestine and 1iver ‘'has axkigry high affinity for the
phenolic glucosides of estrone, 17B-estradiol and

17a-estradiol. {(Mellor and Layne 1974).

i

In the rabbit, 85% of an injected n éose ofl
178-3ti—estradiol is recovered in urine as
l7n—estradiol=-3-glucuronide 17N-acéty1—glucosaminide (the
double conjugate). However, during the first 24 hours post

injection, 20-30% of the label can be detected 1in bile as
. ')

the double conjugate («~80%), the monoglucuronide of

l17a~estradiol and 178-estradiol and, ds free steroid (Quamme

et al. 197 1b). The fact that up to 75% of the metabolites

excreted win the blle are finally excreted in the urine,
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indicates that steroid reabsorption ocecurs in the intestine.

(e



CHAPTER 11 - MATERIALS AND METHODS

1. MATERIALS

'Unlabe}led steroids were purchased from the Sigha
Chemical Company, 'St. 'Louis, Missourl, U.5.4A.
{6,7—3H]178—Estradiol,.A specific activity 44 Ci/mmole;
[2,4,6,7—3H]ITB—estradiol,. specific activity 108 Ci/mmole;
[6,7-3H]lestrone, specific activity; 47.9 Ci/mmole and
Inulin-carboxyl, (carboxyl-14¢), specific actig&ty_z.o mCi/g.

were obtained from the New England Nuclear Corporation,

7

Boston, " Massachussetts. Uridine Diphospho-D-(Ulhc)
glucuronic acid, ammonium salt, specific actlvify 283
mCi/mmole was purchased from Amersham Corporatl;n, Oakville
Ontario.

[6,7—3H]17B—Estradiol 3—g1ucu£bnoslde (E2ﬂ3GA) was
prepared by incubating [6,7—3H]17B—eétradiol (EZB) (108
Ci/mmole) with 0.5ml of a preparation of rabbit 1liver
microsomes and 0.5 pmol uridine diphoapho;b—giucuronic acid
(UpPGA). Incubation conditions and extraction of the

reaction product were canried.out as describpd by Collins et

al, (1968). Purification of E283GA was carried out- by

preparative thin layer chromatography on ;13{38 Gel N Lo the
solvent sdystem: chloroform? isopropanal: Formic acld
(5:3:1). {6,7-3H) 17g-estradiol 3-glucoside was .prepared

from [6,3-3H1178-estradiol 3-glucuronlide as described by

-
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Collins, _Hiiliamsdn ;nd Layne (1970). . Thg glucoside was
then purified by preparative thin layer chrom;cograpﬁy on
silica gel N using }he solvent system: chloroforﬁt ethanol
(4:1) (Williamson, Collins, Layne, Conrow an Berhstein
1969). - The conjugéges of estradio{ léﬁelied with 14C In the

glycoslqe moiety were'prepafed by the method outlined above.
In this case, the estrogen was unlabelled '(Ezs) and the
sugar .nicleotide was urldine d{phosphO*D—(UIAC) glucuronic
acld (283mCi{/mmole). [6,7]—3H—17uﬂEstra&{ol 3-glucuronide
l17-N-acetylglucosaminide (Ezu—3GA;l7NAG) was {soiated from
the urine of female rabbits. that had' been injected with
[6,773H]éstr0ne (El). The conjugate was adsorbed obn
Amberl}te XAD-2Z and eluted-in methanol (Bradlow, 1968). ‘The
conjugate was further purified by preparative thin layer
chromatography:in chloroform : isopropanol: formic acid
(5:3:1). |

Nylon monofilame;t bolting cloth~ {Nitex) wag cbtained
from Bl& SH Tompson & éd. Ltd., Montreal, Ca;ada. Trypan
blue was obtained from d%bco, Grand Is{and; New York. Blio
Rad Protein Assay Kit was,fqgm'BiOARad Laboratories (Canada)
Ltd., Mississauga, Ont. -Ambgrlité XAD-2 resin lot 348611
was purchased from BDH Laboratorles, Montfe§l, Qﬁebec.
B-Glucuronidase from beef liver (Ketodase) ,was from Genera}
Diagn&stlcs, Morris Plains, New Jersey.  Silicone oils AR20
.and ARZOb‘were from Wacker Chemie, Germany. ~Silica Gel N.

‘was obtained from Madherey kagel and Co., Germany.
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Microfuge tubes were 400 ul polyethylene from Sarstedt, St,
R .

Laurent Quebec. Glass fiber filters were Reeve-Angel 934-AH

from a local supplier.

All other chemicals used were of analytical grade and

obtained from commercial suppliers.

2. METHODS : Y

2.1 Isolation and iden{ification of estrogen metabolites

\

Two methods were employed to isolate and LdEntiEy
e;trbgen metabolites fgrmed after incubation of estrogen
_suhstrates with «tissue or isoléked cell preparations. In
the first method,'estrogens'preéen£ in the incubation medium
were adsorbed to Amberlite XAD-2 and eluted from the répln
;{th methanol (Bradlow, 19685. The second method involved

the differential extraction of the estrogen metabolites from

——

1

thekincubatlon medium as descrigéé by Collins et al. (1968)
ﬁoth meghods gave very similar results. Identiflication of
metabolites present in éhe eluates or extracts was achieved
by cochrom%tographing. the 1abe1;ed stercolds on 0,25 mm
silica gel N with authentic standards. The free estrogens
estrone, 17a- and 178- estradiol were resolved by

¢hromatography 1n L_t:he solvent system benzene:acetone (4:1).

Estrogen glucosides were ldentified by chromatograp?y in the
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solvent system chloroform:ethanol (4:1). Estrogen

glucuronides and the double conjugate

.17a-estradiol-3GA-17NAG were identified by chromatography in

the solvent system benzene:methyl ethyl ketone:ethanol:water

(3:3:3:1) or chloroform:isopropanol:formic acid (5:3:1).

y

.

2.2 Liquid Scintillation Counting

)

¥ Ra%igg;;lzkty was measured in & Searle Mark III 6880

liquid scintillation counter, Noﬁpolar samples were counted
in 10 a1 of a toluene-based <cocktail con;aining 4.0 /1 fPD
(2,5-d1pheny1—oxaéole). Polar samples were counted in 10 ml
of cocktaii containing a_l:} ratio of Aquasoi—z (New England
Nuzlear Corp., ‘Boston Mass) and xylene. »Samples containing
cell and membrane protelin wefe counted in 10 ml Aquasol-2 or
a cocktall consisting of 100 pl Protosol (New England
Nuclear) and\IO ml‘Aquasol—Z. ‘
2.3 In vitro studieg with ﬁissué preparations
2.3 i) préparation'of tissues

a) intestine ..

Y t

Tissue segtions of small intestine consisted of 'everted
s5acs. Clean sections of small intesting, approximately 2co
in 1ehgth, were everted and secured‘éf both ends with
surgical thread to avoid direct contact of the incubation

medium with the connective tissue. The weight of these



29

everted pleces varied between 0.9 and 1l.lg.

3

b) liver ‘

-

Liver tissue was kept on {ce and slices app;oximately
O0.5mm thick were prepared with a Stadle Riggs appar;tus.
The number of slices giving an initial wet welght between
0.7 "and 0.9g (usuglly 5 slices) was transferred Into the

{ipcubation medium. )

2.3 11i) 1u£u5ation procedures

’ The-liver tissue slices and. everted intestine sectlons

were incubated in Sml of suspension . buffer contalfinlng 0.1

.

nmol of the radiolabelled steroid. Incubations were carrled
out in 25ml beakers on ice or in a water bath _ﬁt 37°C for
the épec!fie& time. At the end of the Incubation perlod the
medium was removed with a Pasteur pipet and extracted wlth

F

5ml of benzene to extract the unconjugated estrogens and

arrest any enzymatic activity. The benzene layer and the
medium were stored at =-20°C until analysed as described A
section 2.1. The tissues were immediatelx;,fiushed three -

. “..l
times with 10ml of ice cold suspension buffer and the washes

were discarded.

The liver tissue was homogenized {n 1( mls of methanol

with a Polytron ﬁGmogentzer. For small intestline, the

mucosal cells were scraped and washed Into the.methanol
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prior to homogenization. The resulting suspension from each
.' :

tissue was transferred to a 15m1 COREX centrifuge tube and

spun at 5,000 rpm in the SS-34 rotor of a Sorvall

refrigérated centrifuge, to | sediment the insoluble

particles. The pellet was washed with an additional 5ml of
methanol and the two. methanol fractions -combined. An

“aliquot of ﬁhié methanol extract was reserved for liquid
scintillarion counting tOeestimape tissue-associated label
and tHe.remalndér was taken to drynesé by evaparation'undef
a stream of nitrogeﬁ. . The dried :eQidue was redissolved in
Zml of diétilled water and analysed for estrogen metabolites

as described in section 2.1. . ¢

2.4 In witro studies with isolqted cell preparations

2.4 1) preparation of intestinal epithelial cells.

Epithelial cells of rabbit small intestine were isolated

as Aescribed by Kamac, Siledlecki and Zmudzka 1977. Female
rabbits (average age 3 months, welght 2kg) were killed by
cervical dislocation. The small intestiﬁe was disaected and
the adhering mesenteru@ removed. " The dintestine was
secflbned into pleces 15cm 4in length. Each 4intestine
section was rinsed thoroughly with an ice co}d solution of
0.15M NaCl‘containing lmM dithiothreitol (DPTT), and kept on
ice fn this solution until everted. h

ir

The intestine 'sections' were gverted with the ald of a
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fine teflon pes%le. 'Botﬁ ::::\of ‘the tissue were secured
with sﬁfgicél :hfgad to avoid contact of buffers with the
connective tissue. These everted sections weré extens}gely
rinsed in ice cold 0.15M Nadl, containing O.Emﬂ DTT and kept
oﬁ tze until ready to be 1ncﬁbated.(1ess thaan 30 minutes).

.

The everted sections were. first incubation iﬁ 250ml of
ﬁi;rate dissociating medium [NaCl, 8.3 g/l;‘ KCl, 0.5g/1;
HEPES, 2.4- g/l and Na3C6H507.2H20, 7.94 g/l ‘isaolved in
distilled water.and titrated with 1M QaOH to pH 7.4 at
25°c]. The‘i&cubation was carried out in é shaking water
bath at 37°C for 15 min. The everted fatestine ‘was‘then
rinsed by immérsing ‘in a further 75ml of "warmed cit;gte
dissoclating buffer. The rinse and incubation media'were
" discarded as the§ contalned dead cells and debris. The
-small intestine piéces wgre‘then transferred to 75ml of EDTA
medi;m [NaCcl, 8.3 g/l; KC1, - 073S g/1; HEPES, 2.4 g/1 and
EDTA, disodium _salt, dihydrate, 0.56 g/l dissolved 4in

distilled’ water and titrated with IM NaOH to pH 7.0 at

-

25°Cl; and incubated for 30 minutes at 37°C. The ‘Lissue was

then removed and "rinsed in a furthér S0ml of warmed EDTA

medium. Thg\éncubation procedure was repeated a total of

7

three times, so that the total 1ncubétion_ time in EDTA

bhuffer was 90min. ~ The incubation lmedia and rinses were

combined, @ooled on 1icg for 5 min and filtered through two
layers of Nitex (250p "/100u). The filtrate was centrifuged

at 750 rpm 4in a Sorvall HS-4 rotor for Smin and the

i
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supernatant discarded. The cell pellet was washed three
.timeé by suspending the pellet in EDTA medium fpllowed' by
centrifugation at 750 rpn. The final cell pellet was
suspended iﬁ'ice cold suspenéion buffer [NaCl, 4.0 g/l; KC1l,
0.4 g/1; CaCl, .2H,0, 0.18 g/1; MgCl.6H720,‘0.13‘ g.ll;.KHZPOA,
0.15 g/1; Na,50,, 0.1 g/1; HEPES, 7.2 g/1l; TES, 6.9 3)1 and
ATricine, 6.5 g/l; dissolved in distilled water at room
temperagure and tltrated to pH 7.6 with 1M ©NaQH] and

filtered through one layer of Nitex (61yu)

Viability of the epitheliél cells was estimated by
'exclusio;/gf’the vital dye Trypan Blue (Baur, HKasperek and
Pfaff, 1975, Schreiber and Schreiber 1973). Cell

"

doncentration. and'Jiability were estimated by cohnting two
. A

differeat dilutions of cells in a Neubauer counting chamber

under the 10X objective of an optical microscope. Protein

content of the cell suspension was determined by the method

~of Bradford (1976).

1

2.4 11) Isolation of hepatocytes from rabbit liver.

Rabbi;‘heﬁatocytes were prepared by the method of- P.O.
Segien (1972). The liver of-a female pabbit'anaesthetiéed
with  methoxyf1urane was perfused in iiEE "from the pqrtal
veln with isotonic EDTA mediua (as with intestine cells)  at

) 37°C, ‘for 30 minutes, Without interrupting the perfusion,

the liver was dissected and the EDTA medium was replaced by

\ . .
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a solution containing IO.SgZ collagenase "and O0.1gX
hyaluroqidase. The 1liver wés transferred to a buchner
funnel thaF sat on top of a 500 ml erlenmeyer flask kept at
37tC. Recirculating perfusion of the liver enahled the use
ofkonly.ZSOml of enzyme solution, and was continued for 15
min or wuntil enzymatic digestion of the caplllaries
inhibited further perfusion. The «cells could then be
" lsolated by gently scraping the discended '11ver.ﬁith a
.spatula. The collected cells and tissue debris were then

incubated at ~37°C for 30 min to allow completion of ‘the

collagenase actlon. This was followed by rapid cooling and
subsequent manipulations were carried out on 1l:ze. The cell
suspension was filltered , through two layers of Nitex

(250u/150p), and‘the filtrate was centrifuged at 300rpm 4in a
Sorvall HS—% rotor for a total of 5min., The cell pelfzt was
washed | ph?ee times b& gentle ressuspension In ¥xll
suspeésion buffer(sedtion 2;41). Cell wviability and
concentration was estlmqted as,describea for the lntestinal
epitheliai cells. iIn sthdieé on steroid uptake, cells were

used within 6 hours of preparation.

2.4 1i1i) Estrogen uptake by 1isolated lntestinaliepithelial
cells and hepatocytes : -
Freshly prepared cells 1n suspension buffer were

equilibrated for five minutes at the assay temperature,

Incubations were initlated by the addition of the
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radiolabelled estrogen in &ﬁpanol_to the cell suspension to
give the desired finmal steroid concentration. A typical
incubation conalsted of: 2h2u§#l‘of celllsuspenéloq (1l mg
protein/ml) to which was added 2.5u1 of the radiolabelled
sterold olution’ (5pmol). In experiments designed to
compare ugtake of various estrogens, the_specific activitiy
of the starting‘material was adjusted to be in ‘the range of
32.4 to-40.3 Ci/mmol. The 1ncubaéion was carried out in
iSml teéf tubes .in order to provide a large air-buffer
interface. After the incubation, the cells and inéubation
mediﬁm were separated_ by o%e of two methods. In initial
studlies, separation was achleved using a glass fibre filter
as described by Rao et' al, (1977). An~aliquot og the
incubation mixture was plpetted lnto 1 ﬁl of ice cold 0.15M
NaCl atop a 2.4cm glass fiber filter supported in ‘a
Millipore apparatus. The medium was then removed by suction
and the filter washed twice with 5m£ of ice cold 0.15M NacCl.
The filter paper was then transferréd to 4 scintillation
vial and 1 ml of ethyi ;cetate, followed by 10 ml of the
scintillation cocktail 'Aquaégl—Z' were added. Control
ingcubations to measure 'freelsteroid trapped in the glass
fiber filter consistedkég suspension buffer plusg radioacti;e
sterold in the appropriate proportions, carried.through thq
same steps. ‘Values for these controls did not exceed 0.8%
of tqtal dpm applied to the filter. If time studies were

undertaken, where the sampling number was greater, the

volume of the sguspension was increased, the steroid

-
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concentration being kept constant, and aliquots were removed

at the indicated time intervals and filtered as des;ribed

above, * »

An alternate method involving centrifugatlion through a

layer of silicone oil (Klingenberg 'and Pfaff, 1967; Anwer,

Kroher and Hegner, 1976) was aemployed for the rapld

separation of cells from incubation medium. 200ul of a 1:1

mixture of silicone fluids AR 20 and AR 200 {(from Wacker

Chemle, Munizh) wags plpetted into 400ul polyethylene
microfuge tubes. A 50 or 100yl aliquot of the Llncubatlion
suspension to be analysed was transferred to the top 5f the
-silicoﬁe. oll, The tubes were then centgifuged Eof 60
seconds in a Beckman model 152 wicrofuge. Thisr pr;cedure
enabled the separate analysis of both the medium and -cell
pellet. The medium was r;moved with a pasteur pipet anq
transferred to a test tube contalining 500pl of methanol,.
This fraction was taken to <dryness wunder a stream of
nitrogen, and subjecEFd to thin layer chromatography with
standards to determine the metabolites pfesent in the medium
as described 1in secgion 21, Radiocactivity 1in the cell
pelleﬁ was méasured to determine steroid Uuptake.

k- T S
incubations, the cell pellet was extracted with absolute

In Bome

methanol and the methanol extract was analysed for sterolid
metabolites. A 1l:1 mixture of rhe silicone oils was found
to give optimal separation of cells from medium as monitored

by fhe exclusion from the cell pellet of 14C—carboxy-inulin,

-
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a large molecular welght carbohydrate (Anwer et al. 1976,
Conway and .Downey 1950). Blank wvalues for cell-free
{ncubatlions led to the recovery, In the bottom of the tube,

of less than 0.9%Z of the total dpm layered on the silicone

oll.
2.4 1V} Efflux of steroids from small Intestine epitheltal
cells

In  order to study efflux, sterolds were first
Incorporated into  cells .by fncubating radiocactive

[6,7—3H1178—estrad101'(leO‘ dpm, 102 Ci/mmol) with 5m! of a
ceil suspension (4mg protein/ml) for 3 hours on lce. This
Incubation températufe was found . .syitabfe because
prelimlinary results indicated d.lack of measurable steroid
metabolism under theselcondlqions. At the end of the three
hour fncubatlon per[éd, the cells were diluted with 10 ml of
lce cold suspension buffer and centrifuged at 1000 rpm in
'the S534 rotor of é Sorvall refrigeracted ca2ntrifuge. The
cell pellet was then gencly-resuspended fn 10 ml of fresh,
fce cold suspension buffer and recentrifuged. This washing
procedure was repeated once again and the final cgll'pellet
was taken wup 1In- I ml of the suspensioﬁ buffer. The
radloﬂctivity assoclated with the cells was determined by
lajeringy 0.1 ml of Ehe cell suspension on cop'of'ZOOuE of
the silicone ofl mixture (as in 2.4 ii{) and centrifuging

for 60 seconds in the Beckman microfuge. The cell pellet



was_then counted in 10 ml of Aquasol-2.

-

Portions (0.5 ml) of the cell suspension were then

incubated at 4°C and at 37°C. Allquots were removed at the
time intervals' and cell assoclated radloactivity was
determined as described above. The sterof{d metabolites

present in the medium and fn the cell pellet were determlined

as in the uptake experiments.

2.4 v} Enzyme assays

. . ) n
For purposes of comparison of uptake and metabollsm

data, all assays for e€nzyme activity ;ere pe;formed using
the conditions empioyed to measure sterold uptake. The
17a-and }7R-hydroxysterold dehydroge;ase activities were
measured as described by Lau, Layne and Williamson (1982).
Incubations contained 3nmol of sterold substrate, O.%pmol of

the cofactor (NAD or NADP) and enzyme source fn a Flnatl

- . ) . .
volume of 3.0 ml., -The incubation was carcied out for 30 mln

-

at 37°C and the reaction terminated by extracting the~
anfs
sterolds with Sml of benzene.' The benzene layer was taker

to dryness under a stream of nitrogen and analysed as in.

section 2.1.

lucosyl and glucuronyl transferase actlvities were
measured as described by Collins, Willfamson sand lLayne

(1970). Transfer was effected by incubating the tissue.
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fraction In the presence of 5 pmol {6,7-"H]-17a-estradiol or

3 ' '
[6,7- H]—l?u—pstradiol 3-glucuronide and 0.5umol of the

sugar nucleotide uridine diphosphoglucose or "uridine
. . . %

-

diphosphoglucuronic acid in a final volume of

4

Incubations were cafried out in a éhaking water bath at 37°C

for 60 min. The sterold aglycone was then extracted into
i &

benzene. The glucoside was recovered by extractlion of the

fncubate with ethyl acetate. In the case oT the

glucuronide, acidification of the medium to pH 2 was carried

>
out prlor to ethyl! acetate extraction.

Hydrolysls of estrogen glycoslides . was monii@red by

quantitation of the steroid aglycone that was liberated by

the enzyme action {Mellor and Layne 1971, 1974) .

A typical

assay coﬁsis;ed of the labelled glucoside substrate
(0.5nmol), enzyme. sample and suspension buffer to a cdtal
volﬁme of 1 ml. Times and temgérétures‘ paralleled
condlitions used for wuptake studies. Réactions were

terminated by the addition of benzene (1 ml) to extract the

estrogen aglycone which was then quantified

-

scint{llatiopicounting.

by liquid

2.5 Studies with brush border and basolateral membranes.

2.5 1) Preparation of plasma membrane fractlions from rabbit

small intestine

1

T
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Th% small intestine from a female rabbit was thoroughly

"rinsed with ice cold 0.9% NaCl and everted. The mucosa was

scraped with a glass slide and the cells obtained were
homogenized in 75 volumes of ice cold 5mM EDTA, opH 7.5 for

20 seconds in a Sorvall omnimixer at setting 9. Enrliched

brush border and basolateral membrane fractions were

‘prepared from this homdgénate by the methods of Forstner,

Sabesin and Isgselbacher (1968), Parkinson, Ebel, DiBona and

Sharp (1972) and Wilson and Treénor (1977). The procedure

<

is described in  Figure 1. The following solutions were

prepared:
1) 10mM EDTA: 3.72 g of disodium EDTA dihydrate was
ritrated to pH 7.4 with IM NaOH and brought to a final

-~

volume of | 1. This stock solution was then used to prepare

5oM and 2.5mM EDTA.

2} 0.8mM EDTA 90 wmM NacCl: i49mg of disodium EDTA
dihydrate and 2.63 g NaCl 1in distitled water brought to pH
7.4 with 1M NaOH and to a final volume of 0.5 1. -

.3)Sucrose .solutions for discontinuous gradients were

percént welght per volume at 25°C.

2.5 11i) Preparation of membrane fractions for Electron

Microscopy
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Figl. Preparation of membrane fractions from_' small intestine

-
1. Cells scraped from connective tissue -
with a glass slide and homogenized in
75 volumes of ice cold 5mM EDTA pH 7.5
(20 seconds in Sorvall omnimixer setting
9) (1, ii, ii1)
. 2, centrifuge for 10 min at 450g
(Sorvall refrigerated centrifuge .
GSA rotor)
Superr|1a ant : Pellet': (1, iii) -
3. -centrifuge 10,000g ) - 3" -wash 3 times with 5
10 min (ii, 111) volumes of-5mM EDTA
. pH 7.5
C / \ ) ‘ -centrifuge at 450g
10 min .
supernatant pellet , "crude Brush Border"
centrlfuge at .
105,000g 4. -suspend in. 2 Sm‘-‘l EDTA 4", -mix with 2 volumes
N pH 7.4 90mM NaCl, 0.8mM EDTA
"crude microsomal ' pH 7.5
pellet” 5. -layer over a discon- . -allow to stand on ice
' " tinuous sucrose gradient 20-30min to form
20%/30%/40% sediment
-céntrifuge in SW28 rotor -+
of Beckman L2B at 22X 5'. -filter through
90 min, 4°C a)l Jlayer of 250u Nitex~+
. ! 1 layer of 100u Nitex
6. -20%/30% interface b)glass wool '
fraction washed by -wash filters by gravity
suspending in 30 mls with 2 volumes of SmM
.of 2.5mM EDTA pH 7.5 ~ EDTA buffer
-centrifuge 14,000 g |
30 min ® 6'. -combine washings
| -centrifuge 10 min
7. -resuspend pellet in at 450g
uagensmn buffer less :
and Mg2+ . 7'. -wash pellet with 2.5
" voltmes 2.5mM EDTA
- buffer
"Enriched Basolateral .
membrane fraction” 8', -final suspension in
' suspens buffeg
i.* Forstner, Sabesin and Isselbacher 1968 less Ca and Mg+

ii. Parkinson, Ebel, DiBona and Sharp 1972

7
iii.Wilson and Treanor 1977 "Enriched Brush Border

Membranes™
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Samples of basolateral and brush border membraﬁes were
obtained by the method described im section 2.51i. The
pellets (approximately 15mgl ?roéeln) were suspended i{n Iml
of 0.9%7 NaCl. The membranes were.fixed for one houf in 5ml
ofréz glutaraldehyde in 0.02M cacodylate buffer, pH 7.0.
The brush border specimen was ceantrifuged at 600g for 45
minutes td form a compact pellet.; Basolateral membranes
were centrifuged at 12;900g In 'the §$3 34 rotor of a Sorvall
fefrigerated cenﬁrifuge f&r one hoﬁrf Thé glutaraldehyde
was then removed with & pasteur pipet and rgblaced with 3ml’
of .an osmium:tetraoxide (0504) solution (2% OQOA- in 0.02M
cacbdylafe buffer,‘ pH 7.0). The pellets were teased Lato
smali fragments witﬁ a glass rod and allowed £o stand for
one hour.,  The solgtidn was then replaced by fresh 0s0, and

the ffagments again allowed to stand for one hour, afrter

which, 1.5ml1 of the solution was removed.

The sampleé were dehydrated by a graded series of
'etha:lol washings: 'S(.)Z, 7_0'1, 95% to a final one hour wash in &
100% ethanol..:The fixed, dehydrated membrane fragments‘were
cleared with 3ml of styrene, which is miscible with both the
ethanol and the embeddfng solution Vestopallw. The styrené .
was‘finélly replaced by Vestopal -Q, a po}yester resin to
which 18 added a peroxide initiqtor and \@ctivator. The
embedding soluytion contalining fixed mémbrapg fragmeﬁts was
mixed at room temperature for 48 hours on a.rotapor, then

transferred to dried gelatin cépsules and stored in an oven
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at/&pﬂc for' 4 days prior t¢ sectioning.

2.5 111) Steroid binding to isolated membrane fractious

Membrane fractions were suspended in suspension buffer

;tosgive a protein concentration of lmg/ml-and 250ul of this

sdﬁpension was incubated with radiolabelled estrogen. The

estrégen concentration was 2X10-®*M unless otherwise stated.

_Incubations were carried out 1n duplicate on ice with

occasional shaking or at 37°C in. a gently shaking water
batﬁ. AfCerrincubation, 100ui of the inpubation mixture was
assayed for radioactivity and 100ul was p%petted into lmi of
ice .cold 0.15M N;CI atop a 0.9cm glass fiber filter in a
Millipore apparatus and filtered with- suction. The filter

was subsequently washed with 0.15M NacCl {2¥X5m1) and

transferreﬂ-to a scintillation wvial, Ethyl acetate (1 ml)
: . o

" was first addediand after 15 min 10ml of Aquasol-2 was added

for. 1iquid gcintillation counting. Control incubé??bn@\
. e

w} - E
containifig labelled substrate 1in suspension buffer were

carried out to determine nonspecific binding of steroid to

the filter.

-



Results

l. . Uptake and metabolism of estropens by small intestlne

-

everted sacs

Experiments were wundertaken with everted sepments of
small f{Intestine, an In vitro model that does not involve
extensive disruption of cell barrilers. The protocol for

measuring estrogen uptake by tissue sepments Is described In

section 2J3.1i of Methods. The uptake'of |78-estradlol by
small intestline everted sacs Is shown in Fiy. 2. The data
indlcate that the uptake 1Is both temperature and tlime

dependent. The pattern of mecabolites present In the tissue

and medium is also shown Ln,ﬁlg. 2. At 4°C the predomlnant

&

estrogen present in.  botfh the tissue and medium after % and
30 minutes of fncubatlion is 178-estradiol. However, at 317°(C
the glucuronide derivative Is the major metabhollte present

in the tissues. The glucuronide metabelfte I's also present

.

In the medium, particularly after 30 minutes of - incubation.
y :

:

After 30 min Incubatlion, there s also a signifileant amount
I . :

of the double conjugate l7a-estradiol-3-GA-17-NAG present In

both tissue and‘medﬂum.

The results obtained when small intestlne everted sacs

were incubated with 17a-estradiol or estrone were similar to

those shown for 17R-estradiol Iin ¥ig 2. Further analysis of

| p
L



Figure 2.

Uptake and metabolism of unc;njugated estrogen by small
intestine everted sacs . .

2 cm sections (wet weight 0,9-1.1 g) of everted intestine
were incubated in 5ml of suspension buffer containing

0.1 X 10-9 moles of radiolabelled estrogen.

The incubation medium was removed and analysed as in Methods
section 2.1 ‘

The washed sacs were scraped into methahol and homogenized.
The methanol extract was analysed as for the medium

[:] total estrogen
EEg contribution of unconjugated estrogen to total

contribution of 3-glucoside to total

N\

=

contribution of 3-glucuronide to total

contribution of the double conjugate to total
(1 %x-estradiol-3-glucuronide-17-N-acetylgluco-
- saminide) .

) ﬂ

Further analysis of free estrogen fraction extracted from tissue
and incubation medium showed that there was only slight
metabolism of the 17-oxy position, and most of the estrogen
recovered was the starting material.
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the free estrogen fraction extr&éte from tissue and 

incubatiqn medium when estrone: and l7a>estradiol were

incubated showed that most of the estrogen recovered was the

-

starting mgteriﬁl.

Uptake of l7a—estradiol 3-glucuronide-1l7-glucoside,
l78-estradiol 3-glucoside and  l7a-estradiol 3-glucuronide
was also measured. Of these, only incubations with the

glucoside produced appreciaple cell assoclated label by a

process that was markedly time and temperature dependent.
Aﬁalysls of the estrogeans present in the medium revealed
that the glucose ﬁoiety was being removed, evenAat 4'C and-
the free steréid was beling ﬁetabolised to the glucurbﬁide

derivative within the tissue. (data not shown)

The hydfolysis of 176-éstradiol 3—glucosiée in the
medium and the appgarance of an estrogen glucuronide *
derivative promp ted the aésay for B—glucosidasg,
B-glucuronidase and glucugbnyl transferase activities in th;b
medium. Enzyme!activitbés shown 1a Fig. 3 ar; a percent of
the total activity present in a 20% homogenate of the
scrapings of a 1.0+ 0.1g everted sac., The BR-glucosidase is
the predominant sactivity recovered‘in the incubation ' medium.
The amount released increases with.time to 25% of-tge total
available after 60 minutes incubation. The B-glucuroanidase

1s less avallable and does not increase significantly with

time. No transferase activity was detected, even in the



Figure 3. '

Enzymé release from small intestine everted sacs

All enzyme actlvities were assayed in suspension buffer pH 7.6,
the incubation buffer for uptake experiments at a steroid
substrate concentration of 0.5 uM. Enzyme activity is expressed
as’ a percent of the total activity in lml of a 20% homogenate
(w/v) of scrapings of a 1322_0.1 g everted sac. Glucuronyl

sa

transferase activity was ved with and without the addition
of 0.5 umol of UDPGA.

!
® 8-glucosidase {total activity: 1104 pmol/ml 60 min)

A B-glucurenidase {total activity: 374 pmol/ml
. 60 min) :

O glucuronyl transferase - no cofactor {total activity:
316 pmel/ml 60 min)

# glucuronyl transferase + UDPGA 0.5 pmol/ml (total
activity: 1516 pmol/ml 60 min)
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presence '0of added cofactor.

-

2. Small intestine epithelial cells

‘Isolated eéithelial cells were obtailned gy'the method of
Kamac et al. The yield from a starting wet weight of 50 g of
small intestine was 1.3X10% cells. The mean viability was
“ﬁ§3.8:2.92, éna lmg cell protein was.obtained from 2,9X10°¢
cells. N |

2.1 Uptake and metabolism of: free estfogen

Preliminary égperiments _wére carrlied out to establlsh
the optimal coanditions for measuring estrogen uptake by
isolated eplthelial cells. Uptake of l78-estradiol (10-"M)
by isolaéed cells was linear with respect to cell -protein
concentration * up to . 4.2mg/ml  at 4°C and 3I7°C. In
incubations with Img/ml cell prdteln the wuptake of
178-estradiol was proportional to steroid concentration over
the range 10-1" ~to 5X10-M (data not shown). The uptake of
178-estradiol as a function of incubation time and
temperafure is‘shown In Fig. 4. Uptake of 178—estradiol Qy
epifhelial—cells 1s very rapid. The rate of assoclation of
label with cells is marginally faster at 37°C, but at both
.temperatures, near maximum uptake 18 reached by 60 secbnds.

At  4°C, the cell assoclated label remains constant for at

Is 1

least 30 minutes with a slight decrease noted at 60 minutes,



Figure 4.

Uptake of 178-estradiol by isolated epithelial cells of small
intestine

Cells (final concentrgtion lmg/ml proteéin) were incubated in
the presenge of (6,7-"H)-178-estradiol at a final concentration
of 2 X'10 "M in suspension buffer pH 7.6 (volume 250 pl).

Cell associated label was determined after centrifugation
through silicone oil, as described in the methods. Inset shows
early sampling times ( less than one minute).
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"whefeas at the higher temperature, there 18 a pfcgressfve
decrease in cell associated label from the maximum _value at
60 seconds as the incubation time is extended.

The éffeqt of médium pﬁ‘ on uptake o§ 178-estradiol was
also Investigated. The pH of suspension ?uffer was. varled
betwegp 6.0 and 8.5 and:  the percent cell associatea label
determined after a fifteen miﬁute- incubation at 3?057
Maximal uptake bf 17B;estradiol was observed at pH 7.0 with
a rapid decrease below this pH (Fig. -5). The decrease 1in
estrogen uptake wds more éraéual in algaline medium. The

—_

viability of the isolated <cells  was reduced wunder these

conditions by 7.5% at both pH extremes.

It has been shown that a large proportion of the

circulMating sterold is bound to a plasma proiein (Munck .and
Wira 1975). This state enhances the solubilitx of the
sterold and alipws'for the attainment of a greater overall
concentration. Therefbre the efféect of bovine serum albumin
(B5A) on the uptake of 178-estradiol by isoléted epithelial -.-
cells was evalﬁaﬁed and the results are shown in Fig. 6.
When BSA was included in the dincubation medium at a
.concentrgtion greafér than 5 mgfyml there was a considerable
decrease In cell associated label, 30¥ of the maxinum

uptake was obtained .in the presence of 25 mg/ml  BSA. At

‘BSA concentrations of 0 to 5 ng/ml, there was a slight

%



%

Figure 5. . -

Effect of pH on uptake of 178-estradiol .by small intestine
epithelial cells.

Final cell protein concentration was 1.0 mg/ml and that
of (6,7-*HY-17B-estradiol was 1 X 10" 'M in suspension
buffer pH 6.0 - 9.0. 250pl incubations were carried out
at 37°C for 15 min.

Points are mean * standard deviation of 4 determinations.\\
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Figure 6. ' \\—— ) .

‘Effect of serum albumin on the uptake of *H- ITB—estradlol by
.small intestine epithelial cells

The incubation medium contained small-intestine epithelial
cellseat a final concentration of lmg protein/ml in suspension
buffer.

The 3H-17B-estradiol concentration was 5 X 10° M and bovine
serum albumin (BSA) was added to a concentration of 0 to 25 mg/ml
in a final ume of 500ul.

The incubat were carried out for 10 min at 37°C. Cell
associated label was determined by centrifugation of the

* incubation contents through a layer of silicone oil as
described in Methods. : -
The results are the average of three separate experlments
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enhancement of uptake.

A
.3
The metabolism of [6,7- H]17”rR-estradiol that occurs

during Incubation with isolated epithelial cells {s shown In

Fig. 7. l78-Estradiol was recovered unchanged from both

the medium and the cel! fraction when jt was fncubated with

epithelial cells at 0-4°C. However at 37°C there was a loss
of 178-estradiol from the medium accompénied by the
appearance éf estroné and estrone-glucuronide.  Estrone was
the'predominant.steroid in the cell bellet. The amount of

this metabolite present 1o the «cell pellet fncreased

slightly during“the inftial incubatlon perfod £Q-10 min) .and

then decreased with longer incubation tfimes. The other
major metabollite present In the <cell was estrone
glucuronidg, its level remalned essentially constant

t

throughodt the experiment.

.f

2.2 Uétake and metabollsm of conjugates

Uptake of_17B—estradiol'3—gluco§idé by «cells occurs at
37°c¢C bu; not to an appreciable extent at 0-4°C (Fig 8), At
the higher temperagufe there s an initial Increase.tg the
uptake of radioaﬁt{vity but prolonged.incubat{on resulis in
a decrease in cell associated radloactivity. l/8-Estradiol

J-gluguronide 1is not taken wup to a significant extent by

~ e
.o
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Metabolism of ITﬂ-estradinl during uptake by =pithelial
cells of female rabbit small intestine

. )

lmg/ml cell protein in suspension buffer was igcubated on

ice and at 370C in the presence of 2 X 10°® M °H-178-estradiol.
At the indicated times, cell and medium were separated

by centrifugation through a layer of silicone oil and

analysed as in section 2.1.° .

Figure 7. e

L]
=~ -

(0] 1'7,6 -estradiol

® estrone
a1 '33 -estradiol-3-glucuronide

A estrone-3-glucuronide

*
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Figure 8,

'Uptake of 178- estradlol 3-glucoside and 178-estradiol 3-glucuronide
by epithelial cells of fémale rabbit small intestine

1 mg/ml cell protein was incubated in the presence of 2 X 108 M-
radiolabelled steroid in suspension buffer. The total volume of
" the incubation mixture was 250 l. The uptake was determined
by counting the cell pellet after centrifuging the incubation
mixture through a layer of silicone oil as described in the
Methods (2.4ii). . :

»

[j‘ uptake with ITB-est'radiol 3-glucoside

I A uptake with 17B-estradiol 3-glucuronide
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x“v
‘épi:helial cells at either temperature. Incubation of
Vl?a-estradiol 3—g1ucuronide—17-N—acetyl-glucosaqinide gave
results idéntical ﬁo those obtained with the gldcuronide
(data not.shown).:
.

The metabolism of 178-estradiol 3-glucoside under the
conditions employed for uptake was also determined and the
resulls are shown in Fig 9, Metabollsa at 4°C is not
significant. However, at 37°C there is a rapid loss of the

glucoside from the .medium with a corresponding increase in

l178-estradiol and estrone 3-glucuronide.

.

- .
Uptake of radioactivity from l78-estradiol 3-glucoside

labelled with 1%4¢C 1n the sugar molety was compared to the
- uptake of radiocactivity from this conjugate labelled with 3JH

"in the steroid molety (Fig 10). The uptake of radicactivity

-

with the lac—labelléd conjugate did not follow the'pa;tefn
obtained with the tritium 1abe1ied compound, the ldc_1abel
being taken up by cells o at a much slower rate.
ldentification of the cell associated !4C compound was rot

. +
undertaken.

4 - ’ ) ) -
Uptake studies with 178-estradiol and 1its 3-gluceside
derivative demonstrated the presence of metabolites of these
estrogens in the incub4fion media (Figs 7 and 9). It was .
possible that the enzymes responsible for this metabolism

were reléased from cells dnﬁer the conditions used for the



Figure 9.

178-Estradiol 3-glucoside metabolites present in the medium
during uptake by epithelial cells of- female rabbit small intestine

Y

Small intestine epithelial cells at a concentration of 1 mg/ml cell protein
- in suspension buffer were incubated with an initial concentration

of 2 X 10-8 M of (6,7-3H)-178-estradiol ‘3-glucoside.

Uptake was determmined by counting the cell pellet after centrifuging

the incubation medium-with cells through a layer of silicone oil as

in Methods . The cell-free medium was analysed for labelled

metabolites at the indicated times.

OO 178-estradiol, 00C
OO 17g-estradiol, 37°C

O 17g-estradiol 3-glucoside, 0°C"
(HO 178-estradiol 3-glucoside, '370C

estrone 3-glucuronide, 37°C

;
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Figure 10.

Uptake of 3H—l7B—T tradiol 3-glucoside and .
178-estradiol 3-["'Cl-glucoside by small intestine '
epithelial cells at 37°C

250ul of cells at a final concentration of 1 mg/ml (protein)

were incubated in suspension buffer EE 7.6 1n the presence of

steroid at a concentration of 2 ¥ 10 "M. Cell associated radiocactivity
was determined at the indicated times by centrifugaticn through

a layer of silicone oil as described in Methods.

—
B uptake with 3H—l'?l-?;—estraf:]'101 3-glucoside

W] uptake with 17B-estradiol 3-[14C]-glucoside

A
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uptake studies. Therefore the cell-free medium, obtained
dnd;r the experimental conditions wused fpr uptake, ﬁas
monitored for the-preSEnce of these - eﬁzymes aﬁd tﬁe results
are shown in Table 1, Th;'only steroid metabolizlng enzyme
activities detected in thélmedidm Qere sterold B—glucosidase
and the l78-hydroxysteroid dehydrogénase; These actlvities

increased in the  medium as _a function of time. it ls

1
)

noteworthy that in the absence of added cofactor, no

dehydrogenase activity could be detected even at one hour.

-

%

2.3. Efflux of.estrogens from epitheltal cells \'

Epitheiial—cells contalning [6,7—3Hl178*e3tfadiol were
prepared as described in the methods (sectlon. 2.4) and
stéroidr efflux was measured by the loss of radiocactivity
from cells ;nct ted in a steroid-free medium éé 4°é_and aé
37°¢. Cell sssociated label was determined at varisua tiﬁes
and the results are showﬁ in Fig 11. The amount df label
retalned by the cells was constant at incubation times uplto
60 minutes at 4°CJI; incubations at 37°C, - 432 of the.céll
asso;iated radiocactivity was -lost after .60 minutes. The

major estrogen metaboljite appearing in the medium at 37°C

was estrone glucuronide (data not shown).

3. Mémbra fractiﬁns from small intestine epithelial cells

>



Table 1 .-

i

Release. of steroid métabolizing enzymes from female rabbit

intestine epitheliqifcélls

| 'EﬁitheliaI\gi}ls were incubated at 37°C under the conditions employed
for the uptaké studies but in the-absence of added estrogens. At
the indicated times, the cells were removed by cehtrifugation and

- the cell-free medium was assayed for steroid metabolizing enzymes . "

under the conditions of uptake as described in Methods. Steroid
glucuronyl transferase activity and 178-hydroxysteroid dehydrogenase
activity were measured both in the presence and absence of added
cofactor (UDPGA or NADP)

™ A
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TABLE 1 . ~’"  RELEASE OF STEROID METABOLIZING ENZYMES FROM FEMALE RABBIT
" INTESTINE EPITHELIAL CELLS h
ENZYME ACTIVITY IN 1ML OF CELL-FREE INCUBATION MEDIUM

PR

v .

INCUBATION - STEROID : STERQID QLCOCWO.ZJNF GLUCURONYL 1 ...m...I YDROXYSTERQID 178-HYDROXYSTEROID
TIME(MIN) B —-GLUCURONIDASE B -GLUCOSIDASE TRANSFERASE  TRANSFERASE'  DEHYDROGENASE . DEHYDROGENASE
I . . +UDPGA : . . +NADP -
. . pmel/60min nmol/60min omol/e0min pPmol/60nin nnol/30min - nmol/30min
0 0.5 ° 2.8 0.5 0.5 0.0 - 4.4
- J-l : . .
5 0.5 5.0, 0.5 1.5 0.0 3.8
15 0.5 , 7.0 0.5 © 1.5 . 0.0, . 3:3
"30 © 0.5 T 95 0.5 1.5 0.0 5.4
60 0.5 12.2 0.5 1.5 - 0.0 8.2

Total enzyme activity was from a homogenate of isolated epithelial cells (Img nwOHWH:\BHU

Total mmﬂwcpw< in 1lml of homogenate was as follows: | SR . ) '
. Steroid B—glicuronidase: - 12 pmol/60min - . m\\
" Stepoid B-glucosidase: 14 nmol/60min .
Glucuronyl transferase: 38 pmol/60min

Glucuronyl transferase
(+UDPGA) - 1300 pmol/60min

178-hydroxysteroid Qm3<aﬂd&m:mmm“ 2.951fmol/30min

qulswanoxwmﬁmHOHa.Qmswaﬂoﬂm:mmm" 10.5 dmol/30min
{+NADP)



Figure 11 : - . .

Release of estrogens from epithelial cells of female rabbit
small intestine i . -
a - » ’ ’ e
.“Ep%thelial cells (20 ) protein) in35 mi of suUspension buffer were
indubated with 1 X 10 dpm of [6,7-"H]-17B-estradiol for 3 hours
at 0°C. After washing the cells with 3'X 10 ml of ice cold -
.. suspension buffer, the.final pellet was resuspended in 1 ml of .
» -~ the buffer. One aliquot (0.5 ml) was incubgted on ice and the ) :
© second aliquot (0.5.ml} was incubated at* 37°C. Cell associated T
label was determined as for the uptake experiments.

.. . .
. + M ~ ’ " .
. oo’ . , : ' ’ » .
Od : . e
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Membrane fractions were obtained from fresh female
rabbit 'small intestine as described in Mthods section
2.5114. Two enriched fractions were derived from this
preparation. The brush border fraction, or the membranes
that may-be reépohsible for sequestering tlie estrogens that
preseét themsqlves'in the gut; and the basolateral memfranes
:haﬁ conceivably lead away from the gastro-intestinal ﬁract
to the portal sttem. These membranes were p?epared in

order to pséay for specific binding proteins.

Transmission electron micfographs_ of the preparations
show the brush border .mémbr;nes to be a fairly ﬁomogeneous
population (Fig. l12a), whereas the basolatéral membranes
appear to bé'mofe'fragmented (Fig. {25). A micrograph of';
crude zgkgggépmal preparation 1is included for ;;mparison
(Fig., 12c). |

. . . ./
The @ata .obtalined oﬁ the wuptake of l?B-estr#diol

3-glucoside indicated that uptake was preceded by hydrolysis

of the glucoside (Figs. 8 and 9). Glucosidése activity was

»
[~

released from the <cells ihto the .medium qufiﬁg the

inéubagion " (Table 1). It was therefore‘of intereat 'to

determiné if this enzymé activity was also asgociateq‘witp a
clfic membrane componeﬁ&L_ The results are presented in

Table 2. Loss of "glucosidase . activity was evident as

purification of both brush border and bqsolateraf membranes

. - . .



Figure 12\
. .

Transm1551on electron micrographs of membrane fractions from
small intestine

e

/
a) brush border

b) basolateral
c) Jerude microsomal

Membrane fractions were isolated as deScfibed in the methods (Fig. 1}.

Magnification: 21,000X r
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TABLE 2 .3, B-GLUCOSIDASE ACTIVITY ASSCCIATED WITH SMALL H?A.m.mHHz.m : ) ) ) ) .
. MEMBRANE FRACTIONS = o . ‘ . . \WJ
3 - . - c : .
FRACTION . VOLUME , PROTEIN SPECIFIC ACRIVITY . - B
5 {ml) {mg/ml) nmol /mg Unoﬁmw:\moawz )
. Homogenate . 3700 . 1.5 . C 13,22 T
Mt i by . .-
W-1 (400Xg ppt) 300 1.85 " 3.74 . .- : S
W-2 . 275 . L\um g 0.73 : S
W-3 275 1.22 . l\ 0.30 '+ "
W-4 . 250 . 0.82 | o So0.30 ¥
: . [ . . - .
" W-5 ) 60 C 2,05 PR o 0.21 .
o < ’ - & ) ’ : a )
. Brush Border 26 ‘ 3.90 u 0.17 - “ et . '
‘ . ’ mh—‘.\
10,000%g ppt 15 . 5 - 30.00 - 1.05 . : . . -
Basolateral W-1 . 100 0.48 - ) o.mu.; i .
. - N - ‘ .
" - Basolateral % L 1.69 0.22 .
. | « '
The tissue was :osoumswmma in 75 <o~:amm of ~5mM mn:._p buffer. Enzyme mnﬂcpnw _
was assayed in the suspension buffer :uz 7.6) at 37°%C. W designates a wash . :
cycle. ) . . . ‘ ‘.
= ) ¢ N
L3 .’ : v .
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. . A 3 ‘ ‘ .
progressed, 1indicating that the enzyme activity responsible

for hydrolysis of 17B-e8tradio; 3-glucoside is not a

component of these membranes. There is, however residual
. ) ' .

contaminating activity that may affect uptake studies with

membrane fractions.

The ﬁembrdﬁe fractions were .also. assayed for glucosyy
and glucuronyl transferase -éctivities. 'ﬁo' enrichment of
glucosfl transferase was apparent in any membrane fraction,
bt enrichmeat of glucuronyl t;ansferasé %% three fold th;
amount assayabl in crude homogenate was evident In the
basalateral frac ibﬁ. By tar, the highest glucuronyl
transferase actlvity resided in the.crude'microsomal pellet
kdéta not shown).

- -

Estrogen binding -to the isolated membrane fractions was

Eﬁghufed and the results are presented in Table 3. - Binding
of  estrogens to both membrane fractions decreased a;. the
polarity of the estrogen Lncreased. = The brush border

¥ K ’
“membrane bound “slightly more . free estradidl.than did the"

basolateral membranes, the * opposite  was true- for: the
conjugates. The statlstical signfﬁzgancel\\of. these

differances was not evaluated. L T .
. ] ) - . i,' N

4

The effect of‘-incubétion‘timé and 'témperatune on the,
A . '

binding.of 178-estradiol and i78-estradiol 3-glucuronide to

igdolated "brush border membranes is shown 1In Eigv43. " The
.o ) “ L .'{

S

-l



”
fA%EF 3 BINDING OF ESTROGENS BY MEMBRANE FRACTIONS
ESTROGEN - BRUSH BORDER
.17 -estradiol - 49
178-estradiol 3-glucoside 4.6
178-estradiol 3-glucuronide 3.4
l7a-estradiol 3-glucuronide 0.6

17-N-acetyl glucosaminide

Values are expressed as fmol/mg membrane protein.
Incubations were carried out at 37°C fgr 30 min with

PASOLATERAL

41
8 ‘
5.6

1.8

an estrogen concentration of 2.0 X 10 "M, membrane protein

concentration of 1.1 mg/ml in a total volume of 2%0ul.

L]
bl



Figure 13.

ptake of 178-estradiol and 17R-estradiol 3-glucuronide by small
ntestine brush border membrine fraction -

ar

Incubations were carried out using megbrane fraction (0.05mg) and
initial steroid concentrations of 10 "M in suspension buffer

pH 7.6 (250u1 final volume). Bindirig was determined as in
Methods section 2.5 1ii.

L)

Each point is the average of three determinations and corrected
for binding of labelled steroid to ‘the. glass fiber filter,

4 © O*Ql78-estradiol 4°C
O—C178-estradiol 37°c
\ ' £x-A 178-estradiol 3-glucuronide 4%

OH—D 178-estradiol 3-glucuronide 37%
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binding of I78-estradlol is vewy rapld and 1s increased only

slightly by prolongéd Ifncubation. The extent of binding‘ié

decreased when membranes' are incubated at 37z°c¢.

|,

lfﬁ—es;radlol J-gluturoenide binding is ‘éubstantlally'lower
than the free.éstrogen. The binding of the glucuronide {s'
also affected by 1ncubation time .and: temperature. The -

binding of l?ﬂ—estradidl_ Beglucos{de ‘to the brush border
Lo e

membranes was s?milar to that observed with the glucuronide

derfvative (data not shown).

™

4, Estrogen transport in the liver N

The liver plays a primary role In estﬁogén metabolism.
~ : '

This tissue also has estrogen receptors and appears to be a'\\\“//)

target tissue for this  hormone. Therefore estrogen

transport was measured in this, tissue Afor comparlison to

.

;fansport-Lp the fntestline, a nontarget tissue. ) 3{

f . L s
A . ’ r ~ f

’

4 .1 Studies with liver s'ices

p ) . ' ‘. . ) . .l"
. . ‘_; - .
Prelliminary studies carrled out with tlssue 'slices
) ) ~ ] . - . . r 4 s
showed that the entry of l78-estradiol finto'liver tissue was,

* -

‘ B . . - o L '

not .temperature dcpendent:-;\?he uptake .of Qf?ﬂfest:adiol
\ ; S . .

I-glucoslde fncreased from 5% to 20% of the estroegen

fncubated when the fnceubation temperature was {ncreased‘trom

S°C to 37'C whille uptake of i7K:e5trad!pZ J-glucurontide

- 1 3

. . . N
[ - .
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showed a slight increase from 3.6 to 6.5%. There was
/ . .
essentlh;ly no entry of 17a-estradiol-3GA-17NAG at either

temperature.  The pattgrp.bf metabolites recovered for-all

[ -

. ¢ S '

incubations ﬁas,sim;lar the double conjugate being the major

~

i

mﬁtabolite. . The " glucuronide derivative and, when
\ - ' .
178 -estradiol or l78-estradiol 3-glucoside were the steroids

| .

inc%bated, free estrogen was also present. Tra%F amounts of
glucpside were' also detected in the latter case, - however
quantitles did - not avail thémselvés for positive

identification. ‘ B

‘ A ) E . X
4,2 Preliminary studies with hepatocytes

< .
U I %
*Viabillty of rabbit hepatocytes isolated by the method

f» ' of P.O, . Seglen (1972) was estimated”at 71+ 92 by exclusion
. ; . . " o

of the vital ?fz—}rypan Blue. The yleld from | g of ltiver
( :

was GA4X10® #Ells. The cells were suspended in medium to
give a concentration of 8X10* cells/ml whlch corresponded to.

a arotein concentration of lmg/ml.

“‘ ‘

¢, Hepatocytes were used the daykiﬂi/ﬂisolatldn. Frenhly
- T " prepared washed'hepagocyﬂés c2guld he kea;,&n lce for ,up to b
1 - . - . .
hiours wit?ogt a-loss of cell viability. Because lncubations
were also ta'be carried ‘out at physiological  remperature,
) 4 /.;.' .
the effect i e.lncubation alone on the cel! viability was
“ .o detefalned and the results are shown in Fxg." fa.

( . .o : DAV . By
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Figure 14.
Viability of isolated hepatocytes on incubation at 370C

Cells (1 mg'protein/ml) were incubated in suspension buffer pH 7.6
at 370C for the indicated times. The cells were'thehicooled on ice
and mixed with an equal volume of 0.4% (w/v) Trypan Blue, and

examined under the microscope. Viability was expressed as the percent
of cells that exciuded the vital dye. (f;

]
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Incubation of isolated hepatocytes in Isotenic suspension
buffer at 37°C for 30 minutes decreased the viability from

B1Z to less than 60%X%. Room temperature was less harsh,-

therefore incubations were carried out at 24°C.

Uptake of estrogens by. rabblt hepatocytes in vlitro is
shown In Fig. 15. The uptake of t7R-estradiol at 24°C Is
rapid, reaching a maximal value within % min of Incubatlon.
There' Is a slow loss of cell assocfifated radiocactlivity
subsequent to ‘this time. Uptake of f?ﬂ—estradlol

3-glucoside reaches a maximum after 30 minutes of Incdhation
under .these conditlons. The more polar glucuronide
‘derivative is taken up only to a 14m!ped-extent'under these
coAditions. Data similar to that shown In Fig 15 was
obtalned when l7a-estradiol and 1ts 3-glucoside derivative

were incubated with hepatocytes.

lﬂ‘vitro uptake of l78-estradiol was linear with respect
to cell concentration up to 2.3 X.I10F cells/ml. Uptake of
estradlol was also found to be proportional to the fnftfal

‘steroid concentratlion over the range of 5 X10-!'" to 5 XI10O-°F

M.

A\

Flg. 16 shows thelpattern of metabollites present In the
incubation medium during the uptake of 178-estradlol by
hepatocytes. There Is a rapid loss of l78-estradiol with a

corresponding lncrease 1in theq 3-glucuronide derivative.




Figure 15.

Uptake of estrogens by rabbit hepatocytes in vitro
}

\\ﬁh\“_//
Isolated hepatocytes (1 mg protein/ml) in suspension buffer
pH 7.6 yere incubated with estrogens (final concentration |
2 X 10_"M) in a total volume of 250pl. Incubation temperature
was 24°C. .
Binding was determined by centrifugation of cells through a
layer of silicone oil and is expressed as fmol/mg cell protein.
Each polnt is the average of three determinations. .

~
-

- O 178-estradiol

© l7/B-estradiol 3-glucoside |

D l7B—estradiol‘3-g1ﬁcuronide
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. Figure 16. ) ) o

Metabolites of 17B-estradiol present in medium after incubation
with isclated hepatocytes

-Q

The initial concentratien of l7B-estradicl was 2 X lO"BM,

and the cell concentration was eguivalent to 1 mg celly protein/ml.
The incubation medium was separated from the cell pel%;by
centrifuging through a layer of silicone oil as descri in

the methods section and analysed by thin layer chromatography

as in section 2.1. '

Y
O free steroid
A glucuronide

¢ double conjugate (l7a-estradiol
3-glucurcnide 17-NAG)

- -
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There is also a progressive increase in the double coniugate
l17a-estradiol 3-glucuronide 17-NAG.
. —szaﬁ\\\\ ‘
L .

The results shown'in Fig. 15 indicate that there is a
limited but measurable uptake of 178-estradiol 3-glucuroaide
'by igsolated® hepatocytes. In order to establish whether this
uptake involved the intact eBt?ogen glucuronide or was a
fesult of hydrolysis of the glucuronide and subsequent
uptake of the aglycone, 178-estradiol 3-glucuronide labelled
with 14C in the sugar moiety was prepgred. Incubation of
this 11‘Ci--glucur:r:.v.nlzi.cie~was carried out at 4° and 37°C. At t%?
lower temperature, uptake after 30 minutes reached a mhfimum
of 1.3% of the total incubated. At 37°C thake incrgésed
slowly from 2.0% at | min to a maximum of 4.1% after 3d win
of %ncubation. The game profile was observed when this
‘.glucdronide labelled with ltritium in the steroid molety was
incubated with hepatocytes. Further analy%is of the
metabolites within the medium by differential extraction
followed by thin la;}rv cthromatography revealed very small

amounts of free JH estrogen (<0.5% of total counts), the

majority of the 3H- and 14¢ 1label resided with

glucuronide fraction. Both radloactive labels were

present . 1in the double conjugate  l7a-estradio\l

3-glucuronide-17-N-acetyl-glucosamine.
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DISCUSSION ' -

/

Sterold hormones, as all other extracellular compound}s

v

that act Intracellularly must penetrate the. plasma membrane

barrier. This is / achieved by diffusion through the lipid™

molety or by specliallzed iransport requiring -interaction

——
with membrane components and/or. the particlipation of energy

providing substances.

-

+

Studies with Intestine

-~
The intestipe Is not Itself a target organ for
estrogens, It 1s however the malin’ route of entry of
exogenous and 'hile borne' estrogens and Is Intimately
related to the liver via the portal velin. In  the rabbhit,

L .

the Intestine harbors a large number of assayable estrogen

metabolizing activitles which may' participate In determining

the fate of these compounds.
~

- /' .
v
" t
The studies described in this thesis have shown that the

unconjugated estrogens-readily assocliate with everted small
Iintestine. The uptake is rapid and increases with time and

temperature of incubation, 17u-Estradfol, l17B-estradiol and

estrone are taken up equally well, an indication that the

v

transport process 1In small intestine Is not affected by the

functional group at C-17 of the estrogen.,



‘a

:

-

In studles carried odt with isoléted epithelial‘geils,
uptake of free_gst&ogens was very rapid, with a temperdture

effect seen only at early times (Fig &4). —The rate of

\yassoclation of hormone to cells was marginally greater at

37°C but had reached near maximal lewels by 60 seconds even -

at 4°c. The uptake was also proportional to the Initial
sterold concentratlon [n the range of 5 X 10-!'° to 5 X 10-3

M. The In wvitro wuptake by small intestine was .not

eliminated by a pH shift of *1 untt around physiologic pH,
and 'the observed decrease in kstrogen—cell interaction at
lower pH may be due to alteration In membrane fluidity.

Uptake of 17g-estradlol by both everted fntestine sacs and

-

fsolated eplthelfal cells fulfill;\fﬁb-criteria for- simple

~

diffusion. The reports dealing with transport of estrogens
N ' hi
and other sterold hormones by tlissues are . numerous (see

review by E.P. Glorgi 1980). Most studies Indicate that

passive . diffusion s the mode of entry of stercids.
T
However, data In support of mediathVﬁlffusion and specific
Interaction of steroids with membrane components of target
. . [

tissues - has ‘also been presented (Allera, Rao and Breuer

1980; Nenci et al., 1980; Piletras and Szego 1979a; Rao et al.

»

1977).

N

There fs an ongoing temperature dependent process that

alters the equilibrium betwgen <cell and medium assoclated

1
L]

estrogen, expressed as a loss of cell associated



-giucyronide. The rate of synthestz\and the distr!bution %f‘

radioactivity with time (Fig 6). ~ Under these experimental

conditions, ingubatedIITB—estradTol is canverted to estrone

L Ty ~

this metabolite between cell and medium suggests that’ the

decrease 1in cell assoclfated radlioactivity results from”

formation of the estroﬁe‘glucuron{de and its relwease Into
. ' T ~ :
the medium. Assay for glucuronyl transferase In Intestine

tissue and isolated cell uptake systems Indicates that the

activity 1s not released to the medium, but s efther

.assoclated with the plasma membrane or intracellular. These

observatyons agree with the data of Smith et al. {(1963) and
Dada and Martquf(l983) who reported The accumulation In the

serosal compartment of estrone 3*glucuropide,upon incubation
) .4
of estradlol or estrane with everted rat intestine.

The majority of clrculatlng sterolds are bound to serum

- ~

proteins, and Is is _ llkely that only the unbound molécule
enters the ce&l (Mu%ck and Wira 1575). Flgure 7 shows a
;ecrease In cell assoclated label when BSA " in Ilncreaslng
concentrations iIs 1{included iIn the incubation medium.‘ This

indicates that the uptake of estrogen-by cells competes wlth
the bind}ng of estrogen. by serum proteln. The Interaxcxtlion
of the serum p}otein with 178-estradiol could reduce the
partitionning or affinity of the sterold for the cell
membrane. The small 1Intestine s devold of soluble

receptors (Tong et al. 1983a), which may explain in part the

discrepancy with the observations of Pa;¢rfﬁ£gf;;; Mietus

r
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(1979) studying {fa wvivo unidirecti&'%iﬁ?hﬁlux\of”iébeiled

sterojlds foo  diyer. Thev

¥

injec%ﬁd radio®abelled
. ‘ ] "
178-estradiod "in’ sera contalning varying amounts o¥ sex

hormone binding globulin and albumin {into the pdrtal vein of

§ : .
anesthetized rats. ' From the analysis of . radioactivity

-

' g .
sequestered by thgﬁt{ssue, the estradiol that entered-the

liver was more thdn could be accounted for by the unbound

fraction. They oncluded that profe{n bound hormecne s

sterold from bindipg_ proteins and free diffusion into the

membrane,

Estrogens are rendered léss’llpophillic by conjugation.
Glorg!l and Stefin (1981) reported_thac‘.conjugated steroids
cross membranes much more slowly than thelr unconjugatea
counterparts, but thelir permeability coefficients are much
faster than would.be expected by their solubility in organic

L4
solvents.- The uptake process 'is more complex than simple

diffusion.

Uptaﬁe of the 3-glucuronide of 178-estradliol or estrone
occurs to a very limited extent in small iIntestine (Fig 8).
The hydrophilie nature of the conjugate may exclude it from

the plasma membrane.

Uptake of 178-estradiol 3-glucoside by small intestine

7

(cells and tissue). 1Is temperature dependent. At 37°C, the

C

i S



uptake 1Is also tlme dependent (Ftg 9). Uptake ‘of

' 14 .
17fR-estradiol 3-* C-glucoside bv intestine cells occurred ‘to-

%'@ very édnﬂted extent (Fig 10) and hydrolysls of the
14

ry
glucoside followed by traﬁsport of

» -
1

ruled out. Therefore; if uptake of fIntact glucoside is
’

'occurr{ng under the experimental conditions employed, the
| A

C-glucose could not he

sbntribut{on to the overall proé%ss s minlmal.- Tt appears
that the major uptake of the estrogen occurs subsequént to
the action of a B;glucosidase. The intestline Is a rich
Source of sterold AR-glucosidase (Mellomrﬁﬂﬁvjlayne 1971,
1974) and the activity 's abundant in the Incubation medlum
un&er conditions employed for uptake studies. The enzyme

. F3
actiyity likely originates from epithelial cells as the

protocol for.cell isolation does not favor co-purification

of microorganisms, It {s possible that this enzyme Is

released 1{into the medivm as a- result of cell damage.
Mea;urement of R—glucosidase activity during the {solation
of brush border and basolateral membranes Indicates that
this enzyme s not a4 component of these plasma membranes

-+

(Table 2).

Eﬁidence for metabolismﬂl{nQed efflux

I

In the intestine theé transport of small molecules Is
generally unidirectional, from the mucosal to the serosal

side of the eplthelial cell layer., Given the tlght

-
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junctions of the small 1Intestine epithelium, very little

crosses from the mucosa to the serosa Intercellularly. The

.present studfes suggest that the uptake .of estradiol by

Isolated cells is not linked t¢ a cell process. However,
the temﬁérature and time dependent appeardnce of qonjugates
In the {ncuPation medium suggests a metabglism linked export
process for estrogens. ' L

L

At 4°C, only a small amount of radioactivity was lost
from cells that had been labelled with 3H—l7B—estradIol and
that whiéh wapg released was uncdonjugated estrogen. This is

a sign that ther%*was little or no ongoing metabolism at the

lower femperature.' l78-estradiol permeates the plasma
membrane even at 4°C. However, once sequestered does not
readlly diffuse out of the epithelial cells. A possible

éxplanac{on for this observation {is non specific-binding to
high capacity, non specific Intracellular éroteins or
membhrane components., which . may reduce the apparent
concentratlon gradient of sterold thus slowing the outward
d{ffusion process. It could alsoc be attributed to membrane
asymetry: in the absence of- an active -cranspor£ of free
estrogen out of the cell, the inner surface of the membrane
may be less compatible than the outer surface with diffusion
or solubllity of sterofd , amplified at reduced temperature.
Conversely, when the labelled <cells were warmed to 37°c,

there was a decrease . in cell associated radicactivity with

tlme. Under these conditions estrone 3-glucuronide was the

;
hY

o
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s . ) '
. 'major estrogen identified in the medlum. These data Sugpest

/’\/

that 178-estradiol 1is metabolized fo estrone glucuronide
intracellularly or during its transit into or out of the
cell. Under the experimental condlt{ons‘ empio;ed the
release Iof glucuronyl tranﬁferase into the medium was

negligible (Table 1). Glucuronyl transferase activicty could

be measured In basolateral'membranes but not in brush border
membranes Indicating that the basolateral membranes might be

involved In estrogen metabolism andf‘that the membrane
- Lo e T .

glucuronyl transferase might partlérpate fn . the transport

e
- -

process. 4

Role of plasma membranes

Pietras and Szego (1979a) report that {ntact uﬂﬁ{jno
‘ Ny,

cells bfnd to estrogen immohilized to an inert'suppo;t,
whereag small 1intestine cells do not. However the present
studies‘h‘ wn that the blasma memﬁranes of rabbit small
1ntestine' can bind estrogens (Table 3). The binding of
178-estradiol and 1ts 3-glucuronide deriyative to-small
intestine membranes was ® proportional Ilto fnftial
concentrations. in the range of 10-% to 10-9M, The slight
decrease in bind;ng of 178~estradiol observed at 37°C could
indicate that h{gher' temperatures lead to faster

dissociation of sterbid-protein complexes (Glorgl, 1983),

The binding of l178-estradiol 3-glucuronlde occurred to a

It »

:_J‘

.
-
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greater extent to basolateral membranes than to brush border
membranes however the statistical significance of “this.

higher binding was not established. The data i3 consistent

WLEW ~the ilnvolvement of the bdsolateral membrane in export

b
of the sterold, as its glucurnide deriyative. ///’fQ\\\\

B ; \ A
Studies with liver \
The liver is the major metabolic organ 1in Qhe system.

It recelves blood borne estrogens via the portaﬁlvein and
) j

the hepatic artery. " The liver processisﬂﬁiiifqiifmones for

excretion Iin the bile or can re~direct them to the general
N . .

circulation, Yet another alternative 1s the interaction of

estrogen with the soluble receptor in this non classical

target tissue.

The.uptake of free estrogens by 1liver slices was very
rapid and differed from intestine only in that no
significant temperatu;e dependeqce on wuptake was obsérved.
In this case, the sampling times were restricted - and the
very high turnover of free estrogen, that was probably
'occurrkng even at 4°C, may have reduced the concentration of
substrate avallable for uptake. With isolated hepatocytga,
the uptake was also very rapid.

Rl

The liver was not wunlike the small . intestine with

F |
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v

respect to its management of l}ﬁ-estradiol 3-glucoside, The
uptake profile was time and temperatur; dependent which can
be correlated with thg availabilicy A of thg- soluble
B~glucosidase activityi Uptake of 178-estradiol

3-gluguronide by hepatocytes was mone"pronounced than in

"intestine. Uptake of 178-estradiol 3-14C-glucuronide

followed the same -profile as wuptake of 3u-178-estradiol
3-glucuronide, and radioactive tracer also migrated with the

double coﬁjugate on thin layer chromatography. This data

indicates that the monoconjugate may be taken up lntact by

'the isolated hepatocyﬁes and conjugated with

N-acetyl-glucosamine. Another. possibility, is  that a
membrane assoclated NAG-transferase 1s accessihble {n “the
damaged cells which amount to approximately }0% of fhe
total, and that the ‘t;apping' observed is enzyme medlated.
a

Schwenk, Lopez Del Pino and Bolt (1979) providé a
precédent for conjugate uptake by target tissues. Uptake of
estrone sulfate by 1isolated rat hepatocytes {s much slower’

than uptake of estrone. The authors do not carry out an

assay for sulfatase, but analysis of ldtracellular and

L]

‘extracellular metabollites at varlous tlmes duriag the

@
incubation support the conclusion that deconjugation follows

uptake of the sulfate. Estrogen sulfates were not assayed
for in our system as they are not a major metabolite in
rabbilt, though liver inm vitro «can gynthesize them (Layne

1970).

&5
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repoerted by Tong, Seper, Layne and Williamson (1983b). The
v
process 1{s very raplid at 0°C and 30°C and equilibrates
within 60 seconds. Not wunlike the data obtained with
ifsolated hepatocytes, the unconjugated estrogen is taken up
to the greatest extent followed by 178-estradiol 3-glucoside
and ultimately 17R-estradiol 3-glucuronide. The sequestered
'.lfh—estrad;or and the B—élucuronide derivative are unchanged
but the 3-glucoside derivative is metabolized to

l17R-estradiol by a nuclear B-pglucoslidase at 30°C.

-

General conclusions

) 4
The Intestine 1{is the first and maln route of entry of
foieign compounds. _Endogenous esfrogens excreted Iin the
bffe ate also avallable for uptake and undergo hydrolysis

and reductive metabollsm in the gut. The factors affecting

the uptake by transforming. . (or lack of) the steroid are.

varied ex.: . dletary status, gut microflora and drug
Interactions. Understanding the enterchepatic recir;ulatibn
of sterolds may provide an answer to the question of why
some éompOunds are orally actlve.j and others, though
structurally similar, ére not. The transport of estrogens
across the intestine may even glve ;ise to a "reactivation”
and may be relevant in regulating the avallability. cf the

hormones (Adlecreutz and Jarvenpaa 1982).
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hormones (Adlecreutz and Jarvenpaa 1982). -

Classically, estrogen target tilssues were distinguiahed

by the presence of high affinity binding proteins residing

i

in the «cytosol. After binding, the estrogen—receptd:

complex tould be detected in the nuclear fraction of the
\-

cell. A recent bﬁ(few by Gorski et al. (1984). %roposes a

.o

revised estrogen receptor model where the receptor proteln

is- located 4in the nuclear compartment of theé cell even in

the absence of estradiol. Szego (1984) suggests an analogy

between the mechanism of action of peptide aad steroid
. [ 3

hormones from the primary recognition slite on the

plasmalemma to concentration of hormones into og%anelles and

other vesicular compbnents during transit to a nuclear
binding site {n the target cell. These Jlntermedlate
organelles maQ conﬁain enzymes and play a role in activation

or inactivation of the effector. This model Lnvolves

’

transport through the plasma membrane, to, the veslcular

bodies, through the nuzlear envelope and ultimately

transport out of the cell for disposal or reactivation.

Uptake cannot be dissociated from netabolism and

3 ’
interaction with receptor protelins Iln target tissues.  For

example, in the rabbit 178-estsxadiol Is the most active
estrogen and 1s the teqplate for medsuring receptor content.

Its conversion to l7a—-estradiol and, conjﬁgatiqn with

glucurountic acid and N-acetyl-glucodamine destines the



hormone for excretion b} the kidney. The fate of the
monoconjugatés is oot as clesar. IT these metabolites are
taked up intact by cells, it is by a minor cﬁmpongnt or by a
process that is not conserved in wvitro. However, the

3-glucoside and 3-glucuronide of 17g-estradiol were observed

to interact with the estradiol receptor of rabbit 1liver

cytosol (Tong et al. 1983a), and like l78-estradiol, were

taken wup by a noen saturable process, _In the absence of

released hydrolases, by isolated liver nuclei (Tong et ‘al

1983b) The role of these  endogenous conjugates in the

mechanism of estrogen action and in estrogen transport

+

merits further investigation.
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