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"~ -. . ABSTRACT., . .
. T k.;“ S .

Estrogens, be they conjugated or uncon]ugated are f?'
metabollzed in tlssues malnly by two enzymic processes~ S B
dehydrogenases whlch.add or remove two hydrogen atoms : E ;' -3
and hydroxylases whlch add - molecular oxygen ‘to the .
steroxd moleculs. Although the bﬁ\}oglcal“act1V1ty of 1

"the hydroxylated estrogens is largely unknown, a few .=
hydroxy{ated estrogene, malnly % and 16q*hydroxylated
.estrogeﬁs, have previously been shown to possess bio-
' Iogical activity other than the tipicai estrogenic
activity. In view of the apparent 1mportance of at
least some hydroxy phenolic ster01ds, it seemed 1mpor— ' .
atant to develop a mode} to study their control and define
their oiosynthe§i§:
Guinea pig liver tissue (slices and microgomes)
was employed iﬁ.the'inveStiga£;on. Eariy studies were
‘ipvolved in comparing the metaboliem of the estrogen
conjugates, estrooe sulfate and estradiol sulfate . ce
with that of"theicorresponding unconjﬁgatedéﬁgérogeﬁsf“. ’ -
estrone and estradiol. Metabolites were identified(
employlng Sephadex Ays c%romatography, specific: enzy-‘- o
matlc 1ncubatlons of 'the congugated products or solvoly—

2

51s,‘G1rard~reactiqn and Sephadex LHzo chromatography.

-




Final ver;ficatien:was obtained by crystallizéiienato
constant specific acﬁivityiof‘the isolated‘s?eroids anél
6f:aseta£e and, in some cases, acetonide derivatives of
. - the'sterggdsi" |

‘
Metabolltes identified from mlcrosqmal 1ncubatlons
ind@ated that 168- hydroxylated products (168-hydroxy-
estrone and L6 eplestrlol) arose malnly from the free es-
trogens, while 1Q&éhydroxy steroid sulfates (l6a-hydroxy-

estrone—3-sulfate and estriol—3—sq}fate) were predomin-

&

antly formed from the sulfated estfogens.

ghe l6a-hydroxylation of estrone sulfate by gulnea
pig llver mlcrosomes (one of the major pathways of es-
trogen hydroxylatlons in man) offered a useful model" to_
study this enzymatic actlv;ty under 01rcumstances un-
5%mplicated by the presenee of_addi%ionai'hyd:egy;asea
which act upon the substrate Altheggh~16a;hydroxy meta-’
bolltes of the estrogens have been recognlzed for more -
than forty years and are of major quantitative 51gn1f—

'1cance in the human, llttle spec1flc 1nformatlon has

been avallable regasglng the propertles 9f the hydroxy— &
iase(s) responsible for their formation. Employing
gulnea pig llver mlcrosomes, propertles of the 1l6c0-
hydroxylation .of estrone-3-sulfate were 1nvestlgated

v .

Studles were also performed to determlne the effect of /_




s . - ‘
. , .
.

. synthetic steroids, such as those.contained'in +he oral

~ |
contraceptlves and of other natural ster01ds on the léa-

\ ’ :
hydroxylatlon ‘pathway of estrone sulfate '

- . . ‘

.Following a.microsomal incubation with estrone sul-

fate,nthe‘mouosulfates, separated by Sebhadex Azs chroma; ) ]
tography, were, investigated for the presence of lbéa-

X hydroxyproducts by inoubation with mylase P, a phenolsul- '

eocy

fatase.preparation, followed hy Sephadex LH; chroma- . : \

_tography. Formation of l6d-hydrox?estrohe;3—sulfate : ‘4

plus estrioL-B-sulfate gaue;the total lSa—hydroxyiation -

of estrone-3-sulfaté. The-optimumacopdit}ons of thé'lﬁa— - : \

A hydroxylase .activity were found to be: ;encubatlon time, :
® o © 30 nin.’, hlcrosomal protein concentratlon, 6 8 mg/S ml ) ':

of 1ncubation mixture and pH 7;5.ﬁ'Employ1ng these con- .'

ditions, K;'for estroneté-sulfate was determined to‘be . : |

3.55 x 10"5 .and that for the cofactor NADPH 4.18.x lO‘"M.
The synthetlc ster01ds, norethynodrel .and’ ethinyl estra- .
dlol, were fouhd to 1nh1b1t the lGa-hydroxy pathway to N L

- - .o \ : . o - |
CoE . the extént of 35-408. = - : : |
r ' , o -
%. The guinea 1g llver system has.been fcund to be o . \
a suitable model \o study estrogen hydroxylatlons (par— ; . ‘

T \
tlcularly lGa—hydrtxylatlon) Results from the mlcro— : ‘ . \
o _ somal 1ncubatlons showed that the sulfate m01ety at pos- : \ - ‘

) - ..
ltlon 3 of the ster01d directsl6- hydroxylatlon from the ,

. - ’
B~ ﬁo the a-conflguratlon. Inhlbltlon caused by ) PR L

ethinyl estradiol seemed,totbe competltlve in nature. a = |
. * - ‘ . "
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STEROID NOMENCLATURE

Trivial and systematic names of ster01ds used or mentgiPed

1n thlS the51s

°

Trivial Names

\

Systematic Names

"

Cyg Steroids:

‘Estrone (E;)

A

l6a-Hydroxyestrone (16QOHE;)

lGB—Hydi%gyestrone (1L6BOHE, )

Estradlol 178 (Estradlol E,
E2178)

Estradiol-17a (ﬁ217a)

l6-ketoestradiol (16ketoE,)

\
. ‘Estriol (E,;)
lg-Epiestriol (16EpiEj)

A

Estrone-3-glucuronide (E,3G).

EstfoneTB—sﬁlfate .
(Qstrone sulfate, E13S)

‘[ lGa—Hydroxyest;one—B sulfate
j (16a0HE13S) )
Vo

ZAnydrbxyestrone sulfate

\ 3
3~Hydroxyestra-1,3,5(10) -

-trien-17-~one
. »

3,16a-Dihydroxyestra-
1,3,5(10)—-trien-17-one

3,168:Dihydroxyes£ra-
: lv3 5(10)~trien-17-one

Esira 1,3, 5(10) ~-triene-
3, l78—dlol
Estra;l;3,5(10)-triené: )
3,17a=diocl

-3 176:§&hydroxyestra—
1,3, S(lOQ—trlen-ls-one

Estra-1, 3 5(10)-triene-.
_3,16a;l7B¢¢riol ' .
Est:g;1,3,§KLO)-triene-
3,168,178-triol

-
v

N C A
l7-keto-estra-1,3,5(10)-
trien-3-yl- B-D—glucopy—
" ranosiduronate .

17- keto-estra-l 3,5 (10
.trien- 3-yl -sulfate °

lGa-Hydroxyestra -1,3, 5 \-
(10)~- tr1en—17—one—3—y1—
sulfate

2£%§droxyestxa—l,3,5&$65-

trien-17-one-3-yl-sulfate

®
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‘Estradiol'-3-sulfate

Trivial Names

Systematic Names

2-Methoxyestrone sulfate

lGa—Hydroxyestrone 16~
glucuronide (16aOHE116G)

r

" l160-Hydroxyestrone-3-sulfate-
l6a~glucuronide (1600HE:1 381604G)

T
i
A\

l6a~-Hydroxyestrone-3,l6a-di-

sulfate (1600HE;3,16d4iS)

Estradiol-3-glucuronide *
(E23G)

Estradlol-l7B-glucuronlde .
(E,&7G)

iy

Estradiol-3,17- dlglucuronlde
(E;3,17diG)

) \‘
3

. ‘.\‘

» »

%
(estradiol sulfate, E;38)

‘A

" Estradiol-i7-sulfate (E,17S)

Estradiol-3,178~disulfate -
(E;3,178diS) :

Estradlol 3, l7a~dlsulfate
(E23 l7adls)

Estradlol 3-sulfate -17~-.
glucuronlde (E23Sl7G)

Estradiél-B-pPosphth

< a8 - N\

2-Methoxy-estra-1,3,5(10) -

. trien-17-one-3-yl-sulfate

3- Hydrokyestra-l 3,5(10) -
trien-17-one- l6a*yl 8-D- .
glucopyran051duronate

" 17-keto-estra-1,3,5(10)-

trien-3-yl*sulfate-16a-
yl-B~D~glucopyranosidur-
onate

l7-keto-estra-1,3,5(10) -
triene-3,16a~di-yl-sulfate

‘17B~Hydroxyestra=-1,3,5(10) -
trien-3-yl- B—D-glucopyran-

OSLduronate

4
3-Hydroxyestra-l,3,5(10)- -
trien-178-yl-=f-D~-glluco- /
pyranosiduronate :

Estra-l,3,5(lb)ﬁ%riene-
3,178-di-yr-8~P-gluco-
pranosiduronate

178-Hydroxyestra-1,3,5(10)~ .

trien-3—yl-sulfate’

3-Hydroxyestra-1,3,5(10)~
trien-178-yl-sulfate

, } E w
Estra-l,?,S\lO)—triene-

'3,178-di-ylasulfate

\
‘Estra-1,3,5(10)~triene-

3,17a~-di<yl~-sulfate

Estra-1,3,5(10)-trien-3-
yl-sulfate-178-yl-B~D-
glucopyranosiduronate .

17B—Hydroxyestra—l 3, 5(10)—
tr1en—3—y1-phosphate -
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Trivial Names o . Systematic Names

\

Estradiol-l7-phosphate. . 3-Hydroxyestra-1,3,5(10) -

. trien-178-yl-phosphate

Estradiol-3,17~-diphosphate Es;ra—l,3!5(10)—§riene- -
’ ' 3,178-di-yl-phosphdte
l6-ketoestradiol-~ 3 sulfate ) 178-Hydroxyestra~1, 3,5-
.(16KetoE23S) ” - (10)-trien-l6-one-3-yl-
\ sulfate
Estrlol 3—glucuron1de 16a,l78—Dihydroxyestré--
(E33G)- LI 1,3,5(10)-trien-3-yl-B-

. D-glucopyranosiduronate =
EstriolfiGa-glucuronide - 3,178~-Dihydroxyestra-
(E;160G) 2 1,3,5(10)-trien~-16a-yl~
. B—D—glucopyranosiduronate
Estriol-3—sulfate (E338) T ™16a 176—D1hydrogyestra~ ‘

1,3,5(10)-trien-3-yl- v
sulfate ,
Estriol-l6a-sulfate (E;16aS) 3717B—Dih§droxyestra4 ’
~ ' 1,3,5(10)-trien-l6a~yl— -
sulfate’ \

. \ . ’ .y,
Estriol-3,l6a-disulfate 178-Hydroxyestra-1, 3,5 (10) -
(E33, 16adlS) triene-B,lGa-giryl—sulfate
Estrlol 3-sulfate-1l6a— . ~i?B—Hydrogyestra—l,3,5(10)~
glucuronide (E33516aG) . trien-3-yl-sulfate-l6a-_ =

. yl=-B-D-glucopyranosidur- .
A . onate : - -
16~Epiestriol~-3-=-glucuronide 168,17B8~Dihydroxyestra-
(16epiE; 3G) \ | :1,3,5(10)-trien-3-yl-g- - -
: - D-glucopyranosiduronate
v . . -
16~Epiéstriol-3,16R-disulfate\ . 17B-Hydroxyestra-1l,3,5-
(16-epiestriol disulfate) (10) -triene-3, lGB—dl—yl—
' . o sulfate . R
Ethinyl Estradiol ) ' . 19fn6r*l7q-pregna-ll3}5— -
g : ) (10) ~trien=20-yne-3,17- .
- ] . diol
. } \ |
\ S
} . .
‘ \
. \f
F-3
& X
XX )
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_ Trivial Names -

-

Systematic Names

Adestranol

-t

Norethynodrel
C;9 Steroids:
Testosteroné
Androsterong
Isoandrosterone

Dehydroepiandrosterone ({(DHA)

Dehydroepiandrosterone sulfate

(DHAS)

Androstanediol disulfate
(5a-Androstane=-3a,178-diol-
3,17—disulf§fe)!

C,, Steroids:

Pregnenolone

Pregnenediol s

Allopregnane-38,208-diol

[N «
21-Hydroxypregnenolone-3,21-
disulfaté,%ﬁA

Medroxyprogesterone acetate

i
Deoxycoxtiscosterone

19-nor-17a-pregna-1,3, 5~
(10)-trien-20-yne-3,17~
diol-3-methyl ether

170~ethyl-17f8-hydroxy=-19-
norandrost-5(10)-en-3-one

l7B-Hydroxy-4-anrosten— .
3-one

3a-Hydroxy—5a-androstan—'
17-one

38-Hydroxy—5a-andros£an-
17 ~one

38-Hydroxy-5-androsten-
17-one

17~-keto-5~androsten-3f~
‘yl-sulfate

5a—Androstén-3a,l7B—di-

yl-sulfate \
n

3f8-Hydroxy-5-pregnen-20-
~“0One . f

5-Rregnene-38,20a-diol
5a-Pregnane-38,208-diol

_20-Keto-5-pregnene-38,21-
di-yl-sulfate,

.Ga-Methyl—4-pfeQnenef

3,20~dione~-17a~-yl-acetate

21-Hydroxy-4-pregnene-
3,20~dione

Pt
o
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- Trivial Names

Systematic Names

e

Tetrahydrocortisone

)

. Deoxycortiscosterone sulfate

Other:
qholesterol ' g

Cholesterol sulfate -

ey D e s M Ao T A Ry AR

v

e

3a4-170-21-Trihydroxy-58-
pregnane-11,20-dione

3,20-ﬁiketo-4-pregnen—
2l1-yl-sulfate

Cholest-5-en-38-01

Cholest-5-en-38-yl-
sulfate

Heem A
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Figure 1. Structure of the main estrogens involved in
‘ the investigation.
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i HISTORICAL E?VIEW R v

LY

1.1 INITIAL ISOLATEION OF ENDOGENOUS ESTRONE, ESTRADIOL
AND ESTRIOL .

o o .
. r_ ';'u? v "', z_.

Before success can be a%talned in the isolation and

\
-purification of biological componernts, two barriers must

be overcome. These are a rapid quantitative assay and an

economical source that is relatively rich in theé desired

compound. These two barriers were surmounted for the és-
. . \ T

trus producing hormone by the introduction of a bioassay

by Allen and Doisy {1923), and the demonstration in 1927

-

of large amounts of an estrus active principle in the urine .

. of pregnant women (Aschheim and Zondek, 1927). The impor-

tance of this latter discovery of a cheap and- ea511y avall—

able source of the hormone is revealed by the difficulty
-

encountered in isolating estrogensfvfromvmammalian tissues. -

Earlier work on the isolation of the active principle from

-

the' ovaries was abandoned, due'to the low cbncentration of.

the estrus produc1ng materlaL from this tlssue, in favour

> _ e

W,
of theimore ‘readily available materlal found in the urine -

”

\
\

of prégnant women and mares.

- A historical account of the purification of estrone’
\

(E,) and estriol TEa) from human pregnanoy urine is given

‘

+"Estrogens" throughout this thesis refers to phenollc
ster01ds be they conjugated or unconjugated. \

e o
s,
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by Marrian (1933, 1966). E, was isolated towards the

end of 1929 and early in 1930 independeutiy by. Doisy,

[CSyo—

. Veler and ‘Thayer (1929, 1930a), Butenandt (1929, 1930)/
and Dingemanse, De Jongh, Kober and Laqueur (1930). Iso-
5,L«ietion of E; from the urine of pregnant women soon fol -

lowed (Marrian 1930a, b; Doisy et al, 1930b)..

These two compounds isolated at that.time wefe not
recognized to be E; and E; but were classified as active
estrus-substances. Scientists of this period were reluc- .o
. tant to accept that the body could secrete chemically
dlfferent hormonal substances possessing similar phy51ol-
ogical activities. Doigy, et al (1930a) noted that their

‘previous proce@ures used with extracts of 1iquof fciliculi
cduld not be used on ‘hormone solutions derived from

£ "" urine. They stated that the possible reason was due to

g ' chemlcal dlfferences between the phy51ologlcally active

- [+

substances from the two sources “or due to a dlfference ln \.
' - f‘) ,-’-‘-‘4 -
B
. the nature and amount of contamlnatlng substances to be Coe
b

removed. They belleved that the latter was the probable
cause. Marrian (1930b), in trylng to explaln the ex1stence L

Coe of two estrogenlc compounds in the urine, suggested that
N NN B U e

they were not the hormone itself but rather different in-

active compounds each aésociateq.with miﬁute amounts of
e ‘the real active princdpre.' It'seemed'unlikel§ to him that

estrogenic activity coulq/pe”én intrinsic property Of dif-




R . - v
f

-.-ferent mOlecules.- The evidence that both E; and E; co-

N\

existed in the urine was provided by Butenandt and /
. - Hildebrant (1931). These‘workers qiscovered E; in one'of
. the discarded. fractions of Butenandt's method (1929, -1930)

for isolating E;. They also found that El-could be ex-
. R ,/ - ! -
trécted from the mother liquors ‘after the isolation of

*

E; by Marrian's method (l930a, b)= Conver51on of the Y \' ) ;
trlol into. the hydroxyketone by dehydratlon with potassxum

’ \

bisulfate (Butenandt-and Hildebrant, 1931) confirmed

o A

that two distinct estrogenic substances existed.

Duripg this period of the early thirties; otHer sci-
‘entists fWintersteiner et al, 1935) were;busy isolating a 3
number of pure estroqens from the urine of'pregnant mares. i
With the isolation of so many different estrogenic com- '
pounds, rt seemed desirable to determine the napure of the

~active substance in the ovary. The question arose as to

. \ . . . .
whlch one of the estrogens isolated in the urine, if any,

/
was the true estrus produc1ng hormone of the ovary. It

—~ - W

S b

" . was now conceivable that a group of Eubstances posses31ng

similar qualitative phy51ologlca1 propertles but differing
cheﬁically and in quantiéative biological’activity could - A
) e the result blologlcal reactlons occurring in the body ;
; - - - after t%e liberation of the hormone from the ovary. There B

was no reason to suppose that the ovary secreﬂed estrogens‘ e

in the form‘in whiéh they appeared in the urine. Thls
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\

‘question could not be answered until the active estrus

hormone was isolated from the ovary and comp§féd to those
contained in the urine. This task was accomplished by

o o) . '
\ MacCorquodale, Thayer and Doisy (1935, 1936). This feat v

- required four tons of sow's ovaries. ' Complete recovery
. .
. . from the four tons of ovaries that were processed would

¢

?

have given no more than 25 mg of theahormone. The hormone

. *
1 identified as dihydrotheelin, now known as estradiol (E:),

- .

) 'was more potent than any previous substance isolatéd in

. .
D PN

t

-]

, ) L.
- producing .cornification in the vagina of ovariectomized

.rat or mouse. Isolation and idéntification of E, as the
¢ - \

active estrus hormone, and still looked- upon today as
1

the most biologically active naturally occurring estro-

~gen, concluded the work begun in 1923 by Allen and Doisy,

.a period of over ten years.
R © . Sy

]
-’
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‘1.2 ESTROGEN CONJUGATES  , . -

was observed that yields obtainable from human urine could

~

The main forms of’ steroids in biokpgical fluids are
water soluble conjugates rather than the free compounds.

During the initial isolations of estrogens from urine, it

be considerably increased by a preliminary;t;eatment with
acid (Marri&n, 1930c, 1933; Doisy et al, 1930a; Glimn and
Wadehn, 1929). Marrian (1933)\6150 noted that yields were

o

increased greatly by alléwing bacterial decomposition of

"the urine to occur. A.considerable portion of estrpgenic

activity in the urine of pregnant women was shown to be
in a form in which it 335 non-extractable by ether (Glimn

and Wadehn, 1929). .Similarly,whi}e working on the isola-
tion of estrogens from the urine of pregnant mares, Zond&K™

(1930) observed that-e§trogens in this £luid could ﬂgt be
extracted b;}' chloroform. Thus, imenerally assumed * %
that much-of the‘eétrogen in the urine was<prSe;t as a ‘
water—sqluble,.éther%insbluble ester. It was even sug-

gésﬁed at this'timégthat the ugextractable estrogen might

e

be excreted in combination. with glucuronic or sulfuric

acids (Marrian, 1933; Glimn and Wadehn, .1929). -

Dhring this same beriod, Collip (1930a, b) reported
the existence of an active fraction in the aqueous extract

of human plagenta. His group (Collip et al,. 1932) also “
I ~ :
-

. Y
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<

reportea that during pregnanty theJBEEE? of women con-
tai%ed an ether-insoluble estrogenic substance similar . to
that occurring in the piacental extracts. The cfysta}s
obtained -from both sources following acid hydrelysis
appeared to be identical to the estrus compound (E;)
isolated by Marrian (1930a, .b) and Doiey et al'(l9302).
The identity of the placental hormone with E; was coﬂe,*‘

2 firmed a few years later by the same grohp‘of'workers

- . (Collip et al, 193&). Their crystals frem the ether-

' spluble fraction of the placenta were identical in prop; ‘:

) erties toan, while the ether-insoluble fraction was a

complex of E; with some unknown material. <A

. Isolation and identification of estrogen conjugates

.~ - A

was difficult. By .the early fiftles, only four intact

S~

T steroid sulfates and three glucuronides had beerf isolated
] :
‘.- \ ( 4
from urine and fully charabterized compared to approximate-
ly 150 free ster01ds that had been_ isolated and identified

up to that tlme (Sllterl, 1970). No steroid conjugate had

yet been isolated from other sources, such ag the plasma
- - "> . '

. ‘ ,or'bile. Of the estrogens, only one glucuronide [see -

.

Sectlon *1.3] and one sulfate [see section 1.5] had Been - -

isolated. Final prodf of the nature of estrogen conjugates

was delayed until the development of isolation exﬁeriments. 3

[ N

One of the major prgbleﬁs was the lack of procedures to

synthesize estrogen conjugates to serve as internal stand- =

- B : . 6}

-
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ards to correct for‘methodoloqical losses and to act as _///
E
authentlc referénce compounds‘ The absolute identifica~
e
tion of steroid conjugates was difficult due to 1nadeauate

pa

experimental procedures available in early times. #ethod-

ology was limyted to acid or enzymic hydrolysis followed

by extraction of the liberated estrogeﬁsowith oféanic sol-
vents. The disigyantage associated/with acid hydrolysis
was that the estrogens were partly destroyed (Cohen and,
"Marrian, 1935; Katzman et al, 195}). Enzymic hydroly81s
usually did not destroy estrogens. but it resulted generally
in relatively incomplete cleavage. Inhibitors that inter-
fere with'the'ﬂ;drolytic action of both'8~g1ucuronidase
(Slaunwhlte and Sandberg, 1960) and sulfatase "(Dodg'son and.

e

Spencer, 1953) have been shown to be present in the urine.

v

The 1nh1b1tory power of urine could vary from subject to

subject at different times,_resnlting in a variable'degree

N

‘of estrogen conjugate ﬁydrolys1s and thus could cause

erroneous quantltatlve data. Prior hydrolys1s aLgé’dld not

J

allow of assigning a posltlon of the conjugatlng‘molecule

\

on\the steroid.

=,

Y

¢+

It seemed very dlfflcult to 1ntroduce any modlflcatlon
of the acid hydroly51s method in an attempt “to prevent the

destructlon of the estrogens. Hydroly51s w1th HC1 in the .

- . -

presence of zlnc (introduced, by Smith and Smlth, 1937 to

increase the yleld of estrogens) was shown to yleld some—~

4
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what highek values than those obtainéd with HC1l alone but
not appreciably higher than\thoée obtained by enzymatic
hydr.o]_.ysis\ (Straw et al, 1955). This fact plus the .ad-
vantage of specific cleavages offered by enzymeg made

investigationsﬁfo; improving the yield of enzymiq hydroly-
sis more pgbmising. .The-main probleﬁ was to find a simple
procedure for the removal of the enzx%e inhibitors present -
in the urine. Céﬁparison of enzyme hyé;olysis using w@ple
urines and their butanol extracts indicated that somewhat
higher estrogen yields wére‘obtained wih the butanol ex-

tracts \(Straw et al, 1955). - o -

e A~

The . introduction 6f,SepHadex_golumns (Beling, 1961,
1963; Hihnel, 1955) Aade itﬁpossible to obtain conjugated
A sﬁestro\gens.s,\dir:actly from the urihe in a.high degréé‘of pur-
_ity. Beling (1961, 1963), employing columns of Sephadex

s
ﬁ . - -
able to: separate estrogen conjugates of pregnancy

G-25, was
%urihé into two maiﬁ‘peaks. Gel filtration of 13 Tonjugated
estrogens added to male urinec(Beling, 1963) shoyed that
esirone—&*glucuronide (E,13G), estradiolt3,l7-diglucuronide
= (E,3,17d4iG) and estrioi}3-glucuropide (E33G) were eluﬁgd
in the first peak. The other estrogen conjugatess such
‘;s_eétradiol-l7hg;ucuronide (BE217G) ; estriol-16(17)-
glucﬁronide (E;16 (17)G), éstrone—3—§ulfate (E,38), estradiol-
S '3~s;1fate (E,3S), estradiol-l7-sulfate (E;17S), estradiol-3,

.17-disulfate (E,3,17diS), eétriol—B-sulfa?E (E538), estra-

N el
di$L73—phosphate, estradiol-17-phosphate and estradiol--

%
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3,17-diphosphate ‘were found in peak two. -

S

The use of DEAE Sephadex as a means of separatlng

estrogen conjugates was 1ntroduced by Hahnel et al (1965,

-

' 1966; 1967). Preliminary results (1965, 1966) separated
N + .

free estrogens from conjugated estrogens, a feat that was

not accomplished by Beling's column, as well as some estro-

gen conjugates from each other. This group of workers was

also able to separate estrogen sulfates completely from
estroéen glucuronides by a suitable adjustment'of—the NaCl

gradient (Hihnel et al, 1967). 1In Beling's method (1963),

the estrogen sulthes occupled the same p051t§on as’ the °

L

other conjugates with the exceptlon of estrogeﬁ-3- -

’

glucu -onides.’ Thus, urine could "be applied to.DEAE

© Sephadex columns to separate four groups of estrogens from .

Caaetd

eacH‘oéher at the same time; namel§( free estrogens, estro-
gen-3-glucuronidés, estrogen—lG(or 17)~glucuronides and

estrogen sulfates. Hobklrk et al (l969a)greatly 1mproved

the use of DEAE Sephadex for the separatlon of estro-
[ = \

N

'gen conjugates. A number of glucuronideS\and sulfates of

labeled El and E, Were prepared in the laboratory and,
X

together w1th:ce;;a1n commerc1ally«avallable compounds,

e

Q@ .
their behavibf’dn DEAE \Sephadex columns was 1nvestlgated.
F N\ >

n chromatography onﬁDEAE Sephadex in a lln x gra-

J—
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estradiol—3—su1fate-l7-glucdronide‘7Ez3Sl7G) and E23,17dis.“
\

- The presence of urinary residues caused some changes in

~the elution pattern bpt still ailowed'reasonéble éeparé—
‘tion. Thus it was shown that not only is there the pos-
siSility of ségarating like steraids conjugéted witﬂ the
samé acid at different carbon atqp§ of the éteroid nole-
?ﬁle but also very clear resolu;}bnjcan be obgainéd;of \

e steroids diffeéing only slightly'ih struc%ure and cqnju—

éated with the same acid at the same carbon atom. This

latter method, as aescribed.by Hobkirk, Musey and Nilsen

(1969), was employed extensively in the presentzinvesti-

gation [see methods seéction 4.3(a)]. - - \ /
' |

The development of Sephadex chromatography aided&
. m' _ ~
greatly the separation and identification of estrogen\ﬁqn-
jugates present in biological fluids.' Today it is well

4 known that conjugated steroids are predoﬁlné&%ly either

sulfatés o; glucuronid%F,’élthough other molecules, sucﬁ
aSHaﬁino adids, élucose‘aﬁa ﬁ—acetyl—glucoéamine, ﬁay'bé
emplOzea‘fornconjugate‘fbrAAtioﬁ. A




- 1.3 ESTROGEN GLUCURONIDES

\

—

: \
Cohen and Marrian .(1935), optimizing the conditions

for\the acid hydrolysis of the combined estrogens in urine,
attempted to isolate the cdmbined form of Ez. This work |
was stimulated by the preceding observations of Collip's
group.(l§32,.1934) that an- ether-insoluble complex of'

E; was contained in tne human placenta as well as in
pregnancy urine. 'The identity of the E; conjugate as

a glucuronide was established in 1936 by Cohen and covwork-

ers (Cohen and Marrian, 1936; Cohen, Marrlan and Odell,

.,1936); Chem1cal and spectrographlc ev1dence showed that

&

W

-
the glucuronlc acid m01ety was comblned w1th E; at C-16

or C 17 and not at the phenollc C-3. This was the first
isolation of an estrogen eonjugatev Conclusive evidence
that‘the uronic acid bf_;ggwcenjugate was glucuronic
acid\was:given by Crant and Marrian (1950). It was not
until many years later tnat Hasnimoto_and Neeman (1963)
established tne‘absolute structure of this cdnjugate to. N
be estriol—lSa—glucuronide (EglGaG) Wlth the avall—
ability of 1%c-E;160G for 1nternal standard purposes,
Slaunwhlte et al (1964) were able to estlmate accur- .

ately the quantlty of this conjugate present in the urine

3

of pregnant subjegts. The E3 glucuronide was purified

by the method of g?shimoto and Neeman (1963) and ‘the

final butanol extract assayed for radioactivity and:;

NG
oy

Kober chromogens without employing hydrolysis. They

K

-
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.reported that daily values rose from 7 to 10 mg in
_the third month to- 37 to 54 mg in the eighth month of
préﬁﬂancy. ‘ -J " . )
& . . '
R/ .

E;160G may be found conjugated to sqlfuric acid.
Straw-et al (1955) présented evidence that indicated a
small amount of E; was excreted as a double conjugate with

) \ '
sulfuric and glucuronic acids in human pregnancy urine.
They observed that'preliminary treatment of the urine with
. 'h » . - b
‘B-glucuronidase increased the estrogen liberated by mylase

P, a phenolsulfatase preparation. Smith and Kéfiie (1967),

employlng gel filtration on Sephadex G-25 followed by

further purification procedures, identified estrlol—3- ‘ B

.

~sulfate-l6a~glucuronide (E33S160G) in human pregnancy \
urine. These workers also identified l6a-hydroxyestrone-

3~ sulfate-lGa-glucuronlde (16aOHE13SlGaG)

ol .,

-

As stated earlier, the isolation and identification

of éstroéen-qquugates‘was\difficult. By the early }if?

ties, E;16aG fréﬁ the human ugine was the only estrbgen
lucuronide to be iéolated'aﬁa characterized, although s
ther estrogen gluéuronides‘were known to bé_present. ]
neson and Cohén, for ‘example, in i952; preseptéaﬂdata_
indicating that a larqgﬁproportion“of'estroné'in human, -

, ) ) o -
* pregnancy urine was conjugated as the glucuronide. Fol-
- : 2 \

1 lowing the introducéion of Sephadex columns [section 1.2], '

- L

isolation and identification of "estrogen conjugates be~ ' {

\

")

Y
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m%rogen glucuronides from,pregnancy urine..-Furthér puri-

.tography, as employed by Hahnel‘et al_(l965, 1966), separ—

»” .. : -

came more rapid. ‘BelingriﬁmpioYiqg,Sephadex:G;ZS columns

*" B “' '\ )
(13§3), detected the presence;of E13G.and E33G, as well .
as E316aG in pfegnancy urine. ,Smith.and Kellie (1965,

. ' ‘m‘ . . . -~
1967) also employed Sephadex G-25 columns to -1solat€ es= |

~ ' *» .

i Y
flcat10n~by ion exchange chromatography on ECTEQLA- cellulose .

.

powder and subsequent partltlon chromatography on Celite-

and paper led to the. idehtification of the following ' o

. >

glucuronides£ E13G, EZBG E; 3G, E316aG lG—eplestrlol- ‘

—glucuronide (16ep1E33G) and lé6a- hydroxyestrone-IG-

s .

glucuronlde (lGaOHEllGaG) (1967) DEAE Sephadex chroma-.~

,.’-v .

ated estrogen glucuronldes from the unconjugated estro—
. \ “

gens in pregnancy urlne. EglGaG represented the. maln

peak of the DEAE Sephadex chromatogram. Prellmlnary .5;-

v
-

evidence revealed alsO‘the presence of E33G, E13G andnf

s - s - \

two Ej glucuronldes. In a follow—up study, Hahnel (1967)

\

presented quantltatlve data on twenty patlents who were &

N \

32-40 weeks pregnant. In alL‘patlents, Ej lG&G was the

-

- -,; ‘
estrogen conjugate present 1n the largest portlon aver—‘

A, ..-
I .~ \

aging about 60% of all the estrogen glucuronldes present. . } \
E33G showed an average of about 27%. These two Ea glucur— '
onides together formed about 87% of”’ all the estrogen glu-

curonides found in the ur1ne\* E13G constltuted about 10%"

of the totdl glucuronldes, whlle the two estradlol glué*

RUCEN
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curonides, “brobably E,3G and E;17G,, contributed only about
2% each.
. . . N . ) » . .
The 'second major glucuronlde metaboglte in the urine, .
) - - - * B
? E;3G; .was obtairied in. crystalline form by Ladany in 1968.
] : - . ) ' ) . ¥ . - . -
. . The infra-red spectrum of the isolated conjugate was iden-
\J- - : -
- ‘ tical with" that of a synthetlc sample -of E;3G. Enzymatic ) b
- <. - i
3 - _ . cleavage of the isolated compound yielded E; and~ gl'ucuron— ) =~ ‘(
et . ] . - @ . .l w‘
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1.4 BIOSYNTHESIS OF ESTROGEN GLUCURONIDES'

The conjugation of va?ious compeunds wiﬁh %éucuronic
acid takes place in the liver, kidney and gastrointestinal
_tract both in aﬁimals and in man (Dutten and Greig, 1957;
*Dutton apd Stevenson, 195%; Dutton, 1959; Lehtinen et al,
1958a, b; Schachter et al; 1959; Dicfalusy et ai; 1962).
The reactlon mechan%sm in the formation of glucuronldes

. 5 . +
can be represented .as follows: )

o

" Glucose-l-phosphate + UTP + UDP-glucose + PPi ' (1)

UDP-glucose + 2NAD -+ UDP-glucuronic acid. - - (3)
UDP-glucuronic acid + ROH + UDP + R-O-glucuronate _ - (3)
e - : .

A~ ~

on

§

The formatlon of uridine dlphosphate glucose (UDPG) by .

a *

reaction (1) is followed by the_conversion of this by oxi-

dation into uridine diphosphate glucuronate (UD?GA); The

glucgfonyl residue.of UDPGA, an activated»form of glucur-

onic acid, is then transferred to an appropriate acceptor

(Roy, 1970) . N2 | )

. o
2o . * ¥

The enzymes catalyZLng these three reactlons are rés-

pectlvely' UDPG-pyrophoéphoryiase (UTP a—D—glucose—lv )
hosphai"ur1dy1yltransferase, EC 2 7 7. 9), U DEG -dehydro—-

.

genase '(UDP glucose- NAD oxldoreductase, EC 1. 1 1.22)

and UDP= glucuronyltransferase§4UDP glucuronate.glucuronyl—‘

‘tranéferase). A recent commentary on the control of this

N . . ;
. .“, L L - - . A\

-~ N » W 4
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~latter enzyme, UDP-glucuronyltransferase, activity is given
by button (1975), one of .the pioneers-in the elucidation

iy

‘of. the glucuronidation mechanism. Excellent reviews “of

“the mechanism of glﬁbuionldé biosynthesis are also given.

-

by Dutton (1961, 1966).
(a) ELUCIDATION OF GLUCURONIDATlON MECHANISM \

Studies with !*C%labeled glucose in the rabbit (Eisen-
berg and Gurin, 1952) and guinea pig (Douglas ‘and King,
1953a) indicated that the carbon chain of glucose served as

the precursor of the glucuronyl moiety of urlnary steroid

glucuronldes. The glucose molecule seemed to 'be converted

t.q.

directl}y to glucurénide.without requiring-separate 3~
carbon compounds as an intermediate. It was subsequently

.

shown in the gulnea pig and rat that exogenous glucuronlc
ac1d was not utlllzed in apprec1able qﬁantities for direct
conjugatlon‘but was metabolized largelyxto respi;atory

'coz (Douglas and Klng, 1953b). .The precursor for'glucur-
onlde blosynthe51s remalned a mystery until the publlca—
tions of Dutton and Storey *(Dutton and Storey, 1951 1953,
19§Z/ Storey and Dutton, 1955). Thése workers-adapted the
method of Levvy and Storey (1949) for the determlnatlon of

gluouronidation g;fo-amihophenol in mouse liver slices to.

liver homogenates (Dutton and Storey, 1951) in theé hope of

gaining insight into \ghe mechanism of synthesis, No.syn-

.

(=]
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thesis of aminophenylglucuronide could be detected unless B
v \' “"F . .
a boiled extract of liver was also added to the system. -

In subsequent work (Dutton and Storey, 1953, ;954; Storey"
and Dutton, 1955), puriﬁi?atigg of éhis factor showed.it
to contain uridine, stable éﬁgééggte, labile phosphate and L
‘, glucuronic acid in tﬁe bp0portions l:Z:l;l; Evidence thus
suggéstea that the factor had the structure of uridine
diphosphate glucuronate. This active factor was not con-
- .

fined to one specieé but could be obtained from rabbit,

rat, mice and guinea pig livers (Dutton and Storey, 1954).

14

When incubated with liver homogenates and O-aminophenol,

approximately on€ equivalent of corresponding glucuronide
‘h .
’ L os S ~ . s e *
formed for each_equivalent of uridylic acid.. Thus uridiné . . .
N < .
dipﬁogphate glucuronic acid (UbPGAL was-.an active form of-
v ’ ; . -

glucuronic acid and transferred thélglucurogyl moiety to

R >~

the aglycone under the influence Of an enzyme. This en-
zymic activity was shown to be located in a particulate B

matérial<(ﬁow known as the Qicrosomés) of the cell cyto- vt

plasm (Dutton and,SEorey, 19545:*~The transfer, of the..

glucuronyl ;esidue from UDPGA to the acceptor 'ROH as

N

‘shown in reaétion (3) .[section i.4{ séémed to represent

e

the final stagé'in ﬁhqafo?mation of$§lucuronid%s pbservéd_”‘

in liver slices (Storey ‘and Dutton, 1955),‘ . N e

\ ) . 3 . . ‘ \
The preceding. reactions (1) and (2) [section 1.4]‘were

S e T A R R LI T RS R
. ,3\.‘3*@‘%.} . X PR R R . 3 e
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soon -clarified to complete the picture of the mechanism of

~

gluburoqide biosynthesis. Strominger et al (1957) showed

that the soluble fraction of Juinea pig liver homogenates

-
contained an enzyme, referred to as "uridine diphospho-

glucose dehyérogenaée", which catalyzed the oxidation of
UDP-glucose to UDP-glucuromate in the presence of NAD.
The conversion of d-glucose-l-phosphate in the presence

of UTP to UDP~glucose by pyrophosphorylase was shown pre-

viously to occur by Munch-Petersen et al (1953).

The glucuronide conjpgating ;e;ction mechanism invol- .
Qing UDPéA and microsomal‘énzymes was shéwn to be a general
méchanism. Studies shqye& (Isselbachér and Axelrod, 1955; .
Dutton, 1956) that a yide range of!aglycones, both foreign
and naﬁural substances, could act as.acceptors oé glucuri
orfate from UngAijuThese early studies includeq sterbids"
FOrticosteroidé, suchggs tetrahyaxocortisone (Issgibacher
and Axelrod, 1955) 'Were shown to be élucuronidated in the
presence of UDPGA' and guinea big liver microsomes. Dutton
(1956) extended hié‘studies to the steroids, androsterone

and allopregnaﬁe-BB;ZdB—diol and éhoweh”that these sub-

- stances also acted as substrates.

18
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led to preliminary evidence that estrogen was conjugated

1.5 ESTROGEN SULFATES . -

In 1935, Cohen, Marrian and Watson reported that --
i

during the greater part O0f pregnancy over 99% of the total

estrogenic material excreted in t@g urine:was in a "com-

~ 5 . R . \
bined" ether insoluble form which possessed only a low

phygiologica& potency. They noted that during the last

féw days of pregnancy in women, immediately befo;e and dur-
ing labor, there occurred a rapid fall in total amount of
estfogen excreted simultaneously with a very great increase

~

in the ratio of ether-soluble estrogen to conjugated ether-
b

insoluble estrogen. Marrian, attempting to obtain further

evidence to support the proposed theory that conversion

" of the less physiologically potent conjugated hormones to

the free hormones.might be a factor in the iniéiétign of
labor, .extended his research to study and aetermiﬁe the
amount of free and conjugated estrogen_in the urine of
several mares at different sﬁ‘ges of pregnancy (Schachter
and Marrian, 1936). Pdrturition ‘in tﬁé’ﬂofée,was not ac-
icompanied by marked changes in the ratio of free to.con-
jugated estrogén§ as occurred in the human, but. this study
to sulfuric acid. This led to the first isolation of an
estrogen sulfate a few years later in 1938 by Séhéchter
and Marrian. They isola%éﬁ and identified’the potassium

sa;t of E13S from pregnant mares' urine.

-




-

H. Cohen and Bates reported the first utilization of

-

a pheﬁoléulfatase preparation, mylase P, for the hydrolysis

of estrogen sulfates from the urine of pregnant mares

(1949a). This.enzyme preparation is specific for the hy-

<

drolysis of phenolic sulfates agd does not hydrolyze alco-
] ”

]

holic sulfates, indicdting that the sulfate ester linkage
: \

5‘ ’ in estrpgén sulfates must be with the phenolic hydroxyl

e

T4

group. Employing phenolsulfatase, theﬁe workers deteri
mined the préportion of estrogenic conjugates that occurred
in pregnant women's urine as the sulfate ester (Cogggégnd
Bates, 1949b). Among seven different urine samples, they
found a variable proporEion of from 5-89% of the E; frac-
‘tion and 8-100% of the E;-E, fraction to.be coﬁjugated as
the sﬁlfate. In contrast, Oneson and S. L. Cohen (1252)
found that a large portion of E, in human pregnancy urine
wgélconjugated as the glucuronide. Re-evaluation of fhe:
previous Teported data by Bates and H. Cohena(194§b) in-
: dicated the poss?bilit¥-of errgneouf conclusions. High
values given £8r the présence of eélrogen sulfates in the

& . . urine of pregnant women could have been due to contamin-
. . -

ation of mylase P preparations with”glucuronidase. Treat—l

ment of the urine by‘boiling,nxeduced‘hfdrolysié by mylase

P indicating the possible presence: of a glﬁcuronidase in i ‘f
. L : %

the urine. Katzman et al (1954) also reported that the

.

major portion of estrogens is excreted in conjugation with.

-

2

. .- . . .
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glucuronic acid and only small amounts of estrogens are

excreted as'sulfates. L Y . .

McKenna e£ al (1961) obtained direct evidence for the -
presence of‘estrégen sulfate in the urine of pregnant wo-
men. The infra-red spectrum of the isolated material was
idengical.;ith that of authentic E;3S. Only 8% of the _ -
. E: in the poole& pregnancy urine was cqnjugated to sulfuric

acid. Smith (1966) reports that, of the total urinary es-

trogens (E,;+E:+E;).from human pregnancy urine, 1?—97%

Fhigy

was E; with 85-97% of this conjugated to glucuronic acid.
E, represented 2-21'% of the total &strogens with only
- .G

1.5-7.5% accountable to the sulfate fraction. E, was only

1-4% of the total. Nineag o ninety-eight percent of E, -
. and E, were excreted as élubﬁronideé. Hihnel et al (1967),
employing DEAE;Sephadex columns to separate‘estrogen sul-. -~
nges from g%e\gluc@rgnides in pregnancy urine, .showed

: - . o 8 o
that the sulfate fraction containeéd E,3S, E;3S, E;3S,

16-keto-estradiol-3-sulfate (16ketoE,3S) and estriol-1l6g-

>3

sulfate (E;l6aS). No quantitative data, however, were
»
given. Quantitative data‘have, however, béen published

A‘by Tan et al (1971). ..
) _ \ . o g




1.6 BIOSYNTHESIS OF ESTROGEN SULFATES

e B

The overall pathway for the formation of' steroid sul-

[N

fates involves two essentially discrefggstagés. The first

. b e

= o e o et

stage involves éulfate activation. The formation of 3'

phosphoadenylyl sulfate, also known as adenosine 3' phos- -
i

phate 5' phosphosulfate _(RAPS), the active form of sul-

A e e
.

. .

fate, occurs by reactions common to several'patﬁways of
sulfate metabolism. The second stage in sulfate conjuga- .
tion is the transfer of the sulfate group from the activ-

ated sulfate to the appropriate acceptor through the action

R
W AR = &) W P S cre

of sterpid specific enzymes (Roy, 1970). The mechanism

- of the biosynthesis of steroid sulfates is as follows:

worsiep

Sulfate Activating System:

ATP + 80, ° + adenosine 5' phosphosulfate + PPi (1).

o (aps) - - S

APS + ATE -+ _PAPS + ADP (2)

3 _ Sulfate Transfer:

I3 .

PAPS + steroid (R:OH) - adenosine 3'5' diphosphate +
-(PAP) a
- )
steroid sulfate . . g, (3)
Ve (ROSO;7)" : ’ ) ) .

-t
-

The enzymescatalyzing these, th:eé reactiqns are res- g

¥, g

pectivelj: 'ATP-sﬁifurylase (ATP: sulfate adenylyltransfer-
! . . -ase, EC 3.7.7.4); Adenylyl sulfate kinase or igs-phospho—
- . " M . . =
kinase (ATP: adenylylsulfate 3! phosphotransferaseg&EC
Lo s - . N .

~

Kt
2
& . . B v
3
£

Rl

o

3
3
3
i




g g 3

" creased phenyl sulfate formation. The sediment and -

.

~ .

.2.7.1.25) and steroid sulfotransferases (3' phospho-

adenylylsulfate: 3S-ﬁyd{9k¥sgfroid'sulfotransferase, EC
SN - .

(4

2.8.2.2 and 3' phosphoadenylyl sulfate: estrone sulfo-
transferase, EC 2.8.2.4). In the adult human, steroid

.sulfotransferases occur in  significant amounts only in’
2

£

the liver, the adrenal gland and the jejunal mucosa

(Bostrom and Wengle,-1967):
(a) ELUCIDATION OF SULFATE CONJUGATION MECHANISM

Earlyjﬁheories that inorganic sulfate was the pre-
\ ' ‘

cursor in sulfate conjugation (Hele, 19381; Bernheim and

Bernheim, 1943) were supported by "in vivo" studies with

rz5

radioactive sulfate. Rats, given sodium sulfate labeled

"~ with radioactive sulfur, were shown to excrete labeled

sulfate conjugates in the urine (Laidlaw and Young, 1948;

Dziesiatkowski, 1949). De Meio and Arnolt '(1944) showed,

EY -
Pt

in the early forties, that phenol could be suifated in rat
liver, intestine and spleeﬁ_ﬁissﬁe preparations. Other
tissues tested were inactive in sulfate conjugate forma~-

tion.” De Meio and Tkacz (1950, 1952), employing rat liver

homogenates forpifieanwith a—igtoglutaric acid and AMR, in-

supernatant obtained by centrifuging the homogenates were

individually inactive. Activity could be restored, however, - g;

when these fractions were récombined, but not if the ' -

supernatant was previously boiled. These studies, plus

-

“
< S J
e, te ’ ‘ ’ ‘ .‘1\ .

v




=~

~
’

the two conjugates. These workers, howevef, presented °

R4

inhibition af phenol conjugation by 2,4, dlnittophenol, in- -
dicated that the process might involve phosphorylation

(De Meio and Tkacz, 1952). Further studies by De Meio et.

al (1953) showedjthat "mlcrOSOme free" supernatants from

rat -liver homogenates oould also form phenyl sulfate when
fortified w1th‘ATP and Mg*?. The early observatlo; that
mitochondria were reduired for phenyl sulfate synthesis

when the supernatant contained AMP and an oxidizable

substrate such as a-ketoglutarate (De Meio and Tkacz,

1952) could now be explained. Hltochondrla were needed

to generate ATP by aerobic phosphorylation. The requife— o
ment for ATP.for sulfuryletion confirmed~that'phosphory:‘
lation was involved inKthe formation of phenyl sulfate.
Bernstein and McGilvery (1952) also showed that enzymatic
ectivation of inordenic sulfate by ATP was required

as a o;eliminary.step-éor—sulfate eonﬁugation: Before
Bernstein endyMcGilvery!s work, it was-not.C1ear whether

ATP sé}ved to .create an active form of the phenol which

¥

" then could Be a common precursor in either sulfate or

¥

‘glucuronide formation or whether the inérganic sulfate

™o,

was the primary reactant implying a separate mechanism.for'

data 1ndlcat1ng that sulfate conjugatlon requlred actlva—

4

tion.of the sulfate w1th ATP followed by a second phase of

the transfer of~sulfate‘to phenol (Bernsteln ‘and McGilvery,
Ce s . , o~

Y, R
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1952). This was demonstrated by an accumulaticn of an i

active intermediate during preincubation of thée supernatant

containing sulfate, ATP and Mg+2 before the addition of .
m~-aminophenol. Addition of phenol to the preincubated mix— -

tufe fesulted in an initial rapid sulfate conjugation, an

effect not. seen if phenol was preincubateé in the presence

of ATP and Mg+2 before the addition of -sulfate. Segal
(1955) presented kinetic data supporting these observations.

‘Rate curves of the phenyl sulfate conjugating system of

the rat liver were shown to conform to the kinetics of a

two step reacticn in which the activated form of sulfate‘

was éh intermediate. Further evidence sugporting the.two ‘ ‘:

step mechamism of sulfate conjugatipn was presented by De

Meio et al (1955). These‘WOfkeis‘mere‘able to separate an

activating enzyme respcnsible for the formation of an ac-

tive sulfate intermediate from a transferring enzyme in-

volved in the transfer of the sulfate from the intermedlate

N
to the/substpate. ot
' \

[

—

-The identity of the active sulfate intermeaiate‘as ks

a0

&

~

adenOSine 3'—phosphate—S'-phosphosulfate (PAPS) was elu-

c1dated by Robbins and Lipmann (1956 1957) A historical

\

account of  the isolation and identification of thlS active\ ot

N

sulfate is given by Lipmann (1958) ' The demonstration of

two separately linked phosphates in the active sulfate

~indicated a tonphase reaction in the formation of this(-

T i weidte




‘intermediate. Suppo;ting'data were produced by Wilson and

Bandurski (1956) who showed that at least two separate ’

, \

heat labile protein fractions were required for sulfate

activation. In their model of the yeast, each of the
pﬁrified fractions was inactive by itself or in the pres-

ence of boiled aliquots of the other., Active sulfate, how-

PO OV N

. . y,
ever, was formed after the two fractions were recombined. 4

These Tesults were confirmed jgf Lipmann's lab (1958). The

e e & v A s

inifial reaction, as.aepictéa by reaction (1) [section 1l.6],
involyes theuattack of on€ of the oxygens of sulfate on
the proximal phosphorus in ‘APP with the displacement of

" pyrophosphate by éulfaté. The adenosine-5'-phosphosul-
fate (APS) thus: formed reacts with another molecule of

ATP for the synthesis'of PAPS [reaction (2); section 1.69.

‘These two feacpiohs make up the sulfate activating system
: 4

as depicted from animal models. Very little, however, is

WU

ne

known of the distiibution or properties of the component

VA

' enzymes in mammalian tissues. . . : '

ALY

Steroid sulfate‘formétifn,Was reported .also to reéquire

Mgt? ions and ATP. Thus an activating systeml| [reactions

Th APSPY PR P4 T Ty

(1) and (2)), as proven for the phenols,seemed to be re-"

I3

Lo 'y 9quired for steroid sulfurylation, ° The transfer of sulfate :

from PAPS to steroids was shown by a number of‘investiga;

.tors. Seéaiggn 1955, showed that his system of rat liver'

preparations gave rise to E13S when !'"C-estrone
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was eméloyed as the substra%é instead of phenol. ROy
(1L956) and De Meio and Lewycka (1955), also using their
rat liver prepq;atidn;: presented evidence for the Syrn-
thesis of dehydroépia;droséérone sulfate (DHAS) from i
dehydroepiandrostéroﬁe (ﬁHA). Schneider and Lewbart (1956)
showed that teéﬁosterbne, as well as deogycorficoste;one,
c;uld be sulfated indicating that ?sterification witzaful—.
fate was not limited to the hydroxy group_at_carbon 3.

%e Meio et al (1958) expanded their studies to other animals
shbwing that DHA, testosterone, E1\§nd E, =178

sul fates were formed with microsome-free fradtions from

rat, rabbit and ox liver preparations.

B e .
v )

Investigatiohs by De Meio et al (1958) showed that the

a

of DHA was partially‘ihhibited by,the-

presence in the medium of phenols. These obsérvations sug-
\ . .. S S
gested, but did notiprove, that the phenol and steroid com-

"pete for the same enzyme system. These wdrgg;s however, .

il :
being familiar with ‘the work of Gregory and Nose (1957),

concluded that the two substrates competed, for "active

_sulfate" (PAPS) and that the transferring enzymes weie:

different.. Gregory and 'Nose- (1957) reporteé gsrlier their
separation of two sulfotransferases (referred to as sulfo-
kinasesj from soluble rabbit liver extracts. One ‘enzyme

produced'sulfétes of steroids containing a;B hydroxyl group

at carbon 3 while the chér enzyme transferred sulfate to

many phenolic compounds. Estrogens of phenolic character
« - . . / ) L~
. . ﬂ? .

P



-transferases, oné spe01f1c for E’ and the other reactlng ' .
" ted w1th a few other 38 hydroxysterords, Such as pregnen— T

- from a third protein fraction which reacted with:agnumber, - - S

an estrone sulfotransferase. It was also suggested that Lot

. at high substrate concentratlon as compared to a lowered .

"gens. This" suggested a spec1flc rale for E, as the pos— , o

T T e 28.

were also sulfated hy the: latter enzyme. Nose and Llpmann

(1958) succeeded in separatlng &wo dlfferent stero:.d sulfo— ) ok \

w1th DHA. The latter sulfotransﬁﬁrase fractlon also reac- °,q' o

i -« SRS .
olone and 1soand_rosterone.i These two enzymes‘were,dlst;nct,_; .
- . ) " - i §7~
of phenols. The work of Banerjee:and Roy (1966) in guinea , *
pig liver confirmed the separate identity of a"DHA agd'; . N

a
. - B -
~ ~ - - "
. u g
.

deoxycortlcosterone sulfate was formed by another steroid S,

sulfotransferase. Estrogen sulfotransferase (3‘—phospho- . : 4

adenylylsulfate: estrone sulfotransferase, EC 2.8.2.4) . T - ,
"isolated from bovine adrenal glands was the first ster01d T ’ ;
sulfoEransferase to be 1solated‘1n c0mparat1vely pure ~{ ~ s ot

form, (Adams and Poulos, 1967) Thq;enzyme ex1sted in® ¢

two forms.' Further 1nvest1gat10n (Adams and Chulavatnatol,

K

1967)\showed a varlance,ln behavror of E1 as compared - -
to E; and E; obtalned w1th the B or: trifer: ﬁorm of the. N

enzyme. An 1ncreased rate of sulfation of E, occurred -

-

rate w1th Ez and Ej. The rate of sulfate syntheSLS .at low
- Y

substrate conceritration was smmllar/for all three estro7

o, -

sible'true substrate for the‘enzyme. It was suggested that

- -

conversion to the other estrogens in vivo might occur after‘

“. ” - . ~

. R v 5 x .
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the formation of Ey3S.,. The observation that El'was'bound

2, to thenestrogen sulfotransferaSeafollowing purification

| -

of the enzyme (Adams, 1967) ‘also suggested that E; is the

true substrate of the ehzyme. .’ o

(b) -'BSTROGEN DISULFATES °*

angd’ Lewbart .(1956) that enZzymic formation of steroid di- -

P
: sulfates is unllkely when polyhydroxy steroids are incu-

s
"

'bated in v1tro, Wengle and Bostrom (1963) showed that da—
~.

.hydroxy ster01ds, espec1ally 3, 17 and 3,20 dlhydroxy stexr-

.

.:'01ds, could: form dlsulfatesgwhen incubated with crude

.
N - B
&

”sulfotransferase preparationsﬁfrom rat Iiver." Two' of ‘the

%

dlsulfates shown to be formed were those of estradlol -178

andvestradlol-l7a (E,17c). _The hen has been shown to pro- -

duce both E23 l78dlS and estradiol- 3 l70~disulfate

(E23 l7ad1$) after injection Jf- ll’C-—estradlol -178 (Mathur

et al 1969) More recently, estrlol 3 lGa-dlsulfate

.
(E33 1604i8), ﬁormatlon from exogenous Ej has been showu to

/

odeur in guinea pig liver homogenates (Lev1tz.et'alh 1974),
.as_well as in the intact animal in vivo (Kirdani‘andf"'

Sandberg; 1976).. - Recently Hobkirk .et al. (1975, 1977) have

_*shown the.formation of E33,16d4iS, aS'well as the disulfatéh

' of léa—hydroxyestrone (L6aOHE, ), when guinea pig liver

'~ .slices were incubated with E:, Bz and_E,;3S.

Some. evidence

“

“

.~ In"“contrast to the view earlier expressed by Schneider

13N
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was also obtained for the disylfate fractions in. liver and

Lo bile after'tﬁe ihjection of labeled E:1 into the whole - .

-

T animal (Hobkirff et a1, 1977). =

///f*\ff‘\ . - Disulfates of estrogens have not been detected in the

. . .. - . . . N .
. 'human.; However, other sterosd disulfates, such as 21- - -

. Yoo .. hydroxypregnenolone-3,21-disulfate (Pasqualini and Jayle,
oo “1962)4%¥d the disulfate of pregnenediol (Arcos and Lieber-
- 'man, '1967) have been isolated from human urine.
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1.7 THE SIGNEFICANCE OF STEROID SULFATES

The isolation of E, 160G from pregnant'women's urine
by .Cohen, - Marrian igd 0dell (Coheﬂ’and Marrian, 1936;

Cohen, Ma ‘1an and Odell, 1936) and: of E13S by Schachter

and Marr; 1 (1938) from pzegnant~mares urine demonstrated
that estrogens and their motabolites may be excreted as,
‘water soluble conjugates of glucu£onic or sulfuric acid.
Early investigations demonstrated that conjugated forms,

of steroids‘possossed little sbiological activity iéQhen,’
Marrian and Odell, 1936; Odell et al, 1937; Venning et al,
1942). Todether with. observations that not only the

drinary (€ohen et al, 1935; Oneson add‘Cohen;fl952;

" Katzman et al, 1954) but alsd the biliéry (Sandberg and~
Slaunwhite, 1957 Adlercreutz et al, 1960) excretion of
estrogens occurred as conjugates, the correspondlng uncon-
jugated steroid being presentoowiy_ln Ln51gn1f1cant amounts,'
'Eed tO'tho qeﬁeral view that steroid conjugates were metag
bolic-end products destlned only for excretion. This

theory was strongly supported by the role of conjugatlon ) ‘ -
as a detox;catlon mechanism for drugs: This seems to’ be .
the’c;se for tho’giucuroﬁﬁdes but andiffefent'piéture is
iemerging for tﬂe sféroid'sulfates. The signifioénCe of
'sto%oid sulfétes?-as‘wili'bé described below, with the
"oﬁphasiﬁlon gstrogén suifatés,'5ppquts:£ﬁé tﬁeory.that

sulfation of steroids can no,longer'be sole;yvcbnsideréd-
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as a detoxication mechanism.

(a) STERQID SULFATES OCCUR IN HIGHER CONCENTRATION IN .
COMPARISON WITH FREE STEROIDS IN SOME SPECIES

Early attempts to quantitate estrogens iﬁcplasma

(Preedy and Aitken, 1957; Aitken et al, 1958; Slaunwhite

" and Sandberg, 1959; Oertel et al, 1959) and whole blood

(Roy and Brown, 1960) employed hydrolytic procedures which
preciuded éhé€;haracterization of conjugated forms. The
possibility that estrogens could occur conjﬁgated to glu-
curonic or sulfuric acid in p;gsﬁa or blobd, hgwevef, was
suggested (Preedy and Aitken, 1957; Oertel et al, 1959;

Roy and. Brown, 1960). Steroids were shown also to be

'Fssociatedﬁwith plasma proteins (Antoniades eg~al, 1957);

\:g: .
. .
. Purgé et al (1959, 1961), using,reverse isotope dilu- ?

*

tion technique and éountercurrent distribution, found that
" E;3S is the major estrégen circulating in the huma; organ-

ism aﬁd that E1§G is present .in much-smaller amounts.

Plasma obtained 2.5 hours after the administrétibntof

1%C-E, to a woman was found to contain !“C-E,3S as the

principal radioactive metabolite. The dhourtsof E,3S and .

some other estrogens (E7TyEs, E; and E;3G) were then_hea-
. ) % ' ,
JSured in a pool Qf_thifH trimester pregnancy plasma. Re-

sults showed -that the major estrogen occurrediang;3S; In

the pregnénéy plasma ﬁ13Sayas present approxima v~y four

\‘
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times that of the concentration of unconjugated E, (Purdy-

e

et al, 1961). ' .

Smith and Akai (1963), also studying the circulating

-forms of estrogens, reported that circulating E; and E;

were almost entirely either protein bound or conjugated,

whereas the majbr portion of E; in the plasma was free

v

or unconjugated. The major portions of E; and E; (85-95%)

- 5

were recovered only after hydrolysis. Touchstone et al

t -
(1963) reported that only 17% of the totai'Es found in

B

-the maternal plésm; was in the free.state. The conju-

gated fraction avéraged 8§% of the total. Studies em-

)
ploying enzymatic hydrolysis with B-glucuronidase fol-

'lowed by hydrolysis with phenolsulfatase and vice versa

indicéted that a large proportion (44%) of :the conjuga-

ted fraction 9£3E3 in the ﬁi%sma of pregnant women was
present.aé a sulfoglucosiduronate diconjugate. A sul- i
fatquf E; and a giucuronide were;alsq‘present and re-
pfesented‘respectively_éS% and 31% of the conjugated frac-

tion of E;. These results as well as those of Purdy et -

. al (1959, i961) were confirmed by Smith’?nd Haggrmaﬂ

(1965) who developed a specific method for measuring the

w o

major forms of circulating estrogens in late pregnanéy
plﬁsma. They reported results on four pools of plasma from

8 pregnant ﬁomen.‘JNine to 16.9% of the E; wasg free and
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<4.4 to 12.8% was releaéed by glucurdﬁidase. E, was at

]

. . ; - .
- . least three-quarters in the gulfate form. The small amount
‘ ..'_ ~ .

~

~

of E, in the Q&Pod was two-thirds unconjugated., Ej the

<

"J?y major.estrogen in the blood durirng pregnancy, was reported
‘ to b? mainly conjugated to glucuronic acid (35-46% as E;
glucuronides). Ej; circulating in the unconjugated form
was.pnl& 3.3 to 15.6% of the total. Two other Ej; canéh

jugatés were also reported: .E;3S (15-22% of the total)

. _ P
and the double conjugate E33S160aG (25-43% of the total).

-

More recently results by Hawkins and Oakey (1974)
ind%fatea that E,;3S was the main cirgu;atinéiﬁoﬁm of -

- estrogen in men as, well as in
. -

of E,;38 in.tﬁe peripheral plasma of six men averaged
¢ . -

women. The concentration

72 ng/100 ml compared to an E: concentration. of 2.3 ng/100 ! :

H ml and an E, concentration of 3.6 ng/100 ml. In two wémen

- at mid cgple, E3S reached a level 5-6 timgs thé_péhcen-u ) 5 
tration of E: and about 20 times that of E . Th@;ﬁ re-

. . - ’ “ . ®

£ ) * ported mean values ode13S, E; and E; were respectively: . :

308 ng/100 m¥, 57 ng/100 ml and 15 ng/100 ml. E13S has

- ;.

E ~ also been reported to exdeed the conqeniration of uncon-
jugated E2 and E: during the igyrse of human pregnancy, e

§ . ' . (Loriaux et al, 1972);

2
\

Thus, the presence of E135 as..a majé% cirg:ulatingfﬁ‘h

estrogen in at least the human -has been eéstablished.. This

v

3

3 . , »

T T T e
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E 3
‘focused new light on the estrogen"éanjugates." The fact

that E13S is the predominant estrogen metabolite in the

-

blood suggested that conijugated forms of estrogens,

such as various estrogen sulfates, may play an important
&

. physiological role. . - ~

~ —~ (b) SULFATES ARE CLEARED FROM THE PLASMA MORE STOWLY THAN
GLUCURONIDES AND EVEN SUGGESTED TO BE REABSORBED BY’
RENAL TUBULES . .
, E 3 ' -

-

At about the same time that estrogens were being iden-

Lol

- .tified in the plasma, a_group of workers was attempting -
to*ldentify the estrogens contained in the‘bile (Sandbg;g

and Slaunwhite,a%957; Adlercreutz g?~a¥, 1960?. The im; ) =
portance of biliary excretion of eglrogens'was demonstrated -

by -Sandberg and Slau#white in 1957, who showed that, in

pPatients with biliar& drainage, 50% of the radﬁoaqtivity

sk

14

of injected C-E1 or '“C-E, was excreted in the bile.

T

o

The appearance of 72% of the radioactf&ity,in the urine

AR

suggested that reabsbrpfioh of estroéens occurred in the

D intestine. The isglation and identifiation of E; and E,

-~in human pregnancy bile was reported for the first time
. \ i L.
by Adlercreutz et al (1960). Most of the E3; occurred in

conjugated form."“ Séme evidence for the presengce of E,. -

- P

and l6-epiestriol (l6epiEs) waé.é;go given.. In a follow-

up study, Adlercreutz (1962) further éstg&lished the iden-
- - -

fi@y of esérogehs preéent in the bile of prégnant and -

~ . RN . . . R ° -
- ~

By
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nonpregnant subjects. No.free unconjugated estrogen was
- V4 ~ Wl

. . . detected in the bile in any of the subjects. Results -

e

from the invesfigation showed that the liver concentrated
estrogens from the blood into the bile mainly in the form -

of E, metabolites occﬁrriqgﬁjn the glucuronide fraction.

: #!Preéumptive evidence was also obtained for the presence

. of E;16aG in the bile of a woman treated with E;. Quan-

E .
¢ titatively the most important additional fraqtiongtfound
: -
i - were E; and E; as sulfates followed by E, as sulfates. ~
. - P
It was concluded that the inactivating capacity of the -

liver with regard to estrogens was at least partially due
N . to the conversion of E, and E; to E; follow;d by conju- -

gation. , N * -
:' . o . . .

.Comparison of estrogens contained in#different bio=

. logical pools indicated the importance of ¥6oa-hydroxylation
’ . - - ! . ’ ' ’
followed "By conjuaétion with glucuronic acid as essential

1]

St : steps pfior to excretion.” Brown et al (1960), measuring C

urinary and plasma éstrogen levels in seven pregnant women, . -

o noted marked differences between the urinary/plasma (U/P) b

ratios of E; and E;178 on the one hand, and of E; -on the -~

other. Mean values obtained for the U/P ratio of E;, E; . ?

and Es were 3.3, 2.5 and;€4.2‘r§§pectivélyl This suggest-
, =3 e : .

;, - -ed a difference in the renal haﬁdliﬁg_of these steroids. -« ‘5

.The low clearance rates eeported for E: and E» J[mean values

-
o
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P .

of 15.6 ml/min and 12.0 ml/min respectivelf) in contrast

to the mean E; clearance (296 ml/min) suggested that E,

and E, may exist in a different physiochemical state in
the plasma or that glomeruiar filtration'mayebe followed
by tubular reabsorption. The clearance rate of. E; being

twice the reported figures for the glomerular Eiltpation

~

4

rate in late-pregnancy suggested that}some component of
total E; of blasma (eg. E; glucuronides) was secreted by

the *¥enal tubule. esults from other’studies showed that

sulfated estrogens were belng retained and possibly even

2

reabsorbed by the kldney tubules (Smith, 'O. W ; 1966; ™

'Adlercreutz( 1964). Adlercréutz (1964) found that the

glucuronides of all three classical estrogens were more
concentrated in the bile than in the plasma during late

pregnancy~in the humén, while the concentration of the.

o -

sulfates was approx1mately the same in both. E, and E,

glucuronldes were only 3-4 tlmes as concentrated in the

R

:blle as in the plasma, while E3 glucuronides were 25- 30
_-tlmes higher in the biie than in the c1rculat10n. if' b
the total‘gbggiifﬁgtlon of the three, estrogens were con- |
sidered, 39% consisted of sulfates Ain the blood w1th only
3% in the blle o These findings 51gn1f1ed that the sul-
fates were belng retained with some leekage into the bile,
'.%heteé%,glucﬁroniaes were being eliminated. Smith, 0.W.

(1966) compéged the free and conjugated estrogens found
& ) @ . . . R

~

\

.
¥
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in the blood and urine before and during parturltlon in

- .normal human pregnancy. Her findings also showe& a pro- .
Ead -M

nounced difference between the mechanism of excretion of\ A

.

estrogen glucuronldes, sulfates and free steroids. Urine
- to plasma ratios irndicated that glucuronldes of the three

-'classica; estrogens were secreted by the kidney tubule,

-~

& while su;furylated and free forms were reabsorbed.- Sim@lar

-
—

,observatlons have been made w1th regard to- the androgens

(Kellle and Smlgh, E.R., 1957),.that 1s, glucuronldes were

— cleared from the_plasma,far more rapldly than the sulfates

Ly

suggesting the reabsorption or reteption of the sulfates.

Studies of administering radioactive.éétrogens to humans

'supported the obseryation that'glucuronidee are the excre-

~ 1965; Emerman et al,.1967; Kirdani et al, 1968; Jirku
\ . . - .
and Levitz, 1969). Recently, a report has. appeared chal-
*lehging fhelguggestion oﬁ reabsorétion‘of estrogen sulfates "

‘ 'tory form of estrogens (Twombly and Levitz, 1960; Levitz, /
: - . v

\

% o (Swapp et al, 1975) The renal clearance of ﬁheonjugated

E3, E3 glucuronldes (E33G E316G and E33Sl€aG) and E 338«

2

by the kldney in late human Rregnancy was compared with

i e

simultaneous measurement of 1nu11n cl\axance. Results ®
q indicated for fractions not bound to proteln that,. after ‘J

P ' glomerular filtration, uncOnjugated E, was igompletely re- " “3

absorbéd “tﬁe Ea glucuronidee weré both filtered'and ex-
-

3 ) ' creted actlvely by the tubules and that E,;3S was flltered w.(i ,
I 3 L ) :
oy, “but not excreted or absorbed by. the tubules. “ coN
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(C)- 'STEROID SULFATES HAVE A LONGER PLASMA HALF LIFE THAN -~ -
_HAVE THE CORRESPONDING FREE STEROID

V4

The significance of steroid sulfates is also reflected

in their relati&ely longer half life in the plasma as com~

Al ~

parediio the corresponding unconjugated sterpids (Wang et

-

‘F1967a, Wang et al, l967b) In the case of E, 38, the
K]

blood metabollc clearance rate (MCR) was shown to be less
than 10%“of free E, (Longcope and Tait, 1971; Longcope,

1972). The low MCR of\ste;oid sulfates has been attributéd.

btgktheir bindf%g to plasma proteins (Wang -.and Bulbrook,
- ] -

1967) +~ E13$¥§. as well as the. sulfates of E, (E,3S, E,17S,

\E,3,17di8), have been shown to be strongly bound with high

capacity to human serum albumin (Rosenthal et ‘al, 1972,
1975). Studies in rats (Savu et al, 1973) have also shown T

an‘associaticn of E,3S with albumin. 'Thus it is believed

that the clearance rates of steroid sulfates vary inversely

with the tight;ess of their binding to albumin..

‘.

It has also been scggested (Loﬁgcope, 1972) that the.-
ver§ low MCR of sulfates is due not oﬁi& to plasma proteih
binding but also tbﬂthe.fagg that only a small fraction of
the¢circu1ating:sulfaté§'can be metgbolized. "Phis may be
due to 1nherently 1ow act1v1ty of the metabollzlng enzmmes
or to a low blood supply to tissues w1th the capacity to -
metabolize»thewgglfates. Inxguppprt of this theory, Fish- .

man end_Hellmaﬁ“(1973) have,s?oﬁn in their stqu of the

- fate of E, and E,3S adminisferedgsimubtaneously to man

» e




PR

Vord

3 .
P O 4 |

el ras pu A ey

pes

TR

S

N

'wére'ggrive& to a greater extent from administered !*C-E,
\ S A
" than from 3ﬁ~E13S. They have suggested that the greater

metabolism of E, in comparison with E,3S may be the result

'These.latter workers, however, also showed that DHA was

~

that the unconjugated E, was metabolized more extensively -

than its sulfate ester: Urinary E, and E, glucuronides

N

N

N

of reactions .at the C-3 hydroﬁy group which is not "“"pro-

tected" by sulfate conjugation. "Thus the transformations

\ Ve

of E; may contribute to its shorter plasma half life in

comparison with E,3S.

(d) STEROID SULFATES PARTICIPATE IN THE BIOSYNTHESIS,
SECRETION AND METABOLISM OF STEROID HORMONES

i

(i) Secretion — -

\

EvidenéZ?fo: the secretion of steroid sulfates was
presented by Baulieu in 1962 who demonstrated in vivo that

the adrenal vehous blood of two persons with an adrenal

tumor contained ﬁgfe DHAS than .that found in the peri-
pheral blood.—~ No unconjugated DHA could be found in éither
the adrenal ‘tumor or in the venous plasma. These obser-

\

vations suggested the. production of DHA occurred as a sul-

foconjugate followed by Ets subsequent seeretion. These
results were confirmed a year later by.Wieland et al (1963)
who demonstrated the same phenoména in a normal subject,

secreted. Support for the sec;etion'of DHAS by the adre-

AR

_

nals was also giﬁenoby the demonSEration of the synthesis

of the sulfate ester by adrenocortical tissue (Wallace and

¢ >
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Lieberman, 1963). Pxior to this finding, sulfa?é\conjuga—

tion formation was shown to take place only in liver tissue.

sz b, A SR B

Thus, it seemed unlikely that the adrenal gland wouid syn-

thesize and secrete g steroid sulfate merely for its

e e

immediate excretion into the urine. The production and

secretion of DHAS must have a more significant physiologi-

r . cal consequence. . With the discovery that steroid sulfates

b
o B -

are not merely excretory products but may be secreted from -
® %c -, endocrine tissue, interest in steroids conjugated with

+

sulfuric acid has increased.

A very recent report (Doouss et al, 1975) has appeared |
which, although showing that human adrenal had the ability
to secrete DHAS, data suggested that its secretion was ﬂot'

~ N .
as great as DHA secretion.

’

Direct secretion -of E,3S into the circulation has - :

been reported to occur scarcely at all (Longcope, 1972;
. Rudér et al, 1972). liost of the E,3S*entering the blood

M * . ¥
each day seems to be a result of conversion from the™free
estrogens, E, and E,. . . e ;
~ \ ‘

4 (ii) « Biosynthesis and Metabolism _ . " : f

ghe first indications that sulfated steroids may gét

B [ as metabolic intermediates were observed by Tembly and

Levitz (19609 workigg with estrogens and Roberts et al.

B o (1961) studying the androgens. These workefs réspectiyely . . -l

&
" y e
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showed that administration 6f labeled E,3$ or. labeled DHAS °

WA n e kA AN B

to humans resulted ln the.ekcretion in the ukine of labeled

glucuroniﬁes. These observations showed that coﬁjugation

‘- . ) v

¢ of steroids with .sulfate does not ﬁecessarily destine the

PRSI

hormone for excretion. The sulfated steroid seemed to be

in equlllbrlum with its unconjugated form.

Shortly thereafter, certain studies demonstrated "that
steroid sulfateS‘could beametabollzed without the spllttlng
of the ester llnk (Baulieu et al, 1963; Calvin-et al, 1963).
Evidence that ®°S-DHAS could.be synthesized.in vivo in man Lo
from 3.SS—pregnenol/one sulfate (Calvin et al, 1963) without
cleavage of the sulfate ester group indicated.the existence
©of a biosynthetic pathway involving steroid sulfates as
intermediates. The in'vivo°studies.o£_Roberts et al (1964a .

1964b) with *H and %%s labeled cholesterol sulfate aade&-

further support to the concept that sulfated intermediates.

>

<

were involved in the biosynthesis of the steroid hogmonés.

>

WHen the °H and 3°s labeled'cholesterol sulfate was injecF

0%

ted into a woman with an. adrenal tumor, H and 358 labefed jé
y . DHAS w1th the same H/ass r&thdFS ‘the admlnlstered chol- E
{ esterol sulfate\was isolated from the collected urlne. ég
% T ' This demonstrated that cholesterol sulfate w1thout the- re—' kﬁk
'; - moval of the sulfate could be a precursor ot other steromd;,
? sulfates g01ng through the same~blochem1cal pathway as un- 2 o

w3 . . . '. . . i

£ ’ e : 5
t ) \ e . . i e
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RN .
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" conjugated cholesterol. 1In vitro studies (Calvin and

. . & . .

Lieberman, 1964; Wu and Mason, 1965; Payne and Mason,

. S - _ . )

. 1965; Huhtaniemi, 1974) confirmed the existence of a sul-

fated pathway of steroid biosynthesis and metabolism.
, - 1

: ' Thus, steroid sulfates can take part in metabolic pathways
. e o
which parallel jthose for the free steroids, although the ‘

? 4
'quantitativefimportance of this may be questioned.

Estrogen sulfates have also been shown to be metabo-

- e

+ lized without prior- hydrolysis of the sulfate ester group

in a number of animals. both in-viVo and in vitro, enhancing

-
. .

the view that sulfates are 1mportant substrates in the'

1ntermed1ary metabollsm of ster01ds. The metabol;sm of”

. I

: phenollc steroid sulfates is not limited to oxido-

~—
" o. g - . .

reduction reactions but hydroxylat}dﬁsj‘as<§ell as O-

methylations,  have been shown ‘o occur with the intact

T s

v

sulfated sterOLd’ Emerman et al (1965) have shown that

e ¢

the human fetus, when perfused w1t€ 3y and 35s. labeled

- E13S, exten51vely metabolizes the sulfated sub- a

~
L4

strate without prler deconjtgatlon. Among the water-

RN DY RIS IR VL R

soluble metabolltes, E; S a 16a hydroxylated metabollte,

. was 1dent1f1ed.' Data reported by Schwers et al (1965)° . SN

confirmed and extended these obsServations. Beéides the

. previously reported reduction’ of E;35 to E,3S (Emerman .- ’ <

\ et.al, 1965), the metabolism of E,;38 was shown to involve

;
|
i
g

‘o~ s

g n e
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a series of hydroxylatlons partlcularly in tﬁf o gdnfigl'M .

uratlon at carbons 15 and l6. .

- A .
L . e

-Fishman et al (1969) have‘suggested that E;3S in - the. o

-

human may ﬁé the primary substrate for estrogen hydroxy-

latlons, partlcularly at .C-2 and C-l6. 1In support of this -

S

suggestion, Fishman, Yoshlzawa and Hellman Y1973} pro-.

~—— _‘¥' !

vided evidence that E, 3S in man is hydroxylated.in vivo -

. ©

-at carbon 2 to form 2*hydroxyestrone sulfate. . The hydroxyi .

2

lated product of E13S was partially O—methylated to yield

& 2—méthoxyestrone sulfate. Raud and Hobkirk (1968a) , em-

ki
- . .

.
<

plbyiné the Hénf preseﬁted“e%idence that llver homogenateSs
L+ could convert 3H—E13S to 'H-E;35, an ox1do-reduct10n reac-'_ .
tlon. Mathur (1969), also employlng the hen, \showed that

EIBSlls metabollzed in vivo to yleld monosulfates and di-

sulfates of. both Ez and Ezl?d : Traces of 16-ketoestradlol

<

\

Fa

] (leetoEg) and l6ep1E3 were also belleved to be formed
S 3

o dlrectly from E13S Recent studles in the gulnea plg by

L]

Hobklrk et al have shown that thls spec1es is, capable of

.
‘. -

1nterconvert1ng EL3S and E23S“in the liver (Hobklrk L

uNllsen and Jennlngs, 1975a, Hobklrk et al 1977) and 1n'

Eﬁ”’kldney (Hobklrk .Nlisen and Jennlngs,,l975b) E,.38% L\‘ w“l,

' was also shown to be converted dlrectlyw%o léd hydroxy-‘

- :

lated ﬂg%abolltes (Hobklrk, Nllsen and Jennlngs, 19753,‘ o .

———

4ﬁobk1rk et al, 1977).( Rat (Dolly et all 1971) and: mouse

(Hobklrk-and NlISEn, 1973) tzssues have also been employed—
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+  to investigate the metabolismy of E,BS.'

It has beeh sShown ongy ¥ery recently (Gustafsson and
Einarsson ‘et al, 1976) that the hydroxylatiohs.of steroid e
L > v : < ° :

qualitatively and quantitatively from the hydroxylations

steroid pathway". *

. N e . >

. ¢ :
T

s .

3

gelman-Sundberg, 1975; Ingel@ép—qu@berg et al, 1975; .

..
5 ’ .

sulfates, "the steroid sulfate pathway", differ both ™~

KA

of the co;;esponding unconjugated substrates, "the free

S ‘ .

» &

o . . ‘
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- 1.8 METABOLISM OF ESTROGENS . - S .

Isolation of the estrogens\aroused considerable inter-
est in their metabolism, an interest that is still main-

1. ‘ " tained today. A better understanding of the metabolism of

-

&

. . . "these steroids may shed light on some of‘?He very fungamen-

tal probIems of“oellular growth and division, as well as -

. neoplastic transformations. A principal factor in estro=

3

genic activity is clearly the guantity of hormone secreted.

- *

- 4 . )
Its subsequent metabolic pathway or qualitative altera-

Q

tions in metaboiism, however, repreSents a possible'means
1 of modulatlng this act1V1ty either extendlng or termlnatlng - .

= ’ T it. - The metaboilsm of estrogens 1s very complex, as is
©

'

beet23h0wn by the gréat number«of different metabolites

~

i AMomen Cor

[ _ that have been isolated. The liver plays’the most impor—"
. tant-role in the metabolic processes relating to the estro-
. e ' - . & .
- gen molecule. The principal reactions involved in estro-
-3

£ L ' ' gen g metabollsm are the addltlon or removal of two hydzogen”

R B h ’
SN o and et

“
A

-

N | ' - atoms- by dehydrogenases and the addltlon of molecular oxy-

) ‘gen by hydroxquség. It is +the latter reaqt;on which will S K
ko ' . S e ’ ) - o - ) .

s - be "focused upon in this section.” Hydroxylations may occur

11: e ’ ' in the phenolic steroi&'at carbon atoms 2, 4, 6, 7, lly 14('

fg, 16 and l&jdepending upon tne'species,and tiséue (see

AR R

: - 5 Figureyl). Carbon atoms 6, 7";15 and 16,mayfbe hydrokyléted ;, -

£ N Y to produce an asymmetrlc carbon formlng an o-or B hydroxy- ( o
£ . - . Pz . ,
3 lated product .which. 1ncreases thQECOmplex1ty of estrogen

. . a i - "

\ o

N ' metabolism. - - . ‘ ‘ . < .

. Co N v
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. (a) ° THE HYDROXYLASE SYSTEM

Mason (H957a, 1937b) proposed that molecular oxygen

X BIAAN YT A5 VI N 1L 18 A SRR,

* is metabolized by three types of enzymes. Oxygen transg
\_@ -’,ﬂ- - ’ 4

LG R I

ferases or bxygehases incorgp;ate both oxygen atoms of

0, 4in'the product. Transfer of reducing equivalents to

~ v

02, two- eﬂect n or four—electron reductlons of oxygen

SRR

via eleqtron transfer oxidases, respectlvely forms a mole-

3 . R . S
cule of hydrogen peroxide of two molecules of water from

£ the oxygen econsumed. Insertion of one atom of 0, into the
1 substrate and reduction“of the otlier oxygen dtom to oxi-

dize NADPH or NADH (usually the former) isgcatalyzed by

mixéd function oxidases or hydroxylases. The overall .

Hsriae,

DA

reaction ééﬁalyzed'by this latter enzyme systém is des-
S

- lde‘d.v' R

& cribed by the following equation:
R - - ‘ .. . : - '
i : RE + NADPH + H' + 0, + ROH + NADPT \+ Hp0" - s R

A

P s

RH~representsfthe‘sdbé%rate ﬁnde@gging hydrokylation. This.

. is one of the pr1nc1pal reactlons 1nvolved in ster01d bio-
syhthe51s and mgtabollsm. °. 1o
y oS 2 . oo * ) . . !

In51ght 1nto the hydroxylatlng mechanism was derlved o

M N

{_ frontthe llB hydroxylatloﬁ of deoxycortlcosterone by adre- .
SR N 5 e T

nal cortlcal mltochoﬁarla. Early stud'és (Tomklns et al,

3 g .,_
-

M
1957 1958"Sweat and Bryson, 1962) on the llB hydroxylase
in the adrenal mltochondrla showed that steroid hydroxy-«' )
3?!3
lases are epzyme complexes whlch_qan~be resolved ;nto ‘a

T A A T AN K
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-number of separate enzyme components. -~
! .

R

-

T

Reconstitution experiments (Omura et al, 1965) awith
A _ ]

a particulate preparation of cytochrome Pyso, 2 nonheme

ey

iron~protein and a FAD flavoprotein isolated from beef
adrenal cortex mitochondria, suggested that 'the electron
transport chain for hydroxylation reactions in thls system

; . . is as illustrated:
' . RCH, OH

.
NADPH\ , Fpy »Fe cyto Pusg e

prot. P, s¢-0
S .
1 +J .

NADP Fp Fe cyto ‘quo‘ H, O

oo prot. -
= GQJrhv Oz .

3 o . cyto P, 5,-CO .

. gl .

w * - . .
, . -,
s

. Similar results from other reconstitution studies have

AT

b
75 dpbe

- been obtained for pig (Kimura and Suzuki, 1965,  1967) and | "

Eand

TR

-~

et ) ' rat (Harding et al, 1965) adrenal m&tochondfia.

3

PR TOP S

. , » . .
Evidence that.ra similar electron transport schéme

. e .t , : . N )
ex1sted in mlcrosomes arose from studies show1ng that - te

. mlcrosomes contained sxmllar catalytlc components as the

e~ ,,—"'

mltochondrlal hydroxylatlng system. For example, the FAD;

O

s flavoproteln of 1tochondr1a is similar' to the NADPH cyto- -

chrome C ;eduqtase which has been éﬁrifiéd and investiga-
“a T ) \?‘ , °

. ) . ' : .,

T"Mlcrosomes" are completely enclosed ve51cles of endo— ' S
plasmic retlculum membranes that. are formed during: the

hi ogenization of a tissue. .

T ey e Ak 1 LR WP R
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ted from llver mlcrosomes (Wllllam and Kamin, 1962-'Kamin

"

et al, 1965)" Ryan and Engel (19 7) showed that c= 21
Y

o
" hydroxylation of 17—hydroxyprogeste he which occurred in

beef adrenal micgrosomal preparatlons requlred NADPH and

molecular O0,. They found that this hydroxylatlon was L
strongly inhibited by CO and that this inhibition could

be partially reversed by light. In the. following year,

~

Klingenberg (1958) made the first observatien of a "CO-

binding ‘pigment" now known as cytochrome Pys¢ in rat liver

‘> . —

microsomes. Cytochrome P,s, has.been purified and iden- '

tified as a hemoprotein (Omura and Sato, 1964a, 1964b).

- The name cytochrome Pygy originhates from its ability when

in the reduced form and combihed with CO to form an in-
tense absorption band with maximum at 450 nm.~ Cytochrome

Pyso is_converted into an en;ymically inactive form called

cytochrome Py (absorétion ma%imum 420 nm) during purifi-

Ty * '

cation procedures (Omura and Sato, 1964a,- 1964b).

-

Treatment of rats: w1th drugs,  such as phenobarbital,

' whlch 1ncreases hydroxylatlng activity of liver microsomes, b

.synthes;s. Removal of the drug 1nducer resulted 1n a

PR Y

also produced 1nc;eases in mlcrosomal cytochrome guso and © .. °

NADPH-cyfochrome“C fedudtase?(Erﬁster and Orrenius, 1965; ’ 7

Orrenius, 1965a, 1965b; Orrenius et ‘al, 1965).  This.drug;

LEN

1nductlon was sensitiwve to actinomycin D*and puromycin

LY °

(Orrenlus et al 1965), well known 1nh1b1t0rs of proteln /s




N

aparallel decrease of hydroxylating activity and microsomal -

L levels of cytochrome Pu.sp and NADPH-cytochrome‘C reductase
; (Ernster and Orrenius, 1965; Orrenius, 1965b). These., 2

studies provided evidence that the hydroxylating enzyme
- system of microsomes involved microsomal NADPH—cytéchromé

c reducQgse and the CO'binding pigment, cytochrbme Pysoe - <

T

Further evidence for the involvement of cytochrome Piso in
o~ . -
the microsomal hydroxylating process comes from spectro-

photometric observations. The photochghical action spec-

B o wr i
*

+

»
% -
H
x

trum for the reversal of CO inhibition for the hydroxylatién'
0of a number of substrates py light occurred atra,méximum ‘
of 450 nm “(Estabrook et al, 1963; CoopeF,géﬂal, 1965) .
This eiectron transport system is believed to be found with « -
very few exceptiqns in all microsome fractiong‘p;ovidegs

-

*

the microsomal fraction contains membranes (Siekevitz;

-

1965/)o .
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. CHAPTER 2

- . PURPOSE OF INVESTIGATION . )
-~

-

Hydroxy1ation at C-2 and at C-16 (a configuration)
-are the two major pathways of estrogen hydrd%yiaiion in
man (Fishman et al, 1966, 1970). Fishman et al (1965)
hane provided evidence_that hxgroxylations at C-2 and C-16
are competing reactions for the available estrogen sub—"“
strate. The rate and route of estrogen metabolism by

hydroxylases, that is the rélative quantities of 2-hydroxy

~and l16a-hydroxy products formed, is influenced by a variety

) ~
of factors. For example, 2-hydroxy products are increased
in man in VlVO by high thyrox1ne levels so that these be—

comé the major estrogen metabolites. The amount of 1lé6a-

'hydroxylatéd product decreases (Fishman et al}~1965; Brown
+ - ’ :

and Strong,'l965), under these conditions. Decreased 2=
oxygenatlon occurs regularly in c1rrh051s and inconstantly
in: %xtrahepatlc blllary obst ction.. Depress:Lon of l6a-
hydroxylatlon occurs regularly in both these condltlons
(Zumoff et al 1968, 1970). Body weighH® has also been
shown to influence the subsequent*hydroxylatlon pathway.
Brown andAStrong (1955) foundia direct_correlation of

urinary E; level, a"lGa-hydroxy;ated/product, ﬁith

body weight. A recent study (Fisﬁman et al, l975)“extend-

ded this flndlng 1ndlcat1ng that 1ncreas;ng body welght

waS'accompanled by a sharp decrease in 2—hydroxylatlon and
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b ‘ . <

an increase in l6a-hydroxyfétion. Decreased body weight,

¢ as in agorexia nervosa, a condition in which malnutrition
- J )

is accqmpanied‘by amenorrhea, increased 2-hydroxylation

G

- «« and decreased 16a-hydroiylation{ Thus the nutritional sta-

i tus of an individual is related to the direction of estro-
gen metabolism,. Synthetic steroids have also been' shown
to have a directing effect on the hydroxylétion (Femino et

' al, 1975; Khoo and Macka;, 1969; Fishman and Hellman,
1976); ) . .

’ N N \

- %
o

The import;nce of these metabolic changes may.be”

"

understood by an understandiﬁg of the biological activity
of these hydroxylated products. 2-Hydroxyestrogens and

- léa-hydroxyestrogens seem to exhibit coﬁsiderablyﬁéiver;

,
NS P

. gent biological activities.
- ?1" N ‘*&

2-Hydroxyestrogen metabolites have been shown ‘to

possess much greater hypocholesteremic activityﬁrelativev

T TV i PV
o T e L PECTER

" to estrogenic activity than for the"classical estrogen, E;,

"in some species (Gordon et al,.1964). It is well*known
! -

that the ehzymatic methylation and biologiqgi inactivation

D
iy ltest

of neﬁrotrangmitters, the catecholamines by categchol-0-

TS AT

methyltransferése, is st;ongly inhibited by 2-hydroxy Pyl

NI

D il

- L

trogens (Ball et al, 1972). - RS

- |

Recently, eY}denée has accumulated implicating a ot

role for 2-hydroxyestrogens in gonadotrophin eontrol meéh-
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anisms. 'ConverSion 6f E, and E; to the catechol estro-

-

gens has been shown to occur in the rat hypothalamus
ﬁmaf
(Fishman and Norton, 1975).
ites were Shown to compete very effectlvely for the E;
receptor in the pltultary and anterlor hypothalamus of

the rat at a magnltude which could be blologlcally sig-
ot
nificant (Davies et al, 1975). .- s

b
E; is looked upon as being a protective agent limit-
ing or abolishing the actiondof'Ez on target tissyes under

certain conditions (Persianinov et al, 1975). #In other

. N
-,

circumstances where®chronic exposure to Ea’prevails,

E; is considered to be an. active estrogen comparable to

E, (Anderson et al, 1975; Clark and Peck, 1976).

’

Estrogen lack is an important contributinquéctor in

the aetiélogy of postﬁenopauéal-osteopordéis. .B recent”
study showed the inhibitory éffect -of E; on the develop-
ment of experimental‘osteoporosis'produced by low'calcium

diet in rets‘(lgarashi et al, 1974).

E3 has been suggested to play a 51gn1f1cant anti-

carc1nogenlc role in®the human female (Lemon,\1970) ~Sup;

&

" port for thls suggestion is glveB,by the protectave effect

of E; in rats against breast tumor inductionlhy_aimé%hyl—

benzanthracene (Lemon~1975). ™®urther supgort arises

4
A

. e

e

e -
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_These 2-OH estrogen metabol-

vhng,
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from the'obser&ations that early pregnancytin.humans-

seems to be protective, decreasing the~Fisk of breast

cancer, while in the mouse, pregnancy shows no. such. :
" Py . . B

B

protection. During preghancy in the ‘human, E;3 is_ex-' -
tremely elevated, 'but .in the mouse it is E, .and E;, ncGt

# E;, that are elevated (cited in Cole and MécMahon, 1969).

e R e T AT R R T S

Epidemiological studies, cOnsisting of the medsure- x ‘

T3

W

ment of the ratio of urine E; to E, plus E, (E; ratio),

r
L
) .

; ‘have shown higher values in Asian women whose mammary -

e

. , cancer rates are low. In comparison, lower ratios were

N

found in Caucasian women of North America whose breast

SRR
L)
$

AP

- o cancer rates are high (MacMahon et al, 1971; Dickinson
" )
et al, 1974). Asian women in Hawaii, whose breast Tancer

A

B ‘ * rates are intermediate between their homeland rates and

.

s

_those of Americans, had intermediate E; to E, plus E,

RSNy

urinary values. (Dickinson et al, 1974). The lower E;

. - ratio"in American women was believed to be due to in-

.o T 4c5§ased E, and E,. THhesdifference in ratios was dis-
. ",

ger womepn. and siight among the older group -

v AR IAS Bty

tinct among &ou

wr

(MacMahon et al.,, 197 '@-Thesé observations supported

the hypothesis that tﬁédest;ogen‘profile {particularly ‘ \

RN T IR TR

the relative amount gf a'léa-hzgroxylated\nggbdlite)

P

- e - P :
during reproductive yeéars is associated with subsequent %

-
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-
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breast cancer risk. : - .

Environmental factors which ﬁodify endocrine status
and balance (eg. overnutrition, favoring endocrine hyper=
- \ " .
function fe&ipwed by hyperstimulation of target organs)

have been proposed to explain this éskrogen ratio pheﬁ—

omenon (Berg, 1975). . .
o

A genetic explanation of%tﬂe_“estriol hypothesis"
of mammary cancer has also been’proposed. Lemon (1975)
founa that the Caucasian population could be divided into
groups depending on tggi}‘urinar§?E3 ratio and plasma

clearance rates of infused tritiated estrogens, E; and

Eé. Breast cancer patients aggné&ated'into the groups

with the lowest E; excretion and lowest E; and E; clearance

rates. Lemon proposed that a recessive mutant alle€le inter-

fering with the formation of E; by reducing 1l6a hydroxil—

-

ase activity was responsible for the observations. Such

reasoning is not ungealistic in light,of a similar finding
with- aryl hydrocarbon hydroxylase (AHH). Aryl hydrocarbeh

&

hydroxylase occurs in microsomal fractions,of most tissues

and is an inducible enzyme showing incréased activity after
el » ) ‘ -
administration of a number of different agents. It cat-
T » B e ‘
allyzes the conversion of enviroﬁmentalvcompounds to car- .

cinogens (eg. epoxides) in the body during the detoxifi-

Ty, : , . “ -
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catién neohanisml The‘normal.white éopulatioﬁ*ofﬂthe
) United States can be divided }nto thréeaseparate groupsﬁ
’ havinéflow, intermediate and high inducib}e AHH aétivitiesinﬂ
h Daﬁa indicate that susceptihility'tofgronchogenic‘bardin-

.oma is associated with hlgher ;evels ‘of 1nducable AHH- .

% ) act1v1ty (Kellerman et al, .1973). ':_ - e

N . .
. a - .

) ) Thus an abnormal hormonal environment may be actively

implicated in the etiology of human breast cancer. ' Whether

Y

hormones are responsrble for the 1nductlon of the mallg-
. g
’vnancy or whether they enable other unknown factors to -

~

AR

caqse transformations remains to be ‘elucidated.

N . . - . . -, -
N . * “p - .o
.. “

“In'view of the apparent 1mportan$e of at least some

- hydroxy phenollc ster01ds, 1t would appear to be necessary

to deflne their blOSyntheSlS and obtaln a model to study

their dontrol and factors.respgnsible %orygitering their ..

- et

f?relatlve ambunts, or act1v1t1es. Present models are dls- N

. 44 - - Q

favdred due, to the presence of multlple hydroxylases in*® - 8

. some spec1es, such as ‘the rat (Ball et al, 1974) or mouse ‘
i

o

(Thorsen and Stoa, 1971) whlch possess the ablllty to X

. . . LI
’

PR IR TY

hydroxylate estrogens in several posrtlons,,thus obscurlng ..

&
s

the study of any one. One may add that’ althOUgh humanv§"~ -

.0 , - 4
; tissues should offer the most approprlate systems for studyb = b ‘j
availabilj of a'contlnulng supply.of norma]l | materlal from , ‘ ﬁb_;« %
' th%? sour -constltutes a major problemﬁé";, . w,@MU' o "L éé
C L -
; ’ . e
. - /

:
.
\ .,‘.J 1“’ ‘;‘ ‘L“i'»’ff ”'»ﬁ“ A" J




o ,l The guinea pig liver has preyiously been'shown.to
- possess only' two types of conjugating mechanism, glucuron-
. ' . < R . L R . v
* - idation (Sa'at and ‘Slaunwhite, 1969; Goebelsman et al,

1965j and sulfurylation (Levitz et ai 1965L.'~These two

-

,5 ' act1v1t1es resemble the pattern seen in humans which also
. . o: »
(\/f\' possess the ability, o’ glucuronldate and sulfurylate
. ‘ - - . .
T et ! estrogens. * Formation of only two types of conjugates in

. the guinea pig simplifies the metabolic picture of estro-
" . . N v . - ’ h < ¢
Jen transformation. The cénjugation in several other.

4

specres 1s complex:and does not parallel the human situ-

v

2 v .

atlon. Early studles in the gulnea pig 1n v1tro (Quamme

et al 1972) and in vivo (Stoa and Borjesson, 1971,

-

oA Sandberg et-al 1967) 1nd1cated that the . unconjugated N

s T ) estrogens (Ex+ Ez, E3) employed 1n these 1nvest1gatlons

"‘were rapidly glucuronldated No eV1dence ‘of. hydroxyla—

&

. Q . &

N

. _,“ suggested that EIBS Was the'prlmary substrate for estro—

-

gen hydroxylatlons 1n the human, to form both 2 hydroxy

v -

-+ Mand- kGa-hydroxy estrogen sulfates. Thus, the'p0351b111ty

N

/
ex1sted ‘that- fallure to dgtect hydroxylated estrogen 1n
3 ¢ .\J

the gu:mer:Lg m:.ghtv be due to employlng the :|.mproper

L I

N -

—estrogen substrate. E13S mlght be a potentlal estrogen

’

substrate for pOSSlble hyaroxylatlon

\ I

-

-in sectlon 1 7], partlcularly as metabollg 1ntermed1ate&,

1)

(Y N (R

strengthened'the~case for® employrng E13§,

tlon "of the estrogens was found At.about this Same per-

£l . " .iod, Fishman et al (1969, 1973)- prov1ded eV1dence and ..

'(_ -
in gu:l}xea pJ.g tlssues.

7
The s1gn1f1cance of ster01d sulfates [as descrlbed earller-

5%
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Ihitial studies were involvéd in ébmparing the meta-

-4

LT ¢ - & 1 .
gn oo bollsm of E& and EIBS in. gglnea plgﬁélver tlssue slices. L
e . ot e s _, 2

e o . The work. of Gustafsson et 2l (Gustaﬁsson and Ingelm n- ),"
:N - T Sundberg, 1974 1975;‘ Ingelman-Sundberg, Rane a.nd Gustaf- . ’
oo o ’_ sson, '19'7“5 }Eilhar‘sson, Gus.t.afs’sor:, ‘.L‘hre« afi:d’ Ing,elman-' ’ )
E’ \ “ o Sundberg, 19‘;- )qas unknown at, the tlme ‘and’ it was not 5; o '
- . . certaln whethed: there ex:.sted’a“quaﬂtatlve difference a ’
- . “in' the metabollsm of a sulfated ' ter01d asacompared to , '_ ' *
. M p . . - -
; T ‘thet o the free steroid. FisW¥pan and HelluTan (1973)\ .
: * dld, however, poifit out h;. nconjﬁgated El_ was metabol- ; .,
g :Lzed more extens:.x/"el; than 1{:s sulfet.e éstenr’ ln vive in_- ’ g
man-. - Follng.ng the pule;catlons of: the work of Guetafsson i
;;" ‘et al, %he metabo]‘.\z..sm of Ez and E1 ~and .the.lr 3- su!ilfates .‘ — 9
o b{i g'i:t‘iﬁe‘;‘ 'p;L llvzer mlcrc;/somee was . 1nvest:|.gated. ; -

— I'G

P

“hydroxylatzy%g E;@ﬁ, were then Hxvestlgated OStudJ.es

)

: were also performed on how synthetlc steroa.d»s,jsuch as L o ~ .
. : ‘. & Lo r . . NSl X : A
‘. those conta:.ned’F :.h the oral contracep‘tlve, as well as "55"0 - (;' : ;

/ A” A L v ¢ e L .

" other»—«natura'l' §1::er01ds, may 1ntérf.ere w1th the ‘160~ , = ,‘ -é';.’?: ’."__ar.. Rk

hydroxylatzon\;athwe; of E13é.- - O X ’ .‘_..'. ’.&z . .-
' & .,k T e T ST RREP .

o T % G ¢ MR w2 3 i 78 O (o] o L G WAL

. LY A,
N I
R FNECOR

. by
PN e .

<
.

P N N
PRV TR R SO 4-.—. ST |




R L)
s
N
Cad
-
B
. \Q
.
N
.
.
*
"
el 4
y
4
5
.
s
:
-
%
P
A
»
A
h
1,"/
¢
Fe
s
o
K
3]
;
%»1
y
ot
.
>
R 3

v
[l

)
v
§:

‘; . R :c‘«‘ N . <. — ' . . I a-é_ X , ' L

N <. I3 " ) . ~ . T ' o .

2 ‘ . CHAPTER™ 3, P -
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] , G ... EXPERIMENTAL MATERIALS. -~ » -

3 t& K - 3 * , P < Q '.', ~ .

. s 3.1 SOLVENTS, AND REAGENTS . - . : . ' -

:;\[ Bt . . P Lm W . gl . " .. 4
: ) . ' Thé following réagent§ wefe purchised from Fisher = =~ . .
o . ‘ ¥ . ‘ . S . ©od
, . Scientific Co., unless otherwise stated. . {

3
t

ot
¥

i,

GANIC REAGENTS-© = -~ ~ , = 7 = . -

| S * - N
2 o ‘ M
r.eagent grade and spectrograde, . . , o
Etmfanolf was purchased from Commercial Alcohgls Ltd., e
e M - . #7735 el - - k M - A P ::1
R | s an N L. . . T, -
- . Gat:meau, Quebec, Canada. Lo o L Do
’ ;\\ o ’ . .oy ) . 3 I
: - 3. ZL-—Butanol reagent grade AL L . = T %
' 4. Tertiary bui:anol',‘ ’reagenﬁ grade —_— o . '< A
‘u‘ ' “ e A ;J" - - « - . E
. . .- N k2 , bise - : - ~ . N . - . £ > ° - §, -
« <! ’ 5. -Hexarre, “reagent grade o - L7 e ) ' ?34;
* X Av‘\ . o T T . ' . h . " .U.‘ ) 2 : . T .
. : ' 6. Chloroform, reagent grade» e R ~ e :

Ethylep acetate, lreagent grade B

.
.
.
X
. ;
»
™~
[ 3]
.
%
3 .
.
§
l" .
.
-
.
-
ra
1)
.
Y ;
4
Y
]
s,
R
. 11
-
.
RO LGS <0 1,
A
N

i

;o Lo : Qenzepe, reagent grade and spectrograde C T e T
- A \ N ’y o . - ™
= : - L, J I - C e v e 2
.o A 5 0 s e T oL ‘
T s 9. gtyclohexane ,m.reagent grade—'w Sf‘f W e n T
] . . R - - N - - . ’_ﬁz“!‘:c O ',i S .
R , L g SR SRS WA
. . . 10. l?yrldlne,,g.s,reagent f;rade WS e L o e
‘ .o ) o T o, P Lo, T A_::“?}f T

. S "11 Acet:.c anhydrlde,mreagentr'grade f.:’ e ):g,'ﬂ %

"“':'"“ - -mvp— . vm.. ' *@, <7 ".ﬂw“»% - Ll - AT
- 2 - " .
.. . J:f’" ac‘id, reagentugrade . was purchased from
R . . e,av. < by " W. ‘“f """%’s"‘ . W
e _ :{{.o? Baker Chemlcal Co,. A,c;Phllla.gsburg,,r N "Jt. 1, ‘{U § A,
PRI vt it Lok
Wy Tt s ‘ - 3 e R . -~
. - 18.-» Gi rard T. Reagent“* (Tr
. - et - [P 1;:;"6' : s :'-““grx:« . .-
Pl W el T Tl S 5 e -:w S
T . .Chlor;.de) reage_nt gx;g,de e
. P o : ”. {;;%:;« j*“& i
e Fa 14, pdiumh: ga’rbonaj;e ,mreag-ent gr
B ‘}wfigﬂeﬁ s e i T

. ’ .\sg L . o
_Nlcotlnamn.de was purchased from Mgﬁhesopj v”colemanm and\. *
R ’.&a '..»4, G < P

‘\-“ i e ; ., ) .
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‘4

. 17, Dlsodlumﬁ,gthylenedlamln T.etraaceta‘te (EDTA), reagent

H

. grade . 'g o . . ) o

18. D:Lethyl ether~ (feagent gfade) ‘ . . ' -
- 3 £ ) ) . .
19. L-ascorbic "acid (reagent grade) ' ’

- -

-

:, - (b) INORGANIC REAGENTS ‘
. . N % ’ ' h

*_; - 1. Potassiun} pﬁéspga;te ,monobasic, reagent 'grade—, was pur- _

£ N chased fromjpe Mc:f%\.rthur Chemicaf Co: Ltd., Montreal,

- T Quebec, Canada. .

(g' i 2. . Potassium hydrox:.de ~pe‘]!.lets, reagent grade-

F ¢ oo - T . 3. %MagneSJ.um chlorlde hexahydrate crystals, reagent'grade

.‘f o Cov 4L Socﬁum chlorlde crystals‘j.reagent grade - ’

"‘"* . - 5. Potaselum chlor:de crysta]:s’;.’“reagent grade . -
{ CL ‘: Co . 6. 'C\al»cium chiorideadihydrate cr§stal's ’ reagent.grade ~

’ ; e ' 7. Magnes:.um sulfate heptahydrate crystals,’ reagent grade )
' " o :"é. " aConcentrated hydrochlorlc ac1d reagent grade - .

“ - T - . 9,. Cwoncentrate\d sulfurlc acid, reagent grade o

‘:’""“‘ R "_J.O.“‘Concen ated ammor‘fium hydroxld’e, reagent grwad‘e\ Lo = '

11, ‘Chloi'osu thlC ac:Ld was purchased from Matheson, )
A
Co\leman and Bell Manufactur:mg Chemn,sts, Norwood,

" ¢
-

e &' Ohi0, U.S.A.. . = _ e e e T

- . '~

12, . Sodi hydrox:Lde, ,normal solutlon. Les‘s cbncentra-

- + -

3,4 “Anhydrouswsodaufn sulfate, reagent grad%

o ? Ny, . - . - "‘»q N
NS ~'ted solutlons were prepared by d‘llutlng this ‘stock.’ T f’"»; 2t
) . s g . . ; H'H,.‘ .
3. Soalum borohydrlde (Powder, ’98%) was stored, ina = .07,
S T -~ . x- ! )
. - . - L SR - e s
EEREE deleCator“' L T o ‘f‘ - v \ . oo Cay Y




15. sodium.phosphate dibasic, reagent grade, was pur-

chased from 'I;le McArthur Chemical Co. Ltd., Montreals

Quebec, Canada. . - o7

N

-

" 16. Anhydrous calcium sulfate "Drierite" was ‘purchased-
from W. ;\. Hammond Drierite Co., Xenia, Ohio, U.S.A.

.
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3.2

" {(a)

from Sigma \Cchemical Qq.y‘St?TLgnislﬁMb.}fﬁ,ﬁ;A; e T T T

BIQCHEMICAL REAGENTS | S s . ‘

s . - .

CHEMICALS

Y

The §ollowing biochemica;_rgaggﬂféf@éré<pdrcﬂdée§‘ ) . L
~ - SR - Lo ‘

- - el - ” . . e—, d
- . . P

. . e : e - T - . - P
7-Deoxycholic acid.i= - -7 . R
Bovine serum albumin -. —
. ) <. = - : |

Dinucleotide Phosphate, reduced . .

Nicotinamide Adenine

form (NADPH) - ) ) 1

’
Nicbtinamide Adenine Dinucleotide Phquhate, oxidized‘“‘ ‘
‘form (vADPT) . ' ?" ) % |
Adenosine Triphosphate (ATP)- | . ; w
. - | . - %,
ENZYMES _ T Lo, . {
Myi%gé‘?, containing pheﬁolsuifatésé, was a prééucﬁ of g
Schwqu-ggnn'Research Labﬁ;; New York, :U.S.A. It %'
. ) 2.
was stored in a)desicpato; a;ﬁfISEC,unt;l needed. E"
Ketoda;e, a beef liver B-glucu;onidése_p;ep ation, ; ;
was éurchasgd f om'Warﬂér—Chiontt’Labé:;,ﬁo:fié g;aiﬁs, ‘
NiJ.,sU.é.Aﬂ It w_s;}efrigerated at 4°C uptél“required.;
: : . - . / .
P
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3.3 °‘NONRADIOACTIVE STEROIDS . ] o~

- -
)

\ . E; and l6epiE; ,were purchased f¥om Schwarz-Mann Labs. e

- .

, . Inc., Orangeburg, N.Y. b ) . »

R B PO ] E, and E, were purchased from Ikapharm, Ramat-Gan, v
- N:;-~ "\,-: \‘—. L. ‘\T\. : . . .
P T 7. Israel. N " S . =
N . . . U . . o -
T -e ) , T e Ny T = T
> - «lGOHEl,\DHA;aDHAS; ethinyl estradiol, mestranol,
§ * . o b . \\\ . - -

_-norethynddrgi\and'medraxyggogesterone acet#te were obtained

from Steraloids, Inc., Wilton, N.H., U.S.A.

Unlabeled E;3S was pﬁepared chemically and.purified

.

N * as described in experimental methods section 4.1 (af.
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3.4 RADIOACTIVE STEROIDS Nl
~ .

-

Estrone-6,7->H of specific activity (S.A.) 47.9
Cd/mmol,'estrone-4—luc of S.A. 55.7 mCi/mmol and estra-
diol- 4-'*Cc of S.A. 57 7 mC1/mel were purchased from New
..,g’e—-ﬂ‘“"

England Nuclear, Canada {NEN) , -Dérval; Quebec. lhese

radioactive steroids were purified as described by Hobkirk

_et al (1969) and stored in benzene methanol (1:1) at 4%c.

Estrone—6,7-3H—dlsulfate of specific activity 42
Ci/mmol was purchased from New England Nuclear, Canada

(NEN), Dorval, Quebec. An aqueous solution of this materi-

-

al was chromatographed on DEAE Sephadex in a linear concen-

~ 2’ - 4
tration gradient of 0-0.84 NaCl.: The main radioactive

~

peak eluted between 0.3 and 0.4M NaCl, (about 85% of the
=

f orLglnal materlal) was pooled and Sgoovered via Amberlite

F

XAD-2 resin [see methods below]. Estroge%6,7- H~3-sulfate
purity was further checked as described in'experimentai
methods section 4.1 (a). "It was’ stored in methanol with

i .
the addltlon of 1-2 drops of concentrated NH4OH at ~-15 c;

- 1
@ &

Estradiol—6 7-°H-3-sulfate was prepared, by reducing
estrone-6,7->H-3- sulfate w1th NaBH, followed by purmflca—

tlon [see experimental methods below sectlon 4.1 (b)].

R

Est;one-i— C—3-sulfate.was prepared chemlcally from

estrone-4- C and‘purlfled [see experlmenta}/methods sec— et

tion 4.1 (a)]. o \ o
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. 3.5 ABSOLUTE‘COUNTING STANDARDS

T hawd ’ - . . ' _ \V
' n-Hexadecane-1,2-*H of S.A. 2.46 uCi/g and n-
" hexadecgne-'‘C of S.A. 0.781 uCi/g were purchased from
~. The Radiochemical Centre, Amersham, Bucks, England. These

%iere used to prepare absolute counting standards for 3

o efficiency determinations.
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3.6 CHROMATOGRAPHIC MATERIALS -

_‘Diethylé;inoethyl-Sephadé&_(DEAE-Sephadsx Azs),.an .

anion gxchangef, Sephadex LH,,, 2 ﬁydroxypropylatéd

product of Sephadex G-25 and acrylic columns 1 x‘§0 cm

.(K.9/60)‘were purchased from-Pharmacfg?Canada Ltd.,
Mdnitreal, Quebec. Glass columns, 1 x 25 cm: equipped
_with teflon plug and an integral”seservoir at top, which
‘ were eﬁployed for Sephadexliﬁzo chromatography, were

-

: purchased from O. H. Johns Glass Company Ltd., Toronto,-:

i — n—
— e o

Ontario.-

_ )
Amberlite XAD-2 resin, a neutral cross-linked poly-

. styznne polymer ion- exchange resin, was purc¢hased from

@ S

S . Rohm and Hass, Phlladelphla, Pa., U.S.A.

A}
» N Q 13

;‘ . _Celite 545 was obtained from Johns Manville Co. Ltd.

-t

-

B ) ~~and prepared for use by_s'teépihg in ncsntrated HCl over- .
night followed by severai ﬁashings with aistilled water
. until the washings were neutral to pH paper. The Celite

3 i was then dried in an oven for a few‘aays at 130°C and then y
: kept in a desicdator until needed. 4 o :

Precoated glass plates of 51llca gel 1mpregnated.w1th

a fluorescent 1nd1cator for thln layer chromatography

.

é ] ) / were purchased from Canlab, Toronto, Ontarlo.
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3.7 ANIMALS - .
’ -
~ all guinea pigs$* (450-750g) used were of the English +
gporthair variety. Liver tissue was employed from mature
males, nonpregnant and pregnant females. Pregnant
- ‘ females were -of various: gestational ages (35-65 days). .
o
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_ CHAPTER 4 3 - -

*  EXPERIMENTAL METHODS

. * ' g .
4.1 SYNTHESIS OF ESTROGEN SULFATES .

a ’

(a) SYNTHESIS AND PURIFICATION‘OF ESTRONE-3-SULFATE AND
OF ESTRONE-4-!"“C-3-SULFATE

-

- LB

(i) Synthesis 5

LaLeled and unlabeled E,3S (Na+ salt) were synthe-
L sized in the laboratory employing a methodology quite
-~ "+ <similar to that used by Fieser (1948) in his preparation

of sulfate esters from alcoholic quinoﬁes.

-~ .
b

Chlorosulfonic acide(0.1 ml) was added dropwise to

. pyridine (1.0 ml in a 100 ml round bottom flask) while .
’ .
stirring the soé6lution in an ice bath. The mixture was

=

left to stand until the cloudy vapour disappeared. -E4

o :
) (labeled or unlabeled),Kdlssolved in 0.5 ml of cold pyrl- N f

'dlne, was added dropw1se to the pyrldlne sulfate solutlon A '?«;

! tuatruas formedaln the dbove mlxture, followed by a second: f
port\bn‘of 0.5.m1 pyrldlne wash %he reactlon mixture é

| .was warmed in a steam bath fos 1-2 min, left at room temp- é

w . erature (~15 mln) .and then'placed in an ice bath (~15 min). %

‘ ’ Waten (25 ml) was added to the solutlon and the pH adjusted , %
A /'to about 10 w1th NaOH 5.0M (or untll deep red colour'. ‘ E

: & apﬁears) ' ) ' -g

| EPRE : C . \: e _ . B
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Unreacted Ey was removed by extractingithe water solution

with two portions (25 ml “each) of—diethjl ether. The

water phase was then extracted with water-saturated n-but-

. - anol (3 extractions; 25 ml each). The butanol-soluble-

x conjugated materlal was crystallized several times from

2}

i methanol—dlethyl ether.

Thin layer chromatography of the producé?employing ,

. the solveﬁt system ethylacetate:cyclohexane (50: lmipisboa

. and Diczfafﬁsy,_1962) indicated the absence of unconjugated

E;. A single band remained at the origin. On hydrolysis .

N -

. ' with mylase P sulfatase [as described in experimental

'! *J:methods section 4.3 (€) (ii)], the product gave 'rise to

quantltatlve ylelds of E;.as revealed -by thln layer chrom—

' atography (employ®d the same system as described above).

. .

—— - il
~" . The product E,3S was stored in methanol with the

addition of 1-2 drops of eencentrated NH,OH at -15°%

- and its.'purity was checked periodibally.-

4 3

E2

L (iii). -Purificatidh of Estrone-4-!“c-3-Sulfate

The reaction mixture was extracted with water-saturated .

n-butanol (ether ektracti@n was omitted).
* N ’ S H

[
3

‘ Follbwiné the

“ .
.., . N
s ..u"" o.( 11,.,-.:.!\..-.4\.‘«.- -

. PRI 69
K4 ’ .:..:.' ' X
(ii) Purlflcatlon of Estrone—3 ‘Sulfate
Extractlon and purlflcatlon of unlabeled E 3S was per-
formed as described elsewhere (Raud and Hobklrk, 1968). -

’

- 7
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evapbration of n-butanol yia-a rotary evaporator, the

residue was redissolved in water and the solution was
applied to a XAD-2 resin'columé whrch was ghen washed w;rh
s v H,O0 te remove the unreacted pyridine sulfate salt. The
'radioactive material was then eluted.from-the column with

methanol [see‘experiment methods section.4.3 (b)]. -

T TR P R A S D SRR AT ARSI TN

Sephadex A2s chromatography, as described'in'experi-
méntal methods section 4‘3 (a), was then performed The
d elution profile showed two peaks, one correspondlng to ;
) unconjugated estrogens, presu@ébly B, (4.7% of eluted

material) and the main peak eluted between 0.3_aﬁ§ O:AM\

NaCl (95.2% of total radioactive material eluted). ‘This -

-

main radiocactive’compound estrone-4-1%C-3-sulfate was re-
“# covered through XAD-2 resin. It-'was stored.in methanol
.0 ’ c

with the addition of 1-2 drops of concentrated NH,OH at’,

-15%.
2

(bf SYNTHESIS AND PURIFICATION or l7B~ESTRADIOL -6, 7—
3~ SULFATE N
) o

178~ Estradlol 6, 7— H- 3-sulfate was prepared by re=-

.. ducing estrone=-6, 7-3H—3 sulfate with NaBHg (Klrdanl, 1965)

Sod ium borohydrlde (150 mg or 5 mg/ml MeOH) was added to .

estrone-6,7~*H>3-sulfate ana<the reaction. mixrure was

- ~

stirred for 60 mini The pH was lowered to 7 0 w1th the

’—»— . “‘

4
. ) addltlon of 10% acetlc acid to destroy excess NaBHy., The . %
%
¥
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& oS .. o
pH was then readjusted to 8.0 with 5M NaOH to, stabilize
. o ' T e R
‘the sulfated steroid. Methanol was evaporated off and the

. reaction residue washed by applying it to a "XAD-2 resin

column [experimental methods sectjon 4.3 (b)]. Further .
N . e o . e
purification‘was achieved by DEAE-%ephhdex chrepatography

> in a linear gradient of 0-0.8M NaCl [experimental methods

- . s Y

-section 4.3 (a)] whiqg,y}e;gedétwo_minor'peaks.ahd one

- . 3 - - .
major peak. The, two fminor peaks corresponded to upcon- -

-4 ' .. . ¢

jugated~estrogens‘(0.3%) and'EIBS (1.0%), while the major
peak'eluted\betweeg.054§ and 0.55M-Nacl corresponded to ™
17B-estradiol-6,?rﬁH-3-sulfate‘ng.O%L. éhg_produgt'was

S recovered via XAﬁLZ resin and stored in.methanol with the
addition Of concentrated NH,OH (1-2 drops) at ;};oc.
s L f . .
(c) IDENTIFIC?\TION AND PURITY OF SYNTHESIZED ESTROGEN
SULFATES . o R , .
* :{‘ . “»

-

-

. Vg

o

Previous procedures 1n}the iaboratof& (Celite‘par-
e

tition chromatography: meltlng pornt determlnqtlens,

e .

crystalllzatlon to con tant spec:.f:Lc .&ct:.va.ty »w:.th radded:
) -

vt

carrler follow:mg hydrol'y§’is ox: solvolys:.s) have shown
> , © N

that the estrogen suLfates prepared as descrlbed above are-

abdut '98-99% pure (Hobklrk. Nllsen and Blahey:.1969,

" Hobkirk, Musey and N11sen, 1969L. A repeat of‘these de~

- .

tailed procedures was therefore felt unnecessary. . \
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4.2 .TISSUE INCUBATIONS
~_" ’
~4a);\§p£fers

(i) Krebs-Ringer. Phosphate Buffer

~—

- <

~

Krebs-Ringer phoSphaie buffer was prepared asndes;

cribed~elsewhere ‘(Umbreit et al, 1964) as follows:

Sodium chloride (0.154M) 100 parts.

Potassium chloride (0;154M) . 4 parts

Calcium chloride (0.11M) " 3 parts
. * Magnesium sulfate 7ﬁ20 (0.154M) . ° 1-part

Pho'sphate buffer- (0.1M-pH 7.4) 20 parts

Phosphate buffer was compbsea of sodium phosphate dibasic -

(NaZHPOu'2ﬁ20 - 17.8g) plus 20 hl of 1N HCI,

A

. To simplify the preparation and handling of the solu-
"tions, it(was.fouﬁd convenient to prepare five times the
féquired'conéentrétién (stored *at 4%¢) making the apprﬁf
priate diiution whgn-neéded.

’

\\\Lii) Bucher Bﬁffer\

T,

One li\ge of Bucher medium (pH 7. 5+0 l) as described
.\‘hwﬁ

.
\by Bergstrom and‘GJ\gr (1955) contalned.

f\ Monoba51c pota531um phOSphate (KHzPOq) 10.8 ¢
2. Potassium hydrox1de . . 3.2 g
3., Magnesium chloride \"-\\\ : _ 1.0 g

. . - :
4. Nicotinic acid amide (nicotinamidej. 3.6 g

B T 2 o e AT 30 DH AL L A MR BN AN S 10 5 2




LIVER SBICES

Guinea pigs were sactificed by ceérvical dislocation
; . L=y .

Iy

andgiheitmlivefs.rapidly éxcised and\giised in cold
- a

) .

phydiological. saliner Liver slices (fzsd\ﬁé\we@\weight

. ~

l =

~.and about 0.5 mﬁ in thickness) weie prepared us@ng é\\*\\
Stadie—Riggs hand microtome. Tissue slices we;é'added'to
Erlenmeyer flasks kept at 37°C each conﬁaining labeled
substra£e ranbiﬁg-fé@m nanomolar to micromolar concen-
ération.in 10 ml of-Krebs-Ringer-phosphate'buffq; (pH 7;4)
containing éluéose @ mé/ml).. Incubations &ére performéd
in'an atmoépheré df air in a Dubnoff metabolic shaker for
ikhours at 3?°C. In'mo§t cases, at Ehe conclusion of ;hg

. e,
incubation, the tissue was separated from the medium and

~

both were extracted with-methanol. In other cases, tissue
-and medium were not separéted but investigated for meta- .
bolites together. The methanol solutions were kebt at

=15 at least overnight, filtefedfthrough‘Whatman No. 40

paper and the precipitates then washed carefully with cold
~ : N i

./ \

.\

.+methanol. N

"(c) » SUPERFUSION OF LIVER SLICES
s 7 .

* e . N v Y
O T e N A AR S RN

¢

-~

TR
AL R

A-perfusion apparatus for tissue incubations was

%

assembled . (with the aid of personal communications'from

e

Drs.J. K. Grant, E. Gurpide and M. Saffran) out of glass

. . ~
tubing (diameter 3 mm) as Sh?ﬁﬂfiﬁ Fig. 2. Tissue sliges

v ~
b

.
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-

»

Figure 2..
superfusion.

SYRINGE PUMP —— \ 4 -
PERFUSATE
. r . *\ COLLECTED
T T _GLASS
4 FILTER:
25¢cm ,g.‘._&} ]
L ’ ~-—TISSUE CHAMBER
i =
- S NYLON MESH
) \\: . //
U Jy:
' o Y
M  ~——I0m—r o

The: perfusion apparatus employed for tissue




‘ ; ) <::;‘ (;00—806 mg wet weight) prepared as described above and
cut into finer pieces were placed in-the tissue chamber
Whlch was submerged 1n a water bath at 37 c. Labeled
steroids, I_CPEZ, 696.0 ng/lO ml buffer or 2.58 nmol/lO ml
buffer, and *H-E13S, 58 ng/10 ml buffer or 0.16 nmol/lO ml

buffer were suspended in Krebs Ringer pliosphate buffer

(pH 7.4Y;contalning glucose (2 mg/ml).

P

Thelbuffer solution was transferred tola 50 ml sy-
lrlnge and the tissue was perfused as the buffer was forcedﬂ
through the apparatus by a syringe pump (Sage Instruments,
Subsldiary of Orion Research Incorp., Model 352). Rate
of perfusion was 15 ml/hour. Cold methanol was added to
the tlssue slices to termlnate the 1ncubat10n and to the
perfusates which were collected at half hcur 1ntervals.
These solutions were stored overnight at -15°C and £il-

tered with careful washing of the filter paper with cold
Ny .

methanol.

(d) MICROSOMAL INCUBATIONS _ ' ~
Liver tissue (3.0 g) was homogenized employing ‘a

- Heidolph homogenizer (Polyscience Corp., Niles, Ill:) in
. . "’

koo~ t od

- 15 ml of modified Bucher medium, pH 7.4~7.6. Microsomes
- S were Sbtained by differential centrifugation as described
: in Fig.,3. Thé»tissue hoﬁogenate was centrifuged at 20,000

xg.for 20 min. and the resulting sd%ernataﬁt was centri-
R ) : . -




MICROSOMAL  HIGH SPEED
PELLET SURERNATANT

‘e . -

- . Figure 3. Microsomal preparation. The Jliver tissue
(3.0 gm) was homogenized -in Bucher medium, pPH 7.4 to 7.6

+ (monobasic potassium phosphate, potassium hydroxide,
magnesium chloride, nicotinamide). .

-




0y

fuged at 105,000 xg for 70 min. to obtaln the microsomal

pellet and high speed supernatant ~ The proteln concentra-
=5

tion of the’ mi@fbsomal fraction was determlned by Biuret

reaction. (Gornall et al, 1949) using bovine serum albumin :

¢ i
U . j

Methanolic solutions of substrates (nanomglar to
micromolar concentratlons) were measured 1&%0 test tubes
and drlea Cofactors added to each tube were NADPH (2.3
. pmol) , ATP (3.6 umol) and MgSO, (4.1 umol).
iments which spec1f1cally 1nvolved the .study of 1l6a-
hydroxylatlon, only the cofactor NADPH (4.2 umol) was added

to each tube. 2all cofactors were added in 0.2 ml of Bucher

. medium. Bucher.buffer was plpetted 1nto each tube to glve
‘.“,
j " a totalsvolume of 4, ml. One ml of a mlcrpsomal proteln.

.

‘ solution (6-10 mg protein/ml of solution, prepared by
resnspen@ing the microsomal pellet in Bucher buffer or’
'in 105,000 xg supernatant, was a@ded to the substrate;solu-

In all cases, the inchbétien

~

Incubations were per-

tion to start the incubation. -

system was of 5.0 ml total volume.

~ . A * . “ « e )
formed in air in a Dubnoff- shaking ingnbator at 37°C for
5 to 120 min. Reactions were terminated by adding 50 ml

of cold methanol and, after being mixed, thé mixtures were .

kept at -iﬁoc at least overnight.

s
’
:

1

' ~

as standard. ( =

In later exper-

I
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4.3 INVESTIGATION OFVPRODUCTS.\

(a) DEAE SEPHADEX CHROMATOGRAPHY . “
- - : Jort

—

'“Followiné methanol extraction and filtration, as des-
cribed in tissue incub;tioﬁs [section 4.2  (b)], the meth-
anol was evaporated at fed;ced pressure (40-50°Cy. The
extracted residue was:dissOlved in water (5 ml-ﬁoilowed
by 2 x°3.0 ml washes) with\warming, and chromatogr;phed,
on DEAE Sepﬁadex columns {60 x 0.9 cm) with increaging
iinear concentration gradieﬁts of Nac% (Hobkirk, Muse¥
and Nilsen, 1969; Hobkirk and Nilsen, 1970).

PN

B
g . .
The Sephadex (steeped in water for.at least 24 hours

to swell and thoroughly washed to remove the fine parti-~
diés prior to use) was allowed to settle .under gravity

‘in the columns to a height of gbout 56 cm. Each gram of

N

, origina% dry A, s occupied ; packed volume of abouth? ml,

making a total bed volume of 37 ml. The flow rate varied

between 40 and 50 ml per hour from one éolumn.to another.

-

Linear NaCl gradients were estabf?shed'employing two

=]

identical 1000 ﬁlnﬁoiyeﬁhy}ene‘botﬁles connected at their

lower ends by polyethylene tubing. 2

l
Thé following gradient systems were employed:

1. . Linkar gradient 0-0.8M NaCl

y The mixing container' (with magnetic stirrer) con-

tained 500ml of H»0, while the donor vessel contained 500 .

L




.
'
*
'

ml of O.BMwNaCI. This gfadient system sebafated unconju-

Qated estrogens, glucuronides‘:and monosulfates [see )

Fig. 4]. -~ , :

2. Linear gradient 0.8M-2.0M NaCl

The mixing vessel .contained 300 ml of 0.8M NaCl -and

the donor vessel 300 ml of .2.0M NaCl. This gradient was

~

-

emplo&eq, following the first gradient system, to elute

any estrogen disulfates. ) ‘

Ten ml fractions wWere collecged with the .aid of a
LKB fraction collectof and elution‘%rofiles determined by

.assaylng 0.5 ml allquots for rad10act1v1ty %ractions

Y

(2 to 10) correspondlng td unconjugated estrogens were
. extrac;ed w1th.ethy1acetate (3 x 80 ml). The other
radioactive peaks (glucuronides, monésulfates and di-

sulfates) were each pooled and Amberllte XAD-2 resin

i

'columnsfwere employed to recover the steroid conjugates._’

.
- f

_(b) ' AMBERLITE XAD-2 RESIN EXTRACTION

4

The conjugate fractions were pecovered.from aqueous.

. Y \
solution by Amberlité XAD-2 chromatography as described
by Bradlow (-1963).- - - (R
- i C vt ;s-
P4

Glass columns (25 0 x 3.0 cm packed w1th 50 g of res-

fhad i

in or 50. 0 X 3.0 cm packed with 100 g of re51n) were em-

p;oyed for the procedure. Prior to use, thg resin, washed

\
AR 2l Stes S >




extensively with MeOH, "was steeped in H,0 and any fine

particulaée matgr;alﬂsuékeq off. The ‘aqueous solution

was applied (260 ml/lOO g resin), and allowed to pgrcoiate .
~—=—"_ through the bed. This was followed by washing with H,O ‘

'ftw%ge the volume of the ;olut%on initiﬁﬁiy applied) whibﬁ;

removed the ihorganic materials. The column waslthen

allowed to drain to remove the water as completely as

possible. The absorbed steroid conjugates were then

4

b

removed from the resin by-eluting the column with meth-

B3

L3

anol (500 migl00 g resin). While eluting with methanol,

S8 H

o - air pockets were removed from the resin by inverting the

PR

‘columns.- The flow rate throughout was. kept at about ) )
< - ~

1500-2000 ml/hr. The methanol eluate cdontaining the con-

L a2

3 . * jugates was evaporated to dryness under vacuum employing
£ ' 1 = '
£ - a rotary evaporator., The residue was redissolved in

methanol (concentrated NH,OH - 3 dropé'were adged in the
case of estrogen sulfates) and stored at —150C3yntil fur-

ther processed. Columns could be reﬁéed-and'were left in

4 z'ﬁwater when not in use. It should be\noted that recent
F ' - S

batches.of resin have been shown not to work under the

) \
above conditions (Bradlow, Common, Musey and Hobkirk,
. M - \ .

personal communications). " The resin employed in the pggs-'

ent study was purchased between 1969 and 1971.

©an

. . :; I,!‘ ° , . . N R~
(c) ENZYME HYDROLYSIS OR SOLVOLYSIS OF ESTROGEN CONJUGATES,
* . . . C J
- l . ) . . .. "l“
Following Amberlite XAD-2 chromaypgﬁfphxg as des-

il

o, ¥ -
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.

. ' , ' PN , . . - »
cribed above, specific enzymatic incubations or sol-

yplysis were performed on the methanolic extracts of the

’

* conjugated broducts. For glucur?nides, Ketodase, a 8-

glucuronidase prepi?ation, was'embloyed, while for the
monosulfates, hylase P, a phenolsulfatase preparation,
was used. Solvolysis was performed on the estrogen di-

sulfates.
£

(i) Hydrolysis of Glucuronides

Estrogen glucuronides were incubated with Ketodase -
in 0.1M acetate buffer, pH 5.0, for 24 hours at 37%
(Hobkirk,:Nilsen and Blahey, 1969). Acetate buffer (1.0M;

ﬁH 5.0), prepared 10, times the requifed concentration, was .

=

stored at 4°C and diluted to the appropriate concentration®

when needed. The concentration of Ketodase used foq‘hy-

¢ . .

droiysis was 500 Fishman.units+/ml of incubation solution.
The total incubation mixture in each case was 50 ml.  In-
cﬁbations were terminated by.cooling (4°C).and extracting
the released unconjugated'estrogens with benzenejor di- ‘
ethyl ether (3 x 50 ml). The combined.extracts were washed

with 10 ml of water, dried over anhydrous crystalline [

~

Na, S0, and evaporated toﬁdggpess. The residue was redis- .

solved in MeOH to await further processing.

~ ¥ .

’ TA Fishman unit of activityiis defined as the amount of

enzyme liberating 1 mg of phenolphthalein from a 0.001lM
solution of phenolphthalein glucuronide in 1.0 hour at
370C and pH 4.5. ' ‘

g .
|
7
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A(ii)'_Hydrolysis of Monosulfates

ﬁydrolysis of estrogen-3—monosuifates was ﬁerforﬁgd

j by employing mylase'é (Emerman et al, 19655. The estro-
gen s%igipes Qere dissolved in‘SO ml of O.lM'acegate buf-
fer (pH 6.0). This buffer was also prepared at a concen-
_tration 10 times that requi?ed (L.0M; pH 6.0), stored at
4°C-and diluted prior to each incubation. Mylase P con-
centration was 12-13 mg per 5.0 ml of buffer. Incub§£ions
were éefformed at.37°C" and terminated after 24 hours by
cooling to 4°C and extracting the unconjugated estrogens
with ethfl acetate. The combined extracts were dried over -

anhydrous Na,S0,, cvaporated and reédissolved in MeOH.

~

(iii) Solvolysis of Disul{ates

Disulfates were solvolyzed (Segal et al, 1960) in the

presence of ascorbic acid (Elce et al, 1973) to avoid aut-‘

.i.

oxidation of any possible éstroggn catec.ois . To ethyl

]

acetate (50 ml) that was dried over Na,SO, overnight, was
‘added ascorbic acid (2.5 gm). -The estrogen disulfates

/ . N
were dissolved in this mixture and H,S0, was ‘added to give

3

a'final concentration of 2 x 107*M. This was achieved by

adding‘0.0S_Ql of a stlution of 1 ml of concentrated H, S0,

b : ‘ . .
'At the outiet of ‘the study, formation of catechol estro-
' sidered to be a distinct possibility. WRil
none was found, it .is likely that the ascorbic acid may - .
provide a protective environment during solvolysis of the
ring Da-~ketol disulfates which are now known to be forméd.

« ¢




in 100 ml .of ethyl acetate. ‘The whole was then incubated

at 37°-46°C for 3 daysff.. After this period, the reaction |,
mixture was cobled (4OC).and,the\etHyl acetate was washed
with 1/10 volume (5.0 ml) of \IM NaHCO; and then 1/20.

volume (2.5 ml) of ‘H,0. The washed-ethyl acetaté was

dried over Na,SO,, evaporated to dryness under reduced

pressure and the residue redissolved in MeOH.
(d) ANALYSIé ij FREE AND DECONJUGATED ESTI;{OGENS

(i) Girard Separation

The Girard reaction (Girard and Sanqulesco} 1936),
as modified by((Givner et al, 1960), was employed to sep-

arate the ketonic from the nonketonic steroids. The free

and deconjugated estrogens, as prepared above, were dis-
’ - . Y

solved in 1.25 ml of specially purified ethanol (redis-
tilled twice under anhydrous conditions and kept in a
- . . . “~ . =

desiccator ovér anhydrous éaSOu) to whi¢h was added~

Girard T reagent (125 mé) plus glacial acetig acid (0.15

ml). ‘The mixture was left overnight (16-20 hours)iin a’

stoppered vessel at room temperature in the dark. Follow-

ing' this period, the mixture was diluted with 15 ml of

H,O at 0°C and 1.45 ml of cold 10% NaOH was added dropwise

i ’ - .

HA three day incubation period has’ Lately beén shown to
be insufficient for complete*deconjugatlon (Dr. Hobkirk,
personal communication).




. . Fl ,

. N 4

to give a pH of approx1matelyr6 0. .ufhé total nbnketohic

fraction was then extracted w1th 3 x 20 ml of ethyl -

acetate. The,comb;ned extracts were washed with 5-ml of

cold H,0 and the wash was added to the adueous (ketonic-

—~ .

containing) phase.’

.

The aquegns ketonic fractlon was ac1d1f1ed w1th 4.2
6 <

M g Sbn ek

ml of TN H, SO, and put aside for 2.0 hours at room temper—

ature ln the dark to cleave the Glrard derlvatlve. The

-

extract containing the nonketonlc fractlon was washed: with

Aot ko e b o

2.5 ml of 1M NaHCO; followed by water washes/of 5, 5 and

L

200ml. The organic extract was evaporated to ‘drynéss-and

-

the residue was dissolved in MeOH.

‘The ketonic fractibn was extracted from the acidiffed

~

aqueous solutlon w1th ethyl acetate (3 x}30 ml). The com—-
aa -

«f&ned extracts were shaken with 4.0 ml of 1M NaHCO3 and

\
' al;owedito séﬁﬁd S—IQFmin,followed by a second and third.
* B o . 1 ’ .

shaking with the game bicarbonate, The extract was theén

washed sﬁcqessively with 5‘ 5, 20. and 10 mlﬂgf H,0. The

W el s w3 cases, %

. ethyl acetaté was dried over anhydrous NazSOQ, evaporated

“to dryness and the residue d;ssolved in methanol.

JRA B ftd et Nt

e
i

-

(ii) Chromatography .of Ketonic and Nonketonic Steroids

1

-~
»
[3

v

Sephadex LH; ¢ chromatography was then penformed on

1. QSephadex LHzo Chromatography‘
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3 °
4 -

F the ketonic and nonketonic mate;ialvemploying'the sol-

-

vent systémsn—Hexéne/CHClg/ﬁtOH (50:50:10). S

The, Sephadex was dllowed to swell.in tlhe solvent

sysieﬁwbveﬁnigbt. Glass columns (1 x 25 cm) equipped with

>

'Teflon‘glug and ; reservoir at the-top-were packed to a
height of 17 cm ailowing the Sephadex to _settle under

.'<~ SN , - : . N . - T .
gravity. BAn aliguot of sample dissolved in MeOH was trans-

&

i ferred to a 3.0 mi-conical.tugél the MeOH evaporated and

the residue redissolved ih‘0.2-ml of the -eluting solvent

L4

to be applied to the column (followed by one 0.2 ml and

one 0.4 ml washeg).

S e

One ml fracti@ns:were collected and"elgtion profiles
[see results, Figs. 9 and 10] determined by assaying 0.1 ml
aliquots for radioactivity. Eluted peakf of radiocactivity

- : ~were crystallized with appropriate carrier steroids from

* methanol or methanol-H,O with of/withou; fﬁrther‘ﬁurifica— °
f-»t - tion by Celite partition chromatography [see below].

2. Celitélébluhn éﬁ;omatography

e L . ’ .

‘. ‘ Labeled metabolites tentatively considered to bé '
iGaOHEl, 168-hydroxyestrone (16B0OHE;) and lGepiEa were \
further'quified by Celite parpition chromatography ‘

_empléying the’ system benzene:hexane/methanol: H,0. .

. (55:45/70:30) and benzgng/methénolino (100/70:30) as’ .7

F) A\




described by Givner et al (1960)_

*The solyent systems were equilibrated ovefnight. The
separaied agueous phaée was added to dry;Célite (5.0 mi/
10 g) and mixed thoroughly ensuring that all the station-
ary phase was absorbed by theiCélite- An excess of mobile

phase was added to form a uniform slurry. A glass .column

- 1

(1 cm i.4.) with a porous glass filter at the bottom was
packed to the reqdired height (20 cm) by means of -a perfor-
ated plunger. The surfacg of the finished dolumn was’

covered with an excess of mobile phase to prevent. the
(<3

Celite £rom drying. v

I.—K . Y
The .sample (dissolved in 0.5 ml of MeOH) to be applied
to -the column was thoroughly mlxed w1th Celite (0 5 g) and
" the mlxture dried overnight in a vacuum de51ccator. The

Celité-=containing sample was applied to the column with.a
minimum amount of'mobiié-phase and packed on top. The

column was eluted with an excess of moblle phase énd'ali—

quots of fractions collected were counted- to determine

the elution profile.

¢
.

(iii) Crysﬁallization of Estrogens and Abetylatioﬁ

¢ * L,

Final verification of the identity of the labeled es-

trogens was qptained by crystallization to donstant speci-

fic activity of the isolated steroids, by reverse isotopé

t
e

et s e s .
:“:&aﬁ-’é“?::?w.m?ﬁ%”:‘as»'/&w P A RO
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dilution w1th authentlc unlabeled estrogens, and of the

acetate derlvatlves of the ster01ds (Hobklrk, Nilsen and

Blahey, 1969).

- . -~ . ) . -

2 doe xva s T YR ST AR

Crystalllzatlons from MeOH were performed by addlng

a known weight of unlabeled pure carrler (20 30 mg) to a

known isotopic activity of the labeled estrogen. The -
specific activity (dpm/mg)'ofhthe crystals and of the .

mother liquor was determined aﬁd'crystallization was re-

.

peated until coristant specific activity was obtained for

both crystals and mother liguor.

~
-
~

\ Acetate ‘derivatives were obtained by dissolving tde'
crystals in dry pyridine (0.2 ml) follewed by t?e addition
of dry acetic anhydrlde.(o.l ml).' The mixture was stop-
pered(and allowed to stand overnight at room~temperature.

Methanol (1.0 ml) was added to the reaction mixture énd

ek el vaP s

the contents dried under air.” This process was repeated
. \ B .
until the py¥idine was removed. The residue was crystal-

"

lized from MeOH as described above. ’ :
. .

B}
~

-

Acetonides were prepared by phe procedure of Nocke

oy VLY .
oA Vg s, ‘ P AT TS LY )4

et al (1961l). The dried residue-from Celite cdlumns“plus#
~ ‘ s
carrier was dissolved in a dry solution of 1% HCl in
’ ) \ w :
" acetone (lO\ml)._\The solution was shaken in a stoppered

S DR B
e

g

5

..‘?'

NS U

vessel at room temperature ‘for 30 min and then made\alka—

. H
@ .t ®




. 1“
~ \ . = 8 8
line by the addition of 4 ml 1N NaOH. The acetone was
-removed. in vacuo and the residue was taken up in 25 ml
of 0.4N NaOH. The acetonide ex'tra'c.ted-with 3 x 25 ml
v .7 . ~ R -
CHCl; (extracts washed with 2 x 5 ml H,0 and dried over .
Na, SOy ) was'érysta.llized to constant specific activity.
' o
~
4
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- .
. ©
\ . ‘ ‘
X ? N N ¢
: L - ..
: - vl :
.
L . ~ ¢ .
5 ’ : RN
i . ; N
] . ~ o . .
\ \ . \
E: » ’ < \ “ ) *
. . ) ‘ * .

v . [ -
.g - ‘ o




TEAEATAT Y Mstiless (o oer 4t ¢ 0

~ . ) '
4.4 ™“MEASUREMENT OF RADIOACTIVITY A

NI

All'radip?ctive counting was perfoimed on é’gﬁrée
channel, Unilux IIA Nuclear Chicago liquid scintillation
spectrome;er.in 26 ml screw cap bolyethylene vials or -
miniviais of 6 ml capacity (Canadian Scientific Products

I.td., London, Ontario).

o

Aquasol (New .England Nuclear Corp., Boston, Mass.),

a xylene-based scintillation solution, was employed as

R s

the scintillation £luid in earlier studies. In later
studies, Aqueous Counting Scintillant (ACS) waS'employea

(Amersham/Searlé Corp., Oakville, Ontario). .

calculations of *H dpm and '*C dpm‘inidual labe}eé\
samples were pe?formed by theidiscriminatof—ratib method
of Okita et al (1957) . This meéhod useg-the‘rakio of
channel B.cpm (!*C widow) to‘channel A ‘cpm (°H wfdow).
which can®Be .obtained frdm standard sq&ples of *H-

hexadecane and !*C-hexadecane. An eguation that util-

. . . ‘o . Lo, e
izes this discriminator ratio for each isotope is then

,emﬁloyed in the calculation. These equaﬁions for *H dpm

]

and '*C dpm determinations are as follows:

1. For %H dpm: \

@.HA

‘e
y e

-




_éhannel A 3H;efficiency factor

*H dpm

“l%c .dpm:

b(B-aa)

14

CB

. b-a
B

1 “CB

1y [ 1
C dpm channel B !'4C efficiency factor

net cpm of *H in channel A
-~

. net cpm of !“C in channel B

net cpm of .channel A (Hp + Cpa)

net cpm of channel B (Hp + Cg)

discriminator ratio for *H

-

net *H-cpm in channel B to net *H cpm in channel A

discriminator ratio for !'*C

N
~

net '*C cpm in channel B to net !*C cpm in

.chanﬁel A v

\
“~~.The spectrometer was set to give *H efficiency of 30-35%

' t

and a‘ !*C efficiency of 55-60% in samples dontaining

labeled hexadecane and scint;llatioﬁ fluid oaéy. e
. . . X ;

Since a major firaction of the energy spectrum of 1te

appears above the-méximum energy spectrum of the lower

energy isotope of 3H;‘channei settings for the high energy
! ' .

isotope, %o (channel B), were selected that lowered the

~

-




’ ‘count of *H in that channel to an insignificant level.
: - .

" " Less than 1% of the=’H counts appeardd in the !“C channel.
& . N *

M

(Approximately 158 of the '“C counts appeared in the °H

"channel or channel A).

?

J a2l I

This arrangement simplified the above calculations
. - P
as no correction for tritium counts in channel B was

required. The équations for dpm calculations ‘reduce to

the following form since "a" becomes zero.

.
-

Thus with a negligible ’H cowiting rate in the !“C

X [ -
channel, the !*¢ dpm could be calculated directly from the -

recorded count rate-in the !*C channél and its known .

efficiency. The'tritiﬁm disintegragtion rate was deter- = °®
o g .

mined. by net counts in the *H channel minus net counts ih

\!*C channel divided by the discriminator~ratio for '“cC

all dividéd»by the known efficiency of 3H. .

Pex

G g S :-.:‘ 'ip}'u_‘ AT

x

~

" During later studies in which-only tritium labeled

éamples were counted, counting efficiency was determined{
L ' . . [V .
by ‘the cHannels ratio method,
. : ' )

/ *. -

+
2 :
¥
- - A PNy =
.o

Two counting chanQels were -

(=TT TR LR R




RN

" plotted as a function of their channel's ratios.

chosen so that toéether they included most Qf the energy
spectrum of "H observed for the least quenche&ﬁ%mnple.
Standard samples were counted and their efficienciés were
fhe b
efficiencies of unknown samples were determined from this
caliLraEion curve by their meééurgd ratios.

\ X

Sufficient counts were accumulated for all important

. - )
samples to ensure a counting error of no more than #5%.
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"60-70%. The remaining 30-40% was to be found in the -

CHAPTER 5

‘RESULTS

5.1 STATEMENT ON EXPERIMENTAL RECOVERIES ™%

_‘Reco;eries from the-Qariety of anal&tical techniques
employed in thls investigation usually exceeded 85%.
Filtration through ‘Whatman No. 40 paper follow1ng incu-
\batlons\of l4c~E, or l*c-E, w1th mlcrosomes alone was
the only‘case that suggested the loss of @ guantitatively

significant metabolite. Recovery in this case was only

L

methanol precipitates. "Blndln " or loss of activity on
P g £ ¥

the methanol prec1p1tate was shown to require a supply

~of NADPH and adequate incubation time (recovery decreased..

with time of incubation).

2
' ¢

If the other experimental ﬁechniques gave rise to
1ower than éxpected recoverles, whlch seldom occurred,

the procedure was repeated or rechecked. Table I in-

) : \
dicates the average recoveries (plus range) from 10

: A, : ..
randomly selected' experiments for the various procedures

employed. Pinal results were corrected for experimental

-
losses. e,

R
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. . . TABLE I
F —

r - . o~ P

. Recoveries from experimental procedures (% of original
isotope)

&
o P

- - 3
Procedure . Average Range ,
~ ‘ t

s

-,

Filtration on Whatman No. 40 95,9 93.3-100.1
paper ’

Sephadex A,s Chromatography 92.8 83.2-102.0
\ .

Amberlite XAD-2 Resin Extraction 9l. -85.3-97.4
) . , o v ‘ .

Hydrplysis: Ketodase . 97., ~91.0-106.8

C % T . Mylase P 9374 ° . .81.0-105.8

Solvolysis . 72.2 . .65.3- 79.0°

Girard Reaction (ketdnic + 88.8 - 78.9- 93.3

nonketonic) . : '

-

Sephébex LH; Chrométography - 95, o 90.9-105.3

Celite Colump ‘Chromatography 94.7 91.0-104.3

~ A4

.a, . . ) -
Average of 10 experimental procedures .

-~ . ‘ \




5.2 -LIVER TISSUE SLICE EXPERIMENT _ _
) - _ \

. . 1

(a) UPTAKE OF 3H-ESTRONE SULFATE AND !*C~ESTRADIOL BY
LIVER SLICES

§ R~ . Table II summarizes the results of the uptake of
; 3H-E;3S and of '“C-E, by“liver tissue slices from the
f i ' incubation medium. The effect of‘albumin; guinea pig

plasma -and y-globulin in the incubation medium on the
uptake of these steroids is also shown. E; (nmols) in
the Buffer medium in the absence of plasmé protéins is
taken 'up gy the live;~tissue of guinea pigs more rapidly
A ' than E;3S (nmols) at short incubation periods, as shown
by the- greater percent of E; associated with the tissue
i as compared to E;3S. At longér inéubation times of 90-
: 129 min, however, the percent ra&ioaetivity of 3H-E,3S
% e associated with the tissue becomes qpmbafable to that of
E ll“C—Ez. This f?lationshiptfailed to hold when tissue
]

< oL . .
: . slices were incubated in the presence of albumin or guinea
4 \

§ . pig plasma. The percent of !'“C-E, associated with the

3 . L]

E tissue at longer incubation times was still greater than
> ¥ '

&« 7. that of the percent association of 3H-E;3S (eg. albumin,

120 min incubation: '*C - 23.3%, 13.9% compared to "*H -

- 9.8%, 8.8% respectively for the two incubations).
3 ) \

R -
Table III compares thé¥uptake of !'“C-E,.and ‘H-E,;3S

A , ‘ C
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-
TABLE III
Comparison of !'C-E, and *HE,3S Uptake by Guinea Pig

Liver Tissue in Presénce of Albumln, Plasma and v~
Globulin. .

(Averaged Percent Uptake of that Found in Buffer Alone
for Incubations 10-120 min., 37°C).

Incubation % Uptake Compared to Incubation with Buffer
? Alone

'*C-Estradiol *H-Estrone Sulfate

Albumin ’ 59 38 .

plasma 57 : . 43

<

Y-Globulin B 110

,

2 Incubations performea in presence of E138 - 210 x 107" -
nmol and !“C-E» '~ 24,100 x 10”" nmol with liver tissue
slices weighing approxlmately 250 mgm. :

\




o
by guinea pig li&gr tissue in the presence'of albumin,q
plasma and Y=globulin td;that,of the uptake whichioccurfed
in the buffer medium in'tﬁq'absence of plasma proteins.
Uptake of both steréids,.E13S and E,, was reduced when the.
iﬁéubation was perfofMéd“iﬂh%ﬁ?jg;egence'6f albumin or
plasma. E,;3S u§£akeiwas reduced to a'great@r extent than E»

uptake in these media. In the presence of albumin, the

average uptake of E,;3S for the two experiments (10-120 min

incubations) was 38% and in the presence of plasma, 43% of <

" the uptake that occurred in the buffer medium in the aBsenqe
of pldsma pro?eins.‘ For E,;, the\carresponding values were,
in the présence of albumin, 59% and plasma, 57% of the up-
take in buffef_mediuﬁ alone. y-globulin had-‘'no efcht on

the uptake of the*steroids.

(b) METABOLISM BY SLICES . ,

Figure 4'sho§s yﬁgdzhromatographlc pattern of labeled
p——
. \ ) -
metabolltes abntalneé 1n the tissue and medlum"followlng

kY o .-_._.

simultaneous incubation®of ‘"C E, and H—E 3S with a

liver slice from a pregnant gulnea_plg.

Table IV summarizes‘the results of the metabolic pat-
terns founﬁ in tissue plus medium after 2-hour incubations

from liver slices obtained from female (preénant and non-
N '

-
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e 13 .
pregnant) and male guinea pigs. Thorough investigation of

-

metapolites formed from liver tissue incubations has been
publishéd inbkirk, Nilsen and Jennings, 1975; Hobkirk et-
al, lQ?g). The liver slices formed monoglucurohides,

monosulfates.and a disulfate fractioh. The metabolism of.

'H-E;3S by liver tissue slices seems to be qualitatively

similar to the metabolism of '“C-E;. Quantitatively,

however, morre glucuronide was produced from E, than from
* ° . ~

E, 3S.

o

v

Disulfate ;anged-widel§ from oné animal to another

and seemed to be absent in male animals. Other studies

with young male animals in the 1lab, howeverw-were shown to

produce disulfates (Hobkirk et:al, 1977)\ Pretreatment

of males with E, had little influence on the metabolic

picture. Invesﬁlgation of the ti;igg and medium separately

. showed that, of the total: percent associated with tissue, \

a greater fraction of this was‘disulfate'compared to the

_ percent disulfate associated with the medium.

T A TR AT




5.3 LIVER SUPERFUSION

L

N A Y Rty At Y e e EPRSGER
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hi

Liver tissue perfusion was employed to determine a

correlation of metabolites formed with time by collecting

perfusates at different time iptervals.° The percent up- -~
r

) .
take by the tissue in the perfusion study was somewhat -

lower than the percent 'uptake by the’ tissue incubated in

flasks ('*C-Es uptake - 15%; ’H-E,3S uptake - 6%). The-

total radiBactivity,'howeveF, associaéed with the tissue

wgf greater in the perfusion study.

Figure 5 shows the metabolic pattern of metabolites

contained in the tigsue slice perfused with '*C-E; and
\ «

3H—E{3$ simultaneocusly. DEAE Chromatogiaphy indicated the

presence of ‘H and '“C labeled free estrogens (*H - 5.4%;
. - , i

14C - 8.5%), E;3G (®H ~ 10.7%; !*C - 31.3%), E;36 (PH™-:
2.7%; T'c - 7.3%), E,35 (°H - 41.1%; '“C - 16.2%), E23S_
(*H - 6.7%; '“C - 2.3%) and a disulfaté\;;;Etion (g ="

I

28.7%; '“c - 25.0%). . ~

s

. LA :
Perfusates were collected in half hourly intervals

. »
S -

N - \ . . 4 .
and radioactivities associated with a particular metabolite

were expressed as a percentage of the total activity found
. S .

in that interval. Results expressed in histograms pro-

duced patterns™for metabolites as shown in Figures 6 and 7.

-
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.For the metabolites derived fromiﬁH—EIBS (Fig. 6), free

estrogen, E;3G and the disulfate increased with £ime

while E,3S fell with time. For the metabolites derived

from '“C-E, (Fig. 7), E;3G and the disulfate ihcreased
. N ’

with time while E,3S and E,3G decreased with time. For=«

‘mation of E13é'fr6m '%c-E, reached 3% ,0of total radio-

activity off Sephadex A,s columns in' the first half hour

kperfusate_éﬁg remained relatively constant thereafter,
° \

- w5
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Figure 6. Metabolites contained in half hour perfusates

derived from °H-E,3S.
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.experiments

\

5.4 'MICROSOMAL INCUBATIONS

Little difference could be detéctedlbetween the meta=
bolism.of E, and'E,3S employing guinea pig liver slices.
In early 1975, béing familiar with the work of Gustafsson
et al (Gustafsson and Ingelman-Sundberg, 1974, 1975,

Ingelman-Sundberg, Rane and Gustafsson, 1975), it was de-

clded to investigate the metabolism of these two substrates

by guinea pig liver microsomes.

. \
~ -
<

™

A DEAE Sephadex chromatographic pattern 6btained after

inoubating ®H-E,3S and !“C-E, simultaneously with micro-

somes (105,000 xg pellet) is shown in Fig. 8. Free sgter-

. ; L = .
oids and %Eeroid glucuronides, each possessing the H and

l%c l1abels, were detected. Monosul fates were labeled with

. .

’H but contained little or no !“c.’ This first incubation

employed ll;'C'—Ez &s substrate since this‘is generally

thought of as the active c1rculat1ng form of\estrogen. In .

‘order, however, to compare more- dlrectly %iﬁbeffect of a

3- sulfate group upon the metabollsm by mlcrosomes, further

1nvolved 51multaneous incubation of H~E,3S

and !'“C-E,;. DEAE Sephadex ¢hromatographic patterns ob-

e T

tained'were 51m11ar to that shown jn Fig. 8. Detalled

1nvest1gat10n of the metabolltes formed from %H-E,3S and

'*c-E1 [see below] revealed that B was metabollzed dlffer-

Y

ehtiy from E; 3S8.° Hydroxylatlon of the unconjugated estro-
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gen occurred predominantly at the B8 configuration of carbon-

’

16 while %the 3;§Gifated estrogen formed mainly l6a-hydroxy-
lated pfodupts? . g

AY

. R ]
Girard separation- of the free steroids in these
studies (fractions 2-10 from DEAE Sephadex chroﬂatpgraphy) !
yielded *H, which was about 40% ketonic (average. of six
e

incubations with substrates *H-E;3S and !“C-E;; range 34%-

s

e " .
43%) and 60% nonketonic (range 57%-66%). Radioactive !%c= ‘-

P4 -

labeled st&roids ih the free fraction were 32% ketonic

(range 28%-35%) and 68% nonketonic (range 65%-72%).

-

Sephaaex LH2 ¢ chromatography of a ketonic free steroid
A B

fraction from a typical incubation with *H-E, 3S and ‘“C—E;
[seé Fig. é] revealed three peaks primarily labeled with

'¥Cc. The leagt polar fraction eluted from the Sephadex

~

ILH; o columns (first eluted fraction in tube§u6410) was not

-

further purified and shown to be E; by crystallization to

constant specific activify? ‘The other two peaks that .

were not completely separated on Sephadex LH., (fractionss=

15-23) were pooled from a number of incubations and flurther

resolved by Celite partition, colﬁmn dhromi%ography'followed
by reduction witgwsodium borohydrigg. ﬁesults indicated
. - P :

that the major component of tﬁe pool was 16BOHE; (approx.

70%). 1600HE; was identified as the other componeht "

aw(appz;ox. 30%). - _ TR , . .‘ “.

\

~




- wpe s ohe o pmer

--o-- METABOLITES FROM 3HE,3S
B ' —e— METABOLITES FROM 4CE,

- A

of free metabolites from a microsomal incubation (60 min.
at *37°C, pH-7.4) with *H-E,3S and 14ceg,.
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Figure 9. Sephadex LH; o chromatograph of ketonic fraction- B
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A typical Sephadex LH,, chromatogfaphic pattern of
the nonketonic fraction of unconjugated estrogens (fraction
2-10 from DEAE Sephadex chromatographyhyfrom a microsomal
incubation with °*H-E,3S and !“C~E, is shown in Fig. 10.

The results revealed two peaks. The more polar fraction

(eluted in fractions 29-37) was predominantly kabeled with

-
'%c and was identified as l6epiE, following Celite par-
tition chromatography and crystallization with authentic
16EpiEs; (Table V). The other fraction (16-21) was iden-

tified as E,.

F Y

~

Pooled glucuronides (fréctiqns 20-30 from DEAE Seph-
adex Ajs chromatqgraphy - Fig.-8) were shown to~£e primar-
ily E;3G and:E23G.§ollowing ketodase hydrolysis, Sephadex
LH20 chfomatography‘and crystallization. Crystallizations
of labeled E;, and E, following deconjugation of the glu-
curonides areshown in Table VI. g;l?G, if formed, would
‘have been separatéd from the other glucéronides follewing
DEAE Sephadex chromatography. The absenc; of an E217d

peak in the chromatogram excluded the possibility\of this

glucuronide as being®a metabolite.

Tritium labeled fractions 45-60 from DEAE Sephadex
chromatograms (Fig. 8 - monosulfates excluding E,3S) were.
completg%y hydrolyzed by ﬁylase P. Analysis- by LHz2g¢

ey
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TABLE V

Identification of '"C-~16epiE; by Crystallization

£

Derivative = Calculated . Specific Activity (dpm/mg) .
or Form S.A. Crystal. Crystals. Mother Liquor

. £
wﬁhyﬁree‘ : 1350 1370 1460

“ 1390 1380

Triacetate ) ) ' '949 930
900 910

Acetonide™ b ... 1150 7 1120

1170 1240

v

"2 Represents crystallization of 27,480 dpm of tue w1th
20.0 .mg of carrier 16ep1E3.

Represents calculated values fér triacetate and

acetonide respectively, as prepared from.original carrier
diluted '“c-fraction.

-
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Crystallization of Dabeléd-Ey and E; Isolated from the
Glucuronide Fraction -

[

Specific Activity {(dpm/mq)
] Crystals M.L. . Calc.
- *H “c 3H 1ha 3> 14m

.-
e

«

pa

E; from E;3G - .

- 57% 1420%
Crystallization 1280 101 1440 '

89 1300 82 1320
: 79 1290 87 1280
Acetylation 61 1110- 147 1140

- 53 1100 45 1140

T BT TS SR

E2 from E,3G .
¢ Crystallization 149 1090 174 1300
- . 2 159 1070  176_ 1100

129 1100 133" 1100
Acetylation 10 - 880 108 880

73 895 85 868

1567 1270°

j2
14
3
-
g.‘,v
g
{,
3
.
f

w-

@ calculation based on crystalllzatmon of *H~ l 380 and
1%¢=34,690 dpm with '24.38 md of carrier-E;.

.

Calculatlon based on crystallization of *H-3,840 and
1"C—.‘Bl,l?O dpm with 24.64 mg of carrier E,.

€ Values corrected for ‘pPesente of acetyl groups and based
on determlned specific activity of free ster01d.

.
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‘ g £
chromatography after Girard separation' of the released

-

free steroids' from mylase' P hydrolysié yielded two ketonic

peaks (fraction .6-10 and fraction 14-19) and one non--
Fom

-

ketonic peak (more polar than l6epiE, and eluted between
fraction 40-50). Crystallization with cagrier steroids

followed by acetate formation of the crystals is shown

.

in Table VII. The ketonic‘ffaction 6~10 was shown to

be E;, while the nonketonic fraction was E;. Crystal-
lization of the ketoﬂic fraction_;4—l9 from Sephadex'

LH, ¢ chromatography revealed only 54% of it to be lGaOHElﬂ
(Table VII). Thus,~the presence of an additional com-
pound was iﬁd;céted. Farther i?vestigation by Celite
chfomatoqraphy followed by NaBH, reduction indidated

that 51.6% of the peak was l6aOHE1‘and 28.3% was lé6ketoE,.

Whether 1l6ketoE, i$§ a tissue metabolite or arises from

1600HE; due to methodological manipulations is now kriown.
. ¢ \ - -

It has been é§s€%%d, however, through the remainder of
. K ~ '

this study, that leetoEz has arisen from 160OHE;. The

virtual absence of 16B0OHE; in the monosulfate form sup-

ports this assumption. » m
s R -~ |

*A fraction eluted .in tubes 60-70 (Fig. 8) was-shown

~

t Girard separation was not required during later studies

since LH,, chromatography separated E,, 16aOHE; and E;
adequately. B ' e




TABLE VII

Crystallization of ‘H-Labeled Deconjugated Ster01ds
Isolated from the Moposulfate Fraction.

e e e

.Derivative or Form Spec1f1c Act1v1ty (dpm/mg)

. A Mother
Crystals Ligquor ‘[Calculated

-

E,

from E,;3S

1 858 1520 1090%
] _ 2 943 967
Acetylation 1 790 802 816
2 743 807

Crystallization

e

160OHE; from 16aOHE,;3S

Es3

E.

£

, Crystallization

Crystallization

1
2
3

Acetylation

from E338
rystallization

Acety%?tion

from E; 3S

1 1350 1780
' , 2 1400 1420
Acetylation 1 1170 . 967
\ 2 1150 #4910

ks

Calculation based on crystalllzatlon of 26 280 dpm of
with 24.04 mg of carrier E;.

Calculation based on crystalllzatlon of 26 430 dpm of
with . 19.61 mg of carrier lGaOHEl. X

Calculation based on crystalllzatlon of 29,100 dpm of

w1th~24 54 mg of carrier E,;. o

Calculation based on crystalllzatlon of 40, 490 dpm of
with 26. 06 mg of carrier E,.

Represents calculated values for acetate derivatives as
prepared from original carrier diluted *H-fraction.

w5
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through' mylase P hydrolysis, LH20 chromatography and sub~

sequent crystallization (Table VII) to be E; 3S.

Table VIII summarizes the results obtained from in- .

_cubating microsomes with ®H-E;3S and '“C-E;. These results

4

cor;espéhd to the DEAE SepH%dex A, s chromatographic pattern
shown earlier (Fig. 8). Conversien of E;35 to its l6a-
hydroxylated monosulfate forms (16aOHE;3S plue“E33S) was
45.8% with no detectable iﬁs-hydrexylation. Conversion
of E; to free l6a- and 1l68-hydroxylated metabolites was

5.0 and 20.1% respectively.

Results of incubating *H-E, 3S simultaneously‘ﬁith

1% c-E, wieﬁomicrosoﬁesare shown in Table IX. The data in-
dicate that from.a microsomal.iﬁcubetion with substrate
*H-E, 38, 33- 50% of the total radioactivity recovered
afteffBEAE Sephadex chromatography was in the form of‘
lGaOHE13S plus. E;38. 16a-hydroxylation of the substrate
&C~E,; represented an average of 5.6% ih the:free form.
16B-Hydrox§‘pfoducps from 3ﬁ—E;§S‘were_deteeted in trace

¢ . e
amounts ogly in the free fraction, @f at all, while

from the substrate '“C-E,; they represented a 42% coh-

version.

v

A time study employing the substrates- '*C-E, and.

SH-E, 3S inqgcéfed-thaﬁ these substrates are oxiddized




‘ TABLE VIII

Prodﬁgté of Incubation of °3H-E,3S and . !“c-E,qwith
Female Guinea Pig Liver Microsomes (% of Recovered
Isotopes). ’

M 0
N

Products Substrate"
SH-E, 38 l4c-E,

Unconjugated: E,; 9.7
' 1600HE, « 5.0
'16BOHE; _ 5.4

E, . . ! - 2.2

16epiEy _ : _ 14.7

: . b =
. Glucuronides: E; N 5.4 B 25.5

E;

3-Sulfates: Bl

Es
E»

~

2 Not further resolved. )
. . - . . -
b Only minor amounts of other glucuronides detected.

€ Not further resol€éd; formation may represent con-
‘tamination by high speed supernatant. ,

Substrate concentratibns E; - 485nM; E;35 -«570 nM.

R

. 3
I R R
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’

readily to '“C-E, and *H-E,35 respectivei§'and do no;’

s’

form distinct hydroxylated products from those obtained =«
by incubating '“C-E; and *H-E,;3S. For example, Figure 11

shows the conversioén of *H-E,35 to other monosulfates with
. . [

increasing incubation time. These monosulfates were

-~

shown to be composed of E13S, E;3S and 160.0HE; 38.

Experiments employing simultaneous incubations. of '

3H-E,3S plus !“C-E:13S or *H-E: plus '"C-~E; revealed the

I

»
absence of any isotope effect upon the hydroxylations.

~ ¢
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(o] E' 3s

® I8 COHE,3S
o \ - . DEz3S

S

¥

H
2

CONVERSION ( %)
o
o
2

10
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F-@gurg 11. Conversion of SH-E»3S to other monosu.lfates
‘With increasing incubation time at 37°c; pPH 7.4.
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. tography of the ketonic and nohketonic fractions.

.5.5 SIMULTANEOUS- INCUBATIONS OF MICROSOMES AND HIGH

SPEED SUPERNATANT

: . -
Incubation of high speed supernatant (105,000 xg)

plus microsomes dramatically changed the DEAE Sephadex

b4

chromatographic pattern shown in Figure 8 to that shown

in Figure 12. ‘Addition‘of the 105,000 xg supernatant to

the microsomes followed by incubation with **C-E: or

14C-E, increased !“C recovery to 90- 100% following f£il-

tration on Whatman No. 40 paper compared to the recovery

of 60-70% from incubations with microsomes alone. Re-~

-

covery of *H from the substrate *H-E,3S or 3H-E;3S was
similaf (90-100%) from-both microsomal and microsomal
plus 105,000 xg supernatant incubations.

>

Table X summarizes the resultﬁ obtained for micro-

?

somal pius high speed supernatant. incubations. Sul-,
N
furylatlon of 1"C—E2'and its metabolltes occurred and a

large amount Of *H" and 12‘C labeled disulfate -(the radlo—-

active material eluted over },25—1.75M NaC}) was produced

i

_Metabolites of dglucuronides andAmonqsulfates were

»

identified as above, [see microsdmai incuybations secﬁion ’

~

5. 4] except extensive crystalllzatlons were not performed

The identity of the dlsulfates was establlshed by solvoly-

sis followeq by Girard sepafation and-Sephadex LHzo"chroma~

Meta-

C e
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bolites -could be adequately identified by their mobility
- : -
on LH,, chromatographic ‘éolumns.

Mohogluguronides Wg;e identified as E}3G and E,3G.
More glucuronide was produced from '“C-E, than from 3H=
E;38. The moﬁosulfate région contained*both ’H and '“C-
labeled E,3S, l6GOHE,3S, 16epiE;3S, E,3S and E,3S.  The
disulfate was shown to be composed m;inly of E33,l6d£b

A

L]

and tentatively identified l6-epiestriol disulfate.

second disulfate peak.eluted at 1.5M-1.75M NaCl was

E23,17dis. The unconjugated radiocactivity remaining after
. - : " Somap— ' .
an incubation of microsomes plus “supernatant’ was small in
v o . ( - .
amouni.

¢ FACTORS INFLUENCING DISULFATE FORMATION FROM MICRO*.~
SOMAL PLUS 105,000 xg SUPERNATANT INCUBATIONS '

(a)

It_was planned -to employ disulfate formation as an

indication of hydroxylatlon of Ex3S and therefore co-‘

factor requlrements, as well .as other paramekers of di-

‘sulfate formatlon, were 1nvestlgated. Fibure 13 shows

the effect of NADPH, ATP and MgSOq concentratlon on dl—-

sulfate formatlon (excl&§1ng E23,l7dlS) f;om the substrate

'y

E;3S. Disulfate formation with increasing incubation time™ *

is also shown.

- 5

Thi; method of investigation of hjdroxylation“%eemed
4;: ‘ '

’
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bated with microsomes plus hlgh speed supernatant.
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to be ihadgéuate [see discussiog section 6.3]. HMicrosomal’
Rl / : )
p%us high speed supernatant incubations were therefore

.

apandoned, A more favorable approach to stﬁdy-hydrbiyla-

. tion};garticularly l6a-hydroxglétion, was employed as

-

described in the next section.
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(a) “EFFECT OF MICROSOMAL PROTEIN CONCENTRATICN

[y

16a-HYDROXYLATION OF ESTRONE SULFATE BY LIVER
MICROSOMES
-t

Results from a microsomal incubation without the

high speed supernatant employing E,;3S as substrate in-
: A 3

s

dicated that twp’ﬁajbr pathways of metabolism of E,3S
 The'se were reduction of Ey3S8 to E23§ [des-
dribed in next section¢5.7]. and hydroxylafion at C-16

in the a-configuration. The l6a+hydroxyfation of E,;38

by guinea pig liver microsomesfoffered a useful-model

to study this enzymatic activity apparently under ci;cuh—

.stances ﬁpcomplicated by the presence of additicnal hydrox-

ylases which act upon the substrate. Follbwiﬂg a micro-

somal incubation, the monosulfates were investigated for
- B
the presence of 1600HE; 3S and E33S Formation of
-

,lSaOHE13S plus ‘E33S gave the total léo— hydroxylatlon of

E13S. Employlng thls method ‘of investigation of 16a—

) hydroxylatlon, propertles of this enzymatlc system or

o

'optlmum condltlons for l6a-hydroxylatéd product forma-

- - «” . e
. >

—tlon were established.

.

Figure 14 shows that lGa—hydroxyproduct formation was

» " s

linear ln the presence of up to 10 mg of microsomal pro-

g
teln. Prellmlnary condltlons of 1ncubatlon time 30 min, .-

NADPH welght of 2:4 umol’ and a E13S substrate welght of

3.
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30 ug (85.5 nmol) were employed in this experiment. From

- o . : . o
theSe results, & microsomal protein concentration of

6-8 mg protéin per incubation was chosen for future eXper-

iments.

(b) ' THE EFFECT OF INCUBATION TIME

-

The effect of incubation time on l6a-hydroxylation

R ST Lol B G i S

of E;3S was determined in a preliminary experiment em-

~

ploying the initial conditions of substrate,; 2.85 nmol and

NADPH, 2.4 umol. Once standard condiskions were established-

.-

foxr E; 38 concentration;2.85 x 10~3Hor 142.5 nmol/incubation

of 5.0 ml [see section 5.6 (e)] and NADPH concentration
4

8.4 x 10" °M or 4.2 ymdl/incubation of 5.0 ml [see section

5.6 (c)],‘thi§ experiment was repeated in duplicatd. Data

obtaig;d from these lét?ef two experiméﬁté which were

perfo;med‘gppthe same guinea-pig are given in Table iI.

The average results obtained froﬁ these experiments
tiage*shown in Figure.15. le-Hydrokypfoduct formipion

was linear up to 60.min. This result was siﬁiiar_to

that obtaineé employing the ini#ial conditions 6f lo;;r

‘'substrate aﬁd NADPH concentrations. ~A standard incuba-

tion time of 30-35 min was employed in later experiﬁents..

»*
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“of E135 by guinea plg liver microsomes (7.5 mg of micro-
somal protein) incubated at 379¢, pH 7.5. E,3S was 142.5
nmol and NADPH 4.2 umol per 5.0 ml of. J.ncubatlon mixture.
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' a concentration of E;3S 100 times tHAt. used -above
- - ~ -

: Kt N ) s i . . e
(c) COFACTOR REQUIREMENT FOR 160 ~HYDROXYLATION .
- . . N B N

, - -

Addition  of Mg' - as MgC3y salt (in excess of that
Y ‘ S -,
already ppesentﬁ@n buffer) had no effect on hydroxylase

activity (Figuré l6A)-~Studies with inereasing concen-

trations of EDTA in the incubating medium indicated that

no metal cofactor was required for'l6a—hyﬂroxylation

»

. : -
(Figure 16B) . ) ' .
.’ ) i

-

Data indicating the cofactor requiremernt of NADPH ;?”
for l6d-hydroxylase are given in Table XII. In the- -///'
. . p

initial study (experiment 1) the substrate weight employed‘

was only 1 ug (2.85 nmol). Before proceeding to study "

, o . A ., .
the effect of substrate concentration on l6o-hydroxylation,

the experiment was repeated (Table XIT - Exp 2) employing

(5.7% 107 °M of 285 fimol per 5.0 ml of incubation mixture).
An increased_ substrate concentration was desired so that
it'would not be limiting in determining the cofactor re~"

quirement for NADPH. A Michaelis-Menten plot (rate of

16-0OH ,product formation vs [NADPH]) from éxperiment 2 is e

. shown in Figure 17. The Michaélis—Menten constant (Km)

for the Eochtor NADPH estiggtéd from % ymax of.this,plot

is 2.2§3x-10_“M (11;4'umol‘or 0.95 mg per 5.0 ml incuba-

EPUIN

tion mixture). A Linew&aver-Burk plot. (Fige 18) of “hese

results gives 4 Km Va;ue of 4.18 x 10™ 'M. To ensure that

LY R g
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Figure 16. -Cofactor requlrement for lGa-hydroxylatlon.
(A) Mg*? cdncentration in excess of that present in buffer,

-(B) Effect of increasing concentration of EDTA. Estrone
,‘sulfate was 2.85 nmol” and NADPH 2.4 umol per 5.0 ml of in-
cubation mixture for both experlments. Incubatlons were

performed at 37°C for 30 min. pH 7.5 in the presence of

- 7.0.mg of mlcrosomal proteln.
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microsomal protein. .E,3S was 285 .nmol per 5.0 ml of
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Figure 18. Effect of cofactor NADPH concentration on the
- rate of formation of l6a-hydroxylated products from E,3S-°

) . (Lineweaver-Burk plot). Experimental conditions as
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the cofactor was not limiting, a NADPH concentration of

8.4 x 10*Mor 4.2 umol/incubation was employed for most

of the remaining studies.

Figure 19 shows the effect of increasing concentra-

N

) - . +
- tion of the oxidized form of the cofactor (i.e. NADP ) on

lGa-hydroxylation of E;35. This experiment was performed

~

féliowing the kinetic studies [section 5.6 (e)] so that
the substrate concentration employed was equal to the Kt
value for E;3S. Addition of NADP' to a microsomal incu-

bation to give a concentration twice that of the NADPH

concentration inhibited lé6a-hydroxylase activity to the

extent of only 10%.
. . \

¢

(d) THE pH OPTIMUM FOR 160-HYDROXYLATION OF ESTRONE SULFATE .

~ -

. i ko
The pH optimum for l6éa-hydroxylation was shown to be

about 7.5,(Ei§u£es 20 and 21). Increasing the substrate
£ o
weight from 2.85 nmol (Fig. 20). to 142.5 nmol, the Km

value for E;3S (Fig. 21), .had no effect on‘this value. The

-

“\resulﬁg‘of the latter stﬁdy (Fig. 21) are the average of |
two expeériments performed on liver microsomes obtained .

o N . <"

from the same guinea pig..

2
& .

)

(e) KINETIC STUDIES WITH SUBSTRATE ESTRONE SULFATE

~ .
~ v .

-

Data obtained from three experiments with microsomes

z N * 3
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Figure 19. Effect of ox:.d:.zed form of cofactor NADPH
(NADP*) on lGa-hydroxylatJ.on of E;3S. Incubations were
performed at 370C for 35 min., pH 7.5, in the presence ‘of
9.0 mg. of. mlcrosomal:proteln., E;3S was 142.5 nmol and
NADPH 4.2 umol peri 5.0 ml1 of incubation mixture.-
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~

-




o

, from two different guinea pigs showing the ‘effect of

~E; 38 concentration on the rate‘of the engymatic l6a-

hydroxylatlonvare given in’ Table XIII. ‘A Michaelis-

" .. Menten plot of the:avenage results from these three exper-

iments Tis shown in Figure 22. ThewMichaelis“henten

-

constant Km, as determlned from the substrate concen~

tratlon at which the veloc1ty or rate of the react;qu is

2

half maximal, was 2.85 x 107% moles/llter. THe maximum

velocity, Vmax,'ﬁfom the Miechaelis-Menten plot*was about -
- _1 v

20.5 x 10°° nmol'mg protein °min-1. Values for Km and

Vmax, as determined from a Lineweaver-Burk plot (Flgure .

.

23)), are 3.55 x 10~ > moles/liter’and 24.88 x 1072 nmol~mg l

-1

prote;n? ‘min respegtiveI&. For the enzyme inhibition

studies [section 5.6 (f)], substraté concentration employed.

was that of the approx1mate km value, 2.85 ¥ 10~° (50 ug

or 142. 5~nmol/1ncubatlon)

(£) INHIBITION STUDIES.

The effect of a few synthetic steroids, such as those

,contalned in oral contraceptlve preparations, ‘were inves- _

.

tlgated»for thelr poss;ble 1nh1b1t10n of 16a hydroxylatlon
of E13S.“ The synthetlc estrogens tested were ethlnyl

estradlol and mestranol. The synthetlc progestlns -in-
-
vesthated for poss;ble 1nh1b1tlon were norethynodrel

’
3 e

and medroxyprogestenone'acetate. Two ‘other steroids, -

°
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Figure 22. Effect of~E,3S concentration”on the rate.of
formation of 16a4hydroxy1ated products (Mlchaells—Menten
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Figure 23. E&ect of E13S concentratdion on the rate of .
formatlon of l6ua~hydroxylated peructs (Liheweaver—-Burk '

plot) Experimental conditions a% des¢ribed in Figure
22.
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y
dehydroepiéndrosterone (DHA) and dehydroepiandrost}rone

sul fate (TQHAS)', were alsjg studied. ﬁ
- v ) .
A standard microsoﬁél ihcubation, as determined f£rom

. Z5 -
£ 3 -
previous results, of: - lncubatlonstime, QS'min; microsomal
s
proteln concentration of 6-8 mg/S ml of 1ncubat10n mix-—,

/
ture; pH 7.6; substrate concentration, E;3S,0f 2.85 x lO M =

and a cofactor NADPH concentration of 8.4 x lO—MM, was =

employed for these inhibition ‘studies. The steroids tested

were added to microsomal incubations in increasing concen-

. trations to give a dose-response curve. The weight (ug) ~

-

of steroid added to a microsomal inoubation was plotted

. ‘ ) L
against l6a-hydroxyproduct formation (nmol‘+mg protein -

Although the extent of 16a—hydroxylatlon varied from
one anlmal to another (Table XIV), similar patterns of
inhibition were obtained from experiments performed on

L3

the results obtained  from the two different guinea pigs
: ’
for’ the progestins are shown in Figure 24. Results ‘from

dnplicated experiments were, therefore, avérageéhto give
"general pattern of 1nh1b1t10n if 1t ex1sted Patterns
of 1nh1b1tlon for the progestlns are shown in Figure 25, o kol

for the estrogens in Figure 26 ‘and for .the other ster01ds.
o : ; X

(DHA and DHAS) in Figure 27. :

. . : !
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microsomés prepared from different animals. For example, o -
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.Figure 24. Effect of progestins {norethynodrel and med-
roxyprbgesterone acetate)on léa-hydroxylation of E,;3S in-
cubated with microsomes obtained from two different .
guinea pigs. Incubation conditions descrlbed 1n text,
section 5.6 (f).
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Figure 25. Effect of }progel,stins (norethynodfel and med-

roxyprodgesterone acetate) on l6a~hydroxylation of E;3S.

Incubation ‘conditions described in text, section 5.6 (f).
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Of the progestins, norethynodrel, and of the estro-

‘genéw-ethinyl estradiol. inhibited lGafhydrpxyproducg for- -
mation. Percent inhibition curves inaicate&.;hat at/aj.'
,weight’%gfee times that of the'substratg, norethynodrel’
'inhibiés Y6a-hydroxylation of E;3S to the extent of 34%-.

(Fig. 28) and ethinylgestradiol inhibité the reaction to

38% (Fig.'29). The othér,ste;oids had little, if any,
effect. %Estranol, medroxyérogesterone acetate agd

DHA inhibited léo-hydroxyproduct formation slightly -

(10-15%). DHAS hadmﬂbﬁeffgctwon the reaction.

The type of inhibition produced by ethinyl estradiol
was investigated. Results (%able.xv), although not cbn—
clusive, - suggest that ethinyl estradi@Lfgé a<dompetitive -
‘inhibitor. hA Lineweaver-Burk plot of the results is
shown in Figure;ao. The approkiméﬁe common intercept on

- . . the 1/v axis with lines -of differing'slope suggésts com-
’ »”

petitive inhibition. ‘The appareﬁt'KIy as determined from
the intercepts of the 1/[E;3S] axis was 5.54 x lO‘sM} '
This vatpe:is‘the average of those determined from the two :

intercepts of Lineweaver-Burk plots in the presence of

inhibitor. In‘thé presénce,gf 50’ugn65€ethin§l estradiol;
¥ . N
Ky was 5.25 x 107°M, while the value of Ky was 5.82 x.10"°M

for the inhibitor weight of 100 pg. The km of the reac-
N - . : - . .
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5.7 REDUCTION OF ESTRONE SULFATE. TO ESTRADIOL SULFATE
“ BY GUINEA PIG LIVER MICROSOMES - . -

. ( - -
As mentioned earlier, an additional “pathway of E,3S

metabolism by guinea pig liver microsomes is via reduc- .
’ ' ' « ‘ -,
=

tion to E,3S. Although this pathway was not of primary
-3 R . .

interest in' this investigation, the fact “that it might -
. L = - Ve
- , e

compete with the hydroxylase for the substrate Ep3S
) suggested the necessity for gaining seﬁé knowiedge of .
! . ’ v o 7
‘ the system. DEAE Sephadéx chroma;ography ¢clearly separ-

. ated E;3S from the rest of the monosulfates.’ Reductase . .

activity could therefore be determined directly fgom

ot

NP

the E,3S formed as indicated by the chromatographic

pattern.

L3

r

‘."-'
e

*k

(a) - PROPERTIES OF THE REDUCTASE ~ ' B
'.m'i!‘ ‘ . N ’ » k2 v

il
: '
4
43
:

>
4

e s

l'f. o

Increasing microsomal protein concentration beyond . -

\\\ 4 mg (Fig. 31) and increasing incubation time (Fig. 32) W - -

z . «

decreased E, 38 formation. These figures correspond_

t

v RS & e N '_.,\',1",w,~.w,,.,,¢.: g
L. ¢

to data obtained from the same microsomal ‘incubations *

s .

employed to 1nvest1ga€ these parameters on lGa-hydroxy-

lase actlv;ty+_(1 k. Fig. 14 and Flg. 15 respectlvely)

—aﬂ!
.

¥ Other properties reported for reductase acthlty ‘cor-

. respond to.the sdme microsomal incubations employed . .
. to- 1nvest1gate 16a—hydroxylase act1v1ty. o7 R 15

. . i
. R e
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The cofactor NADPH is also required for the redu&=

tion of E;35 to E;3S (F;g. 33). Under the expefimen-

tal conditions employed (substrate E;3S 285 nmol; pH ’

7l5} incubated 30 min. at 37°C),'a Linewgsver—Burk plot
kFig. 54) gave a Km value for NADPH of.l4..06-x"107"M.
This vaiue is 314 timesjzreatéiwgh;ﬁN%he km value of the
16a-hydroxylase reaction as determined under tbé same

" experimental conditions.

Increasing the concentration of the oxdidized form of

the cofactor (i.e. NaDP') had a greater effect on E;3S -

formation (Fig. 35) than on l6a-hydroxyproduct formation
(see Fig. 19). Addifion of NADP+ to a microsomal incu-

bation to give a concentration twice that of the conceén-

tration of NADPH' inhibited reductiifggctivity by 40%.

i

'~ Thewpﬁ’optimum for the conversion.of. E;3S to E;38

‘was also différent’ from that of lGa—hy&roxylation; The . °

-

pH optimum fof reductase activity was between 5.0 and 5.5
. - . ‘
(Fig. 36). Increasing the substrate weight (E;3S, 2.85

. ¥ - .
nmol to 142.5 nmol) resulted in increased percent for-

mation of E,3S at hiéher pH's. FBr exampl&; at(pH

7.0 with sgbstrate’E13§‘of 2.85 nmol, the pércent con=
version to ﬁz3s'ﬁas Zb%.compaied to 4§¥!éonversicn .
when Fhé substrate was inéreased“to 142.5 nmol. To' dis-
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§ -t courage E,3S formation and promote the lsafhydroxylase:

& o S o R

gg reaction, a pH of 7.6 was employed in the in@ibition T

% studies [see section 5.6 (f)].

3 ;

g Results from-the kinetic studies are shown iq Figure

% 37 (Michaelis-Ménten plot)‘ﬁnd_Figure 38 (Lineweaver-Burk

plot). These results are the averége of three experiments
with microsomes obtained from two different guinea pigs. '

_ The km value of the reductase as determined from the

>
o

Lineweaver-Burk plot is 15.1 x 10~°M or 4.3 times the

T T T N S T e e
,

Km for ‘the hydroxylase reaction.

- (b) INHIBITION STUDIES

j fif Experimental_data for the effect of other steroids
i .

-

on the reductase activity is given in Table XVI. These

DAP2 4 Yo 1y DAV STV P WY S OB IAT TP

results weré obtained from the same incubations as those

3
.

. already described dealing with the -effects upon l6d—
— - :

-~ hydrdkylation of ‘E;3S. Therefore, experimental con-

- : ditions gmployed~were Ehose that optimized l§a-hydrox§—
lation (incubation time 35 ﬁin; microsomal protein don;
céntration of 5j8 mg/5 ml of incuybation mixture; pH 7.6;
substrate .concentration E;3S of 2.85 x 10~Mand a.co-

factor NADPH concentration of 8.4 x-lb‘“M),
\ -

Averaged results from duplicated exéeriments to ’
give a general pattern of ‘inhibition, if it existed, are , .
% . ~ - v .. ) . . . ’ '
. i . - L : "y

. .. -
2 P . !
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shown in Fiqﬁres 39 to 41 respgstijedy for progestins, 1
estrcgens and DHA and DMAS. Medroxyprqgesterone acetate
. had no-infiueﬁce7on~the“formation.of E2387?fig»\§?)

whlle norethynodrel decreased E,;35 formation to a smallr\\

~ - 2
~ o -~

‘extent from ‘a control Value of 13 nmol/mln—mg protein _ e
to about 11 nmol/mln-mg protein when 150 ug of. ster01d .

™~ N
were present (three times the welght of the substrate) v

SRS IR P T Y R ORI R

-

EHHU

This corresponds to a decrease of about 15% The results
’Sffthe effects of these~synthetic progestins on the
reduction of E;3S to E{BS‘is similar to their effect on

16a~-hydroxylation of the substrate. Inhibition caused

- \
by norethynodrel, however, on the reductase reaction)
. . 4 -
is not as great as that cn‘the.hydrbxylasé reaction.

&

Ethinyl estradiol increased E, 3S formation from a . T

- N v - i

.control value of 12 nmol/min-mg protein to 15 nmol/min-mg
. protein (an increase of éS%) (Fig. 40)., This result is o

Qpposite to its effect on’ the hydroxylase reaction.

Mestranol neithér increased nor_decreased the reductase
o = ) “ ) 4 N

reaction and this was similar to its action on the hy-

1

droxylase activity. . : . %
Y | ‘ M’ / -' , N . \@ . ’ e ‘

]

SN
7

I Both DHA and DHAS decreased the rate of formatlon of

. " E238 (Fig. 41). The decreased reductase actLV1ty effect '

"'was more rapid with DHA than with DHAS. Thé percent |
' : : . ’ . _— 1
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Figure 39. T Effect ‘of progestins ‘(norethynodrel and med -,
: ‘ roxyprogesterone .acetate) on the reduction of E,;3S to E,38.
E ... Incubation conditions described in text, section 5.7 (b).
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mestranol) on the reduction of E;3S to/E,3S. Incubation
conditions described in text, section 5.7. (b) ..
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Figure 41, Effect of DHA 4nd DHAS 6n the reduction of
E13S to E;35. Incubation cbaditions described in text,,

. section 5.7 (b).
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' L change in- both cases was about 30% (from control value =

} of 12 5% nmol/mln—mg proteln to 9.0 nmol/mln—ng protem

14 '

’-3 " with 150 pg of steroid pr'ejsent). ‘
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CHAPTER 6
ﬂ}( . . . o P
S - _ " : DISCUSSION .
< : o ———— <
% NUR NN ] . - '
2 I : 6.1 LIVER TISSUE SLICE EXPERIMENTS . s
~ 0 < . . . ¢ S
v. ¥ £ o A Yo - ok
T S (a) UPTAKE STUDIES °
P -
AE' . Results from the uptake studies indicated that B, "
and E; 3S could possibly enter liver cells and be poten-
tially metabolized. Association of E13S'with liver & :
. . |
3 i . . . !
f v tissue to comparable-levels of E, required longer incu- ,
3 . S
: _batign times. , s '
; .‘-'i~ . .ot .
b ; . ‘, .
3 Co To obtain a more physiological picture; plasma pro- =

teins were added to the incﬁaagion medium to étudy their
‘efﬁect on the up?ake and possible metabolism of’the

steroids. This work was stiﬁulafgdéby a publication

of Anderson et al (1974) who reported the effects of .,

At

-

TOe

serum albumin ‘on theiabilify of Ez and E; to cause the'

translocation of the estrogen receptor complex to the ?

nucléus of uterine.cells of the rat. It Wwas found that,
in the absence Of albumin, E,.was more~potent- in caus- -
ing the translocation of thé‘receptok to the nucleus. .

. e M

In the‘presencé of albumiﬁ in the incubation medium, the

ability of E;3 .to cause ‘translocation in.viﬁro'waslequal
to or greater than that of E;. These results suggest~

ed that albumin Or other serum proteins may play an

-

PR
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important role in.determining the lative potencies

vt st AR

Yo (R : - .
of estrogens in v1vo—w1€§ rega:Q\Ep e translocation pro-

cess. The possibility thus existed thatj§erum proéeins P

. l .
may influence the metabolism of chemically different
\ # °

", phenolic steroids by preventing the upt?ke of a particu-
& . . .

lar.steroidal structure by a metabolizing tissue, such

.

as ‘the Yiver. Reports (Rosenthal et al, 1972, Savu et

al, 1973) that estrogen sulfates were strongly bound with
g2 ) '

high capacity to serum albumin supported such a hypothesis.

Data observed in the present work [section 5.2 (a)] in=
- " -

dicated- that albumin and plasma prevent, to a<greater

extent, the uptake of.E,;3S in comparison with that of ;\

-

~ E; by guinea pig liver tissue, suggesting that, in vivo,

P

serum protej‘ may result in a low supply of steroid

sulfates to Wissues with the capacity to metaboff;e these

steroidal forms. This finding supports Longcope's (1972) .

-

and Fishman and Hellman's (1973), suggestions that. estrgs

gen sulfates are not metabolized as rapidly as the uncon-

4

jugated"est;ogens. ' o .

(b) METABOLISM BY SLICES

.

v '

Only two codjugafing meéhanisms Wng.éhQQn to be pres-

“ ent .in -the guinea pig liver slice, namelgy glucuronidation |
_ and sulfurylation. These two éctivities are already known
. N . s A * ! .
to exist in the guinea pig liver’ (Sa'at and Slaunwhite,
- . . <
. . \ .. .
Nl ,)

-
L w0

NN




[

1969; Goebelsman et-al, 1965; Quamme et al, 1972).

/
The lesser glucuronide formation with *H-E, 3S
.‘,,¢M?~substrate compargd'with'the substrafi.l“cjnz‘fs due

to ,the sulfdte group at C-3; breventing glucqggﬁidatibn

—

at this site. Glucuronidation in the guinea pig, as
with other species; may represent a final step in estro-

gen metabolism which is followed by excretion. -Rapid

excretion of glucuronides was shown to occur following

the iptravenoué,iqjection of labeled_E, (Stoa and Bor-

jesson,.197l) and labeled E, and Ej (sandberg et al, ..

1967) in the guinea pig. The sulfate moiety on the phen-
' . . 2

olic steroid partially prevents glucuronidation and, thus

_éliminétion of estrogens from the animal. Estrogen sul-

fates would appear to be retained in the animg¥ to be -«
:further metabolized "or to servé some unknown'functiqgf
Recent work by Hobkirk ‘et al has shown‘that,E13S isiépr-
ther metabolized to l6a-hydroxylated products (particu-
larly to-a disulfate formi in guinea pig liver slices
'(beiirk, Nilsen and Jennings, 1975xxHobkirk et al,

e

1977).

-

Previous work has shown that estrogen metabofism is

-,

influenced to some degree by sex.in other species, such
) . N

as'human\(Eren-et al,‘1967} Zumoff \et al, 1968) and rat

(Gustafsson and Ingelmann-Sundberg, 1974j. Evédence

-
RS




has also beeri given (Stoa and Borjesson,: 1971) indica-

ting & sex difference ih guinea pigs as comparatively

gréater amounts of E,3G were excreted in the urine of -
. R 3

male animals following intravenous injection of '“C-L,.

The\report by Gustaffson and Ingelman-Sundberg (1974)

of a sex specific lSB;hydroxylase activity with a sub-
straté preference for @ sulfated steroid;(sa-androsfaner
304,178 diol-3,17-disulfate) present in female rat livers
but absent in males, stimulated an investiéation to
compare the metabolism of estrogens in female and male
guinea pigs. Employing disulfate fqrmatién és an iﬁdij
égtiqn of ﬁydroxylation,‘preliminary resu;ts sugqésted

a difference in estrégen“hetaboliém between female and -

male guinea pigs (i.e. no disulfate formation .was detec-

ted in male animals) [Table Ivlzfi///’ o
. . '\\ ' t" e ™~
Gustafsson and Ingelmann-Sundberg (1974) deséribed
the influence of other ste;oids on the 15B-hydroxylase

activity. 'For example, treatment:of postpubertéily .

castratgd male rats with .estradiol benzoate led to a

partial "feminization" of the lig%;/wiﬁh a lSB—hydroxylaée )
¢ B ‘, . a )
activity ofhabout 30% of that present in normal female -

rats. .Pretrgatgent of ybqng male gq}nea pigs in the
: R _

present investigation had little influence on the meta-.

" bolic pictufe and failed to induce disulfate formation j L.
. ' - - —
, ‘ o -

y o L

7.




those gulnea plgs lacklng the actlvlty ‘Studles have

‘:

; - now shown (Hobklrk et al 1977) that some young male '

\ -

te

(AT RIS
.

‘7

anlmals are able to produce dlsulfates 1nd1cat1ng the
presence of tﬁ hydroxylase system The dlsulfate con~ .

31sted 83 94% ‘of lGa—hydroxylated estrogens in: both male

P

aﬂd female anlmals. Thus, no clear-cut-sex dlfference

)

appears ln the metabollsm of estrogens with regard to.

. -
~
Lt . .

hydroxylatlon 1n the gulnea pig’ - . .

ERE ASERTACE NNt vy e

" (c), LIVER $U'PE(IIFUSIO'N-,_-“I': '

- t . :, The experlmental de31gn of superfus1on'offers a_num-

”

[ ’
.

ber of advantages over batch 1ncubatlons (Ortl et al,

\
H 1)

= 1965) ‘“Products of the metabollc reactlon areJremoVed

T preventlng altered reactlon rates by mass actlon or, otherf}

.2
:

/
¢ . 1nh1b1tory effects,_such as feed back 1nh1b1tlons.\\fe-

» ~

) ' ‘moval of metabolltes may'also prevent thelr further pro—

- <y N

g T ce851ng by the°cont1nuous contact w1th the tlssue Wthh

, .
. v .

2 . R may g1Ve rlse xo abnormal ‘end. products. Cellular debrls'

5 ‘.
ks e N “
- 5 3
¢

¥ h ' . baused by -tissue dlsruptlon as a result of agltatlon re-

v . ol Cags ,

' mains in the medlum 1n batch 1ncubatlons. -The*metabollc'

~
-,
" 1}

potentlalltles bf thlS dellular debrls may'be quLte dlf—

L L

,ferent from the whole tlssue. Th;s latter phenomenon has
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gulnea pig llver tlssue sllces fol*

medla sep%rated fro
. . LIPS
Iow1ng agltatlon in 51mllar condltlons as, an 1ncubatlon ,
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had the abllrty to metabollze estrogens. Suberfusion

v\

' ellmlnates thls llmltatlon by constantly lnﬁySLng fresh

-
e »

medla removrng any cellular debrls. A-perfu51on'study
. R SR . f
’ was‘therefore employed to determlne a temporal relatlon5

Shlp of product formatlon by collectlng perfusates at

deflnlte tlmed 1ntervals from the same tissue. sllce.-

o !

Y

Eerfusion-wlth‘Ez ind;cates’its:rapid_glucur--

e . . . ) / _
‘onidation and sulfurylation. Decrease of E23G with a

31multaneous 1ncrease oﬁ E,3G points to the preferred

dlrectlon of the ox1do reductlon reactlon of E23G >
o

s N

E13G 1n the gulnea plg llver. Lhe p0551b111ty of E 3G

formatlon v1a Ez +> E, -> E13G, hgwever, must not be over-

‘.

looked
Ly '

. The steady level 0f‘E,3S v1a E2 > E23S - EIBS and/or

) Ez - EI - E1 S throughout the perfu51on 1nd1cates a'central
‘ t

g role of E13S in estrogen metabollsm. Hobklrk et al (1977), ~—

employlng batch 1ncubat10ns, have also noted the gonstant

leJel of E13S from Ez w1th 1ncrea51ng 1ncubatlon time.

Further metabollsm of E{SS to dlsulfate or deconjugatlon

. to unconjugated estrogen may occur. The perfusion w1th

V‘u'
‘o

E13S has conflrmed thrs latter possibility of degonju—
gatlonu Deconjugatlon of E13s to a more physf%loglcally

actlve estrogen via E13S = E; + E; could represent one

of the main functlons of E; 3S. ' .

PR

\

LY
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(d) COMMENT ON TISSUE SLICE EXPERIEMTNS,

The observatione noted in this investigation of. guinea
pig liver slices (decreased uptake of E,3S by a meta-

bolizing tissue in the.presenoe of piaema proteins, less

* conversion to glucuronides for excretion and a constant

L

" level of Ey3S during the metabolism by %he‘tissue) in- -

dicate the potential physiological impoitance of E,;38.

Could it be possible that E;38 acts as a buffer

sysfem for estrogen action? The rapid sulfation o?}estroj

.

gens by-liver tissue controls tHe subsequent metabolic path-

= . v

'ﬁ%y preventing excessive unconjugated estrogens from being
' . . €. 4

" could serve as a “ho;monal buffer sYstem".‘ If, for some

glucuronidated and lost by excretion. Cells at all times

must be under delicate conhtrol. "A pathoiogical.condition '
arises—wﬁen'control is absent. - To protecE"agalnst

absence of control by estrogens ]ust as the body\has a,

mechan;sm‘to*bontrol pH, i% may be p0551b1e that EIBS
"

reason, such as an énvironmental.effect, the pool of am

o

_'acti?e.estroqen'deoreases, the reservoir of E13S is.able

to restore the temporarily decreased hormone. For exam-

ple, Premarin, a conjugated sulfateéd estrogen prebara-
tion containing Ef3S as one of the major components, is’

employed widely to nelleve post menopausal sympﬂsms.

‘This proposed buffer system may not only be true

A RN A AL 4l
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6.2 MICROSOMAL INCUBATIONS
T

’

The observations that loss of radioactivity follow-
ing aihicrosomal incubatiOn with E, or E, requiréd a
supply of NADPH and adequate incubatiou tiﬁe\suggested
:that low recovery could be due to>therformetion of a

metabolité (eg. a hydroxy product) blndlng to a micro-

somal proteln. Investlgatlon of *the metabolltes formed

from a 105,000 xg'supernaxant plus microsomés follow—
ing lncubatlon with the same substrates (recovery was
90-100% in thesefﬂncubatlons)+ revea;ed_no obvious hy-
droxy productswother than ‘16a-~ or'16§ffb§m8%//ihus it -
w0uld appear that the isotope "lost" or bound in micro-
somal 1ncubatlons with free substrate 1s ‘not llkely to
represent an additional magor metabo%rte. Indeeq,_l
may be-that the loss is assoo;atéd with the ﬁoghationwof
;'1680H§§,2a steroiq rééogﬁized to be*rather labile, en
route to the production of 16epiE;. -
Similar éases of irreversiblefbipding of a metabol-

r ’ . .

ite of E; and E, to.a microsomal protein fraction in

" rAt liver have beeh. reported (Jellinck et al, 1965).

. Dy
/ The 1ncreased recovery from a microsomal plus hlgh speed ~
supernatant incubation can be explained by .the-rapid-
sulfurylation .of. unconjugated substrate which seems to
prevent "binding" to mlcrosomal protelns..

o




\a
These irreversibly bound metabolltes in the rat have been

shown to be 2—hydroxylated‘estrogens (Marks and Hecker,
Yo . .
1969; Kappus et al,‘i973). Marks and Hecker (1969) have

Mted that the 2-hydroxyestrogen metabolites are bound
to protelns by thiol llnkage. These studies have been

extended to human Ilver mlcrosomes .with 51m11ar results

-

@

{(Bolt et al, 1974).

°

The physiologicalysignificance of this microsomal pro-
tein binding is unknown. Much emphasis has been placed

_on the ‘intranuclear binding of estrogen as an indication

gof hormonal action. The possibility exists that estrogens

in the form of a hydroxyiated'metabolite may exert an as

yet unknown biological function at the level of the micro;

somes. 'Medns and O alley (1972) 1n~the1r rev1ew artlcle
)

on the mechanlsm of estrogen action on target tlssues
point out that, besides infldepcing transcriptional pro-
cesses, estrogehs may act at the translational level.
»Therefore, it may not always be necessary for the stereld

¢
to enter the nucleus to exert its act1v1ty. The liver

1l /DT e e

-~

may be unlque in this respect. Klng et al (1965)‘com—

oy
g

A\ - . . ) .
pared the intracellular localization of estrogens in rat
‘ . * ) P .

e

tissues. The major portion of the tritium labeled es- -

trogen in the target tisste of anterior pituitary.was

assoqiateQﬁ;EtH°the'nuclei, whereas in the liver it was

e
.3

R R T AR R A e i
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~

the soluble fraction which contained most of the tritium.

Liver microsomes contained about 16% of t tissueftrifium!

compared to a nuclear content of only 5. In further
\ -~ .

support of estrogens acting at the microsome level, Blyth

et al (1971) have shown that rat hepatic microsomes con-
E 3

tain sites that bind Ez;. The binding gites were
loééted on the smooth membrane of the endoplasmic retic-
ulum and were more nuﬁeroﬁs in microsomes from maie than
from female rats. It is théught that this sex‘difféiencé

k3
may be d result of the blocking of sites by endogenous

A
.

estrogen in the adult female rét.'

* Binding to livefr microsomal proteins may alter an

enzymic activity, possibly modifying estrogen or some
> i . ~ - . .
other metabolism. Heggt;c carbonic anhydrase in rats has

been reﬁorted to be induced by estrogen treatment (Garg,
. . N .
1975). Plasma proteins have also been noted to be eleva-

ted following estrogen administration in the human KMusé
et al, 1965). It may also be pbssible that some of. th&™om
known effects of estrogens ol lipid (Hagopian and Robinson,

' 1965; Féwster et al, 1972; Pertsemlidis et’al, 1974) and -

carbohydrate (Sankaran and Rrasad, 1974; ﬁlaaek, 1975) -
(% o . [ .‘ . - \.
metabolism are mediated through hepatic changes. '
. ~ ' "
- - v T
Excessive modification or specificity may be achieved:
(O ~N .

by sulfation of the estfogqns which prevents binding'to

o < f - ¢ -

)




the microsomes. ulfated steroids are now

cussed below.

It was originaily thought_that‘seme 6—hydrquietion
was occurring in the guinea pig (Harvey and Hobkirk,
1976). It appears that 16B8-hydroxy sﬁeroids or arti-
facts of.ﬁhese formed by chemical manipulations c0uid

\ ~ . . o
have led to that tentative conclusion.. As&stateq earlier,

R o, N

16B0HE; is a steroid recognized to be rather -labile in

a chemical sense.

.

\
The enzymes. respon51ble for steroid sulfate\syntheSLS \

are known to be located in the microsome-free supernatant
(Roy, 1970X. Thus,\agy considerable production of mono-
sulfate metabolites from E,3S by microsomes must arise
without prior removal of the sulfate group and mnot by
deconjugat@on followed by resulfurylation. The minor sul-
furylation'qf unconjugeted sﬁbsFrates from ﬁicrosbmal fhe
cubatiq?s, due probably to contamination ef high speed su-
pernatént supports this assumption. .Dinect\hydroxylatioﬁ‘

<of E;3S has also been clearly shown in guinea pig llver

‘slices (Hobklrk, Nilsen and Jennlngs, 1975; Hobklrk ‘et al,_

1977). Thus, in the gulnea pig liver system-employed in

' this study, the ster01d sulfate pathway" of estrogen

x

hydroxylatlons is distinct from ‘the "free ster01d pathway“

gs‘descrlbed on’the hext page. . P .

~
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: Free steroid pathway:-

Hydroxylation at carbon 16 in the B8-configuration ., -

Ep ¥ E; » 1680HE, ~ 16epiE -
[} ' . !

—
-

Sulfated steroid pathway:- P C
Hydroxylaﬁion at carbon 16 in the‘aiconfigugatiSn// e

- A
.

E,3S
E,38 = E;3S + 1600HE;3S —

: E,3,164iS
‘ ™ 1 agoHE, 3, 16dis

-

o .
Conjugation with the sulfate molecule resulted in <«

major steredisomeric chahge from the ﬁ;.to Ehe_g;/hydroxy- ‘
lated product,g;t‘did not g%tér £?e specific carbon atom, ’
n§me1y C-16, hydro%ylatgé: Data'appeér to indicate a '
small degree of I6u—hydron¥}gtion ;f free steroid, a;tho&g%~

whether this could be due to activity\ﬁbwards E; 38, forméd

in minor amounts by contaminating high spéed supernatant
qulbwed_gy sulfatase hydrolysisi, is debatable. Certainly,

no'obviously direcf_lGB-hydroxylation of E;3S8 has been de-
t;cted. Tﬁ%‘ém}y other sﬁudies'indiéatihg a diffexrence in
the hydroxylation £etween unconjug;ted and\sulfurylated .
steroids is that of Gustaﬁs;on~et al who pa&e‘sh0wn that

the sulfate mgie&y has a directipg iﬁﬁluence on steroid ,,fb

}

hydroxylations in rat (Gustafsson and Ingﬁlmgn-Sundberg,'

Rane and Gustafsson, 1975; Einarséon, Gustafsson, Ihre and
. \
Ingelman-Sundberg, 1976)..-These.workers have shown that
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sulfﬁrylation of the_steroid ﬁoleculé tends to result in

an alteration in the'specific carbon atom(s) hydroxylated.
. 7
The present investigation, which compared the metabolism
/ 1
of E) and E, and their 3-sulfates 1n fegale/éuiﬁea p}g

~ | .
llver mlcrosomes, has extended these observations at
+ . A
f

S~
least for the phenolic steroids, showing that sulfation

results in a stereoisomeric change of hydroxylation

- L4 v

.and not merely in the particular carbon atom(s) hydroxy-

.
-

lated. ~ i

The biological function of a distinct hydroxylating

enzyme system for'estrogen sulfates is at present unknown,
r - w .

although suggestions’have been made. It.has been suggested ‘

in‘the case of the human fetal 1i er-(Ingelmao:fjgdberg

'et‘al7 1975)-that hydroxylation of sulfated. esyfogens-is

- -

posslble that estrogen sulfates, 1q part;cular ET3S, may

oontrol this process of irreyersible binding. In mammalian
tlssuel -the endoplasmlc retlculum is the dom?nant %lte of
-
estrone sulfate hydrolys*s, Vla sulfatase C, an arylsulfa—
bl -

tase (arylsulfategsulfohydrolases, EC 3. l 6.1) (Roy, 1970)

.o
T e T g
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E, 38, reaching.the endoplasmic reticulum undisturbed

el
LS pa

- .

E by attack from other enzymes (eg.\glucuronidéting mech-
;

anism), may be acted upon by sulfatase C ;eleasing a

Y

controlled amount of unconjugated estrogen to be spec-
. - - )

ificdlly hydroxylated for irreveﬁsiblé binding. A
. . AN £
{ ' hydroxylated estrogen product required at a distal loca-

tion and not at the endoplasmic reticulum'may pre?er the ‘

" steroid sulfate pathway of hydroxylation. Thus, éhe

/

e sulfate molecule may act as a transport vehicle or a

protective agent until the hyd;oxylated pfbduct reaches ‘-

.- .

its destination. This postulated in vivo mechanism may
. . . \

e eyt ey g}

\ E o explain the existence of a "steroid sulfate pathway" of ';, -
. . < . .
hydroxylation distinct from a’"free.steroid pathway" of -

B

-

. hydroxylation.

-
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6.3 THE 160—HYDROXYLATION PATHWAY OF ESTRONE SULFATE
Ll ' he . >

.7 2
The lGa—hydrox§lation of E;38 by guinea,pig liver

miofosomes offered a-hseful relatlvely 51mple model -
- e
for further study of this enzymatlc act1v1ty Although

.

l6o-hydroxy metabolites of the estrogensjhave been recog-
nized fo% more than forty years and are of major quan-
tltatlve 51gn1f1ca/5eJ1n the human, little specific in-

formation has been available regarding the propertles

" of the hydroxylese“responsiblé for their formation. One

__reason“%or this has been the lack of an adequate model

. M 3 ° . 0 : ) )
for investigation purposes+s - L‘S"
» Y

k]

-~

Initial studies~ef monitoring hydroxylase activity

y disulfate formation were abandoned due to the indirect

approach of this method. Too many variables were involved,

H
i

such as the sulfate conjugation mechanism. . Although it

.

was belleved that "the rate—llmltlng step to, the dlsulfate
ya \
was hy&rox%lat;on followed by rapld sulfurylatlon, the

possibili Y eklsted that in some gulnea pig preparatlons
the Tate-limiting step, might be ‘one of sulfurylatlon. In-
complete analysis of hydroxylated pkoduct formatlon would

therefore, occur.'ﬁgpltlally it was thoughtAthat the d:LL .
sulfate represented only one type of hyé}oxylated estrogen
meta Vllte.' In 1ncubatlons wlth mlcrosomes plus thh ‘

speed)supernatant, this is almost the cese (see Table X) -

4 . \
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as%the méjd; disulfate was E33,160diS. It should bé‘
notéﬁ that in éuinea pié liver tissue slice expefiments
(Hobkirk ‘et al, 1977), 'the disulfate was composed .of
greater .amounts of 16xOHE,3,16diS as coﬁpared'to that
found in microsomeigglus.high speed supernatant incﬁb-‘
atioms. This, né doubt, is due to 'a variance:-in co=
factor’aVailability in the two methods of incubatigpn.
The presence of excessive Ni%PH in microsomes plus.ﬁigh
speed supernatant incubations would cause the~réQuction
of 16a0HE,3S or 1éa0HE,3,16dis to E33S~ or E33,'~J.6a;i'is.,

respectively.

-

The dis%?very of minor amounts of 16g-hydroxy-

.

estrogen disulfates caused greater concern. Variation
from one guiﬁea pid‘to another with rggard to.its“exteﬁt

of 168— vs_16a—hydroxqution‘WOuld make it difficult "to

]

follow one.parficular hydroxyla%ing~system;'yTherefofe,
methodology had to. be developed to separate the l6g-
hydroxy brodpqts froﬁ"the‘166—hydr6xy-pfqducts;u The
methodology‘of'inveétigating’monésulf;teé‘for l§a-hydr6xy
products féllowing a microsbmai iﬁcubapion:with‘E;BS was -
employed ag previously deééribedi This appfoach enabied\
the £6a-hyéroxylation-pathway to be follovied Qithoﬁt iﬂéen:
ference gf oveféhadowihg by %ny other hydroxyiase systeh.

Difficulties encountered with solvolysis - (low recoveries)

g8 ' ] .
M
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I

%1so favored  ushry monosulfdtes for investigation.
- ‘

"Properties of other steroid hydroxylating systems

\

have been reported (Bolt et al 1974; Gustafsson and /¢A$
Ing;lman -Sundberg, 1974, 1975; Ingelman Sundberg et al,
1975). The present investigatlon, however, appears to «
be the first-detailed study of the l6c-hydroxylation o§
estrogen§. The apparent Km Zi} r 3{38 (3.55 x 107 °%M;
Fig. 23) is the same order of mabnitude as ttose reported
by Bolt et al (1974) for the hydro Klations of 2,4,6,7-
in estradlol and 2,4,6,7- ’H ethinyl estrahlol as deter— ‘
mined by the dls;lacement of tritium in human liver
microsomes. These workero reportod that both compounds
had ideéti;Zl Km values of 5.0 x 107°M for the microsomal
ring,A.hydrogylases; It wa§/g;sumeé in their studies,
because of the limited hYdroxylatio?fﬁt C;é and C-7 (only
4-5% of total trlt}um belng dlsplaced) that the- total

\*
amount of hydrogen mobilized was a measure of the aromatic

' hydréxylation_at Cc-2 and C-4. ,The Xm for ethinyl eéstradiol

- . LN X ‘.
was 3.6 x*1,0"°M in rat liver microsomes from rats which

v , .
had previously been treated with phenobarbital to induce

the synthesis of the microsomal mixed function oxidases
§
\ .

(Bolt et al;’l974).//

e
el

Ymax determination for E,35.in this study was
(Flg. 23) compare? with that of 0.37 4E2) and 0. 74

(ethlnyl estradlol) nmol/mg mlcrosomal protein pér

[

-
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'regprtea by-Bolt &t al (1994). \
N ‘/‘i/—""\
(a) INHIBITIONISTUDIES _

Of the steroids tested,
Y

ethinyl estradiol had marked

only norethynodrel and )

influence/ on l6a-hydroxylase

.actifity. Theheimilarity in structure of these two ster-

oids is shown in Figure 42.

-

Oral contraceptive steroids,

M
such as ethinyl estradiol and norethynodrel, are them-
selves metabolized by microsomal enzymes (Bolt et al, 1974;

Freudenthal et al, 1971). Although care was taken to

ensure that sufficient cofactor (NADPH) was present in the

incubation medium, the possibility could not be overlooked

that inhibition may have been £ue to comperition for avail-

able NADPH. The- reported observation that the ox1dlzed

‘form of NADPH (NADP ) inhibits drug hydroxylatlon ln a

<

competitive manner (Orrenlus, 1965a) lncreased thls pos-

51b111ty: The study of addlng NADP
\ 5 ’

(Figure 19),.however, indicated that the inhibition of

in excess of NADPH

lGa;hydroxylaﬁion caused by ethinyl estradiol and nor-
" v ' ) K
ethynodrel was far greater than that caused by the added |

i

NADP+ In further support of the suggestion that the co-.
' , 4 \ o

E

factor was not limiting was the observation that ethinyl
[estradiol, by blocking the hydroxylation .reaction, in-
| ‘ o CS )

creased £§e NADPH-dependent formation of E;3S.

This lattér observation is no deubt due to a mass action

-

A“ ' ~
.
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, to 1nh1b1t 160~ -hydroxylase activity in thlS 1nvest1gat10n.
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. NORETHYNODREL . ‘=i
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Figure 4 Structure of the synthetic ster01ds contained
in some ral COntraceptlve preparatlons that were found
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It is striking that mestranol, differing from ethinyl

estradiol only by thefpresenqe of a three methoxy group,
. . “un .L"; Sy '?M. - N
had little effect on the 16g;hyd§oiy¥aﬁiohnf.Femino et

al (1974) reported similaxr observatlons in women, in’vivo,

who had been taklgg oral contraceptlves. Urlnary meta- -

-

bolites of radloactlvg E, and Ez ‘were measured in young
womén on oral contraceptlve therapy Subjects”taklng

ethinyl estradlol-contalnlng preparatlons were found to

.

. have a decrease in the l6a—hydroxylated urlnary meta -

bolltes in the glucuronlde fraction (i.e. 16aOHE1 plus
,'Ea) as compared tO’those taking preparatlons contalnlng

: mestranol and those\s\bjects who. were taklng no, oral

e

contracept1Ves. Femlho et al suggested that thelr obser—

4 -, K .
-

vations may be caused by decreased‘lGa—hydroxylation’or’
" to impairmen f the reabsorptlon of l6a—hydroxy1ate%?

»metabolltes from the gut. The present“observatlons from

<

-

-

thls Investlgatlon suggest that a decrease in 16a— o

"

|

hydroxyiated metabolites by lnhlbltlon of" the 16a~‘ :- ..
hYdroxylase mlght be a cause. ' o ‘“?5._ - : =
' . . 5
The kinetic: data lndlcatlng competltlve 1nh1b1t10n”-
by ethlnyl estradlol suggest both E, 3S and 1nh1b1tor
have a common mlcrosomal hydroxylase system, or, at ’ ")A

least a common part of the system This latter pos-
4 ca : :
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sibility seems more logical in view of the recent find-

-«

.ings of distinct hydroxylase systems {Lu et al, 1973;

»

Guengerich, 1977) and the wide _variety of substrates
]

that may be hydroxylated. It is quite'possible that dis-

£

tinct enzyme systems could share a common rate-limiting

<
P

A Y

!
enzyme component. :

.

The present investigation gives further suppor’t to

previous rgports that oral éontracepfi?e steroids may

"interfere with thg'ﬂepatic metaboiism of endogenous

substrates (Watanabe, i959; Einarson et al, 1975). Al-

though these qbsériatidns in the present iﬁvestigqtiog

have been madé in vitro, an-experimental-'in vivo model
——

could be quite easily adopted. Recently, it has been shown

(Hobkirk and Nilsen, personal communication) that fol-

2

I

».low{pg the injection of ?H-E;3S into guinea pigs, signif-—

3

. icant amounts of estrbgen disulfates‘(primary l6a-

hydroxylated metabolites) are excreted in the urine. In- .‘
: ] . BN Qs

tact_guinea pigs could therefore be used to monitor hydraﬁf&
ylation'activity-and-the possible infiWence of administered

.steroids or other substances.on this activity. This

AY

" experimental model would offer the advéntage_of each‘guinea

-~

pig acting as its own cqntrol: The disadvantage of vari-

abjlity of hydroxylaée activity would also be ei&minated

as selected stréins of gd%nea pigs could be employed .
’ ’ . . a .

~

M 7
-
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The widesprééd use of natural and synthetic steroids:
for 'therapy, eépecia;lj in the form of.oial contraéeptié;s
and for postmeno?ausal women, requires an unden§tanding
of fhe biQFhemipai alterations which these hormoﬁes’@ay '
,Apfodqce in the organism. Alterations in natuidf\pgthways .
- of steroid metabolism, such as Ez,vmight be related
to etiological factors of.a particular pathogéﬁic state.
‘Strong association.béfween synthetic ﬁémale sex hormones
and various patholoéical manifestations have béen.réported
.(Boston Collaporative D£ug Surveillance Program, 1974;
Drill, 1974; Adlercreutz and Ténhunen, i970).1 FPurther -
insight on how.synthetié steroids, as well as other
factors, ﬁay interfere with the metabolism of endbgenous-

' : . AN
““estrogens may be important in the elucidation of the

mechanisms involved in these physiological changes of

» b -

the organism.
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