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Dockets Management Branch, Food and Drug Administration, Department of Health and
Human Services, Room 1-23, 12420 Parklawn Dr., Rockville, MD 20857 CITIZEN
PETITION. The undersigned submits this petition under 21CFR Part 10.30 of the Federal
Food, Drug, and Cosmetic Act, the Public Health Service Act, or any other statutory
provision for which authority has been delegated to the Commissioner of Food and Drugs
(under 21 CFR, 5.10) to request the Commissioner of Food and Drugs to amend a
regulation.

A ACTION REQUESTED
Request 1.

Update the Drug/Laboratory Test Interactions section of the prescribing information of
all strengths of Premarin tablets (.3mg, .45mg, .625mg, 1.25mg, 2.5mg) to recognize the
decreased levels of testosterone with oral estrogen use. The following wording would be
appropriate:

Replace:
“Free or biologically active hormone concentrations are unchanged.
With:

“Free or biologically active hormone levels, i.e., testosterone, are reduced”
Request 2.

List all known active components of Premarin in the description section of the
prescribing information.

Replace:

“The conjugated equine estrogens found in Premarin tablets are a mixture of
sodium estrone sulfate and sodium equilin sulfate. They contain as concomitant
components, as sodium sulfate conjugates, 17 alpha-dihydroequilin, 17 alpha-
estradiol, 17 beta-dihydroequilin”

With:

“The conjugated equine estrogens, androgens and progesterones found in
Premarin are a mixture of estrone, 17 beta-estradiol, 17 alpha-estradiol, equilin,
equilenin, 17 alpha-dihydroequilin, 17 beta-dihydroequilin, 17alpha-
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dihydroequilenin, 17 beta-dihydroequilenin, delta-8-estrone, estradiene, 6
identified but unnamed estrogenic compounds, 4 identified but unnamed
androgenic compounds, and 5 identified but unnamed progestogenic compounds”

B. STATEMENT OF GROUNDS
Grounds for Request 1.

Recently, while researching hormone replacement products, I found discrepancies in the
prescribing information of Premarin. This is important because the inaccurate
information may lead to deleterious outcomes.

It is accepted that oral estrogens taken either for birth control or hormone replacement
therapy significantly increase sex hormone binding globulin, SHBG (200%-300%). Even
very low dosages (.3mg) can induce this binding protein significantly. It is also accepted
that estrogen given transdermally has a minimal effect on increasing SHBG levels (3-
10%). [1,2.3)

There is a discrepancy in the description of how SHBG and free testosterone interact.
The current information states that there may be an increase in SHBG, but that the bio-
availability of testosterone, i.e. the free testosterone level, does not change. As the ratio
of free to total testosterone is directly related to SHBG levels, this statement implies that
there is a rise in total testosterone corresponding with the rise in SHBG. Howeyver, it has
been shown that total testosterone does not rise when taking estrogens, either orally or
transdermally.[4] If the SHBG goes up, but the total testosterone remains constant, the
free or bio-available testosterone levels must decrease. The graph below (Fig. 1.) from
“Associations among oral estrogen, free testosterone concentration, and lean body mass
among postmenopausal women” (Gower and Nyman, 2000) illustrates how the total
testosterone remains level with oral estrogen use however the free testosterone level is
reduced while SHBG is increased.
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Figure 1A. Serum E; concentration (pmol/L) in users and nonusers of HRT:#¥* P<0.01. B, Serum SHBG concentration (nmol/L) m
users and nonusers of HRT; ¥** P<0.01 C Serum free T concentration (pmol/L) in users and nonusers of HRT: ¥** P< 0 01 D.
Serum total T concentration (nmol/L) 1n users and nonusers of HRT: means were not sigmiicantly different

In “Transdermal Testosterone for Women: A New Physiological Approach for Androgen
Therapy” (2003), Mazer and Shifren discuss the effects of a testosterone patch as used by
both pre and post menopausal women. They examine these effects without simultaneous
estrogen therapy and in the presence of both oral and transdermal estrogen therapies.
They conclude that “by markedly raising SHBG levels, the concomitant use of oral
estrogen therapy increases the total and decreases the free concentrations of testosterone
achieved with the testosterone matrix patch. Transdermal estrogen therapy does not alter
SHBG concentrations and does not seem to influence testosterone levels in this way.”

The prescribing information for Premarin states that there may be an increase in the
serum level of SHBG. This is incorrect as many studies have shown that oral estrogen
significantly increases SHBG while transdermal has a minimal effect on SHBG.

A problem may arise for patients using estrogen and testosterone supplementation
together. When switching from an oral estrogen preparation to a transdermal one, the
patient’s SHBG would drop significantly. Because the SHBG would no longer be
artificially raised, continuing testosterone supplementation at the same dosage could
cause the level of serum bio-available testosterone to rise to unacceptable levels.

Androgen therapy is commonly prescribed along with estrogen replacement therapy.
Therefore, accurate, consistent information for the prescribing physician must be
available to prevent an adverse drug interaction.



Therefore, in accordance with 21 CFR 201.56 subsection (b), this side effect of Premarin
should be listed in the label.

Grounds for Request 2.

The Chromatogram below (Fig 2.), from “Recent insights into the varying activity of
estrogens,” (Dey, Lyttle and Pickar, 2000) identifies 17 known estrogenic components, 4
known androgenic components, and 5 known progestogenic components of Premarin.
Each peak has been identified as either estrogenic, androgenic, or progestogenic and
appropriately labeled. As such the components labeled in the chromatogram would
stimulate estrogen, androgen or progesterone receptors respectively, thereby making
them active components of Premarin. All active components of Premarin should be listed
in the description section of the prescribing information.
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Figure 2. Chromatogram that identifies the complex mixture of estrogemc (E), progestogenic (P) and androgenic (A) components of
Premarin

In the paper, the authors refer to Figure 2 which was produced using high pressure liquid
chromatography/mass spectrometry. This graph “revealed not only estrogens but also
androgens and progestins in Premarin.” Additionally, this paper introduces a new
estrogen, estradiene, “the fourth most abundant estrogen in Premarin. It is present in
amounts three times greater than that of delta (8,9)-dehydroestrone.” The authors go on
to describe the potency of estradiene as very similar to that of delta (8,9)-dehydroestrone,
a potent uterotropic component of Premarin. Wyeth-Ayerst Laboratories should be
familiar with this data as the afore mentioned study was done by Wyeth-Ayerst Research.

The components of Premarin are well studied and its components are published in many
medical journals.

Here 1s a partial list of papers which list the ingredients of Premarin products:



1) ”Recent insights into the varying activity of estrogens*, 2000, Maturitas. Apr 1,34
Suppl 2:525-33.

1) 17 beta-estradiol

2) 17 beta-Dihydroequilin

3) 17 beta-dihydroequilenin

4) 17 alpha-dihydroequilin

S) 17 alpha-estradiol

6) Estrone

7) Equilin

8) 17 alpha-dihydroequilenin

9) Delta8 9-dehydroestrone (DHES)

10) Equilenin

11) Estradiene

2) “Pharmacokinetics and Pharmacodynamics of a Novel Estrogen Delta-8-Estrone in
Postmenopausal Women and Men”, 1998, J Steroid Biochem Mol Biol. Oct;67(2):119-
31

1) Equilin

2) Equilenin

3) Estrone

4) 17 beta-dihydroequilin

5) 17 beta-dihydroequilenin

6) 17 beta-estradiol

7) Delta-8 estrone

8) 17 alpha -dihydroequilin

9) 17 alpha -dihydroequilenin

10) 17 alpha-estradiol

This paper also includes the molecular structure of these compounds.

3) ”Pharmacokinetics and Pharmacodynamics of Conjugated Equine Estrogens:
Chemistry and Metabolism”, 1998, Proc Soc Exp Biol Med. Jan;217(1):6-16

1) Equilin

2) Equilenin

3) Estrone

4) Delta-8-estrone

5) 17 beta-dihydroequilin

6) 17 beta-dihydroequilenin

7) 17 beta-estradiol

8) 17 alpha-dihydroequilin

9) 17 alpha-dihydroequilenin

10) alpha-estradiol

4) “Biologic Effects of Delta-8-Estrone Sulfate in Postmenopausal Women”, 1998, J Soc
Gynecol Investig. May-Jun;5(3):156-60.



1) Estrone

2) 17 beta-estradiol

3) 17 alpha-estradiol

4) 17 alpha-estradiol

5) Equilenin

6) 17 alpha-dihydroequilin
7) 17 beta-Dihydroequilin

8) 17 alpha-dihydroequilenin
9) 17 alpha-dihydroequilenin
10) 17 beta-dihydroequilenin

In this paper the following is list of ingredients of Premarin includes “the presence of a
tenth ring B unsaturated estrogen component identified as delta-8-estrone now has been
confirmed in Premarin. Delta-8-E; is the fifth most abundant estrogen component in

Premarin and makes up approximately 3.5% of the total estrogen present in a Premarin
tablet”.

5) “Pharmacokinetics of Equilin and Equilin Sulfate in Normal Postmenopausal Women
and Men”, 1983, J Clin Endocrinol Metab. May;56(5):1048-56.

1) Estrone

2) 17 alpha-dihydroequilin

3) 17 alpha-dihydroequilenin

4) 17 alpha-estradiol

5) 17 beta-estradiol

6) 17 beta-dihydroequilin

7) 17 beta-dihydroequilenin

Clearly more components are identified than are listed in the prescribing information for
Premarin.

In their 1994 citizen petition, Wyeth-Ayerst requested that DHES be listed as an essential
ingredient of Premarin. They later amended their petition to have DHES be listed as an
essential active ingredient. To date, this petition has not been acted upon. In 1996, at the
request of the Chairman, Subcommittee on Oversight and Investigations, House
Committee on Commerce, the Office of the Inspector General (OIG) of the Department
of Health and Human Services investigated the handling of this petition. In the summary
report, “Review of the Food and Drug Administration’s Handling of Issues Related to

Conjugated Estrogens (A-15-96-50002)”, the OIG concluded that DHES was in fact an
essential and active ingredient of Premarin.

Therefore, in accordance with 21 CFR 201.100 subsection (b)(2), these 21 other

components (12 estrogenic, 4 androgenic, 5 progestogenic) must be included on the
labeling along with their relative percentages.



C. ENVIRONMENTAL IMPACT STATEMENT

No environmental impact statement is required for this petition under 21 CFR
25.30 subsection k. The proposal is for a labeling change that does not change the level
of use or the intended use of the product.

D. ECONOMIC IMPACT STATEMENT
No economic impact statement has been requested.

E. CERTIFICATION

The undersigned certifies that, to the best knowledge and belief of the
undersigned, this petition includes all information and views on which the petition relies,
and that it includes representative data and information known to the petitioner which are
unfavorable to the petition.

Dot sl |
— Signature

Beth Rosenshein
15149 SE 48™ Dr, Bellevue, WA 98006
(425) 603-0793

Encl.

1. Fahraeus L, Larsson-Cohn U., 1982, Oestrogens, gonadotrophins and SHBG
during oral and cutaneous administration of oestradiol-17 beta to menopausal
women., Acta Endocrinol (Copenh). Dec;101(4):592-6.

2. Serin IS, Ozcelik B, Basbug M, Aygen E, Kula M, Erez R., 2001, Long-term
effects of continuous oral and transdermal estrogen replacement therapy on sex
hormone binding globulin and free testosterone levels., Eur J Obstet Gynecol
Reprod Biol Dec 1,99(2):222-5.

3. Slater CC, Zhang C, Hodis HN, Mack WJ, Boostanfar R, Shoupe D, Paulson RJ,
Stanczyk FZ., 2001, Comparison of estrogen and androgen levels after oral
estrogen replacement therapy., J Reprod Med. Dec;46(12):1052-6.

4. Gower, BA, Nyman L., 2000, Associations among oral estrogen use, free
testosterone concentration, and lean body mass among postmenopausal women.
J Clin Endocrinol Metab. Dec;85(12):4476-80.

5. Mazer NA, Shifren JL. 2003, Transdermal testosterone for women: a new

physiological approach for androgen therapy., Obstet Gynecol Surv. 2003
Jul;58(7):489-500.
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Prermarin Prescribing Information (2003)
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Acta Endocrinologica 1982, 101 592-596

Oestrogens, gonadotrophins and SHBG during oral
and cutaneous administration of oestradiol-178
to menopausal women

Lars Fahraeus and UIf Larsson-Cohn

Department of Obstetries and Gynaecology, Umversity Hospital, Linkoping, Sweden

Abstract Thirty-eight post-menopausal women were
randomly allocated to 6 months of treatment with either
2-4 mg of micronized oestradiol-17f taken orally or 3
mg of oestradiol-17p applied cutaneously. The plasma
concentrations of oestrone. restradiol. LH. FSH and sex
hormone binding globulin (SHBG! were determined
twice before and after 2, 4 and 6 months of treatment.

In both groups the clinical effects were satisfactory.
During treatment the mean oestradiol levels showed
similar increases in the two groups while the oestrone
concentrauon was markedly raised only among those
taking oestradiol orally. The mean LH and FSH concen-
trations were significantly lowered in both groups. SHBG
was increased with both treatments although more
marked in the group on oral medication. Doubling of the
oral dose from 2 mg to 4 mg gave significant changes of
the LH, FSH and oestrone concentrations.

Thus, in the given doses, the two routes of administration
scemed to have similar effects on post-menopausal
symptoms and on the plasma concentrations of gonado-
trophins and oestradiol However the plasma oestrone
and SHBG levels became significantly higher dunng the
oral than during the cutaneous treatment

Oestrogens are comm ... wsed for relief of climac-
teric vasomotor symri:ms The hormones are
usually given orally but have also been adminis-
tered intramuscularly or vaginally. One reason for
non-oral administration is to avoid the first liver
passage of the drug. This should diminish the
influences on various liver enzyme systems and
thus reduce the metabolic side-effects of oral ad-

Reprints requests: L Fahraeus, Dept. of Obstetrics and
Gynaecology, University Hospital, 5-58185 Linképing,
Sweden
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ministration (Larsson-Cohn 1982). Cutancoush
applied oestradiol elevates the plasma levels of
oestrogens (Whitehead et al. 1980; Lyrenas et al
1981). Therefore cutaneous oestradiol is one alter.
native when oestrogen substitution is indicated.

The aim of the present investigation was (o
compare the effects in post-menopausal women of
oral and cutaneous administration of oestraciol on
the plasma levels of oestrone, oestradiol, LH FsH
and sex hormone binding globulin (SHBG)

Material and Methods
Subjects
Thirty-eight post-menopausal women seeking medial
advice for climacteric symptoms agreed to partictpate in

the study. All had LH and FSH levels in the posi-

menopausal range and none had taken any hormonal
preparation during the 3 months prior to the siuds
Three women had been hysterectomized and one had
been bilaterally oophorectomized several years before
the start of the investigauon. All other women had
experienced 2 natural menopause. The median age of
the participants was 52 years (range 42 -58 years)

Before and during the trial 7 of the women were
treated with one or two of the following drugs tricyclic
antidepressive drugs, analgetics, thiazides or beta-block-
ing agents. None of the other 31 subjects took any drug
regularly and all considered themselves healthy No
participant had clinical or laboratory signs of endocrine
hepatic or renal discase All women gave their informed.
consent to the study which was approved by the Fihical
Committee of this hospital

The women were randomly allocated to 6 months of
cyclical treatment either with micronized oestradiol-17f
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Methods

women secking medical
s agreed to parucipaic in

o5t diot, NOVO AYS,) Copenhagen. Denmark) aken
prall o1 with cutancoushv administered oestradiol- 178
{Oes! ogel Laboratoires Besins Iscovesco. Panis. France)
The datly oral dose was 2 mg during the first 4 months.
‘ sereafter the dose was increased to 4 mg. Cutaneous
(reatment was given with 5 g of a gel containing 3 mg of
pestradiol The gel was applicated over an abdominal
srea of about 750 cm? The patients wee instructed to
ke their oestrogen at bedtime Every fourth week was
reatment-free Three subject on oral treatment were
exclu ed from the study after 4 months as they did not
agree o Increase the oestrogen dose to 4 mg and one
woman withdrew from the trial afier 2 months because of
msufficient cinical effects of the medicanon In the
.naneous group 2 panents left the studvy alter 2 and 4
months, respecunely, as they found the method inconve-

nment

Meth
Afte: .he pauents had fasted overnight blood samples
were tahen on two separate occasions before treatment
and on the 21st or 22nd day of treatment cvcles 2. 4 and
p The median ume interval between the two pre-treat-
ment samphings was 2.5 days. The blood was drawn in the
,mormng 1e 10~12 h after the latest drug administra-
uon After centrifugation serum was stored at -18°C
until analvzed

T serum levels of oestrone and oestradiol were
mea- red with a radioimmunological technique without

prior punficaton {Edgqvist & Johansson 1972, Axelsson
et al 1978)
cross-reaction with oestrone was 10 per cent The hmn of

In the radioimmunoassay of oestradiol the

sensiuvity for oestrone and oestradiol was 90 pmol/l

The serum concentration of SHBG was determined as
dihydrotestosterone binding capacity as described by
Rosner (1972) The hmit of sensitvity was 10 nmol/l

Serum concentrations of I.H and FSH were deter
mined by double antibody radioimmunoassay (Green-
wood et al. 1963) as described in an earlier paper
{Larsson-Cohn et al. 1977)

The oestrone. oestradiol and SHB(G analyses were
performed by E D B. Johansson. Uppsala and the
determinauons of LH and FSH bv B Kigedal. Deparn
ment of Climcal Chemistry

The parucipants were anterviewed about their ssmp-
tomatology by one of us (L. F ) betore treatment and after
2.4 and 6 months of medicauon

Statistics 0
Oestione, oestradiol and SHBG levels below the hmu ol
sensiuvity were considered zero The significances of
differences during treatment within groups were judged
by the Wilcoxon rank sum test and by the paired -test
Comparisons between the groups were judged by the
Mann-Whitney U test. The staustical calculations were
performed by a computer employing the SPSS-system
(Statistical Package for the Social Sciences, University of
Pittsburgh).

Table |
' Oestrone and oestradiol levels (pmol/l) in serum before and during treatment with oral and cutaneous oestradiol- 178

Months of medicaton

Pre-treatment

I

FSH levels 1n the post-
nad taken any hormonal
nths prior 1o the studs
rectomized and one had

red several years before

All other women had
wse The median age of
nge 42 -58 years) .
I' 7 of the women were
following drugs tricvche
+ thiazides or beta-block-
1 subjects took any drug
themselves healthy No
atory signs of endocrine.
men gave therr informed
approved by the Ethical

allocated o 6 months of
ucronized oestradiol-17p

Oestrone oral mean * sp 243 + 136 2782 + 3097~ 1988 + 1111**> 3688 + 2539%**
medtan 205 2000%*=* 195Q0%** 375Q%**
cut mean * sp 211 + 132 791 £ 59Qx=» 647 £ 448%* A6+ 2R6%==
median 158 ¥4 3 4684+ 550Q**
QOestradiol oral mean % s 191 + 164 563 £ 361*** 435 + 283»* 601 £ 362*+
median 166 463%** 520** 530*
cut mean * sp 178 + 241 643 £ 47)*** 555 £ 431** 534 & 4]7%**
median 115 4955+ 348+ 400**
E,/E; ratio oral mean % sp 110 £ 0.25 3.83 £ | 90** 4.03 £ 2 135 532 £ 2 76%*
- median 0.98 3 45+ 3 33~ 4 4
cut mean % SD 1.26 * 0.65 132 £ 0.44 1.27 £ 034 132 %045
median 1.00 124 1.29 1.26

E, = oestrone, E, = oestradiol.

Symbols: * =P <005; **=P<00]; ***=pP<000]
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The significances of the mean differences after 2, 4 and 6 months of medicauon were compared (o the mean of the (wo
Pre treatment determinations and were tested by the paired -test The differences were also tested by the Wilcoxon

Tank sum test and these results are presented in connection with the median values
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Table 2
LLH and FSH levels (IU/I) and SHBG levels (nmol/l) in serum before and during treatment with oral and cutaneo,
oestradiol-17f.

Months of medication

Pre-treatment
2 4 6
LH oral mean % sp 13.1+ 3.8 10.8 £ 4.5+ 121 5.0 96 & 3 |nes
median 12.5 9.5+ 11.0* [ RrAddd
cut. mean % sD 144 47 101+ 3.9 109 + 4.0** 116+ 36+
median 135 9.3%* 11.0** 12.0*
FSH oral mean tsp 448 + 18.5 27.5 1 15.5%** 30.4 £ 13,50 247 £ 10 9%~
median 420 25.5%%+ 29.5%*=» 22 3%%>
cut mean t SD 48.2 £ 19.6 27.8 £ 16.4%** 30.1 £ 15.0%*> 30.8 £ 1[4 [*»»
median 510 24.0%*= 25.0%*= 27 0**
SHBG oral mean*xsp 286+ 13.4 37.0+ 227 49.5 £ 14.2%%* 55 1 + 25.0*=
median 290 38.0 49 5% 60 0**
cut mean*sp 204 * 158 28.1 £ 14,1 30.9.+ 16,5 317+ 18 i+
median 17.5 28.5* 30.0** 340>

Signs and symbols as in Table |

Results
Clinical effects

The main complaints of the participants before
treatrnent were hot flushes and sweats. All women
except three were either free of symptoms or had
their symptoms significantly reduced at all treat-
ment intervals. Two women in the oral group, of
whom one withdrew from the study, and one
woman in the cutaneous group reported inade-
quacy of clinical effects at the 2 months control.
Before treatment the mean menopausal index of
Kupperman (Kupperman et al. 1959) was 23 in the
oral and 22 in the cutaneous group. After, respec-
tively, 2, 4 and 6 months the mean menopausal
indexes were 12, 9 and 6 in the oral und 8. 5 and 4
in the cutaneous group. The indsxs w<-¢ signifi-
cantly reduced (P < 0.001) in bath groups at all
treatment intervals. No significant differences
between the groups were observed.

Oestrogens (Table 1)

Before medication the mean oestrone levels in the
two treatment groups were comparable. In the oral
group the oestrone increased about 10-fold with
the lower dose and 15-fold with the higher dose. In
the group on cutaneous oestradiol the mean
oestrone concentration rose 3-4-fold. During

594

medication the oral group had significantly higher :

oestrone concentration (P < 0.001) than that un
cutaneous treatment.
The mean plasma oestradiol concentration

increased 2—3-fold in both groups. The oestradiol !

levels in the two groups did not differ before or
during medication.

As a consequence of the pronounced rise of
oestrone in the women on oral treatment the mean
oestrone/oestradiol ratio increased from 1.10 (o
5.32 at the 6 months control while the ratio re-
mained essentially unchanged in the subjects on
cutaneous oestradiol.

SHBG (Table 2)

The mean pre-treatment concentrations of SHBG
were not significantly different between the two
groups. During medication the SHBG levels rose in
both groups. However, during treatment the
SHBG levels were significantly higher in the oral
than in the cutaneous group.

Gonadotrophins (Table 2)

The mean pre-treatment concentrations of LH and
FSH did not differ between the groups. During
medication the mean concentrations of LH and
FSH were significantly and comparably lowered
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after applying oestradiol by either route. All
w men, except one in each group. had during
(reatment plasma gonadotrophin levels above the
range for fertile women.

The effects of the increment of the oral dose

The raise of the oral oestradiol dose from 2 mg 10 4
mg daily resulted in significant alterations of the
oestrone, LH and FSH concentrations but not in
th levels of SHBG and oestradiol.

Discussion

Adequate doses of oestrogens have good clinical
effects on vasomotor symptoms ¢.g. hot flushes and
sweats (Utian 1972; Campbell 1976). Although it
h. been found in short time studies that even a
placebo may be beneficial (Utian 1972; Campbeil
1976; Albrecht et al. 1981) oestrogens are more
effecuve (Campbell 1976). The clinical response
seems to be dose dependent (Utian 1972). In the
present study hot flushes and sweats were the main
pre-treatment symptoms. With few exceptions the
participants of both treatment groups were effec-
v «ly relieved from their complaints and it was not
pussible to establish any significant difference in
clinical effectiveness between the two treatments.

The major part of oral oestradiol is converted to
cestrone in the gastrointestinal mucosa (Ryan &
Engel 1953). This results in higher plasma oestrone
than oestradiol levels (Yen et al. 1975; Lyrenis et
al 1981) which was verified in the present study.
T'ie mean serum oestrone concentration became
considerably higher than during the ovulatory
menstrual cycle (Guerrero et al. 1976). The mode-
rately elevated oestrone levels during the cuta-
neous treaument were in sharp contrast o those in
the oral group. The clinical significance of such
high oestrone levels is unknown.

The mean serum levels of oestradiol 10-12 h
alter the hormone administration were similar in
the two treatment groups at all sampling occasions.
As oestradiol has higher affinity than oestrone to
oestrogen receplors (Whitehead et al. 1981) it is
difficult to determine which of the two groups was
subject to the greatest total oestrogen stimulation.

The SHBG capacity reacts differently to dif-
ferent sex steroids (Anderson 1974) and has been
u.ed as an index of the oestrogenicity of sex
hormone therapy (Pogmore & Jequier 1979;
Odlind et al. 1980; Larsson-Cohn et al. 1981). In
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this trial both the oral and the cutaneous oestradiol
raised the SHBG although the oral route gave .
more pronounced increase than the cutaneous
administration. The different effects on the SHBG
levels might be explained by the fact that the rise of
this plasma protein probably 1s a consequence of
oestrogen induced changes in the hver funcuon
Therefore cutaneous oestradiol which reaches the
peripheral circulation without first passing the liver
probably induces less SHBG synthesis than does
the oral route. This is in agreement with our recent
observation that cutanecous compared to oral
oestradiol has less influence on the synthesis of
other plasma proteins (unpublished data)

Post-menopausal oestrogen treatment depresses
the serum gonadotrophins although with com-
monly used doses LH and FSH usually do not
reach the pre-menopausal range (Bolton et al
1975; Larsson-Cohn et al. 1977; Uuan et al 1978)
The results of the present study confirmed these
observations. The fact that 4 mg of oestradiol
depressed the gonadotrophins more than 2 mg
agrees with the results of other investigations show-
ing that the reduction of LH and FSH depends on
the potency of the given oestrogen (Bolton et al
1975; Larsson-Cohn et al 1977; Unan etal 1978)
The mean reductions of gonadotrophins in the two
groups were not different at any treatment inter-
val. This suggests that 3 mg of cutanenous
oestradiol is at least as potent as 2 mg of oral
oestradiol.
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Abstract

Objective: To determine the long-term effects of estrogen replacement therapy on sex hormone binding globuline (SHBG) and free
testosterone (f'T) levels in surgical postmenopausal women. Stdy Design: Forty patients with surgical menopause were enrolied in this
prospective study. The women were randomly divided into two groups. The first group reccived oral therapy (continuous conjugated equinc
estrogens (CEE) — 0.625 mg per day) and the second group received transdermal therapy (patches delivering continuous 17p-estradiol (E2)
— 0.05 mg per day). Serum SHBG and fT levels were determined at baseline and after first and second years of treatment. Two-way
repcated measures analysis of variance with Bonferroni adjusted post-hoc test and unpaired-r-test were performed for statistical analysis
with SPSS program. Results: Serum SHBG levels increased significantly with oral CEE after first year of treatment (P < 0.035) and
remained at this level for the next year. Transdermal therapy did nol affect SHBG levels after first and second years (P < 0.05). Serum (T
levels did not change significantly in either group at the end of the first or second years (P < 0.05) although there was a significant
difference between the groups after 2 years (P < 0.05). Conclusion: Ora conjugated estrogens increased SHBG levels during therapy. This
cffect may balance the increased estrogen and androgen stimulation on breast tissuc and may be more beneficial to the cardiovascular
system in postmenopausal women. © 2001 Elsevier Science Ircland Ltd. All rights reserved.

Keywords: Estrogen replacement therapy (ERT): Free testosterone (IT); Sex hormone binding globulin (SHBG)

of SHBG and it has also been shown that high levels of
biclogically active testosterone, free testosterone, is asso-
Postmenopausal estrogen replacement therapy (ERT) ciated with thc increased risk of breast cancer and CVD
decreases the risk of cardiovascular disease (CVD) and [6-8). We think that it will be useful to determine these
osteoporosis [1,2]. However, recently, circumstantial evi- markers which have been found to be related with breast
dence has indicatcd a causal relationship between ERT and cancer and CVD. It has been shown that ERT increases the
breast cancer development in long-term users [3,4]. estradiol levels [1,2). However, the long-term effects of ERT
Monitoring some biologic markers which are known to on fT and SHBG are as yet unproven. We are unaware of any
be associated with some risk factors of breast cancer and CVD published study which compares the long-term effects of
may be bencficial in women receiving ERT. Sex hormone continuous transdermal and oral ERT on SHBG and T levels.
binding globulin (SHBG) s a plasma glycoprotein with a high This study was designed (o assess the effects of transder
binding affinity to free sex steroids particularly free testoster- mal and oral ERT on SHBG and (T levels in surgical
one (fT) and a lower affinity (o estradiol [5]. SHBG has shown menopausal women in a 2-year period.
to be associated with some risk factors of CVD. A protective
effect on breast tissue has been found by increasing levels

1. Introduction

2. Materials and methods

* Corresponding author. . ic of
E-mail addresses: sscrin®creryes.cdu.u, serdurserin@hotmail.com This study was pcrformed at the Menopausc chn 1
(1.S. Serin). Erciyes University Hospital between January 1998 and July
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f ) . Table!
~~ t c=x hormone binding slobuline (SHBRG) levele (amol/) of srouns
i 3Y | Sex bormo 38 ( ) ( ) of group:
? L ' ! Groups N Baseline First year Second ycar
jo?rb | Oral therapy 20 38.6 + 29.0 744 % 56.2° 89.3 £ 573° "'
{ Transdermal therapy 20 42,1 + 234 411 + 224 441 + 281
‘1 “ Significantly differcnt from baseline (column 4) and transdermal therapy group (columns 4 and S) (P < 0.05).
. ** Significantly different from basehine (P < 0.01).
’ 2000. Our study was approved by the Institutional Review Table 2 N
i Board of Erciyes University Hospital. Fifty premenopaasal Fres testosterone (fT) levels (pg/ml) of groups
F paticnts aged 40-48 (mean 45.0 £ 2.07) undergoing hyster- Groups N Bascline First ycar  Second year
| cctorfn?' and bilateral salp.ingo-'oophorcctc?my for benign Oral therapy 20  16+08 10+06 10%03
! conditions were enrolled in this prospective study. Each Transdermal therapy 20 14407 L1 £06 14 +06
patient was free from any other disorder including hyperten- T Sieninoantly G .
sion, liver disease, diabetes mellitus, thromboembolism, or {gnificantly different from oral therapy group (P < 0.05).
| history of alcohol abuse or smoking. At the beginning of this
i study, the patients were randomly assigned into two groups,
| each consisting of 25 patients, The first group received The serum SHBG levels of the two groups are shown in
transdermal estradiol 0.05 mg per day continuously (CIBA Table 1. There was no significant difference in SHBG levels
; — Pharmaceutical Co., Summit, NJI), and the second group between the groups at the onset of trial (P < 0.05), whereas
; received continuous oral conjugated estrogen 0.625 mg per we found a significant difference after the first and second
; day (Premarin; Ayerst Laboratories, New York, NY). ERT years of treatment (P < 0.05). The SHBG levels increased
I free was started | month after surgery. Seven patients who did significantly with oral estrogens (P < 0.05) after the first
: " this not turn up for follow-up visits, and three patients with skin year, although no significant difference was found between
; !q(lg; reactions were excluded from the study. A total of 40 the first and second year values of SHBG in oral therapy
P wa v patients, 20 in each group completed the study. For ethical group (P < 0.05). Transdermal therapy did not affect SHBG
: alysis reasons, symptomatic women were not included as a control levels in the 2 years (P < 0.0S).
!y and group in our long-term study. The T levels are given in Table 2. While there was no
{am fT Blood samples were taken at baseline before therapy and significant difference between the groups before treatment
| ficant after first and second years. Blood samples for fT and SHBG and after the first year of trial (P < 0.05), a significant
i - This assay were obtained by veinpuncture between 07.30 and difference was found at the end of the second year of therapy
! scular 1 11.00 h after a compulsory 12 h fast, and the plasma was (P < 0.05). Changes in fT levels within the groups were not
| separated and frozen at —70°C until assayed. SHBG (Orion significant after first or second years (P < 0.05).
‘ Diagnostica, Espoo, Finland) levels were determined using
g’ o immunoradiometric assay JRMA) method and T (Diag-
: nostic system Laboratories, TX, USA) levels were deter- 4. Discussion
j :ls of mined using radicimmunoassay (RIA). The sensitivity and
| asso- the intra- and inter-assay coefficients of the variation of the While use of hormone replacement therapy effectively
| CVD assays used were, respectively, as follows: SHBG, 0.5 amol/ alleviates menopausal symptoms and prevents osteoporosis
these L, 4-5.5 and 3.3-6.9%, and free testosterone, 0.18 pg/mi, and cardiovascular disease, there is concern that it has a
! breast 3.7-6.2 and 7.3-9.7%. detrimental impact on breast cancer risk. Some epidemio-
es the Two-way repeated measures analysis of variance with logic studies indicate that long-term therapy is associated
, FERT Bonferroni adjusted post-hoc test and unpaired--test were with a slightly increased risk of developing breast cancer
>fany . performed for statistical analyses with SPSS program. The [3,4). It has also been found that the current use of hormone
cts of values are expressed as mean + S.D. P < 0.05 was defined replacement therapy lowers the efficacy of screening for
evels. as statistically significant. breast cancer [9]. Recently, The Heart and Estrogen/Pro-
nsder- gestin Study (HERS) group found no overall effect of 4.1
rgical years of therapy with estrogen plus progestin on secondary
3. Results prevention of coronary heart disease in postmenopausal
women [10). Because of these different effects, it seems
The mean ages were 45.0£2.0 and 44.9 £ 2.1 years, necessary to evaluate the risk/benefit ratio of ERT for each
BMI values were 24.8 £ 3.9 and 24.3 £ 3.3 kg/m? in the patient individually. The cardioprotective effects of ERT has
lransdermal and oral therapy groups, respectively. There was been shown in several studies, but the long-term effects of
nic of no significant diffcrence between the two groups in terms of ERT on risk factors such as SHBG and fT in cardiovascular
d July mean age or BMI before therapy (P < 0.05). system and breast tissue are not well established.
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The association of breast cancer and cardiovascular dis-
ease wilh several risk factors such as androgen levels and
android obesity has been discussed in several studics
[11,12]. Androgens have been hypothesized to increase
breast cancer risk, either directly by increasing the growth
and proliferation of breast cancer cells, or indirectly by their
conversion to estrogens [13-15]. It has also been shown that
androgen excess may be a signal of increased risk of
coronary artery disease [16].

Android obesity is associated with an increased aroma-
tization of androgens and decreased levels of SHBG, result-
ing in an increase in free, biologically active, sex steroid
concentrations {12,17]. We think that the similar BMI values
of patients in both groups at the beginning of our study has
climinated the difference in androgenic aromatization,
SHBG has been shown to be associated with some risk factors
of cardiovascular disease. 1 is usvally positively correlated to
high density lipoprotein cholesterol (HDL-C) levels, and
negatively to insulin and triglyceride (TG) levels in postme-
nopausal women [18,19]. SHBG is an index of androgenism
in women and of insulin resistance in both sexes, and might
be useful in prediction of cardiovascular risk {20).

Different routes of ERT administration and their effects on
cardiovascular system and breast tissue remain to be the
subject of investigations. The hepatic metabolism of oral and
transdermal compounds is different — oral estrogens pro-
duce marked hepatocellular effects, such as increased serum
Jevels of sex hormone binding globuline which could par-
tially counterbalance the unfavorable effects of estrogen
stimulation on breast tissue [21]. Although higher estrogen
levels may have both beneficial and adverse effects, redu-
cing the levels of endogenous estrogens may be a promising
means in the prevention of breast cancer. Increasing levels of
SHBG with oral ERT may also have beneficial effects on the
cardiovascular system by reducing free testosterane levels.
On the other hand, low circulating bioavailable testosterone,
androgen deficiency, may cause low libido. Testostecrone
replacement therapy results in significant improvement in
symptomatology and hernce the quality of life for majority of
women [22].

Transdermal estrogens have only been used for a few
years and it is unknown whether this route of administration
may produce different effects on breast cancer risk when
compared to oral estrogens. However, it is well established
that transdermal therapy has cardioprotective effects by
lowering triglycerides, and total and LDL cholesterol levels
[23,24]. Crook and Stevenson [25] concluded that transder-
mal monotherapy neither increased nor decreased HDL-C
levels. Nieto et al. [26] reported a significant increase in
HDL-C levels with continuous transdermal estradiol
0.05 mg per day and dydrogesterone 10 mg per day (days
15-28) after 6 months. It seems that oral dydrogesterone
affects the hepatic metabolism which causes favorable
changes in HDL-C levels. We were not able to find any
study which evaluates the long-term effects of transdermal
estradio] on hepatic proteins, especially SHBG levels.

In this study, our aim was to assess the long-term effects of
ERT on SHBG and fT levels which were found to be risk
factors of breast cancer and CVD in surgical menopausal
women. In a study carried out at our institution, Bagbug et al.
{27] reported that oral conjugated estrogens increased
SHBG levels in 22 weeks, whereas transdermal estrogen
had no effect. Obel et al. [28) determined a significant
increase in SHBG levels with oral 2 g oestradiol and
| mg norethisterone acetate (NETA) in combined and
sequential therapy. In the study of Pedersen and Jensen
[29], SHBG and lipid levels were shown not to change with
transdermal 0.05 mg per day twice a week plus 10 mg ol
medroxyprogesterone acetate (days 12-25) after | year.

In our study, SHBG levels increased with oral therapy at
the first year which confirms other studies and these levels
remained the same after second year of treatment. Trans-
dermal therapy had no effect on SHBG levels after first or
second years. It seems that duration of transdermal therapy
does not affect hepatic metabolism. While fT levels did not
change significantly within the groups, there was a signifi-
cant difference in fT levels between the groups after 2 years.
We think that it may be possible to describe this difference
between oral and transdermal therapy with long-term stu-
dics. Further studies are needed to determine the relationship
between ERT and risk factors of breast cancer and CVD.

In conclusion, increasing levels of SHBG with oral ther-
apy may have a balancing effect on breast tissue and this
treatment may also be more beneficial to the cardiovascular
system.
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OBJECTIVE: To assess the extent of accumulation of cir-
culating estrone (E,). total and free estradiol (E,) and es-
trone sulfate (E,S) levels in postmenopausal women re-
ceiving prolonged oral E,
therapy and to detennine-the
effect of increased estrogenic-
ity on free testosterone levels.
STUDY DESIGN: Descrip-
tive study involving 14
healthy  postmenopausal
women during a three-year
period. Group 1 (n=7) took a placebo. Group 2 (n=7)
took 1 mg micronized E, daily. Blood samples were taken
at one, two and three years. E,, E, and total testosterone
were quantified by radicimmunoassay (RIA) following
extraction and celite chromatography. Free testosterone
and E, were calculated. Sex hormone-binding globulin
(SHBG) and E,S were quantified by RIA.”

RESULTS: In the control group, none of the hormone

Routine estragen replacement
substantially decreases free
testosterone (49% decrease).

levels changed significanily. Free testosterone decreased
49% in women taking E, replacement as comparced to a
7% decline in women taking placebo. In women taking
E, replacement, E,, E., E,S,
free E, and SHBG levels in-
creased 10, 6, 51, 2 and 2
times, respectively, between
beseline and year 3.

CONCLUSION: E,, E, and
E,S levels signtficantly in-
creased with E, replacement.
Free testosterone levels decreased with E, replac-ment.

" Testpsterone replacement may be warranted when giving

postmenopausal women estrogen replacement therapy. (J
Reprod Med 2001;46:1052-1056)

Keywords: androgens, estrogens, menopause, es-
trogen replacement therapy, hormone replaciment

therapy.
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Introduction

Oral estrogens have been utilized for estrogen re-
placement therapy (ERT) for many years by mil-
lions of postmenopausal women (PMW). Much is
known about the beneficial effects of estrogen, in-
cluding its beneficial effects of decreasing cardio-
vascular disease,}2 osteoporosis,® genitourinary
symptoms* and senile dementia.5 Despite this vast
knowledge of estrogenic effects of ERT, relatively
little is known about the effect of long-standing use
of ERT on the estrogenic-androgenic milieu. We re-
cendly reported that during one and one-half years
of treatment with oral estradiol (B,) in PMW, there
is accumulation of serum levels of B, and estrone
sulfate (E,S).% Oral elevate sex hormone-
binding globulin levels (SHBG), causing decreased
free testosterone levels. Thus, increased estrogeni-

city during years of oral ERT may lead to a state of
biocavailable testosterone deficiency.

Possible effects of decreased testosterone include
osteoporosis, muscle wasting, anergy, decreased li-
bido, decreased sense of well-being and depression.
There is promise of an array of androgen supple-
ments as therapy adjuvant to traditional ERT. These
preparations aim to replace the androgen loss that
is due to either menopause itself and/or decreases
in androgens resultant to ERT effects.

Due to the lack of data regarding long-term
menopausal ERT on ovarian steroid levels, the ob-
jective of the present study was: (1) to assess the ex-
tent of accumulation of circulating estrone (E,),
total and free E,;, and E,S levels in PMW receiving
prolonged oral E, therapy, and (2) to determine the
eﬁectofmc:easedestrogematyonwtalandfree
testosterone levels.

Methods

Fourteen PMW5s between the ages of 52 and 67 were
studied. Menopause was defined as not having
menses for greater than one year and a follicle-
stimulating hormone level >40 mIU/mL. All
women were healthy, with a body mass index of
<28 kg/m2, and had undergone hysterectomy.
None of the women had a history of polycystic
ovary syndrome. This was a prospective study per-
formed in a university hospital setting. Group 1
(n="7) took a placebo. Group 2 (n=7) took 1 mg of
micronized E, daily. Blood samples were taken at
one, two and three years. E,, E, and total testos-
terone were quantified by radicimmunoassay (RIA)
fol]owing.g_xtraction and celite chromatography.

-y - . "o,
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Free testosterone and E, were calculated.” Sex
hormmie—bmdmg globulin and E, S were quantified

by specific RIA. One of the control subjects and two
of the estrogen-treated subjects did nct have
enough serum aliquoted to measure E,S. Statistical

Testosterone replacement via a
nonoral route may be a feasible way
to improve the above symptoms
. without affecting liver enzymes
and/or lipids.

analysis was done using repeated measure
ANOVA and the paired ¢ test.

Resuits

Table I shows repeated measures analysis of
androgen-estrogen balance with group compar-
isons at each time point (baseline, one year, two
years and three years). In the control group, none of
the hormone levels changed significantly. Free
testosterone deceased 49% (P=.0003) in women
taking E, replacement as compared to a 7% decline
in women taking placebo. In women taking E, re-
placement, E,, E,, E,S, free E, and SHBG levels in-
creased 10, 6, 51, 2 and 2 times, respectively, be-

, tween baseline and year 3.

Significant differences between the two groups
were found at the following time points: percent
change in free testosterone, when compared to
baseline, at years 2 (P=.04) and 3 (P=.006); E, at
years 1 (P=.002), 2 (P=.008) and 3 (P=.009); E, at
years 1 (P=.004), 2 (P=.001) and 3 (P = .005); free
at year 1 (P=.05); and SHBG at years 2 (P = .02) and
3 (P=.005).

Discussion
Menopause has been associated with a decline in A5
androgens, dehydroepiandrosterope (DHEA) and
dehydroepiandrosterone sulfate (DHEAS). The A+
have not been found to decrease with
menopause.?? The effect of nancontraceptive estro-
gen on levels of androgen and other sterpid hor-
mones has been studied with a variety of designs,
age groups and estrogen preparations, usually in
women who were not well characterized regarding
determinants of hormone status. Results vary from
no gignificant change!® to decreased!! or in-
creased1? levels of androgens by estrogen use. Pat-
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Table | Repeated Measures Analysis of Androgen-Estrogen Balance (Group Comparisons at Each Time Point)

Baseline 2Yr 3Y
Hormone Mean SD Mean sD Mean SD Mean sD n
Total Control 23.4 6.9 41.0 10.2 32.0 83 38.3 123 7
testosterone Estrogen 193 49 20.1 36 28.1 6.8 21.9 5.8 7
(ng/dL) P group* 0.63 0.09 0.73 025
Free Control 1.84 0.60 2,59 1.25 1.81 0.50 2.15 0.74 7
testosterone Estrogen 2.40 0.83 " 1.84 0.27 1.67 0.38 1.55 0.35 7
(pg/mL) P group 0.56 0.10 0.60 0.08
Free Coutrol —_ — 0.07 0.21 -0.05 0.15 -0.07 0.13 7
testosteroneb Estrogen — —_ ~0.30 0.05 ~-039 0.07 -0.49 0.05 7
(%) P group — 0.08 0.04 0.006
E, (pg/mb) Control 43.7 7.0 50.0 7.0 45.9 9.6 52.6 11.3 7
Estrogen 383 4.8 271.6 40.7 220.3 30.2 . 396.1 91.5 7
P group 0.53 0.002 0.0008 0.009
E; (pg/mL) Coatrol 213 . 4.7 19.7 29 18.0 29 18.4 23 7
Estrogen 12.7 1.0 674 10.6 60.9 78 76.6 135 7
P group 0.13 0.004 0.001 0.005
E;S (pg/mL) Control 0.26 0.09 028 0.09 0.26 0.08 029 0.12 6
Estrogen 0.26 0.10 4.97 2137 436 1.81 134 5.07 5
P group 0.96 0.08 0.07 0.06
Free E, Control 3.03 .n 223 0.49 1.75 058 232 0.65 7
(pg/mL) Estrogen 1.67 0.29 4.09 0.70 3.0 035 4.10 0.60 7
P goup 028 0.05 0.08 0.07
SHBG Control 271 4.6 355 9.6 356 7.7 30.6 4.7 7
{nmol/L) Estrogen 253 6.1 50.1 6.1 59.7 4.6 54.1 4.9 7
P group 0.82 . 022 ©0.02 0.005
3t Test-was used.

SPercent change in free testusterone as compared to baseline.
P m placebo.

terns of alterations may contribute to understand-
ing of the pathways of steroid metabolism, such as
the effects of estrogens on adrenal cortica} function
and the hypothalamic-pituitary-ovarian axis.

Our study was unique in that it was a long-term
one, evaluating ovarian steroid levels over a three-
year period. Our results show that routine estrogen
replacement substantially decreases free testos-
terone (49% decrease). This may be due to increased
SHBG levels, therefore decreasing free testosterone
levels. Our data did not show a decrease in total
testosterone levels. However, a prior prospective,
randomized study by Casson et al did show a.de-
crease in both total and free testosterane with phys-
iclogic estrogen replacement!? and attributed this
possible menopausal decrease in total testosterone
levels with physiclogic estrogen replacement to de-
creased gonadotropin drive. :

Although the differences in free testosterone be-
tween the two groups were not statistically signifi-
cant, the differences were substantial. Statistical sig-
nificance is djfficult to achieve with a small sample

-size. - - Ny N
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.The state of bioavailable testosterone deficiency
may fufther the accelerate osteoporosis and nruscle
wasting that naturally occur with aging. Meno-
pausal symptoms, such as loss of libido, anergy and
sense of well-being, may be exacerbated. In con-
trast, lipids and insulin sensitivity may benefit from
decreased free testosterone levels. Testosterone re-
placement via a nonoral route may be a feasible
way to improve the above symptoms without af-
fecting liver enzymes and/or lipids. This is due to
the aveidance of the “first-pass effect” through the
hepatic circulation.

Not surprisingly, all of the estrogen levcls in-
creased with micronized E, replacement. E,, E,,
free E; and E,S increased 934%, 503%, 145% and
5,053%, respectively. Sex hormone-binding globu-
lin increased 113%. E,S increased 10% more than E,
with micronized. E, replacement. If conjugated
equine estrogens had been used for replacement,
there may have been a much larger increase n E,S
levels: A prior study confirmed this large accumu-
lation of B,S with long-tezm oral atmgen replace—
ment.6 -
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Published data show that menopausal ERT also
further decreases DHEA and DHEAS levels. The
declining DHEAS levels may suggest a direct adre-
nal effect of estrogern.1® Natural aging is already as-
sociated with a decline in DHEAS. The implications
of a further decline in DHEA, DHEAS and free
testosterone levels due to ERT are unknown at this
time. Although androgen replacement therapy is
available, long-term trials have notbeen done. Most
of the published literature on androgen replace-
ment is on oral methyltestosterone. Comparisons
of oral estrogen-androgen and estrogen-only thera-
py have shown that combined treatment with
estrogen-androgen therapy has greater efficacy on
vasomotor symptoms when compared to estrogen-
only therapy. Simon et al'* also found that
estrogen-only treatment significantly increased
SHBG levels (P <.01), whereas decreases occurred
with estrogen-androgen treatment (P <.006).

Watis et al'® compared oral esterified estrogen
replacement with combined oral esterified estro-
gen and methyltestosterone treatment on bone min-
eral density, menopausal symptoms and lipid-
lipoprotein profiles in surgically menopausal
women. Both treatment regimens prevented bone
loss at the spine and hip. However, combined
estrogen-androgen therapy was associated with a
significant increase in bone mineral density as com-
pared to baseline (P<.01). In the estrogen group,
high-density lipoprotein (HDL) cholesterol in-
creased significantly, and low-density lipoprotein
cholesterol decreased significantly. Cholesterol,
HDL cholestero! and triglycerides decreased signif-
icantly in the estrogen-androgen group. Meno-
pausal symptoms of somatic origin (hot flashes,

" vaginal dryness and insomnia) were improved sig-

nificantly in both

Raigz et a]’® compared the effects of estrogen
alone (1.25 mg conjugated equine.estrogen) to com-
bined estrogen + androgen therapy (1.25 mg esteti-
fied estrogen + 2.5 mg methyitestosterone) on bio-
chemical markers of bone formation and resorption
in PMW. Both groups showed a similar decrease in
urinary excretion of the bone resorption markers,
deoxypyridinoline, pyridinoline and hydroxypro-
line. Patients treated with estrogen only showed de-
creases in the serum markers of bone formation,
bone-specific alkaline phosphatase, osteocalcin and
C-terminal procollagen peptide. In contrast, sub-
jects treated with estrogen-androgen showed in-
creases in these markers of bone formation. Thus,
estrogen-androgen therapy is a potentially benefi-

A9vVidIT HSD

cial hormone replacement regimen in ostevporotic
women. Long-term studies are needed to deter-
mine the relative benefits and risks of combined
estrogen-androgen treatment regimens. Little is
known about other forms of testosterone or other
routes of delivery, such as transdermal, sublingual
and transvaginal. These alternate routes of delivery
bypass the hepatic circulation and may be safer for
long-term testosterone replacement.

Shifren et all7 evaluated the effects of 12 weeks of
transdermal testosterone (150 and 300 pg/d) in
women who had impaired sexual function after
surgically induced menopause. Transderms! testos-
terone was found to improve sexual function and
psychological well-being in these women. The 300
ug/d dose resulted in statistically significant in-
crease in scores for frequency of sexual activity and
pleasure-orgasm in the Brief Index of Sexuil Func-
tioning for Women (P=.03 for both comparisons
with placebo). The positive well-being, depressed
mood and composite scores of the Psychological
General Well-Being Index also improved signifi-
cantly with the 300 jig/d testosterone dose (P=.04,
03 and .04, respectively, for the comparison with
placebo). Thus, transdermal testosterone replace-
ment may be indicated for women with low testos-
terone concentrations and impaired sexual fumc-
tion.

While it is commonly accepted to presciibe an-.

drogen replacemerit to surgically castrated women,
postmenopausal androgen replacement remains
under study at this time. The benefits of meno-
pausal ‘combined estrogen—andmgen replacement
must be evaluated in conjunction with possible
long-term risks before menopausal androgen re-
placement therapy is universally prescribed.
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Associations among Oral Estrogen Use, Free
Testosterone Concentration, and Lean Body Mass
among Postmenopausal Women*
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ABSTRACT

Circulating concentrations of sex hormone-binding globulin
(SHBG) are increased by use of oral estrogen. The objective of this
study was to determine whether postmenopausal women who used
oral estrogen had higher serum concentrations of SHBG and lower
serum. concentrations of free testosterone (T) than nonusers, and
whether free T was associated with lean body mass, particularly
skeletal muscle mass. Subjects were 70 postmenopausal women,
46-55 yr old, 46 of whom used oral estrogen. Total and regional body
composition were determined by dual-energy x-ray absorptiometry.
Serum concentrations of SHBG, total T, and estradiol (E,) were de-
termined by RIA. Free T was calculated from concentrations of total
T and SHBG. Hormone users had higher serum concentrations of E,

and SHBG(182.0 + 58.5vs. 82.9 + 41.1 nmol/L, mean * sp, P < 0.001)
and lower concentrations of free T (3.7 + 2.2 vs. 7.9 * 4.1 pmol/L,
mean *+ SD, P < 0.001); total T did not differ. Total lean mass and leg
lean mass were significantly correlated with free, but not total T {r
values 0of 0.29 (P < 0.05) and 0.31 (P < 0.01) for total and leg lean mass,
respectively, vs. free T]; arm lean mass was not correlated with either
measure of T. Serum E, was significantly correlated with SHBG (r =
0.50, P < 0.001) and free T (r = —0.33, P < 0.01). These observations
imply that, by reducing the concentration of bioavailable T, oral es-
trogen therapy may accelerate or sugment lean mass loss among
postmenopausal women. This conclusion awaits confirmation by lon-
gitudinal observation. (J Clin Endocrinol Metab 85: 4476-4480,
2000)

RAL ESTROGEN THERAPY, because of the first pass
effect, results in exposure of the liver to supraphysi-
ological concentrations of estrogen. One of the consequences
of this exposure is an alteration in the production of several
hepatic proteins. Concentrations of sex hormone-binding
globulin (SHBG) (1) and apolipoprotein A-I (Apo A-T) (2) are
higher, and insulin-like growth factor (IGF)-I are lower (3),
in women who use oral estrogen therapy, when compared
with nonusers.

The physiological ramifications of altered hepatic protein
production with estrogen use are not entirely clear. This is
particularly true with respect to the elevation in SHBG.
SHBG binds to circulating testosterone (T). In premeno-
pausal women, approximately 62% of circulating T is bound
to SHBG; another 36~37% is bound to albumin, and approx-
imately 1.5% is unbound (4). It is assumed that the unbound
(or free) fraction is the physiologically active, or bicavailable,
fraction. Although SHBG binds to other steroid hormones, its
affinity for other hormones is lower than that for T, and it
accounts for a Jower percentage of bound hormone [e.g. in
women, 45-46% of estradiol (E,) (4) and 6.63% of andro-
stenedione (5) circulate bound to SHBG]. Thus, an increase
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in SHBG with estrogen use could lower circulating concen-
trations of bioavailable T.

T promotes deposition and maintenance of skeletal mus-
cle. Administration of T to elderly men increases the frac-
tional synthetic rate of muscle protein, as well as muscle
strength (6). Among normal male subjects, exogenous T in-
creases muscle mass and muscle protein synthesis, and it
decreases leucine oxidation (7, 8). By contrast, pharmacologic
gonadal suppression in normal young men causes a decrease
in whole-body protein synthesis in conjunction with Josses of
fat-free mass and leg muscle strength (9). Among women
with polycystic ovary syndrome, serum T is correlated with
lean body mass (10). The decline of T (11-13) and its pre-
cursors (14) with age may be one of the factors that contribute
to sarcopenia in older men and women.

An age-related loss of muscle mass has been observed in
women, and it seems to increase in rate at the time of meno-
pause (15, 16). Loss of muscle mass, particularly in the lower
exiremity, may lead to loss of physical function, which could
increase risk for fall-related injury and other disabilities (17,
18). In addition, the lower total-body energy requirements
associated with loss of muscle could increase risk for obesity
and associated diseases (15, 19). Thus, factors that accelerate
or augment the normal age-related decline in skeletal muscle
would be undesirable.

The present cross-sectional study was conducted to de-
termine whether postmenopausal women who used estro-
gen had higher serum concentrations of SHBG and lower
serum concentrations of free T than nonusers, and whether
free T was associated with lean body mass, particularly skel-
etal muscle mass.

4476
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Subjects and Methods
Experimental subjects

Subjects were: 70 postmenopausal women, 4655 yr old
(62 Caucasian and 8 African-American). Only women who
experienced a natural menopause, with the time of meno-
pause known to occur at least 6 months before contact, were
recruited. Both women using hormone replacement therapy
(HRT) and women not using HRT were recruited. Among
hormone users, only subjects using an oral estrogen prepa-
ration were selected (n = 46). Most used conjugated equine
estrogens (0.625 mg/day) in combination with medroxypro-
gesterone acetate (2.5 mg/day), although several women
used other types of estrogen or other doses of conjugated
equine estrogens. Six women used unopposed estrogen. “No
HRT use” (n = 24) was defined as no current use, and no use
within the past 6 months. Twenty-one of 24 nonusers had
never used HRT. Data were collected over a 27-h period
during an in-patient visit to the Department of Nutrition
Sciences and the General Clinical Research Center at the
University of Alabama at Birmingham (UAB). The protocol
was approved by the Institutional Review Board for Human
Use at UAB, and all subjects signed an informed consent
before testing.

Protocol

Subjects arrived at the Department of Nutrition Sciences, at approx-
imately 0900 h, in the fasted condition (12-h fast). Body composition was
determined by dual-energy x-ray absorptiometry (DXA). Three fasting
blood samples were taken, over a 40-min period on the following morn-
ing, at UAB’s General Clinical Research Center at approximately 0700 h.
Samples were allowed to clot, then were centrifuged. Sera were aspi-
rated, pooled, aliquoted, and stored at —85 C until used for hormone
assay.

Body composition

Total and regional (leg, arm) body composition (fat mass and lean
body mass) were measured by DXA using a DPX-L densitometer (Lunar
Corp., Madison, W1). Subjects were scanned in light clothing while lying
flat on their backs with arms at their sides. DXA scans were performed
and analyzed with adult software version 1.5 g. Leg and arm tissue
masses were determined by manually placing delimiting lines at specific
landmarks on the computer-generated image. The legs were indicated
to be all soft tissue below the triangle formed by drawing a horizontal
line across the top of the pelvis, and two angled lines (one through each
femoral neck). To delineate the arms, lines were drawn between the torso
and the arms, from the top of the arm socket to the phalange tips,
avoiding contact with the rib and pelvic areas.

TABLE 1. Descriptive statistics; mean + SD (range)

Hormone assay

Serum E, was measured using a double-antibody RIA (Diagnostic
Products, Los Angeles, CA). Sera were first exiracted in diethy] ether.
Assay sensitivity was determined to be 15.42 pmol/L, intraassay coef-
ficient of variation to be 5.3%, and interassay coefficient of variation to
be 6.0%. Serum total T was measured with a coated-tube RIA (Diagnostic
Products); assay sensitivity was 0.409 runol/L, intraassay coefficient of
variation was 7.7%, and interassay coefficient of variation was 8.2%. For
measurement of SHBG, sera were first diluted 1:101, then assayed in
duplicate 25-pL aliquots using an immunoradiometric assay (Diagnostic
Systems Laboratories, Inc., Webster, TX); the lower limit was 5 nmol/L,
the intraassay coefficient of variation was 8.2%, and the interassay co-
efficient of variation was 8.2%. Free T (pmol/L) was calculated from
serum concentrations of total T and SHBG using the method of Soder-
gard et al. (4). This method is based on the concentration of albumin, the
binding capacity of SHBG, and the association constants of T for SHBG
and albumin, as determined in a sample of normal men and women.

Statistics

For all analyses, values for body composition variables and serum
analytes were log-transformed to produce a normal distribution.
ANOVA was used to compare measurements between hormone users
and nonusers. Pearson correlation analysis was used to examine asso-
clations among serum hormone concentrations and between regional
lean mass and serum hormone concenirations. All data were analyzed
with SAS for Windows version 6.12. Differences and associations were
considered significant if P was less than 0.05.

Results

Descriptive statistics are shown in Table 1. Hormone users
and nonusers did not differ, with respect to age, weight, or
lean mass (total and regional). Nonusers had a higher total
body fat mass and percent body fat. Hormone users had
higher serum concentrations of E, and SHBG and lower
concentrations of free T; total T did not differ (Fig. 1; A, B, C,
and D, respectively).

Correlations between lean mass and T (total and free) are
shownin Table 2 and Fig. 2. Total lean mass and leg lean mass
were significantly correlated with free (but not total) T; arm
lean mass was not correlated with either measure of T. Serum
E, was significantly correlated with SHBG and free T (Fig. 3,
A and B, respectively).

Discussion

The present cross-sectional study showed that greater se-
rum SHBG among postmenopausal women using oral es-
trogen therapy was associated with Jower circulating free T.
Free T, but not total T, was positively associated with lean

Nonusers (n = 24)

HRT users (n = 486)

Age (yr)

Body weight (kg)

Total fat mass (kg)

% Fat

Total lean body mass (kg)
Arm lean mass (kg)

Leg lean mass (kg)
Serum estradiol (pmol/L)
Serum SHBG (nmol/L)
Serum total T (nmol/L)
Serum free T (pmol/L)

50 *+ 3 (46-55)
734 + 13.3 (54.5-101.7)
30.6 + 9.4 (18.0-51.6)
415 *+ 5.6 (31.5-52.3)
39.3 + 4.2(32.9-474)
43+07(29-6.1)
13.6 + 1.8 (10.9-18.3)
58 + 69 (15-293)
82.9 + 41.1 (23.1-162.8)
0.68 + 0.30 (0.41-1.38)
79+ 4.12.3-17.3)

50 + 3 (45-57)
67.7 + 11.2 (47.3-99.3)
25.5 + 8.5 (10.7-42.5
37.3 + 7.4 (20.4-52.07
38.9 + 4.7(30.3-56.0)
4.3 + 0.7(3.0-7.0)
13.3 + 1.9(9.4-19.7)
136 + 101 (20-616)°

182.0 + 58.5 (92.4-326.2)"

0.67 + 0.28 (0.41-1.44)
3.7 +22(1.4-12.09

@ and ?, P < 0.05, 0.001, respectively, vs. nonusers.
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TABLE 2. Pearson correlation coefficients for serum T concentra-
tions vs. lean body mass (all women combined)

Total T Free T

(nmol/L) (pmol/L)
Total lean mass (kg) 0.10 0.24°
Leg lean mass (kg) 0.11 0.31%
Arm lean mass (kg) -0.03 0.14

2and ” P < 0.05, 0.01, respectively.

body mass. These observations imply that, by reducing the
concentration of bicavailable T, oral estrogen therapy may
accelerate or augment lean mass loss among postmenopausal
women. This conclusion must be considered tentative, be-
cause of the cross-sectional nature of the study design, and
awaits confirmation by a longitudinal study.

As reported previously with use of oral contraceptives
(20), use of oral estrogen among postmenopausal women in
this study was associated with a 2-fold greater concentration
of circulating SHBG, relative to women not using hormone
therapy. Presumably as a result of this difference in SHBG
concentration, the concentration of free T was 50% lower in
hormone users vs. nonusers. It is generally assumed that only
the free fraction of circulating T is biologically active. Un-
bound T can cross the cell membrane and affect gene tran-
scription. Increased messenger RNA for the anabolic hor-
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F1G. 2. Leg lean mass (kg) vs. serum free T concentration (pmol/L) in
all women combined; P < 0.01, R?2 = 0.10. Open circles indicate
nonusers and filled circles indicate users, respectively, of HRT.

mone IGF-I and decreased expression of IGF binding
protein-4, a protein that inhibits the mitogenic action of IGF-],
were observed in skeletal muscle after T administration (6).
Thus, activation of the intramuscular IGF-I system is one
mechanism through which T may increases protein synthe-
sis. The possibility that lower free T limits muscle growth or
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maintenance in women using oral estrogen is a topic that has
received little attention.

In this study, the concentration of free T was positively
correlated with total lean mass and leg lean mass but not arm
lean mass. Limb lean mass, as assessed by DXA, is a rea-
sonable surrogate for appendicular skeletal muscle mass
(21). The positive association of T with lean mass is logical
if T has a positive influence on skeletal muscle accrual or
retention. However, in this study, only leg lean mass was
associated with serum free T. This association might be ex-
plained by the observation that the anabolic effects of T on
skeletal muscle are augmented when the muscle is simulta-
neously stressed by use (22). Thus, it would seem most likely
that free T be correlated with those muscles that are used
most frequently and experience the greatest loading or force.
Whereas leg muscles are used regularly for walking, arm
muscles are likely to experience less resistance ort a day-to-
day basis in individuals who do not engage in resistance
training or other activities that involve lifting heavy objects
with the arms.

Synthesis of T declines with age in women (12). This de-
cline is marked between the years of 20-30 and 50-60 and
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is more gradual thereafter (14). A further, transient decline
is observed at the time of menopause (23). Thus, at the time
of menopause, women are likely to be experiencing a phase
of accelerated decline in circulating anabolic hormones. This
phenomenon may explain the significant age-independent
decline in fat-free mass observed longitudinally in women
who traverse the menopause (16).

Many women also initiate use of hormone replacement
therapy during the perimenopausal years. The decline in free
T associated with oral estrogen use could potentially accel-
erate the loss of muscle mass that is already occurring be-
cause of age- and menopause-related declines in serum T.
Loss of muscle mass may be associated with a perceived
inability to engage in physical activity, thus resulting in a
vicious cycle of inactivity and worsening sarcopenia.

Associations between lean body mass and physical activ-
ity have been observed in women. Thirty-nine percent of the
decline in fat-free mass with age in women is attributable to
a change in maximal oxygen consumption (an index of phys-
ical fitness) (15). In addition, leisure time physical activity, as
determined by questionnaire, decreases in conjunction with
lean body mass during the perimenopausal period (16). Al-
though the cause-and-effect nature of these relationships is
not known, it is possible that it could be bidirectional; de-
creases in muscle mass attributable to hormonal factors could
precipitate a decrease in physical activity that, in turn, would
lead to further loss of skeletal muscle.

In conclusion, use of oral estrogen therapy was associated
with higher SHBG and lower free T among postmenopausal
women. Free, but not total, T was associated with total and
leg lean body mass. These results imply that use of oral
estrogen could accelerate the decline in skeletal muscle mass
that occurs with age in women. However, longitudinal ob-
servation will be required to determine whether the hypoth-
esis is correct.
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ABSTRACT

Circulating concentrations of sex hormone-binding globulin
(SHBG) are increased by use of oral estrogen. The objective of this
study was to determine whether postmenopausal women who used
oral estrogen had higher serum concentrations of SHBG and lower
serum concentrations of free testosterone (T) than nonusers, and
whether free T was associated with lean body mass, particularly
skeletal muscle mass. Subjects were 70 postmenopausal women,
4655 yr old, 46 of whom used oral estrogen. Total and regional body
composition were determined by dual-energy x-ray absorptiometry.
Serum concentrations of SHBG, total T, and estradiol (E;) were de-
termined by RIA. Free T was calculated from concentrations of total
T and SHBG. Hormone users had higher serum concentrations of E,

and SHBG(182.0 + 58.5vus. 82.9 + 41.1 nmol/L,, mean * sp, P <0.001)
and lower concentrations of free T (3.7 + 2.2 vs. 7.9 * 4.1 pmol/L,
mean * sb, P < 0.001); total T did not differ. Total lean mass and leg
lean mass were significantly correlated with free, but not total T [r
values 0f 0.29 (P < 0.05) and 0.31 (P < 0.01) for total and leg lean mass,
respectively, vs. free T]; arm lean mass was not correlated with either
measure of T. Serum E, was significantly correlated with SHBG (r =
0.50, P < 0.001) and free T (r = —0.33, P < 0.01). These observations
imply that, by reducing the concentration of bioavailable T, oral es-
trogen therapy may accelerate or augment lean mass loss among
postmenopausal women. This conclusion awaits confirmation by lon-
gitudinal observation. (J Clin Endocrinol Metab 85: 4476-4480,
2000)

RAL ESTROGEN THERAPY, because of the first pass
effect, results in exposure of the liver to supraphysi-
ological concentrations of estrogen. One of the consequences
of this exposure is an alteration in the production of several
hepatic proteins. Concentrations of sex hormone-binding
globulin (SHBG) (1) and apolipoprotein A-I (Apo A-T) (2) are
higher, and insulin-like growth factor (IGF)-I are lower (3),
in women who use oral estrogen therapy, when compared
with nonusers.

The physiological ramifications of altered hepatic protein
production with estrogen use are not entirely clear. This is
particularly true with respect to the elevation in SHBG.
SHBG binds to circulating testosterone (T). In premeno-
pausal women, approximately 62% of circulating T is bound
to SHBG; another 36-37% is bound to albumin, and approx-
imately 1.5% is unbound (4). It is assumed that the unbound
(or free) fraction is the physiologically active, or bioavailable,
fraction. Although SHBG binds to other steroid hormones, its
affinity for other hormones is lower than that for T, and it
accounts for a lower percentage of bound hormone {e.g. in
women, 45-46% of estradiol (E,) (4) and 6.63% of andro-
stenedione (5) circulate bound to SHBG]. Thus, an increase
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in SHBG with estrogen use could lower circulating concen-
trations of bioavailable T.

T promotes deposition and maintenance of skeletal mus-
cle. Administration of T to elderly men increases the frac-
tional synthetic rate of muscle protein, as well as muscle
strength (6). Among normal male subjects, exogenous T in-
creases muscle mass and muscle protein synthesis, and it
decreases leucine oxidation (7, 8). By contrast, pharmacologic
gonadal suppression in normal young men causes a decrease
in whole-body protein synthesis in conjunction with losses of
fat-free mass and leg muscle strength (9). Among women
with polycystic ovary syndrome, serum T is correlated with
lean body mass (10). The decline of T (11-13) and its pre-
cursors (14) with age may be one of the factors that contribute
to sarcopenia in older men and women.

An age-related loss of muscle mass has been observed in
women, and it seems to increase in rate at the time of meno-
pause (15, 16). Loss of muscle mass, particularly in the lower
extremity, may lead to loss of physical function, which could
increase risk for fall-related injury and other disabilities (17,
18). In addition, the lower total-body energy requirements
associated with loss of muscle could increase risk for obesity
and associated diseases (15, 19). Thus, factors that accelerate
or augment the normal age-related decline in skeletal muscle
would be undesirable.

The present cross-sectional study was conducted to de-
termine whether postmenopausal women who used estro-
gen had higher serum concentrations of SHBG and lower
serum concentrations of free T than nonusers, and whether
free T was associated with lean body mass, particularly skel-
etal muscle mass.
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Subjects and Methods
Experimental subjects

Subjects were: 70 postmenopausal women, 46-55 yr old
(62 Caucasian and 8 African-American). Only women who
experienced a natural menopause, with the time of meno-
pause known to occur at least 6 months before contact, were
recruited. Both women using hormone replacement therapy
(HRT) and women not using HRT were recruited. Among
hormone users, only subjects using an oral estrogen prepa-
ration were selected (n = 46). Most used conjugated equine
estrogens (0.625 mg/day) in combination with medroxypro-
gesterone acetate (2.5 mg/day), although several women
used other types of estrogen or other doses of conjugated
equine estrogens. Six women used unopposed estrogen. “No
HRT use” (n = 24) was defined as no current use, and no use
within the past 6 months. Twenty-one of 24 nonusers had
never used HRT. Data were collected over a 27-h period
during an in-patient visit to the Department of Nutrition
Sciences and the General Clinical Research Center at the
University of Alabama at Birmingham (UAB). The protocol
was approved by the Institutional Review Board for Human
Use at UAB, and all subjects signed an informed consent
before testing,

Protocol

Subjects arrived at the Department of Nutrition Sciences, at approx-
imately 0900 h, in the fasted condition (12-h fast). Body composition was
determuned by dual-energy x-ray absorptiometry (DXA). Three fasting
blood samples were taken, over a 40-min period on the following morn-
ing, at UAB’s General Clinical Research Center at approximately 0700 h.
Samples were allowed to clot, then were centrifuged. Sera were aspi-
rated, pooled, aliquoted, and stored at —~85 C until used for hormone
assay.

Body composition

Total and regional (leg, arm) body composition (fat mass and lean
body mass) were measured by DXA using a DPX-L densitometer (Lunar
Corp., Madison, WI). Subjects were scanned in light clothing while lying
flat on their backs with arms at their sides. DXA scans were performed
and analyzed with adult software version 1.5 g. Leg and arm tissue
masses were determined by manually placing delimiting lines at specific
landmarks on the computer-generated image. The legs were indicated
to be all soft tissue below the triangle formed by drawing a horizontal
line across the top of the pelvis, and two angled lines (one through each
femoral neck). To delineate the arms, lines were drawn between the torso
and the arms, from the top of the arm socket to the phalange tips,
avoiding contact with the rib and pelvic areas.

TABLE 1. Descriptive statistics; mean * SD (range)

Hormone assay

Serum E, was measured using a double-antibody RIA (Diagnostic
Products, Los Angeles, CA). Sera were first extracted in diethyl ether.
Assay sensitivity was determined to be 15.42 pmol/L, intraassay coef-
ficient of variation to be 5.3%, and interassay coefficient of variation to
be 6.0%. Serum total T was measured with a coated-tube RIA (Diagnostic
Products); assay sensitivity was 0.409 nmol/L, intraassay coefficient of
variation was 7.7%, and interassay coefficient of variation was 8.2%. For
measurement of SHBG, sera were first diluted 1:101, then assayed in
duplicate 25-uL aliquots using an immunoradiometric assay (Diagnostic
Systems Laboratories, Inc., Webster, TX); the lower limit was 5 nmol/L,
the intraassay coefficient of variation was 8.2%, and the interassay co-
efficient of variation was 8.2%. Free T (pmol/L) was calculated from
serum concentrations of total T and SHBG using the method of Soder-
gard et al. (4). This method 1s based on the concentration of albumin, the
binding capacity of SHBG, and the association constants of T for SHBG
and albumin, as determined in a sample of normal men and women.

Statistics

For all analyses, values for body composition variables and serum
analytes were log-transformed to produce a normal distribution.
ANOVA was used to compare measurements between hormone users
and nonusers. Pearson correlation analysis was used to examine asso-
ciations among serum hormone concentrations and between regional
lean mass and serum hormone concentrations. All data were analyzed
with SAS for Windows version 6.12. Differences and associations were
considered significant if P was less than 0.05.

Results

Descriptive statistics are shown in Table 1. Hormone users
and nonusers did not differ, with respect to age, weight, or
lean mass (total and regional). Nonusers had a higher total
body fat mass and percent body fat. Hormone users had
higher serum concentrations of E, and SHBG and lower
concentrations of free T; total T did not differ (Fig. 1; A, B, C,
and D, respectively).

Correlations between lean mass and T (total and free) are
shownin Table 2 and Fig. 2. Total lean mass and leg lean mass
were significantly correlated with free (but not total) T; arm
lean mass was not correlated with either measure of T. Serum
E, was significantly correlated with SHBG and free T (Fig. 3,
A and B, respectively).

Discussion

The present cross-sectional study showed that greater se-
rum SHBG among postmenopausal women using oral es-
trogen therapy was associated with lower circulating free T.
Free T, but not total T, was positively associated with lean

Nonusers (n = 24)

HRT users (n = 46)

Age (yr)

Body weight (kg)

Total fat mass (kg)

% Fat

Total lean body mass (kg)
Arm lean mass (kg)

Leg lean mass (kg)
Serum estradiol (pmol/L)
Serum SHBG (nmol/L)
Serum total T (nmol/L)}
Serum free T (pmol/L)

50 + 3 (46-55)
73.4 + 13.3 (54.5-101.7)
30.6 + 9.4 (18.0-51.6)
41.5 + 5.6 (31.5-52.3)
39.3 + 4.2(32.9-47.4)
43+0.7(29-6.1)
13.6 = 1.8 (10.9-18.3)
58 + 69 (15-293)
829 + 41.1(23.1-162.8)
0.68 + 0.30 (0.41-1.38)
79 *4.1(2.3-17.3)

50 * 3 (45-57)
67.7 + 11.2 (47.3-99.3)
255 * 8.5 (10.7-42.5)"
37.3 + 7.4 (20.4-52.0°
38.9 + 4.7 (30.3-56.0)
4.3 + 0.7 (3.0-7.0)
13.3 + 1.9(9.4-19.7)
136 + 101 (20-616)"
182.0 + 58.5 (92.4-326.2)"
0.67 + 0.28 (0.41-1.44)
3.7 + 2.2 (1.4-12.0)

% and ®, P < 0.05, 0.001, respectively, vs. nonusers.
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Fi16. 1. A, Serum E, concentration (pmol/L) in users and nonusers of HRT; ***, P < 0.01. B, Serum SHBG concentration (nmol/L.) in users and
nonusers of HRT; *** P < 0.01. C, Serum free T concentration (pmol/L) in users and nonusers of HRT, *** P < 0.01. D, Serum total T
concentration (nmol/L) in users and nonusers of HRT; means were not significantly different.

TABLE 2. Pearson correlation coefficients for serum T concentra-
tions vs. lean body mass (all women combined)

Total T Free T

(nmol/L) (pmol/L)
Total lean mass (kg) 0.10 0.24°
Leg lean mass (kg) 0.11 0.31°
Arm lean mass (kg) -0.03 0.14

2 and ? P < 0.05, 0.01, respectively.

body mass. These observations imply that, by reducing the
concentration of bioavailable T, oral estrogen therapy may
accelerate or augment lean mass loss among postmenopausal
women. This conclusion must be considered tentative, be-
cause of the cross-sectional nature of the study design, and
awaits confirmation by a longitudinal study.

As reported previously with use of oral contraceptives
(20), use of oral estrogen among postmenopausal women in
this study was associated with a 2-fold greater concentration
of circulating SHBG, relative to women not using hormone
therapy. Presumably as a result of this difference in SHBG
concentration, the concentration of free T was 50% lower in
hormone users vs. nonusers. It is generally assumed that only
the free fraction of circulating T is biologically active. Un-
bound T can cross the cell membrane and affect gene tran-
scription. Increased messenger RNA for the anabolic hor-
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F16. 2. Leglean mass (kg) vs. serum free T concentration (pmol/L) in
all women combined; P < 0.01, R®> = 0.10. Open circles indicate
nonusers and filled circles indicate users, respectively, of HRT.

mone IGF-I and decreased expression of IGF binding
protein-4, a protein that inhibits the mitogenic action of IGF-I,
were observed in skeletal muscle after T administration (6).
Thus, activation of the intramuscular IGF-I system is one
mechanism through which T may increases protein synthe-
sis. The possibility that lower free T limits muscle growth or
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maintenance in women using oral estrogen is a topic that has
received little attention.

In this study, the concentration of free T was positively
correlated with total lean mass and leg lean mass but not arm
lean mass. Limb lean mass, as assessed by DXA, is a rea-
sonable surrogate for appendicular skeletal muscle mass
(21). The positive association of T with lean mass is logical
if T has a positive influence on skeletal muscle accrual or
retention. However, in this study, only leg lean mass was
associated with serum free T. This association might be ex-
plained by the observation that the anabolic effects of T on
skeletal muscle are augmented when the muscle is simulta-
neously stressed by use (22). Thus, it would seem most likely
that free T be correlated with those muscles that are used
most frequently and experience the greatest loading or force.
Whereas leg muscles are used regularly for walking, arm
muscles are likely to experience less resistance on a day-to-
day basis in individuals who do not engage in resistance
training or other activities that involve lifting heavy objects
with the arms.

Synthesis of T declines with age in women (12). This de-
cline is marked between the years of 20-30 and 50-60 and

is more gradual thereafter (14). A further, transient decline
is observed at the time of menopause (23). Thus, at the time
of menopause, women are likely to be experiencing a phase
of accelerated decline in circulating anabolic hormones. This
phenomenon may explain the significant age-independent
decline in fat-free mass observed longitudinally in women
who traverse the menopause (16).

Many women also initiate use of hormone replacement
therapy during the perimenopausal years. The decline in free
T associated with oral estrogen use could potentially accel-
erate the loss of muscle mass that is already occurring be-
cause of age- and menopause-related declines in serum T.
Loss of muscle mass may be associated with a perceived
inability to engage in physical activity, thus resulting in a
vicious cycle of inactivity and worsening sarcopenia.

Associations between lean body mass and physical activ-
ity have been observed in women. Thirty-nine percent of the
decline in fat-free mass with age in women is attributable to
a change in maximal oxygen consumption (an index of phys-
ical fitness) (15). In addition, leisure time physical activity, as
determined by questionnaire, decreases in conjunction with
lean body mass during the perimenopausal period (16). Al-
though the cause-and-effect nature of these relationships is
not known, it is possible that it could be bidirectional; de-
creases in muscle mass attributable to hormonal factors could
precipitate a decrease in physical activity that, in turn, would
lead to further loss of skeletal muscle.

In conclusion, use of oral estrogen therapy was associated
with higher SHBG and lower free T among postmenopausal
women. Free, but not total, T was associated with total and
leg lean body mass. These results imply that use of oral
estrogen could accelerate the decline in skeletal muscle mass
that occurs with age in women. However, longitudinal ob-
servation will be required to determine whether the hypoth-
esis is correct.
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Transdermal testosterone patches and topically applled gels have become well accepted for the
treatment of testosterone deficiency in men and are currently being developed in appropriate dosage
strengths for androgen therapy in women. The furthest developed among these products is an
investigational testosterone matrix patch which is now in phase il clinical trials for the treatment of
sexual dysfunction in oophorectomized and naturally menopausal women. This review article dis-
cusses the biopharmaceutical rationale for the transdermal delivery of testosterone to women, illus-
trates and quantitatively analyzes the pharmacokinetics and metabolism of the testosterone matrix
patch and a recently investigated testosterone gel, and summarizes the efficacy and safety data that
have been reported in phase Il studies of the testosterone matrix patch in surgically menopausal
women with sexual dysfunction and HiV-infected women with the AIDS wasting syndrome. The
different effects of oral and transdermal estrogen therapy (ET) on the concentrations of total and free
testosterone attained with the testosterone matrix patch are contrasted. Although still in development,
transdermal testosterone therapy appears to be a promising new approach for providing physiologi-
cally based androgen therapy to women.

Target Audience: Obstetricians & Gynecologists, Family Physicians

Leamning Objectives: After completion of this article, the reader will be able to list the biopharmaceutical
rationale for developing the testosterone transdermal delivery system, to describe the pharmacokinetics and
metabolism of testosterone transdermal delivery systems in women, and to illustrate the influence of con-
comitant estrogen therapy on testosterone concentrations attained with the transdermal delivery system.

INTRODUCTION

In contrast to the accepted physiological roles of
testosterone in the male and the importance of diag-

Reprint requests to. Dr. Norm Mazer, Watson Laboratories, Inc.,
417 Wakara Way Suite 100, Salt Lake City, UT 84108.

nosing and treating testosterone deficiency in men,
the physiological roles of testosterone in women are
only beginning to be understood; approaches for
diagnosing and treating female androgen insuffi-
ciency are at an early stage (1-4). Transdermal tes-

Dr. Mazer has disclosed that he is an employee of Watson
Laboratories, Inc.

Dr, Shifren has disclosed that she receives grant/research sup-
port from Procter & Gamble Pharmaceuticals and Watson Labo-
ratories; and is a member of the scientific advisory board of
Watson Laboratories.

The authors disclose that the testosterone matrix patch has not
been approved by the U.S. Food and Drug Administration.

tosterone patches and gel products developed for
daily application have become well accepted thera-
pies for hypogonadal men in the past decade (5-7)
but are contraindicated for use in women because of
their high dosages. Nevertheless, the transdermal
route is well suited for administering testosterone to
women, particularly at the lower dosage rates re-
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quired to produce levels of testosterone and its me-
tabolites within the normal female ranges. These
rates are based upon the 300 pg per day of testos-
terone produced daily in healthy young women,
about one-twenticth of the daily testosterone produc-
tion rate in men (1). From a pharmaceutical perspec-
tive, the lower testosterone dosage requirement for
women enables the development of smaller, thinner
and better-tolerated transdermal matrix patches, that
can be worn for multiple days (8, 9). To this end, a
number of recently reported phase I and phase II
studies have evaluated the pharmacokinetics, effi-
cacy and safety of an alcohol-free transdermal tes-
tosterone matrix patch applied twice weekly to the
abdomen (10-13). The testosterone matrix patch for
women is currently being investigated in multi-center
phase HI trials for the treatment of sexual dysfunc-
tion in oophorectomized and naturally postmeno-
pausal women, and in smaller trials for the treatment
of HIV-infected women with the AIDS wasting syn-
drome (14-16). Early efforts to develop a transdermal
testosterone gel for women have also been reported
7).

This article will review the current status and
development of transdermal testosterone delivery
systems for women. We first discuss the biophar-
maceutical rationale for transdermal testosterone
delivery to women. The pharmacokinetic profiles
of testosterone and its metabolites from studies of
the testosterone matrix patch and transdermal tes-
tosterone gel in surgically menopausal women are
then shown and interpreted. The potential impact
of concomitant estrogen therapies, which can mod-
ify the levels of sex hormone-binding globulin
(SHBG) and thereby alter the binding and meta-
bolic clearance of testosterone, on the pharmaco-
kinetics of testosterone are illustrated with data
from women concomitantly treated with the tes-
tosterone matrix patch and either transdermal es-
tradiol or conjugated equine estrogens. Lastly, we
review the efficacy and safety data from published
phase II studies of the testosterone matrix patch in
surgically menopausal women and in HIV-infected
women.

For information on the endocrine control of tes-
tosterone production in women, the pathophysio-
logic states in which it is reduced, and a consensus
report on the definition, classification and assess-
ment of female androgen insufficiency, the inter-
ested reader is referred to 2 recent review articles
1, 2).
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BIOPHARMACEUTICAL RATIONALE FOR
TRANSDERMAL TESTOSTERONE
DELIVERY TO WOMEN

As in the case of men, the transdermal administra-
tion of testosterone to women has a compelling bio-
pharmaceutical rationale, which is explained using
the schematic diagram of transdermal permeation,
metabolism and absorption (Fig. 1) (18). First, the
short serum hali-iife of testosterone, e.g., ~70 min-
utes in men (and possibly longer in women) neces-
sitates a sustained input of hormone to maintain
serum testosterone levels in the desired physiological
or therapeutic range. This can be provided by a
transdermal patch that delivers testosterone continu-
ously to the skin by passive diffusion or by using a
topical gel, which produces a drug depot within the
outer layers of the skin. Second, as a lipophilic ste-
roid hormone, testosterone can readily permeate the
stratum corneum barrier of the skin, transit the epi-
dermis, and reach the dermal capillaries where it is
absorbed. Third, as the Sx-reductase and aromatase
activities present in the epidermal layer of nongenital
skin (such as the abdomen) are relatively small, the
degree of first-pass dermal metabolism of testoster-
one to dihydrotestosterone (DHT) and estradiol (E,)
is likewise expected to be small when using a non-
genital transdermal patch (19, 20). The levels of
DHT and E, attained with the patch should, there-
fore, largely reflect the systemic conversion of tes-
tosterone to DHT and E, by the liver, skin and other
target organs, e.g., adipose tissue and brain (21, 22).
It is noteworthy that a testosterone patch developed
for trans-scrotal application in men produces supra-
physiological ratios of DHT/T related to the rela-
tively high levels of 5-o reductase activity in scrotal
skin, whereas the E,/T ratios are normal, indicating
lower levels of aromatase (23). A quantitative anal-
ysis of the dermal first-pass effect in scrotal skin
suggested that 16-20% of the testosterone was me-
tabolized to DHT before absorption (24).

An important difference in the transdermal deliv-
ery of testosterone to women as compared to men is
the markedly smaller delivery rate required, i.e., 150-
300 ug/day for women versus 2.5-10 mg/day for
men, a difference of about 20-fold (1). As a conse-
quence of the smaller dosing requirement, transder-
mal testosterone delivery to women can be accom-
plished by using an alcohol-free matrix patch that is
worn for multiple days, similar to the second gener-
ation of transdermal estradiol patches (8,9, 25). In
contrast to the testosterone reservoir patches or scro-
tal patch that are applied daily by men, the matrix
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Stratum Corneum -[ b

Epidermis ~——

Dermis ——i

Hypodermis ——

Figure 1.
Reprinted with permission from Mazer (18).

patches for women are smaller, more cosmetically
acceptable and generally much better tolerated
locally.

A final consideration in the biopharmaceutical ra-
tionale for transdermal testosterone delivery in
women is the absence or reduction of hepatic first-
pass effects that occur with the oral administration of
androgens. These effects include marked reductions
in the concentrations of SHBG and thyroxine-bind-
ing globulin (26, 27), which may impact hormone
bioavailability, and HDL cholesterol (28), which
may adversely affect cardiovascular risk.

PHARMACOKINETICS AND METABOLISM
OF TESTOSTERONE TRANSDERMAL
DELIVERY SYSTEMS IN WOMEN

Experimental Testosterone Transdermal Matrix
Patch in Surgically Menopausal Women

Experimental testosterone transdermal patches are
currently being developed to provide physiological
testosterone treatment for women (29). The testoster-
one patches for women are alcohol-free matrix
patches that are applied to the abdomen twice a

491

Dosage Form

Schematic diagram of transdermal drug transport, including the possibility of transdermal “first-pass” metabolism.

week. They have been designed to deliver testoster-
one at rates of 150 and 300 ug/day, corresponding
approximately to 50% and 100% of the daily testos-
terone production rate in premenopausal women.
The pharmacokinetics of total and free testosterone
concentrations before, during and after a 4-day ap-
plication of the 150 ug/day patch were evaluated in
11 oophorectomized women who had been with-
drawn from prior estrogen therapy (Fig. 2 A, B)
{1, 10, 29). Before patch application, the baseline
testosterone levels were subnormal and exhibited a
modest circadian pattern, consistent with the adrenal
rhythm of testosterone production (1). After patch
application, the levels rose to the mid- and upper-
normal ranges and remained relatively constant for
96 hours. Upon patch removal, the levels returned to
the baseline pattern within 12-24 hours. The mean
time-averaged increments in the total and free testos-
terone concentrations (above baseline) were 27.6 *
13.1 (SD) ng/dl and 2.7 £ 0.9 pg/ml, respectively.
Assuming a consensus literature value for the meta-
bolic clearance rate of testosterone in women, i.c.,
600 liters/day (30-33), the increment in total testos-
terone corresponds to a mean systemic delivery rate
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Figure 2 A and B. Mean (= SD) of A, total testosterone, and B, free testosterone concentration profiles measured in 11
oophorectomized women before, during and after a 96-hour application of an experimental testosterone transdermal matrix patch
designed to deliver testosterone at a rate of 150 ug/day. All subjects had been withdrawn from estrogen therapy for 4 weeks. Dashed
lines denote nommal ranges in premenopausal women. Adapted with permission from references 1 and 29.

of 166 ug/day. DHT concentrations showed a profile
similar to that of testosterone, attaining stable con-
centrations in the mid-normal range, whereas estra-
diol concentrations showed no detectable change
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during the patch application and remained subnormal
(Fig. 3A and B). Analysis of the baseline-subtracted
hormone concentrations yielded a mean DHT/T ratio
of 0.152 £ 0.042 and a mean E,/T ratio of 0.004 *
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Figure 3 A and B. Mean (+ SD) of A, dihydrotestosterone, and B, estradiol concentration profiles measured in 11 oophorectomized
women before, during and after a 96-hour application of an experimental testosterone transdermal matrix patch designed to deliver
testosterone at a rate of 150 wg/day. All subjects had been withdrawn from estrogen therapy for 4 weeks. Dashed lines denote normal

ranges in premenopausal women. Data from AJ Bowen et al (10).
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Figure 4 A, B and C. Mean values ffilled circles) of A, total testosterone, B, free tesiosterone, and C, dihydrotestosterone
concentration profiles measured in 5 cophorectomized women after 14 consecutive moming applications of a topical gel containing 1
mg of micronized testosterone. White circles denote baseline (BL) values. All subjects were using some form of estrogen therapy. Data

from Slater et al (17). Dashed lines denote nommal ranges in premenopausal women from Shifren et al (13).

0.006. The DHT/T ratio is significantly greater than
the reported systemic conversion ratio of T to DHT
in women, i.e., 0.029 (21), suggesting that a small
degree of dermal first-pass conversion of T to DHT
may be occurring. Based on the model used to inter-
pret the DHT/T ratio of the trans-scrotal patches (24),
the present data are consistent with a dermal conver-
sion of T to DHT of approximately 6%. On the other
hand, the observed E,/T ratio (and its variance) is not
statistically different from the very small conversion
ratio of T to E, reported in women, i.e., 0.0005 (22),
suggesting that there is no detectable dermal conver-
sion of T to E, It also confirms that the systemic
conversion of T to E, has a negligible effect on
circulating E, concentrations in women (22). In con-
nection with our later discussion on the effects of
estrogen therapy on testosterone levels, it should be
noted that the patients in this study had not received
oral or transdermal ET for at least 6 weeks, and that
their SHBG levels averaged 52.7 *+ 29.7 nmol/liter,
well within the normal range for premenopausal
women (13).

Experimental Testosterone Transdermal Matrix
Patch in Healthy and HIV-Infected Women

Additional pharmacokinetic studies have evaluated
the testosterone matrix patch in healthy premeno-

NN B SV VAN TR S TN
TR yraynits Tt 3}?‘-,[“.1,«' 4 o ERTCY 14
EULMIDINONDNTL VY RIS A VVE

pausal women and in HIV-infected women, with
both groups applying two patches simultaneously
for a total daily dose of 300 ug/day (11). In the
healthy women, the mean time-averaged incre-
ments in total and free testosterone were 34.6 ng/dl
and 5.2 pg/ml, respectively, approximately consis-
tent with a doubling of the free testosterone incre-
ment obtained in the surgically menopausal
women when given at half the dose (150 pg/day).
For the HIV-infected women, the corresponding
values were 15.7 ng/d! and 3.0 pg/ml, respectively,
suggesting either decreased absorption from the
patches or increased metabolic clearance of testos-
terone. Javanbakht et al.(11) suggest that the latter
is more likely responsible for their findings, based
on the particular HIV medications used by their
patients, which are known to induce hepatic P-450
enzymes that are responsible for testosterone me-
tabolism. However, in an earlier phase II study of
HIV-infected women with AIDS wasting syn-
drome, Miller et al.(12) found that the same tes-
tosterone matrix patches produced substantially
higher increments of total and free testosterone
than seen in surgically menopausal women. The
different HIV medications used by Miller’s pa-
tients and greater degree of wasting may account
for the disparate findings between the two studies
of HIV-infected women.
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Individual changes from baseline concentrations of A, total testosterone, and B, free testosterone plotted

vs. the baseline SHBG levels in surgically menopausal women treated with the testosterone matrix transdermal patch (300 wg/day
delivery rate). White circles denote women concomitantly treated with transdermal estradiol (n = 24). Black circles denote women
concomitantly trealed with conjugated equine estrogens (n = 89). The changes in free or total testosterone concentrations
correspond to the time-average increments measured in steady-state pharmacokinetic studies or the average change from
baseline in moming samples obtained during three months of chronic treatment. Equations in the lower left of each figure
correspond to a “Power Law” regression analysis of the data from ali subjects (n = 113), represented by the straight lines. Adapted

from Rosario-Janssen and Mazer (37).

Topical Testosterone Containing Gel in Surgi-
cally Menopausal Women

Topical gels containing micronized testosterone
are compounded and sold in specialized com-
pounding pharmacies in the U.S. One of the few
studies to evaluate the pharmacokinetics and me-
tabolism of such a product was recently reported
by Slater et al. (17). The mean concentration pro-
files of total testosterone, free testosterone and
DHT, corresponding to 14 days of daily morning
application to the inner thigh of a topical gel
containing 1 mg of micronized testosterone, was
measured in 5 oophorectomized women taking es-
trogen therapy (Fig. 4 A,B,C). The profiles exhibit
an initial peak over the first 4 hours followed by a
slow decline over the remaining 24-hour dosing
interval. The time-averaged increments of total
testosterone (74.5 ng/dl), free testosterone (15.6
pg/ml) and DHT (16.0 ng/dl) resulted in concen-
trations that substantially exceeded the upper lim-

H Ny P Y PE I P ¥ .5
Poarmyner vt W8 0E v 2 YASH
LALIHIMNON VY HHZITIE & ¥VE

its of the normal range for premenopausal women
(as given in reference 13). Assuming a metabolic
clearance rate of 600 liters/day, the increment in
total testosterone corresponds to a daily input of
approximately 450 ug, nearly 50% of the applied
dose. The DHT/T ratio (calculated from the mean
time-averaged increments of each hormone) was
0.215, about 40% greater than the value for the
testosterone matrix patch. The larger ratio may
indicate a somewhat greater degree of dermal first-
pass metabolism with the topical application,
which could be related to the longer residence time
of testosterone in the skin. Estrogen concentrations
were reported not to increase during the testoster-
one gel application, similar to the findings with the
testosterone matrix patch. Although the authors of
this study felt that the hormone and metabolite
profiles achieved with the testosterone gel had a
desirable shape, they concluded that the 1-mg dose
administered might be excessive.




Copviain 4

Transdermal Testosterone for Women ® CME Review Article

INFLUENCE OF CONCOMITANT
ESTROGEN THERAPY ON THE
TESTOSTERONE CONCENTRATIONS
ATTAINED WITH THE TRANSDERMAL
MATRIX PATCH

Treatment with oral estrogens increases the serum
concentrations of SHBG and other hormone-binding
proteins made in the liver in a dose-dependent man-
ner (34). In contrast, transdermal estradiol does not
exert this hepatic “first-pass” effect. In accordance
with the law of mass action, elevations in SHBG
concentration increase the amount of testosterone
that is bound to SHBG. In tumn, this lowers both the
metabolic clearance rate of testosterone as well as the
free testosterone fraction (35). At a constant level of
testosterone production or a constant transdermal de-
livery rate, the Jower metabolic clearance rate leads
to an increase in the total testosterone concentration.
Because the free testosterone concentration is the
product of the total testosterone concentration and
the free fraction, the effect of elevated SHBG levels
on free testosterone concentrations depends on
whether the free fraction decreases more or less
strongly than the metabolic clearance rate as the
SHBG concentration increases (36). Experimental
data presented below indicate that the free fraction
decreases more strongly than the metabolic clearance
rate, and therefore the free testosterone concentration
decreases as the SHBG concentration increases.

Because oral and transdermal estrogen have differ-
ent effects on SHBG levels, the concentrations of
total and free testosterone attained with the matrix
patch are expected to differ, depending on the type of
concomitant estrogen therapy. These relationships
are illustrated by plotting the individual increments
in total and free testosterone concentrations resulting
from concomitant treatment with the testosterone
matrix patch (300 wg/day dose) and different regi-
mens of ET versus the individual SHBG concentra-
tions (Fig. 5 A and B). The data were obtained from
a combined population of surgically menopausal
women who had been on stable regimens of either
transdermal estradiol (0.05 or 0.1 mg/day; n = 24) or
oral conjugated equine estrogens (CEE) (0.625 mg/
day or greater; n = 89) (37). Although the subjects
on CEE generally had higher SHBG levels (median
206 nmol/liter) compared to those on transdermat
estradiol (73.2 nmol/liter), there was considerable
overlap between these sub-populations. Regardless
of the type of ET, the individual data taken as a
whole were well described by “power law” regres-
sion lines, the equations and r values of which are
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shown in the plots®. For the total testosterone incre-
ments, the power law had a positive exponent of
0.2903, whereas for free testosterone increments, the
power law had a negative exponent of —0.4148 (P <
1074 for total testosterone and P < 107° for free

testosterone).
Althonoh other factors besides SHBG level
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clearly contribute to the variability of the total and
free testosterone increments in the population an-
alyzed, the influence of ET is clearly relevant to
the individual patient, whose SHBG level could
vary markedly by the type of ET. As an illustra-
tion, using the median SHBG values given above
for transdermal and oral ET, the calculated incre-
ments in total testosterone for a 300 pg/day tes-
tosterone matrix patch would be 51.4 ng/dl with
transdermal E, versus 69.4 ng/dl for oral CEE.
Similarly, the calculated increments in free testos-
terone would be 4.6 pg/ml for transdermal E, ver-
sus 3.0 pg/ml for oral CEE. These calculations
indicate that for the individual patient who re-
quires both testosterone and ET, the use of trans-
dermal E, would result in a substantially greater
increase in free testosterone levels than if oral
estrogen therapy were given concomitantly with a
testosterone matrix patch.

EFFICACY AND SAFETY OF
TRANSDERMAL TESTOSTERONE
ADMINISTRATION IN WOMEN

Treatment of Sexual Dysfunction in Oophorecto-
mized Women

Shifren et al. (13) reported on a phase II study of
the experimental testosterone matrix patches in a
population of 75 women with impaired sexual func-
tion after oophorectomy. The women (ages 31 to 56
years) received oral CEEs (0.625 mg/day or greater)
and in random order, 0 (placebo), 150 ug/day and
300 ug/day testosterone, each for 12-week periods in
a double-blind crossover design.

Free testosterone concentrations, which were sub-
normal at baseline and during placebo, increased to
the mid-normal range with 150 ug/day treatment and
to the upper normal range with 300 pg/day treatment
(Fig. 6A). Total testosterone concentrations in-
creased with dose into the supra-physiological range
(Fig. 6B), a consequence of the supra-physiological

*Power law regression is used to describe relationships be-
tween variables that appear linear when plotted on log-log graphs.
The exponents in the power law equations are identical to the
slopes of the regression lines shown in such plots.
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Figure 6. Mean (+ SEM) hormane levels measured at baseline and during treatment with experimental transdermal testosterone patches
at doses of 0 (placebo), 150 and 300 ug/day from study of 75 oophorectomized with impaired sexual function. (A) Free testosterone levels.
(B) Total testosterone levels. (C) Sex hormone-binding (SHBG) levels. All patients received oral CEEs at doses of 0.625 mg/day or greater.
Dashed lines represent normal reference ranges in healthy premenopausal women. *, P < 0.01; ™, P < 0,001 vs. placebo. Data from Shifren et al
(13). Panel A is reprinted with permission from Mazer (1).
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Figure 7. Mean (+ SEM) hormone leveis measured at baseline and during treatment with experimental transdermal testosterone patches
at doses of 0 {placebo), 150 and 300 ug/day from study of 75 cophorectomized with impaired sexual function. (A) Dihydrotestosterone levels.
(B) Estradiol levels.(C) Estrone levels. All patients received oral CEEs at doses of 0.625 mg/day or greater. Dashed fines represent normal reference
ranges in healthy premenopausal women. **, P < 0.001 vs. placebo. Data from Shifren et al (13). (C) Reprinted with perrnission from Mazer ).
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levels of SHBG from oral ET (Fig. 6C). The concen-
trations of DHT also increased into the supra-physi-
ological range (Fig. 7A) as a consequence of the
elevated SHBG levels. Had they been measured, free
DHT concentrations would likely have remained
within the normal range. Estradiol and estrone con-
centrations did not change with testosterone treat-
ment and remained within the normal range (Fig. 7 B
and C), which is consistent with the minimal degree
of aromatization from testosterone.

Sexual function was assessed with the Brief Index
of Sexual Functioning in Women (BISF-W), a 22-
item questionnaire that provides scores pertaining to
various aspects of female sexuality as well as an
overall composite score (38). The mean BISF-W
composite score, expressed as a percentage of the
mean values for normal women (38), increased from
52% at baseline to 72% during placebo treatment,
74% during 150 ug/day treatment, and 81% during
300 ug/day treatment (P = .05 for comparison to
placebo) (Fig. 8). Likewise, the scores for frequency
of sexual activity and pleasure/orgasm increased in a
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dose-dependent manner and were significantly
greater than placebo at the 300 wg/day dose (P =
.03). At the higher dose, the percentages of women
who had sexual fantasies, masturbated, or engaged in
sexual intercourse at least once a week increased 2-3
times from baseline. Scores on the Psychological
General Well-being Index also increased signifi-
cantly at the higher dose.

Safety assessments showed that the experimental
testosterone matrix patches were well tolerated on
the skin and were not associated with clinically im-
portant changes in acne or hirsutism. Lipids, hepatic
enzymes and carbohydrate parameters were unaf-
fected by transdermal testosterone, consistent with
the absence of a hepatic first-pass effect.

Treatment of AIDS Wasting Syndrome

Miller et al.(12) conducted a 12-week phase II,
placebo-controlled, dose-ranging pilot study eval-
uating the experimental testosterone matrix patch
in HIV-infected women with the AIDS wasting
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Figure 8. Mean (z SEM) composite and dimension scores on the Brief Index of Sexual Functioning for Women measured at baseline
and during treatment with experimental transdemmal testosterone patches at doses of 0 (placebo), 150 and 300 ug/day from study of
75 oophorectomized with impaired sexual function. All patients received oral CEEs at doses of 0.625 mg/day or greater. Data are
expressed as percentages of the mean values of normal women. *, P < 0.05 vs. placebo. Reprinted with permission from Mazer (1).
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Figure 9. Free testosterone concentrations (A) and change in weight (B) during 12 weeks of experimental testosterone matrix patch
treatment in HIV-infected women, by treatment group. X, placebo regimen; A, 150 ug/day active regimen; O, 300 ug/day active
treatment regimen. *, P < 0.05, *™** P < 0.001 vs. placebo. Adapted with permission from K. Miller, C. Corcoran, C. Armstrong, et al,
Transdermat testosterone administration in women with acquired immunodeficiency syndrome wasting: A pilot study, J Clin Endocrinol
Metab 1998:83(8),2717-2725. ©The Endocrine Society (12).
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syndrome and low testosterone levels. Three par-
allel groups of patients applied patches twice
weekly on the abdomen delivering either 0 (place-
bo), 150 or 300 ug/day testosterone, respectively.
Free testosterone concentrations in the placebo
group remained constant at approximately 2-3 pg/
ml, whereas levels in the 150 and 300 pg/day
groups increased in a dose-proportional manner to
average values of 5.9 and 12.4 pg/ml, respectively,
exceeding the upper limit of the normal reference
range for the 300 wg/day group (Fig. 9A). The
increases in free testosterone observed in the 150
and 300 pg/day groups were approximately two-
fold greater than projected from the pharmacoki-
netic study in cophorectomized women (Fig. 2B)
and may have resulted from increased absorption,
altered metabolism or decreased testosterone clear-
ance in the HIV-infected women. The effect of the
testosterone patch treatment on body weight is
shown in Fig. 9B. For the lower dose group, an
average increase of 1.9 kg was observed after 12
weeks, whereas for the placebo and higher dose
groups the increases were 0.6 and 0.9 kg, respec-
tively (P < .05 for 150 pg/day vs. placebo). Qual-
ity of life indices (RAND 36 Health Survey) also
improved to the greatest degree in the 150 pg/day
group. The patches were well-tolerated locally and
systemically, with no adverse effects on hepatic or
lipid parameters in these HIV-infected patients.
The finding that the lower dose group achieved
better clinical responses than the higher dose
group may have been related to the more physio-
logical values of free testosterone achieved with
that dosing regimen.

CONCLUSIONS

As in men, transdermal testosterone delivery has
a compelling biopharmaceutical rationale for the
treatment of women requiring androgen therapy.
Moreover, the much lower dosing requirement in
women can be achieved with a multi-day matrix
patch that is lighter, thinner and better tolerated
than the 24-hour testosterone reservoir patches
used by men. At present, the testosterone matrix
patch is furthest advanced in clinical development
and appears to provide more physiological concen-
trations and profiles of testosterone and its DHT
metabolite than currently studied compounded top-
ical gels containing micronized testosterone. In
contrast to transdermal testosterone delivery in
men, which substantially raises the concentration
of circulating estradiol (39, 40), a negligible effect
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on circulating estradiol concentrations is observed
during transdermal testosterone delivery in
women. On the other hand, by markedly raising
SHBG levels, the concomitant use of oral estrogen
therapy increases the total and decreases the free
concentrations of testosterone achieved with the
testosterone matrix patch. Transdermal estrogen
therapy does not alter SHBG concentrations and
does not seem to influence testosterone levels in
this way.

Phase II placebo-controlled studies reported with
the experimental testosterone matrix patch indicate
beneficial effects on sexual function and mood in
oophorectomized women, and improvements in
body weight and quality of life in HIV-infected
women with low androgen levels. Although these
studies have been relatively short term (3-9
months), the safety data reported to date have
shown excellent local tolerability of the patches,
no virilizing effects, and no adverse biochemical
effects on lipids, hepatic enzymes and carbohy-
drate parameters.

Although larger phase III trials are needed to con-
firm the efficacy and safety findings reported thus
far, transdermal testosterone therapy seems to be a
promising new approach for providing physiologi-
cally based treatment of women requiring androgen
therapy.
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Abstract

Recent advances have added substantially to our understanding of the biology of estrogens. Estrogens are no
longer considered to differ only in potency. Two estrogens can have similar effects in one tissue and very different
effects in another. Additionally, an estrogen can have different effects in different tissues. It is now recognized that
there are at least two estrogen receptors, ER-a and ER-B, and that it is quite likely that estrogens also work through
non-genomic mechanisms. The development of new methods of chromatographic separation has aided substantially
in our ability to characterize the composition of Premarin, including the identification of estradiene, the fourth-most
abundant estrogen in Premarin. Recent studies have contributed to our understanding of the unique profile of A%®
dehydroestrone sulfate, another of the Premarin estrogens. 1t was found that A%® dehydroestrone sulfate is an active
estrogen with a distinct pharmacological profile that results in significant clinical activity in vasomotor, neuroen-
docrine and bone preservation parameters. However, it displayed little or no efficacy, at the dose studied, on other
peripheral parameters normally affected by classical estrogens. Increasing knowledge of the unique profiles of the
Premarin components, as well as their complex interaction, will help to increase our understanding of the clinical
profile of Premarin. © 2000 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Estrogen replacement thearpy; Reproductive hormones; Dementia

1. Introduction

Technological advances have dramatically in-
creased our knowledge of estrogen replacement
therapy. Although estrogens have been on the
market in the United States for over 58 years,
researchers continue to discover more and more
about their effects on various tissues. Unlike most

* Corresponding author. Tel.: + 1-610-9024050; fax: +1-
610-9645683.
E-mail address: deym@labs.wyeth.com (M. Dey)

areas of pharmaceutical research, in which new
discoveries come out of the laboratory, most of
the discoveries involving estrogens have been
gained from clinical practice, sending pharmaceu-
tical companies back to the laboratory in an
effort to understand the mechanisms by which
these estrogens produce their effects. In the past,
estrogens were considered strictly reproductive
hormones. It is now apparent that estrogens not
only affect the reproductive tissues but also affect
the bone [1], the vascular system [2], and the
brain, both in relation to vasomotor symptoms [3]

0378-5122/00/$ - see front matter © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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Fig. 1. Chromatogram that identifies the complex mixture of estrogenic (E), progestogenic (P), and androgenic {A) components of

Premarin.

and, reportedly, to the prevention of dementia
{4,5]. Estrogens have also been reported to reduce
the risk of macular degeneration [6], and an
American Cancer Society study indicated that
estrogens were important in the prevention of
colon cancer [7]. As the concept of estrogens has
changed, one of the fundamental questions that
has arisen is how an estrogen working through a
single estrogen receptor can have such a wide
variety of different effects. This article explains
how advances in analytical technology and molec-
ular endocrinology have widened our understand-
ing of the mechanisms of estrogen and, as a result,
of estrogen replacement therapy.

2, Components in conjugated estrogens (Premarin)

Premarin® (conjugated estrogens tablets, USP)
is a natural product derived exclusively from the
urine of pregnant mares. When Premarin was first
approved in the United States in 1942, it was
believed to contain principally two estrogens, es-
trone and equilin, along with others not identified
at that time [8]. The reason for this was that the
analytical method used, the Marrian—Kober reac-
tion [9], involved a colorimetric procedure that

! Wyeth-Ayerst Laboratories, St Davids, PA.

gave investigators two sets of peaks, one corre-
sponding to estrone, one to equilin. Unbeknownst
to investigators, all of the other components in
Premarin were buried under these two peaks. It
was not until the development of the packed
column gas chromatographic method in 1972 that
Premarin was shown to be made up of a number
of other components [10]. Since then, Premarin
has been thought to be comprised of at least 10
estrogens, estrone comprising about 50%, equilin
comprising about 22%, and the others — eg
delta®?-dehydroestrone, a newly researched estro-
gen which is discussed in more detail below —
comprising the remaining 27% [11]. Thus, thanks
to further advances in technology, we now know
that Premarin is far more complex than originally
believed. High-pressure liquid chromatography/
mass spectrometry has revealed not only estrogens
but also androgens and progestins in Premarin
[12] (Fig. 1).

Determining the composition of Premarin is
important because all estrogens are not the same:
an estrogen can have different effects in different
tissues, and two estrogens can have similar effects
in one tissue but very different effects in another
[13]. These data are now well established. In 1975,
Beck and Friedrich compared equilin to Premarin
[14]. Using relief of vasomotor symptoms and
changes in the vaginal epithelium as clinical end
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points, they concluded that equilin was two and a
half times more potent than Premarin. In 1988,
however, Lobo ¢t al. concluded that equilin was
only half as potent as Premarin when urinary
calcium excretion was used as the clinical end
point [15). Thus, dramatically different conclu-
sions about the relative activity and relative po-
tency of various estrogens are possible depending
upon the end point or the tissue being considered.

3. Action of estrogens

Today, the fact that estrogens can have a wide
range of effects is commonly known. An estrogen
can be a full agonist such as 17 B-estradiol, or
they can be a full antagonist such as the ICI
compounds [13]; in between are the mixed func-
tion compounds, such as tamoxifen and ralox-
ifene, which are partial agonists, partial
antagonists, depending upon the tissue being ana-
lyzed (Fig. 2) [16]. 17 B-estradiol, for example,
stimulates in each of three tissues, the uterus, the
bone, and the breast, whereas the ICI compound
has no effect in any of the tissues [11,13). In the
case of tamoxifen and raloxifene, both stimulate
in the uterus (although the potency changes such

224 r i

<+—— Mixed Function (Tissue Selective) —————»

that tamoxifen stimulates the uterus more than
raloxifene); both stimulate in bone (although
while in the bone, raloxifene is a better stimulator
or protector of bone loss than tamoxifen); and
both tamoxifen and raloxifene appear to be an-
tagonists or growth inhibitors in the breast [13], It
is likely that many of the Premarin components
fall into this mixed function group [17].

With these advances in our knowledge, three
central tenets of estrogen action have become
outdated: first, that the biological activity of an
estrogen receptor ligand is directly proportional
to its binding affinity to the receptor; second, that
all estrogens are functionally the same and when
corrected for this affinity are indistinguishable;
and third, that the estrogen receptor works in a
vacuum. This article will discuss these in more
detail.

It is no longer accepted that an estrogen’s re-
ceptor-binding activity predicts its biological ac-
tivity. When the 10 estrogens originally shown in
Premarin were ranked according to their binding
affinity to the human estrogen receptor, the estro-
gen with the highest binding affinity was 17 B-
estradiol, followed by 17 B-dihydroequilin, and so
on (Fig. 3) [18)]. Of interest in this case is the fact
that delta®®-dehydroestrone, which ranked ninth

e

‘ : _ "+ “-{Antagonist| |
Estradiol (E,) Tamoxifen (T) Raloxifene (R) ' IC}
4+——— Premarin Components ———>
Uterus Bone Breast
E, P E,
T /
R .
ICI

Fig. 2. The status of different setrogenic compounds as agonists or antagonists. Estrogens can be full agonists (estradiol), partial
agonist/antagonist (tamoxifen, raloxifene), or full antagonists (ICI). The estrogenic effects of these compounds on different tissues

are illustrated in the three graphs.
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Fig. 3. Relative binding affinity and potency of receptor activation of different Premarin components.

out of 10 in terms of binding affinity, ranked
second only — after 17 B-estradiol — in its
ability to produce a biological effect, i.e. to acti-
vate a gene (in this case the C3 promoter).
Clearly, its binding affinity did not reflect its
ability to turn on the C3 promoter. In the case of
the consensus estrogen response element (ERE),
delta®?-dehydroestrone’s activity ranked third, be-
hind 17 B-estradiol and estrone [18]. Again this
was not reflected by its binding affinity; nor, in
fact, was that of many other estrogens. Thus,
depending upon the gene, we see in fact the
binding affinity does not necessarily predict bio-
logical activity.

4. Clinical trials

It is one thing to look at receptor-binding activ-
ity and compare an estrogen’s ability to activate
genes, another to ask the fundamental question of
whether this model is predictive of what happens
clinically. Two similar trials examined the clinical
effects of delta®’-dehydroestrone [19,20]. For the
sake of space, only one trial’s results will be
discussed here [19]. In that trial, 30 post-
menopausal women were divided randomly into
three treatment groups, 10 women per group. One
group received estrone sulfate at 1.25 mg/d, the
second group received delta®°-dehydroestrone sul-
fate at 0.125 mg/d (one tenth the dose of estrone

sulfate), and the third group received the two
drugs combined at the same respective doses.
Estrone was put into the study as a positive
control. Estrone sulfate is a component of Pre-
marin and a dose of 1.25 mg/d is known to be
effective in preventing bone loss. The dose of
estrone sulfate was used to set the dose for
delta®®-dehydroestrone sulfate to keep both drugs
in the same relative proportion that they are
present in a Premarin tablet.

A number of different clinical end points were
examined. The first end point was urinary excre-
tion of N-telopeptide, an important marker for
bone resorption. Levels of urinary N-telopeptide
increase in women after menopause, reflecting an
increase in bone resorption. Replacing a woman’s
estrogens leads to a decrease in the excretion of
N-telopeptide, an effect seen in this trial, in which
there was a significant, 40% reduction in urinary
N-telopeptide with 1.25 mg of estrone [19]. This is
consistent with estrone sulfate’s effectiveness in
the prevention of bone loss at a dose of 1.25 mg.
Delta®®-dehydroestrone sulfate at one tenth that
dose (0.125 mg/d) produced an identical and sig-
nificant 40% reduction in urinary N-telopeptide,
and delta®’-dehydroestrone sulfate and estrone
sulfate combined also produced a 40% reduction.
Thus there was no additive effect of the two
together. Clearly, in terms of its ability to prevent
bone resorption, delta®’-dehydroestrone sulfate
appears to be a very potent estrogen.
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Fig. 4. Effect of estrone sulfate and delta®®-dehydroestrone sulfate on the number of hot flushes per day in postmenopausal women.
Data represent the mean + SEM of five patients per group. P < 0.001 versus respective baseline value; ®P < 0.005 versus the estrone

sulfate-treated group. DHES, dehydroestrone sulfate.

The same trial evaluated the effects of delta®°-
dehydroestrone on symptoms, the second end
point, specifically the number and severity of hot
flushes. In those women receiving 1.25 mg of
estrone, a significant reduction occurred in the
number of hot flushes per day (Fig. 4) [19]. A
similar, significant reduction in the number of hot
flushes occurred with 0.125 mg of delta®*-dehy-
droestrone rate when the two estrogens were com-
bined, there was an almost complete resolution of
the hot flushes. Similar results were found for the
severity of symptoms.

The third end point was biochemical markers of
estrogen action. Serum levels of follicle stimulat-
ing hormone (FSH) declined 40-50% with 1.25
mg of estrone sulfate (Fig. 5) [19]. A similar effect
of 0.125 mg of delta®°-dehydroestrone was found,
although it appears to have been slower. When
both estrone and delta®°-dehydroestrone were
combined, there was a slight increase in suppres-
sion of FSH. Again, delta®®-dehydroestrone here
was present at one tenth the dose of estrone.
Investigators found similar results for luteinizing
hormone (LH): estrone produced approximately a
20% reduction in circulating levels of LH as did

FSH (% Change from Baseline)

B 14 28 42 56 70 84
Days After Treatment

Fig. 5. Effect of esterone sulfate and delta®°-dehydroestrone
sulfate on sernm follicle-stimulating hormone levels in post-
menopausal women. Data represent the mean + SEM of ten
patients per group. Open squares indicate FSH levels before
treatment initation. Solid symbols indicate FSH levels (percent
change from baseline) at different times during therapy. Aster-
icks denote statistically significant differences compared to
baseline (P <0.05). B, baseline; ES, estrone sulfate; DHES,
dehydroestrone sulfate.
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studied endothelial cells grown in culture and
exposed to various conditions. When endothelial
cells were then exposed to oxidized LDL alone,
80% died, or, in other words, 20% survived [24].
With the addition of the estrogens (at the same
concentration) to cells exposed to oxidized LDL,
each estrogen enhanced cell survival beyond that
of those exposed to oxidized LDL alone. Even
though 17 B-estradiol doubled the survival over
the cells exposed only to oxidized LDL, so that
the survival went from 20 to 40%, other estrogens
were significantly more effective; several of them
enhanced survival beyond the control, resulting in
better than 100% survival. It is important to note
that, although the estrogens were able to enhance
survival of the endothelial cells directly exposed to
oxidized LDL, there was necvertheless a wide
range in their abilities to do this. Delta®°-dehy-
droestrone was the most effective, several times
more effective than 17 B-estradiol or estrone.

6. Recent components identified in Premarin

One of the newest estrogens in Premarin being
characterized by investigators is estradiene, the
fourth most abundant estrogen in Premarin. It is
present in amounts about three times greater than
that of delta®®-dehydroestrone and has activity
similar to delta®’-dehydroestrone. In pre-clinical
study models that studied its effect on total
cholesterol, an increase in the dose was associated
with a corresponding decrease in total plasma
cholesterol [24]. In the case of the uterus, an
increase in dose was associated with an increase in
uterine weight in animals [24]. Thus estradiene’s
activity in these two tissues is very similar to that
of delta®’-dehydroestrone.

7. Tissue specificity of estrogens

The issue that arises from these recent data is
how these estrogens can differ from one another
with regard to the varying activity from tissuc to
tissue. The answer to this question may lic in our
knowledge of the estrogen receptor and what we
understand to be the mechanism by which the

estrogens activate the genes. In the early 1970s, a
common concept to explain this mechanism was
the lock and key hypothesis, which in large part
was developed using estrogens. It was thought
that the estrogens’ principal role was to bind to
the ligand binding domain of the estrogen recep-
tor and convert that inactive receptor through a
conformational change to an active dimer of the
receptor. This then enabled that active receptor
with its estrogen to bind with the target region of
the gene and alter the profile of the cell. An
estrogen agoinst was thought to change the shape
of the receptor while an antiestrogen was believed
to bind to that same site of the receptor and block
the estrogen from binding, thus blocking the con-
formational change of the inactive receptor to its
active form.

The problem with this model is that it does not,
or cannot, explain the relevant data. One clinical
piece that signaled a change in our thinking about
this model of how estrogens work was a study
conducted by Love et al. [25] published in the
New England Journal of Medicine in 1992. Love
et al. studied the effect of the antiestrogen, tamox-
ifen, versus placebo on the loss of spinal bone
mineral density in a group of women over 24
months. Tamoxifen is given to women to inhibit
the growth of estrogen receptor-dependent breast
tumors. Since estrogen was shown to be required
for maintenance of bone mineral density, it is
likely that Love and colleagues expected that an
antiestrogen like tamoxifen would oppose the es-
trogen’s action and that bone quality in those
patients would decline. Surprisingly, the resulting
data showed that women on tamoxifen, the anti-
estrogen, not only did not lose bone but actually
gained bone. The fact that in this study tamoxifen
actually functioned as an estrogen in bone re-
vealed that the simple model of estrogen action
cannot be correct. This was a crucial observation.
The tamoxifen paradox has taught researchers a
number of lessons: that this classical model for
estrogen receptor action is incorrect, that the clas-
sification of compounds as agonists and antago-
nists is tissue- and cell-dependent, that the
mechanism of action of estrogen action is not the
same in all cells, and that it is in fact possible to
develop tissue-selective estrogens.
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8. Mechanisms of estrogens actions

Three recent discoveries were major break-
throughs in understanding of the mechanism of
estrogen action and helped to illuminate further
how different estrogens, despite working through
the same receptor, can manifest different biologies
in different tissues. The first was the discovery by
Jan-Ake Gustafsson and his group at the Karolin-
ska Institute in 1995 of a second estrogen recep-
tor, ERB [26]. The first estrogen receptor, ERa,
was identified by Elwood Jensen and Jacn Gorsky
in the mid 1960’s. ERB was discovered by
Gustafsson, remarkably, in the male rat prostate
when he was looking for altered androgen recep-
tors. A number of tissues have now been viewed,
revealing that there is a differential localization in
many of these tissues for the different estrogen
receptors. For example, in the case of the
prostate, there is no ERa but there are high levels
of ERp. In contrast, the uterus contains mostly
ERa. The ovary contains both ERa and ERB,
although they are located in different cell types in
the ovary. In the pituitary, again both ERa and
ERJ arc expressed; however, ERB appears to be
expressed in different cell types than ERa, which
may help explain the difference seen with delta®®-
dehydroestrone in relation to its effects on FSH
and LH and its lack of effects on prolactin.

The second major discovery is related to the
structural differences in these two receptors. Two
different regions are particularly interesting: the
DNA binding region and the ligand-binding re-
gion. Both estrogen receptors have approximately
the same number of amino acids in those two
regions [24]. There are 80 and 83 amino acids in
the DNA binding domain and 243 and 250 amino
acids in the ligand binding domain of ERa and
ERB, respectively. However, a closer look at the
sequence of those amino acids reveals that they
approach 97% homology in the DNA binding
domain, which suggests that these different estro-
gen receptors bind to the same region of DNA. In
the ligand binding domain, however, they are only
about 60% homologous, suggesting that they bind
different estrogens to different degrees. This has
been borne out by estrogen receptor binding data.

A second discovery was made in Donald Mc-
Donnells’s lab at Duke University by a post-doc-
toral scientist, David Clemm [27]. As discussed
above, the old concept of the estrogen receptor
stipulated that the receptor was either in the
inactive conformation or the active conformation.
Clemm believed that this concept was inaccurate,
theorizing that the estrogen receptor could take
on a variety of conformations depending on the
estrogen it bound. An analogy was the workings
of a rheostat on a light switch: instead of either
being off or on, it can take on a variety of
different levels of lighting in a room or different
conformations. Clemm demonstrated that when
different estrogens bind to the receptor, they
cause the receptor protein to shift into a different
conformation. As the different estrogens drive the
receptor into different shapes, the different con-
formations that result may then be the basis for
differential levels of activity or tissue selectivity.
Furthermore, not all the cells recognize all these
shapes identically.

Third and perhaps most important was the
discovery, in 1996, of co-activators by Sergio
Onate in Bert O'Malley’s lab in Houston [28].
These co-activator or co-repressor proteins are
believed to be able to recognize the different
shapes of the estrogen receptor complex and facil-
itate the binding and activation of specific seg-
ments of DNA. As a result some cells have
co-activators that recognize the shape of the es-
trogen receptor, other cells have co-activators that
recognize any shape of the extrogen receptor com-
plex. In all probability specific co-activator
proteins are then expressed in the uterus, the
brain, or the bone, tissues that recognize different
shape of the estrogen receptor.

9. Summary

According to the model of the estrogen or
steroid hormone receptor as we understand it
today, an estrogen or ligand migrates through the
cell membrane and into the nucleus, where it
binds with the receptor, which changes conforma-
tion and forms a homo dimer. The resulting lig-
and-induced  conformation  then  enables
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co-activator or co-repessor complex formation
which in turn, enables tissue specific gene expres-
sion to occur. This model explains how estrogens
acting through the same receptor can induce dif-
ferent receptor conformations, resulting in differ-
ent biologies.
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Recently a tenth equine estrogen, identified as the sulfate ester of A®-estrone has been reported to
be present in Premarin (a conjugated equine estrogen preparation), and because of its unique ring
B unsaturated structure (conjugated double bond in the B ring), we have, in the present study,
determined its pharmacokinetics in postmenopausal women and men, its interaction with uterine
estrogen receptors and its uterotropic activity. After the administration of [*C]A"-estrone, blood
was drawn at various time intervals, and the plasma fractionated into the unconjugated sulfate and
glucuronide fractions. The disappearance of radioactivity as A®-estrone from plasma can be
described as a function of two exponentials. The half-lives of the first and second components were
5+0.2 and 40.4min, respectively. The mean metabolic clearance rate calculated (MCR), was
1711 + 252 /d m®. From the unconjugated fraction, A%-17p-estradiol was also isolated and identified.
From the sulfate conjugated fraction, A-estrone sulfate and A%-17f-estradiol sulfate were isolated in
almost equal amounts. No other metabolites of A*-estrone was detectable in the plasma. Both A%-es-
trone and A®-17f-estradiol bind with human endometrial and rat uterine estrogen receptors with
high affinity. The binding affinities of A®-17f-estradiol for human endometrial and rat uterine cyto-
plasmic receptors were 4 and 25 times higher than those of the parent estrogen A®-estrone, respect-
ively. Administration of AS-estrone and A%-17f-estradiol (2 ug/100 g body weight) to immature rats
significantly (P < 0.05) increased the uterine weight compared to the controls. These data demon-
strate that A-estrone has estrogenic activity, and that it is further metabalized in man to a single
more potent estrogen, A®-17f-estradiol. The extent of this activation by 17fi-reduction appears to be
greater than that observed with other estrogens. Both estrogens circulate as sulfate conjugates and
are very slowly eliminated from the circulation. These data further suggest that A®-estrone and its
major metabolite A%-17f-estradiol can contribute to the overall in vivo biological effects of Pre-
marin. ) 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION lin (Eq; 3-hydroxy-1,3,5(10)7-estratetraen-17-one),
equilenin (Eqn; 3-hydroxy-1,3,5(10)6,8-estrapentaen-
17-one), 17x-dihydroequilin (172-Eq; 1,3,5(10)7-
estratetraen-3,17x-diol); 17f-dihydroequilin (178-Eq;
1,3,5(10)7-estratetraen-3,17-diol), 17p-dihydroequi-

Conjugated equine estrogen preparations such as
Premarin® (Wyeth—Ayerst, Philadelphia, PA), are
widely prescribed for estrogen replacement therapy
for prevention of osteoporosis and cardiovascular dis- ’
ease in postmenopausal women. Premarin contains (1] ] enin (17p-Eqn; 1’3’_5(10)6’8_‘_5”?_1:’ entaen-3,174-
the sulfate esters of the ring B saturated estrogens es- diol) and 172-dihydr oequxl?nm (172-Eqn;
trone (E,;), 178-estradiol (178-E;), and 17x-estradiol 1,3,5,(1.0)6,8—estrapentaen—3,17oc—d101). Recent!y, a
(17%-E3), and the ring B unsaturated estrogens equi- novel ring B %nsaturated est;ogen con;ponent ident-
iffied as A -esrone (A°-E;, A°-estrone; 3-
i hydroxyl,3,5(10)8-estratetraen-17-one) has been

*Correspondence 1o B. R. Bhavnani. Tel. 416 8645089; Fax: 416 - .
8645046; e-mail: bhavnani@smh.toronto.on.ca. found in Premarin. The structures of these ten estro-
Received 16 Feb. 1998; accepted 12 May 1998. gens are shown in Fig. 1. Approx. 3.5% of the total
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Fig. 1. Stucture of estrogens present in pregnant mare’s urine. All of these estrogens in their sulfate ester
form are present in the drug Premarin.

estrogens present in a Premarin tablet is made up of
A®-estrone sulfate (AS-E,S), and it is the fifth most
abundant component. Bhavnani er al. [2], reported
that small doses (0.125 mg; amount present in one
2.5 mg Premarin tablet) of A%-E,S, administered to
post-menopausal women daily for 8 weeks, decreased
the levels of urinary N-telopeptides, a marker for
bone turnover, and also increased the lag time for the
oxidation of low density lipoprotein bound cholesterol
(LDL-C). These results suggested that even though
AB-E;S makes up only a small percentage of the total
estrogens present in Premarin, it has significant estro-
genic activity and it can contribute to the overall ben-
eficial effects on bone and cardiovascular systems
ascribed to Premarin.

There is no information available regarding the
metabolic fate of A®-E; and A%-E,S in any species,
and therefore we decided to investigate the pharma-
cokinetics of A®-E, and A®E,S by methods pre-
viously described for other ring B unsaturated
estrogens [3,4]. To carry out these studies, high
specific activity (radioactive) labeled A-E, and A®-
E;S are required. Though we were able to obtain
[**C] A®-E,; and ["*C] A®-E,S via custom synthesis,

the high specific activity [*C] A%E,S decomposes
fairly rapidly and was unsuitable for human exper-
imentation. Similarly, attempts to stabilize the [4C]
AB-E,S by adding large amounts of tris- (hydroxy-
methyl) aminomethane according to a U.S. patent[5],
also resulted in a product that was not suitable for
intravenous administration to humans. Therefore, in
the present study, the pharmacokinetics of only A%-E,
were determined by the administration of [14C] A%-E,
using the single injection technique [3,4,6]. The
metabolic clearance rate (MCR) of A%-E, was deter-
mined and its main metabolites in blood were ident-
ified. We have also determined the interaction of A%-
E; and its main metabolite A®-17f-estradiol with
human endometrial and rat uterine estrogen recep-
tors, and used a rat bioassay to assess their in wvivo
uterotropic activity.

MATERIALS AND METHODS

Subjects

Five healthy postmenopausal women aged 37-83 yr
were studied. Subjects were in good health and were
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taking no medication for at least 10 days before the
experiment. For comparison and for standardization
of the methods, the experiments were first carried out
in two men aged 59-68 yr. All subjects had given
informed consent before the procedure, and the pro-
ject was approved by the Human Subjects Ethics
Board of the Hospital and University.

Animals

The animals used were immature female Sprague—
Dawley rats (18-19 days old) obtained from Charles
River (Montreal). For estrogen receptor assays, the
rats were decapitated and their uteri were removed,
fat trimmed, flash frozen, and stored in liquid nitro-
gen. For some experiments frozen uteri processed as
above were obtained from PEL-Freeze (Ar., USA).

Tissues

Endometrial samples were obtained from patients
undergoing dilatation and curettage for diagnostic

purposes and were processed as described
previously (7].
Isotopes

[9,11-4C] A®-estrone ([*C] A®-E,; 65 mCi/mmol)
was obtained through custom synthesis (Amersham),
and was provided by Wyeth—Ayerst (Philadelphia). It
was purified by HPLC using system A. The major
peak at 25 min corresponded in mobility to authentic
unlabeled A®-E, (Wyeth—Ayerst, Philadelphia). This
material was repurified by using system B and its
radiochemical purity was found to be over 95%. The
purity was further confirmed by conversion to [C]
APE;-3-acetate. A single peak of radioactive material
corresponding to anthentic A%-E;-3-acetate, was
observed. Prior 1o each experiment, the radiochemical
purity of ['*C] A®E, was rechecked by HPLC.
[2,4,6,7->H]-173-estradiol  ([PH]-178-E,; 100 C¥/
mmol) was obtained from NEN (Dupont, Boston,
MA) and was over 95% pure when checked by
HPL.C using system B (retention time 18 min).

Measurement of radioactive materials

Radioactivity was measured in a liquid scintillation
spectrometer (Beckman model LS 5000 TA,
Toronto, Ontario). The radioactive materials in aqu-
eous samples were measured by counting 0.5 ml ali-
quots in 3.5-5ml of scintillation cocktail (Ready
Value, Beckman). All other samples were counted
using 5ml toluene phosphor containing 0.4%
Omnifluor (Scintillation dry mix, BDH, Toronto).
Each sample was counted for sufficient time to bring
the counting errors to less than 2%. All counts were
corrected to 100% efficiency by external standardiz-
ation.

Extraction of plasma

Plasma was extracted as described previously [3],
and the method summarized in Fig. 2. Briefly, to
monitor procedural losses, known amounts (0.2 umol;
50 ug) of carrier A®-E, and A®-178-E, were added to
each plasma sample. The plasma (10-12ml) was
then fractionated into unconjugated, sulfate and glu-
curonide fractions. The glucuronide fraction con-
tained insufficient amount of radioactivity and was
not processed further. Residues from extracts contain-
ing unconjugated and sulfate conjugated estrogens
were stored at —20°C until further processing.

Purification of steroids

Details of methods used to purify the various estro-
gens have been previously described [3, 4, 8]. Briefly,
steroids were purified by reverse phase high perform-
ance liquid chromatography (HPLC) using a
Beckman system Gold model 126 equipped with a
DU 167 UV detector and a ODS-C18 column
(4.6 x 250 mm or 10 x 250 mm). The solvent systems
used were (A) acetonitrile—water-acetic acid (37:63:1);
(B) acetonitrile—-water—acetic acid (35:65:1); (C) aceto-
nitrile~water—acetic acid (50:50:1). During the devel-
opment of the purification procedure, ether extracts
contajning estrogens originally present in the sulfate
conjugated form or the unconjugated form were sub-
jected to HPL.C using system A (flow rate 4.5ml/
min). Fractions containing A%-E, (retention time 25—
26 min) and A%-178-E, (retention 15.5 min) were
pooled separately, and each estrogen was re-purified
by a second HPLC using system B. In each instance,
a single UV (280 nm)-absorbing material correspond-
ing in mobility to A%:-E,; or A®:-178-E, was observed.
Fractions containing each estrogen were pooled and
evaporated to dryness. The residues were dissolved in
methanol, aliquots were taken for determination of
the amount of radioactivity and the mass of carrier
steroid remaining after the above purification. These
developmental experiments also indicated that a
single HPLC purification step (system A) was suffi-
cient to obtain radiochemical purity (>95%). This
was confirmed by first conversion of the A%-E, to A5-
E,;-3 acetate and AB-17[3-E2 to A8-8;178-E,-3 methyl
ether followed by HPLC using system C. With both
estrogen derivatives, a single peak of radioactivity and
UV absorbing material corresponding in mobility to
AP-E,-3 acetate (retention time 24 min) or AB-178-
E;-3-methyl ether (retention time 23 min) was
observed. Therefore, in all subsequent experiments, a
single HPLC purification step using system A, was
used.

Determination of procedural losses

The mass of carrier A%-estrone and A%-178-E,
remaining after purification were determined by
measuring the optical density at 280 nm using a
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Fig. 2. Scheme for the extraction of steroids from the plasma.

Beckman model 65 DU spectrophotometer. The per-
cent recovery was calculated and these data were
used to correct the amount of radioactive estrogen
isolated for procedural losses.

Pulse injection studies

These studies were carried out as described
previously {3]. All experiments were started between 8
and 10 a.m. Subjects received, in an anticubital vein,
between 2040 uCi of [1*C] A%-E,, dissolved in 10 ml
of 10% ethano! in isotonic saline. Blood samples (20—
25 ml) were drawn into heparinized tubes at various
times from a vein in the opposite arm, and the plasma
was stored at —-20°C until analyzed. All samples from
a single subject were processed at the same time.

Estrogen receptor assays

The receptor assays, using human endometrium
and rat uterine cytosols, were performed essentially as
described previously for other Premarin
components {7]. Since high specific activity tritium
labeled A®-E, or A®178-E, are not available, com-
petitive inhibition assays were used to determine the
apparent affinity constants. Briefly, in this assay,
samples containing 0.2-5 nM of [*H]-178-E, were
incubated in the absence or presence of an excess un-
labeled A%-E; (10nM) or A%-178-E, (2 or 10 nM),
and the bound and unbound fractions were separated
using  dextran-coated charcoal as  described
previously [7]. The affinity constant (K,, M™!) for
(H]-17B-E, and its apparent affinity constant (K.,
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M) in the presence of AS-E, or A®%-178-E, were cal-
culated from competitive Scatchard plots or the
Lineweaver—Burk plots as described previously {9, 10].
The affinity constants for A®-E; and A%-178-E, (Ko,
M™') were calculated from

K, =K }(1 +[BDKs,

where B is the concentration of the competing steroid
as described previously {11]. The relative binding affi-
nities (RBA’s) were also determined as described by
Korenman {12). In these assays, 2nM [>*H]-178-E,
was incubated in the presence of various concen-
trations of unlabeled A®%-E, and A8—17ﬁ—E2. The con-
centration of the competing steroid required to
reduce by 50% the specific binding of ?H]-178-E, to
human endometrial or rat uterine preparations was
used to calculate the RBA by

RBA = [Isg]-- 17 — E3/[Isp] — competitor x 100,

as described previously {7].

Determination of uterotropic activity

Immature rats were injected intraperitoneally daily
for 3 d with each of the ten components of Premarin
and A®-178-E, in their unconjugated form (2 ug of
each estrogen in 100 ul of ethanol:saline, 1:9). The
rats were euthanized 24 h after the last injection, and
the uteri were excised, freed of fat, and weighed. The
increase in uterine weight expressed as the ratio of
mean uterine weight to mean body weight was taken
as a measure of uterotropic activity. In these studies,
a 2ug dose was selected based on previous
reports [13] that maximal uterotropic response was
attained with 2 ug 178-E, given daily for 3 d.

Analysis of pharmacokinetic data

The metabolic clearance rate (MCR) is defined as
the volume of plasma irreversibly cleared of its hor-
mone content per unit ime (I per d or 1 per d/m?).
The data for the disappearance of radioactivity as A%-
E, indicated that the pattern could be represented by
at least two exponentials, and the MCR of A%-E, was
calculated using the two compartment model
described by Tait and Burstein [6] from the following
relationship: MCR = (x x )/(4'§ + B'x), where A!
and B' are the intercepts on the ordinate axis
obtained by extrapolation of the two curves to zero
time 3], « is the slope of the first (fast) component,
and B is the slope of the second (slow) component of
the curve. The initial volume of distribution was cal-
culated from the relatonship V;=1/(4'+B") and rep-
resents the volume in which the intravenously
administered hormone was immediately distributed at
time zero. The rate constant (k) of total removal (re-
versible and irreversible) of A%-E; from the inner
volume V|, was calculated using the equation:
k=A's+ B'/(A'+B"), as described previously
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(3, 14] The percentage of A-E, removed irreversibly
was calculated from the relationship MCR/&V.

RESULTS

Pharmacokinetics of A%-estrone

After iv. administration of ['*C] A®-8-E, to two
men and five postmenopausal women, blood samples
were drawn at various time intervals for up to 8h.
From the plasma, unconjugated AB-E, was isolated,
purified by HPLC, and the concentration of radioac-
tivity as A8-E,, expressed as a percentage of the admi-
nistered dose was plotted against time. The
disappearance of radioactivity as A®-E; in each sub-
ject could be expressed as a function that is the sum
of two exponentials. Examples of the plots from sub-
ject 3 and 4 are shown in Fig. 3. The data obtained
from the analysis of each individual disappearance
curve, are given in Table 1. The mean value of the
initial volume of distribution (V) was 19.8 + 21, and
the disappearance of A®-E, from this inner pool had a
mean half-life (¢;,2) of 5+ 0.2 min. The mean ¢/, of
the slower component of A%-E, was 40.4 + 4 min
(Table 1). The mean rate constant k2 of total removal
of A®-E, from V, was 232 + 16 U/d (Table 1). The
mean fraction of A®-E, removed irreversibly (MCR/
kV)) was 0.65 + 0.04. The mean (all subjects) MCR
was 3035 +380Vd or 1711 + 252 Vd m>. The mean
MCR in postmenopausal women was 3570 + 150 V/d
or 2050+ 147Yd m®. The mean MCR in the two
men was 1697 +4401d or 848 + 220 Vd m®. These

[ ] [
]
Subject 3 Subject 4
13
0.t
0.0t T v 1 b T T 1
o 100 200 300 100 20G 300
Time (minutes) Time (minstes)

Fig. 3. Disappearance of radioactivity from plasma as
[ C)A%-E, plotted as a per of the administered dose
vs time of blood sampling in (subjects 3 and 4).




Table 1. Data calculated from analysis of A¥-estrone plasma concentration curves

Fraction of dose

112 (min) components

Subject Age (**C)A-E1 MCR MCR

No. (yrs)-sex  (dpm x 10°%) A’ B a (U/day) £ (U/day) k (U/day) Q) 1 2 (i/day) (Vdaym®)  MCR/kV,

1 59 M) 58.0 0.038 0.0062 220 21.0 189 22.0 6 50 2133 1066 0.50

2 66 (M) 38.6 0.110 0.0025 188 11.0 184 9.0 6 60 1261 630 0.76

3 47 (F) 59.6 0.036 0.0045 243 34.0 219 25.0 5 35 3580 1990 0.65

4 83 (F) 52.0 0.038 0.0025 241 19.0 227 25.0 5 40 3458 2034 0.60

5 70 (F) 49.0 0.047 0.0028 255 30.0 242 20.0 5 35 3595 2055 0.74

6 37 (F) 41.0 0.044 0.004 328 36.0 303 21.0 5 28 4069 2543 0.59

7 67 (F) 27.0 0.060 0.0042 280 36.0 263 17.0 5 35 3150 1660 0.72
Mean + SEM 0.05+0.01 0.00041+0.0005 2501+17.0 267+37.0 2324160 19.8+2.0 5+0.2 40.4+ 4.0 3035 1 380.0 1711 £ 252.0 0.65 +0.04

Table 2. Plasma levels of [**C]-labeled unconjugated and sulfate conjugated metabolites formed after a bolus injection of [1*C]A®-estrone 1o five postmenopausal women and two men

Plasma levels (% dosesl; mean 3 SEM)

Metabolite

1solated 5 min® 10 min 20 min 30 min 60 min 90 min® 120 min 180 min 240 min 360 min 480 min
A%-17f-E, 0.55 1 0.10 0.60 +£0.14 0.43 £ 0.07 0.30 1+ 0.05 0.181+0.02 0.131£0.01 0.10 1+ 0.01 _ _ _ -
A%E;S 0.36 £ 0.14 0.45 1 0.06 0.68 £ 0.10 0.72 1 0.10 0.86 +0.12 1.00 +0.20 0.76 + 0.14 0.68 1+ 0.16 0.60 £ 0.14 0.52 +0.14 0.40 £ 0.09
A%-178-E,S 0354+ 0009 047 £0.10 0.70 £ 0.14 0.74 4+ 0.14 0.93+0.16 0.90 £0.13 0.87 £0.10 0.70+0.10 0.6410.10 0.60 1 0.10 0.46 1 0.10

“Blood samples obtained from only four subjects.
Blood samples obtained from only three subjects.
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results indicate that the MCR in the men appears to
be approx. 2% times lower than in women.

Formation and finetics of unconjugated A®-17-estradiol
after a bolus injection of [*4CJ] A®-estrone

From the plasma unconjugated fraction (Fig. 2),
the only major metabolite isolated and identified was
(1*C} A®-178-E,. The amounts formed after injection
of [4C) A*%E, were measured in two men and five
postmenopausal women. The mean + SEM values are
summarized in Table 2. A®-178-E, was formed very
rapidly, with the maximum concentration present in
the 10 min sample (Fig. 4). The levels then gradually
declined in a manner similar to the disappearance
curve of the parent steroid ['*C) A%-E, (Fig. 3). After
2 h, [*C) A®-178-E, was barely detectable. The bulk
of the radioactive material present in the unconju-
gated fraction could be accounted for by the amounts
present in A%-E, and A%-178-E,.

Formation and kinetics of A®-estrone sulfate and A®-17f-
estradiol sulfate after a bolus injection of [1*C] A%-estrone

From the plasma sulfate conjugated fraction, ['4C]-
labeled A8-17ﬁ-EZS and A®-E,S were isolated, puri-
fied, and the amounts formed were measured in two
men and five postmenopausal women after injection
of ['*C} AP-E,. The appearance of radioactivity in
these two metabolites of [1#C] AB-E,, expressed as a
percentage of the dose per ! (mean levels of 7 sub-
jects), at various time intervals, are summarized in
Table 2. Both A%E;S and A%178-E,S (Fig. 5)
appeared in the plasma gradually and reached maxi-
mum levels between 60-90min. Almost equal
amounts of A%-E,S and A8—17ﬁ-EZS were formed
over the 8 h blood sampling period (Table 2). The
disappearance of both A%E,S and A5-178-E,S

0.890 )
0.70

060 -

g

% Dosefl.
§
i

§

020 -

0.10

0.00 T T — T T T =1

Time (minutes)

Fig. 4. Kinetics of [“C 1A®-178-E, formation after i.v. admin-
istration of ["C]A"-E,. Values shown are the mean+ SEM
(subjects 1-7).
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Fig. 5. Kinetics of [“C]A®-E;S and ['“C]A®-178-E,S formation
after L.v. administration of ['*C)A%-E,. Values shown are the
mean + SEM (subjects 1=7).

(Fig. 5) were characterized by two components, ¢,z
of the first component being approx. 5 and 4 h, re-
spectively. The 1, of the second component of the
A8-E, and A%-17-E,S and A%-E,S elimination curves
were approx. 12 and 15 h, respectively. As observed
in the plasma unconjugated fraction, the bulk of the
radioactive material present in the plasma sulfate con-~
jugated form could also be accounted for by the
amounts present in the two sulfate metabolites iso-
lated. No labeled equilin sulfate, estrone sulfate or
17p-estradiol sulfate were detectable. These resuits
indicate that A®-E, is not a precursor for A-7-ring B
unsaturated estrogens (Eq,178-Eq) or the B ring satu-
rated estrogens (E,,175-E,).

Binding of A®-estrone and A®-17f-estradiol to human
endometrial and rat uterine cytosol receptors

The relative binding affinities K;, (K.) of A%E,,
and A®-178-E, for human endometrium and rat uter-
ine cytosol receptors were determined by competitive
Scatchard analysis as described in Section 2. In one
such experiment, different concentrations of [>H]-
17B8-E, were incubated in the presence of 2 or 10 nM
unlabeled competitor; the results are shown in Figs 6
and 7. The data indicate that both A®-E, and A®-
176-E; can effectively compete with 178-E, for the
binding sites. The data further indicate that the
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Fig. 6. Specific binding of [*#]-17-E; with human endometrial (A and B) and rat uterine (C and D) cytosols
in the presence of 10 oM unlabeled A®-E,. These data were used for the calculation of the affinity constants
from Scatchard plots (B and D), as described in Section 2.

Scatchard plots are linear and indicate the presence
of a single class of high affinity binding sites. The
apparent affinity constants (Kyx10° M™) for A®-E,
and A®-17-E, for human endometrial receptors were
0.3, and 1 x 10° M, respectively. The correspond-
ing values for rat uterine receptors were 0.45 and
2 % 10° M™', respectively. The corresponding disasso-
ciation constants (K3) were 3.6, 1, 2.2 and
0.5 x 107° M, respectively. The affinity constants for
178-E, were 2 and 10 x 107° M™! for human endo-
metrial and rat cytosol receptors, respectively (Figs 6
and 7). Thus, compared to 178-E,, the relative affi-
nity constants for A®-E, and A%-178-E, for human
endometrial and rat cytosol receptors are approx. 7,
22, 2 and 5-fold lower, respectively.

The RBAs of A®%:E, and A®-178-E, for cytosol
receptors were also determined by a competitive
binding assay using 2nM [>H]-174-E, as the labeled
ligand and increasing concentrations of unlabeled A®-
E, and A®-178-E,. The results indicate (Fig. 8), that

the typical ‘S’ shaped binding curves are essentially
parallel, and that the relative potency estimates can
be determined by calculating the amount of A%-E,
and A®-178-E, required to reduce the [*H]}-178-E,-
specific binding by 50%. The parallel nature of dis-
placement curves also indicates that the binding is
competitive. For A%-E,, approx. 95-100 and 190-
200 nM were required to reduce the [*H]-178-E,
binding by 50% for the human endometrial and rat
uterine receptors, respectively. Similarly, approx. 23—
25 and 7-8nM AB%-178-E, were required to reduce
the [>H]}-178-E; binding for human endometrial and
rat uterine receptors, respectively. Thus the relative
RBA’s calculated for A%-E, and A®-178-E, for human
endometrial and rat uterine receptors are 0.8%, 3%,
0.4% and 11% that of 178-E,, respectively. These
results also clearly indicate that in both species, A%-
178-E, has a much greater affinity for estradiol recep-
tors than A®-E,. Thus in the human, it is approx. 4
times and in the rat 25 times more active than A%-E,.
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Fig. 7. Specific binding of [*#]-178-E, with human endometrial (A and B) and rat uterine (C and D) cytosols

in the pr of 2 oM unlabeled AP-178-E,. These data

were used for the calculation of the affinity constants

from Scatchard plots (B and D) as described in Section 2.

Similar results were also observed with rat uterine
nuclear preparations (data not shown).

Uterotropic activiies of A®-E; and A®-178-E,

In these experiments, a single dose (2 ug/100g
body weight/d) of each of the ten individual com-
ponents of Premarin and A®-178-E, the major in vivo
metabolite of A®.-E, in man was administered i.p. to
immature rats for 3 d. The uterine weight was deter-
mined 24 h after the last injection. The results are
shown in Table 3. In this bioassay, except for the
172-E,, all other estrogens brought about 2 significant
(p < 0.05) increase in uterine weight compared to the
controls. The most active estrogens were Eq, E, and
their corresponding 17f-reduced derivatives 178-Eq
and 178-E,, respectively. Both AS%-E, and its 17p-
reduced derivative A®-178-E, were active uterotropic
agents, though somewhat less potent. The order
of uterotropic potency based on a single dose
(2 ug), given for 3d, was Eq>178-Eq=>E>178-

E,>A%-178-E,>A%-E>Eqn > 178-Eqn>17x-
Eqn > 174-Eq>17x-E;>control.

DISCUSSION

AB-E,S is the most recent component identified in
Premarin. Approx. 3.5% of the total estrogens present
in Premarin consists of A®-E,S. This estrogen in its
radioactive form was not suitable for pharmacokinetic
studies in humans. However, previous studies with
other estrogens such as EqS, 176-EqS and E,;S, indi-
cate that, after administration of these conjugated es-
trogens to postmenopausal women and men,
unconjugated Eq, 178-Eq and E,; are readily found in
the circulation [3,4,15,16). It is also generally
accepted that it is the unconjugated estrogen that is
biologically active. Therefore, in the present study,
the pharmacokinetics of unconjugated A%-E, and its
in vivo metabolism were investigated in both postme-
nopausal women and men. The mean MCR of A®%-E,
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Fig. 8. Competitive binding assays of A*-E, and A®-17p-E; with human endometrial and rat uterine cytosol
receptors. Cytosols were incubated with 2 nM [}#]-178-E; and various concentrations of unlabeled competi-
tors, as described in Section 2.

was calculated by analysis of plasma samples taken
after a bolus injection of ['4C] A®-E,. The data points
(Fig. 3) showing the elimination of AS-E, from
plasma, suggest that a two-compartment model can
be used for the analysis of the MCR of this estrogen,
as described previously for 17f-Eq [4]. In contrast,
the disappearance of equilin from plasma indicated

that a single compartment model was sufficient to
describe its elimination [3].

The mean MCR of A%-E, was 1711 + 252 V/d m®.
The 24-fold difference between the two men and the
five postmenopausal women, and the differences
between subjects are most likely due to normal indi-
vidual variations in fractional turnover rates, volumes
of distribution, and hepatic and renal blood flow.

Table 3. Rat uterine responses to intraperitoneal administered equine estrogens

Estrogen No. of rats Uterine weight (mg) mean + SEM Uterine weight per body weight (mg/g) + SEM
Equilin 20 98.8 +5.0° 2.30 +0.13°
17f-Dihydroequilin 20 98.6 + 6.07 2.30 +0.15°
17f-Bstradiol 20 89.4 +4.6° 2.20 +0.10°
Estrone 20 88.4 + 8.0° 2.10 +0.16*
AB-17 p-Estradiol 15 75.0 + 3.0° 1.70 + 0.10°
A®-Estrone 20 60.5 +2.0° 1.38 + 0.04°
Equilenin 20 52.6 +2.0° 1.40 +0.05*
17f-Dihydroequilenin 20 51.9 +2.0° 1.20 + 0.05%
17a-Dihydroequilenint 20 39.0+2.0° 0.90 + 0.04*
1 7a-Dihydroequilin 20 38.5+ 1.0° 0.90 + 0.02*
17a-Estradiol 20 37.4+2.0° 0.95 + 0.04°
Control 30 338+ 1.0 0.77 +0.02

*Significantly different from control P < 0.01.
*Not significant.



In vivo metabolism of A8-estrone

Similar differences in individual MCR’s have been
observed with other estrogens and steroids [3, 15-17].
The mean MCR of A®-E, is approx. 1.5 times lower
than that of Eq 2641 Vd m? [3), but is higher than
that of 178-Eq, 1252Vdm? (4] and 178-E,, 580-
8201/d m?[16, 18, 19] and similar to that of E,, 965—
1400 Vd m? (16, 19]. These observations and the data
from the present study indicate that unconjugated A%-
E, can circulate in the body longer than Eq, but com-
pared to the biologically more potent 17f-reduced es-
trogens, it is cleared more rapidly.

The V; (19.8 + 2.0 1) for A®-E, is much larger than
plasma volume, and this would suggest relatively low
binding affinity of A%-E, for serum binding proteins
such as sex hormone binding globulin (SHBG) and
albumin. The disappearance of A%-E, from this inner
volume of distribution had a mean half-life of
5+ 0.2 min and this is similar to that reported for
178-Eq [4). The mean rate constant (k) of total
removal (reversible plus irreversible) of A%-E, from
the circulation was 232 + 16 U/d, and the ratio of ir-
reversible over total removal (MCR/EkV,; Table 1)
had a mean value of 0.65 + 0.04, indicating that 65%
of A%E, is lost from the circulation irreversibly.
Ttl;xese values are in keeping with the high MCR of
A®-E,.

In the present study, the formation of other conju-
gated and unconjugated metabolites of AS-E, was
also investigated. From the unconjugated fraction, the
only other major radioactive metabolite present and
identified was A%-178-E, (Table 2, Fig. 4). The bulk
(>90%) of the radioactivity present in the unconju-
gated fraction, was associated with the parent com-
pound AB-E; and its major 17f-reduced metabolite
AB-17 B-E>. Very small amounts of radioactivity
remained unaccounted for. Similarly, in the sulfate
conjugated form, the bulk of the radioactivity present
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could be accounted for in amounts present in A%-E,;S
and A%-17B-E;S. The rate of formation of these two
metabolites indicates that maximal levels were
attained between 60-90 min and that nearly equal
amounts of the two metabolites were formed (Table 2,
Fig. 5). In contrast, after administration of Eq (the
main ring B unsaturated estrogen present in
Premarin), a number of metabolites such as Egn,
176-Eq, and 17f-Eqn, were isolated from both the
unconjugated and the sulfate conjugated fractions [3].
Moreover, the amounts of Eq metabolites formed,
were much lower than the circulating levels of Eq and
EqgS [3). Thus, it appears that the metabolism of A®-
E, is unique, in that the major in vive metabolite in
both the unconjugated and the sulfate conjugated
form was the more active 17f-reduced product.
These interconversions are depicted in Fig. 9.

We have previously reported [8] that under steady-
state conditions, the transfer constants or p
values [20-22], for the conversion of EgS to Eq and
178-Eq, were 0.25 and 0.15 respectively [3). The cor-
responding values for the conversion of E;S to E,
and 178-E, were 0.15-0.21 and 0.014-0.03,
respectively [15,16]}. Since 178-Eq and 178-E, are
the principal active metabolites of EqS and E;S, re-
spectively, the extent of this activation by 17f-re-
duction, is several fold higher for the ring B
unsaturated estrogens. The data from the present
study also support the above conclusions, in that the
main metabolite of A-E,; was the 17f-reduced com-
pound. Furthermore, the amounts of A-E,S and A5
178-E5S found in the circulation following adminis-
tration of A®-E, were almost equal. This pattern of
metabolism, i.e. equal amounts of 17-oxidized and
17p-reduced metabolites, has not been observed with
other estrogens or even androgens. The oxidative
pathway is considered to be the preferred one com-

P
A%-Estrone A%-17p-Estradiol
c] ls On
0,80 0,80
A°-Estrone,3-Sulfate A -17p-Estradiol,3-Sulfate
Fig. 9. Interconversion between AB-E‘ and its unconjugated and sulfate conjugated bolites in postmeno-

pausal women and men (A = 17f8-hydroxysteroid dehydrogenase; B = sulfokinase; C = sulfatase).
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pared to the reductive pathway [22). Though these
results strongly suggest that the extent of activation
by 17f-reduction of A%-E, appears to be even greater
with this ring B unsaturated estrogen, more quantitat-
ive experiments under steady-state conditions are
needed before firm conclusions can be made.

The data from the present study also indicate
that, unlike other ring B unsaturated estrogens
such as Eq and 178-Eq which are metabolized to a
number of other (circulating) ring B unsaturated
estrogens [3,4,8), A%:E, was converted i wvivo in
both men and postmenopausal women to a single
major metabolite A®%-174-E, (unconjugated and sul-
fate conjugated). This lack of extensive metabolism
may be due to the novel structure of A®-E,, i.e. the
presence of a single conjugated double bond in the B
ring. Whether A%-E, and AP-178-E, are further
metabolized prior to excretion in the urine remains to
be investigated.

Both A%-E, and its major metabolite, A%-17§-E,,
can interact with human endometrial and rat uterine
estrogen receptors in a manner similar to that
described for other ring B unsaturated estrogens and
17p-estradiol {7). Both of these estrogens bind with
estrogen receptors with high affinity. The RBA of A%-
178-E, was approx. 4 (human endometrium) and 25
(rat uterus) times higher than that of A%-E,. Similar
results have been previously reported with other 178-
reduced estrogens [12]. Though the RBA of A®-17p-
E; is only 3 1o 11% that of 178-E, observed in the
human endometrial and rat uterine preparations, re-
spectively, yet this estrogen has substantial in wvive
uterotropic activity as indicated by the bioassay data
(Table 3). Whether this is due in part to the pharma-
cokinetics of A’-E, and A®-178-E, or to the ability of
various estrogens (with different binding affinities) to
modulate distinct DNA response elements in a tissue
selective manner as recently reported by Yang et
al. [23] remains to be investigated. Along with the
uterotropic activities of A%-E, and A®-178-E,, recent
data [2] indicated that daily administration of small
amounts (125 ug) of A%-E,S for 8 weeks to postmeno-
pausal women significantly reduced the urinary levels
of N-telopeptides of collagen type 1, a marker of
bone resorption [24]. These results indicate that in
the bone, A%E;S acts like a potent estrogen.
Moreover, in the above study, A®-E,S significantly
delayed the oxidation of LDL cholesterol. Recent
data also indicates that, among the several estrogens
tested, A®-E; and AB-178-E, were extremely active
antioxidants [25]. This estrogenic effect does not
appear to be mediated via the estrogen receptor but
perhaps involves other mechanisms (non-genomic)
but this remains to be determined.

In conclusion, the data presented demonstrate that
AB-E, has estrogenic activity and that it is metab-
olized in the human subject to a more potent estro-
gen: A®-178-E,. The pharmacokinetic data indicate

B. R. Bhavnani ¢z al,

that A%-E, and A%-178-E,, circulate mainly as sul-
fates, and are slowly eliminated from the body. Both
A%-E, and A%178-E, bind with estrogen receptors
with high affinity and can therefore contribute to the
overall in vivo biological effects of Premarin. These
data further support previous conclusions that, in
postmenopausal women, the biological effects of
Premarin are the sum of the effects of its various indi-
vidual components [1]. Therefore, conjugated estro-
gen preparations lacking some of these novel ring B
unsaturated estrogens, will not provide the same
extent of beneficial effects as Premarin,
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Abstract. Conjugated equine estrogens (Premarin), are used extensively for estrogen
repiacement therapy and preventlon of osteoporosis and cardiovascular disease in
postmenopausal women. Premarin contains at least 10 estrogens that are the sulfate
esters ot the ring B saturated estrogens: estrone, 17B-estradiol, 17«-estradiol, and the
ring B unsaturated estrogens: equilin, 178-dihydroequilin, 17a-dihydroequilin, equi-
lenin, 17p-dihydroequlienin, 17a-dihydroequilenin, and delta-8-estrone. Bloassays
and estrogen receptor binding studies indicate that all 10 estrogens are blologically
active. Moreover, individual components, such as equitin suifate, deita-8-estrone sul-
tate, 17p-dihydroequilin aulfate and estrone sulfate, have potent estrogenic effects.
Estrogen sultates can be absorbed directly from the gastrointestinal tract; however,
hydrolysis of the sulfates also occurs in the gastrointestinat tract, and the unconju-
gated estrogens formed are readily absorbed. After absorption, these estrogens are
sulfated rapidly and circulate in this form. The pharmacokinetics of these estrogens
indicate that the unconjugated estrogens are cleared from the circulation at a faster
rate than their sulfate ester forms. in postmenopausal women, the 17-keto derivatives
of these estrogens are metabolized to the more potent 173-reduced products. The
extent of this activation is nearly 10 times higher with some ring B unsaturated es-
trogens. The 178-reduced metabolites are cleared from the biood at a slower rate than
their corresponding 17-keto derivatives. In the human endometrium, equilin is me-
tabolized to 2-hydroxy and 4-hydroxy equilin, with 2-hydroxylation being predomi-
nant. in contrast, 2-hydroxy and 4-hydroxy estradiol are formed in equal amounts.
Similarly, 16a-hydroxylation occurs with both types of estrogens; however, with the
ring B saturated estrogens, the 17-keto steroid 16a-hydroxy estrone was the ma-
jor urinary metabolite, whereas with the ring B unsaturated estrogens, the 178-
reduced steroids, such as 16a-hydroxy-17p-dihydroequilin and 16a-hydroxy-17g4-
dihydroequilenin, were the major metabolites. This difference in metabollsm may be
important as it has been suggested that 16a-hydroxy estrone {x-ketoi structure) can
form covalent adducts with macromolecules and that it may be oncogenic. These
types of interactions will not occur with the 16a-hydroxylated-17p-reduced metabo-
lites of ring B unsaturated estrogens.

Since all of the estrogens present in Premarin have estrogenic activity, the phar-
macological effects ot Premarin are a resuit of the sum of these indlviduai actlvities.
Therefore, preparations lacking some of these important components may not offer

the same degree of beneficial effects as Premarin. [P S.E.B.M. 1998, VoI 217)
Introduction
' To whom requests for reprints should be addressed at Department of Obstetrics and 3 trgs stro-
Gynecology. St Michael’s Hospital, 30 Bond Street Toronto. Ontaric M5B 1W8 For more than half a century, .Conjugatcd equine s
This work was supperted by the Medical Research Council of Cunada. Grant M'1- gen preparations, such as Premarin (Wyeth-Ayerst. Phila-

3724 and MT-11929

delphia, PA), have been used extensively for cstrogen re-

0037-9727/98/2171-0006$10 50/0

placement therapy and prevention of osteoporosis and car-
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from the pregnant mares’ urine, 10 estrogens have been
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identified. These are the sulfate esters of the nng B saturated
estrogens (classical estrogens), estrone (E,). 173-estradiol
(17B-E.), and 17a-estradiol (17«-E,) and the ring B unsat-
yrated estrogens, equilin (Eq; 3-hydroxy-1.3,5(10)7-
estratetraen- 1 7-one), equilenin (Egn; 3-hydroxy-1,3.5¢10)6-
8-estrapentaen-17-one), 17a-dihydroequilin (17«-Eq:
1,3,5(10)7-estratetraen-3.1 7a-diol), [7B-dihydroequilin
(178-Eq; 1,3,5(10)7-estratetraen-3.17B-diol), 17a-
dihydroequilenin (17a-Eqn; 1.3.5(10)6.8-cstrapentaen-
3.17a-diol), 17@-dihydroequilenin (173-Eqn; 1,3.5(10)6,8-
estrapentaen-3,17@-diol), and delta-8-estrone (delta-8E,;
isoequilin; 3-hydroxy-1,3,5(10)8-estratetraen-17-one). In
keeping with the reported metabolism of ring B unsaturated
estrogens in the pregnant mare (1), one would anticipate that
two additional metabolites of delta-8-estrone namely delta-
g8-1783-estradiol (delta-8-17BE,; 1.,3,5(10)8-estratetraen-~
3,17B-diol) and delta-8-17a-estradiol (delta-8-17a-E,;
1,3,5(10)8-estratetraen-3-17a-diol), would also be present
in the pregnant mares’ urine and therefore in the drug Pre-
marin. However, their presence remains to be established.
The structures of these 12 equine estrogeuns are depicted in
Figure 1. Structurally, the ring B unsaturated estrogens dif-
fer from the classical estrogens by the presence of one or
two additional double bonds in the ring B of the steroid
nucleus.

In the pregnant mare, the ring B saturated estrogens
estrone, 17B-estradiol, are formed from cholesterol by the
classical pathway of steroidogenesis, while the ring B un-
saturated estrogens equilin, equilenin, 17a-dihydroequilin,
17a-dihydroequilenin, 173-dihydroequilin and 178-
dihydroequilenin, are formed by an alternate pathway not
involving cholesterol and squalene, and this has been re-
cently reviewed (2). This review will discuss the pharma-
cokinetics and pharmacodynamics of the individual equine

estrogens with emphasis on the unique ring B unsaturated
estrogens.

Biological Activity. Previous bioassay data clearly
indicated that all 9 original estrogens present in the pregnant
mares’ urine and Premarin are biologically active estrogens
(2. 3, 4). Moreover, some of the bioassay data (uterotrophic
assay) indicated that some of the |7@3-reduced ring B un-
saturated estrogens, such as 17B-dihydroequilin sulfate
(17B-EqS) was nearly 8 times more potent than estrone
sulfate (E;S) when administered orally (4). In contrast,
when these estrogens in their unconjugated form are admin-
istered subcutaneously or intraperitoneally (2 wg/day for 3
days). to immature rats, all of the estrogens increased in
utcrine weight (Table I). The data also indicate that the
potency of various estrogens depends on the route of
administration.

Few clinical studies exist in which the effects of indi-
vidual ring B unsaturated estrogens have been determined in
postmenopausal women. Oral equilin sulfate in women was
reported to be 4-8 times as potent as estrone sulfate in
suppressing urinary gonadotropins (5); orally admnistered
equilin sulfate (0.25 mg) was as effective as 0.625 mg of
Premarin in the alleviation of menopausal symptoms and
stimulation of the vaginal epithelium in postmenopausal
women (6). Similarly, 0.3 and 0.625 mg of equilin sulfate
were 1.5-8 times more potent than comparable doses of
estrone sulfate and conjugated equine estrogens in stimulat-
ing the synthesis of hepatic proteins such as sex hormone
binding globulin (SHBG), corticosteroid binding globulin
(CBG) and angiotensinogen (7). Oral administration of
1783-dihydroequilin sulfate (0.3-0.4 mg/day) was as effec-
tive as 0.625 mg of conjugated estrogens for the control of
vasomotor symptoms (8). At these doses, 173-dihydro-
equilin sulfate also resulted in uterine bleeding associated

EQUILIN EQUILENIN ESTRONE
o oH on
m/qg:‘j wo”” t £ HO
17p-DIHYDROEQUILIN 1TR-DMHYODROEQUILENIN 178-ESTRADIOL
on o o”
17a-DHYDROEQUILIN 17a-DHYOROEQUILENIN 17a-ESTRADIOL
*Potential Components in Premann

DELTA-3-ESTRONE

Figure 1. Some of the estrogens
Wo isolated from the urine of pregnant
mares. These estrogens in ther

* DELTA-8,178-ESTRADIOL sulfate ester form are present in
the drug Premarin,
(7]
_/(Igjﬁ
* DELTA-8,17a-E8TRADIOL
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Table I. Rat Uterine Response to Subcutaneous or
Intraperitoneal Administered Estrogens

Uterine weight (mg) mean + S.E.

Estrogen
Subcutaneous  Intraperitoneai
1) Equilin 150.8 £ 107 98.8 = 5.0°
2) Estrone 129.3 127 88.4 + 8.07
3) 17B-Estradiol 112.9 £ 4 89.4 + 5.0
4) 17B-Dihydroequiiin 102.3+2.8* 98.6 £ 6.07
5) Equiienin 79.8 * 4 5¢ 52.6 £ 1.0°
6) 17p-Dihydroecpilenin 61.3+2.0° 51.9+2.0°
7} 17a-Dihydroequilin 59.9+25° 39.0x2.0°
8) 17a-Estradiol 57.4 + 347 374%20
9) 17a-Dihydroequilenin 448+38 39.4+2.0°
10) Delta-8-Estrone ND 60.5+2.0°
11) Delta-8-173-Estradiol ND 75.0 £ 3.07
12) Control 37.0x2 33.8%1.0

ND = Not determined
2 Different from control.
P < 0.005.

with proliferative and hyperplastic changes in the endome-
trium. More recently, daily oral administration of small
doses (0.125 mg) of delta-8-estrone sulfate for 8 weeks to
healthy postmenopausal women resulted in suppression of
plasma FSH and urinary-n-telopeptide (bone turnover
marker), a significant increase in the plasma CBG, and in
the lag time for LDL, oxidation (9). Direct comparison of
the biological activity of the conjugated equine estrogen
preparation Premarin with piperazine estrone sulfate (Ogen)
and micronized estradiol (Estrace) in terms of a number of
parameters, indicate that the potency of Premarin estrogens
was 2- to 6-fold greater than that of the other two estrogens.
even though the plasma levels of estrone and 17f-estradiol
were similar (10). These data suggest that the presence of
the unique ring B unsaturated estrogen components in Pre-
marin are contributing to the increased activity. These com-
bined data clearly demonstrate that the ring B unsaturated
estrogens, including the more recently identified delta-8-
estrone sulfate and its major in vivo metabolite delta-8-1783-
estradiol (9), are biologically active with potency either
equal to or greater than that of the classical estrogens.

Mechanism of Action. Eswrogens regulate tissue
function by modulating gene transcription through their in-
teraction with estrogen receptors, which belong to the ste-
roid-thyroid hormone receptor superfamily (11). In a com-
parative study, the relative binding affinities of the various
estrogen components of Premarin in their unconjugated
form for estrogen receptors in human endometrium and rat
uterus, were measured. In both species, all of the estrogens
bind with high affinity to cytosol and nuclear receptors. The
relative binding affinities indicate the following order of
activity: 17B-dihydroequilin > 17B-estradiol > 17B-dihy-
droequilenin > estrone = equilin > 17w«-dihydroequilin >
[7a-estradiol > delta-8.17B-estradiol > 17a-dihydro-
equilenin > equilenin > delta-8-estrone (12,13).

Though the bioassay data (Table I) indicate that both
equilin and estrone are more or equally as active as their

8 CONJUGATED EQUINE ESTROGENS

17B-reduced metabolites, 17B-dihydroequilin and 17B-
estradiol. their relative binding affinities for estrogen recep-
tors are much lower. These observations suggest that equilin
and estrone in the presence of 178-hydroxy steroid dehy-
drogenase are first metabolized to 17B-dihydroequilin and
17B-estradiol, and it 1s through these 178-reduced metabo-
lites that the biological effects (uterotropic activity) are ex-
erted. These data also clearly indicate that all ring B unsat-
uraled components present in conjugated equine estrogen
preparations can interact with estrogen receptors and are
therefore capable of exerting biological effects in estrogen
target tissues.

Recent observations regarding the mechanisms of gene
activation by estrogens and antiestrogens, particularly in
nonreproductive tissues, suggest that the estrogen receptors,
in combination with various estrogens, can regulate more
than one DNA response element (14). Therefore, it s pos-
sible that each of the various estrogen components present
in Premarin can regulate different estrogen response ele-
ment(s), perhaps in a tissue-specific manner. Thus, even
though the amount of some of the conjugated equine estro-
gens present in Premarin is relatively small, these estrogens
could still have a significant clinical impact. Further studies
are needed to delineate their specific role.

Interaction of Unconjugated and Conjugated
Equine Estrogen With SHBG and Serum Albu-
min. Unconjugated cquine estrogens and conjugated
equine estrogens bind to SHBG and serum albumin in a
manner similar to that described for the classical estrogens,
estrone and estradiol, and androgens, such as testosterone
and Sa-dihydrotestosterone. Thus, the sulfate esters of eq-
uilin, estrone, and estradiol do not bind with SHBG (15, 16);
however, equilin sulfate and estrone sulfate do interact with
serum albumin with high affinity (0.9-1.1 x 10° M™% (15).
Low affinity binding sites were also present. Up to 74% of
the total equilin sulfate and 85%-90% of estrone sulfate
were bound to serum albumin (Table I) (15, 16). In con-
trast, the unconjugated equilin, estrone, 178-dihydroequlin,
and 17B-estradiol are only Joosely bound to serum albumin,
but they bind with SHBG with high affinity (Table II) (15,
17). Based on competitive Scatchard analysis, the relative
affinity constants for estrone, equilin, 178-dihydroequilin,
17B-estradiol, testosterone, and So-dihydro-testosterone
were found to be 0.07, 0.15, 0.22, 0.29, 2.70, and 4.53 (x
10° M™') respectively (15). The binding affinities of both
the ring B unsaturated estrogens and ring B saturated estro-
gens are similar. Though the {7B-reduced metabolites as
expected. have a higher affinity for SHBG, these affinities
are significantly lower than those observed with androgens
(15-18). Thus, like other steroid hormones, conjugated and
unconjugated equine estrogens circulate in the blood either
bound to serum albumin, or specific serum proteins, and
only a small percent of the total is present in the unbound
form (free form. physiologically active form). Estrogen
therapy is associated with an increase in SHBG levels, a
change that would result in a greater percentage of estrogen



Table ll. Percent of Unconjugated and Sulfate Conjugated Estrogens and 5«-DHT Bound with Alburmin

and SHBG

Serum EqS _ E.S Eq E, E, S5a-DHT

sampies Albumin  Albumin  SHBG Albumin  SHBG Albumin  SHBG Albumin SHBG Albumin
PMW on Premarin® 60 83 45 11 23 17 53 12 79 7
Female 63 83 26 13 9 14 26 13 73 4
Male 71 86 0 1 0 4 0 5 25 5
5% HSA 74 85 0 3 0 4 0 4 0 5
* PMW = Postmenopausal Women.
Adapted with permission from Ref. 15

bound to SHBG (Table I1) along with a concomitant de-
crease in the percentage of unbound estrogen. These
changes can play a role in the metabolic clearance rate and
the bioavailability of the estrogen. This aspect will be dis-
cussed later.

Absorption of Conjugated Equine Estro-
gens. Ingestion of Premarin (10 mg), containing approxi-
mately 4.5 mg of estrone sulfate and 2.5 mg of equilin
sulfate, results in the gradual appearance of unconjugated
estrone and equilin in the blood. Maximum levels of equilin
(560 pg/ml) and estrone (1400 pg/ml) were reached after 3
hr and § hr respectively. These levels declined gradually:
however, small amounts of both estrogens were still detect-
able after 24 hr (19). Following intravenous administration
of 10 mg Premarin, maximum concentration of equilin (4
ng/mi) and estrone (11.2 mg/ml) were reached by 20 min
(19). These results very clearly indicate that both equilin
sulfate and estrone sulfate present in Premarin are hydro-
lyzed 1o unconjugated equilin and estrone fairly rapidly.
Similarly, oral ingestion of estrone sulfate results in rapid
appearance of unconjugated estrone and 17B-estradiol in the
blood (20, 21).

In order to determine whether conjugated equine estro-
gens are absorbed from the gastrointestinal tract as sulfates
or only after hydrolysis, mixtures of [*H]- and [*°S]-labeled
equilin sulfate and [*Hjequilin were administered orally
(Figure 2). Following administration of a mixture of [*HJeg-
uilin sulfate and equilin [**S]sulfate, the equilin sulfate iso-
lated from the plasrna contained both [*H] and [>°S] labels
(Table III). These data clearly indicate that some of the
equilin sulfate ingested was absorbed from the gastrointes-
tinal tract without prior hydrolysis. Since the *H/**S ratio

(o] o
N 3y
&80 5¥s0 HO
S H
[2.4-3H] Equibin Sulfate Equihn |°°sl Sulfate [2.4-3H] Equikn
I ] ]

Figure 2. Labeled equilin sulfate and equilin used in absorption
studies (Experiment. A and B-——1:1 mixture of | and Il was used;
Experiment C—1:2 mixture of |l and Ill was used.

Table Ill. Rate of Appearance of [3H]Equllln
[:58]Sulfate after Oral Administration of EH]EQUIlln
[PH]sulfate (Ex :Pt A & B, °HAS = 1 or; SS]Equilin

and Equilin [ 5S]Sulfate (Expt. C, >H”°S = 2) to

Normal Men

UL -1

Time A B C
(min) 3H/PSS 34253 3HR5S
10 1.00 1.00 26.00
30 1.80 1.50 13.10
60 3.80 2.60 9.50
120 — 3.40 23.60
180 7.50 7.30 23.30
240 7.80 12.60 15.80
300 12.80 14.60 20.10
360 30.00 20.00 20.70
480 100.00 23.00 40.00

720 100.00 75.00 a

1440 a a a

Adapted with permission from Ref. 22.

progressively increased after the first 10 min (Table III), a
significant portion of administered equilin sulfate was ab-
sorbed after the removal of sulfate ester by hydrolysis. The
unconjugated equilin that formed after absorption was rap-
idly sulfated, and it circulates in this form. When a mixture
of [*H]equilin and equilin [**S]sulfate (H/5S = 2) was
ingested, the ratio at all time points was greater than 2
{Table III, Expt. C). These data indicate that unconjugated
equine estrogens, such as equilin, were absorbed more rap-
idly than the corresponding sulfates; however, after absorp-
tion, equilin was rapidly sulfated, most likely during the
first pass through the liver (22). Equilin sulfate is the main
circulatory form of this hormone. Similarly, estrone sulfate
is the main circulatory form of estrone (20, 23).

Metabolic Clearance Rates (MCR) of Conjugated’
and Unconjugated Equine Estrogens

Equilin Sulfate and 17p-Dihydroequilin Sul-
fate. The metabolic clearance rate of equilin sulfate. 178-
dihydroequilin sulfate, and estrone sulfate have been deter-
mined by the single injection and constant infusion tech-
niques (24). Following a single intravenous injection (25,
26), the disappearance of radioactivity from plasma as eq-
uilin sulfate and 17B-dihydroequilin sulfatec can be de-
scribed as a function of two exponentials (Figure 3). The
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Figure 3. Disappearance of radioac-
tivity from plasma as [°Hlequilin sul-
fate and [®H]178-dihydroequilin sul-
fate piotted as a percentage of the ad-
ministered dose versus time of blood
sampling. (Adapted with permission
from Ref. 25 and 26.)

10 120 180 240 300 360 420 480

Time (min)

various pharmacckinetic parameters are summarized in
Tables [V and Table V). The initial fast component for both
estrogens had a half-life (t'2) of 5 min and the initial volume
of distribution (V) was 12.4 £ 1.6 and 6.0 + 0.5 ] for equilin
sulfate and 178-dihydroequilin sulfate respectively (Tables
IV and V). Similay data (23) have been previously reported
for estrone sulfate ((t'/%; 3 min; V, = 7.2 + 0.6). The volume
of distribution of estrogen sulfate depends on their relative
binding affinities to serum albumin. Since the apparent vol-
ume of distribution measured 1s higher than plasma volume,
these estrogen sulfates bind to albumin with relatively low
affinity, as has been reported (15).

The mean MCR of equilin sulfate and 17B-dibydro-
equilin sulfate in postmenopausal women was 176 + 44
Vday - m? (Table 1V) and 376 + 53 l/day - m? (Table V)
respectively. The MCR of estrone sulfate in men and
women was 87 = 36 to 105 = 10 I/day - m* (20, 23). Based
on the constant infusion technique and under steady state
conditions, the MCR'’s for these estrogen sulfates, were
similar to values given above (23, 27, 28). The half-lives of
equilin sulfate, 173-dibydroequilin sulfate, and estrone sul-
fate were 190 £ 23 min (25), 147 + 15 min (26). and 300~
540 min (20) respectively.

The MCR and half-life measurements. suggest that ring
B unsaturated estrogens are cleared from the circulation at a
faster rate than the ring B saturated estrogen estrone sulfate.
However, in contrast to estrogen sulfates. androgen sulfates
(29, 30) such as dehydroepiandrosterone sulfate and testos-

50 100 150 200 250 300 350

Time (min)

terone sulfate, have much lower (7.7, 21.5 I/day) MCR. The
very low MCR of androgen sulfates is likely due to their
greater binding affinity with albumin.

Unconjugated 17p-Dihydroequilin and Equi-
lin. The mean MCR 17B-dihydroequilin in postmeno-
pausal women was 1252 = 103 Vday - m?, and the disap-
pearance of 178-dihydroequilin from plasma also had two
components. The half-lives of the fast and slow components
were 5.5 + 0.8 and 45 + 2.0 min, respectively (Figure 4). In
contrast, the disappearance of equilin from plasma was con-
sistent with a one-compartment model (Figure 4). The half-
life of equilin was approximately 19-27 min and MCR in
one postmenopausal woman was 3300 Vday - m® and in a
man was 1982 l/day - m? (25). The MCR of estrone has
been reported to be 965 l/day - m>~1310 Vday - m? (31, 32,
33), and there was no difference between males and fe-
males. 17B-estradiol has an MCR of 600-790 I/day - m® in
fernales (31, 34) and 830-990 Vday - m? in males (31, 34).
These data indicate that in the unconjugated form, both ring
B unsaturated estrogens are cleared more rapidly than the
corresponding ring B saturated estrogens.

Conversion Ratios for Interconversions Between
Ring B Unsaturated Estrogens Under Steady
State Conditions

In earlier study, it was demonstrated that in the preg-
nant mare, equilin was metabolized to the ring B unsaturat-
ed estrogen: equilenin, 17B-dihydroequilin, 17(3-dihydro-

Table 1V. Pharmacokinetic Parameters of Equilin Sulfate in Postmenopausal Women

ts components

Subject Sex/age MCR 2

o voar] v, (L) | minutes (Uday) MCR (L/day.m?) MCR/KV,

1 F.38 8.7 9.8 170 168 93 0.215

2 F.60 18.0 4.0 270 582 342 0.155

3 F.57 13.3 4.4 180 199 117 0.083

4 F.51 11.4 41 150 303 168 0.156

5 M,58 10.8 4.0 180 323 162 0.179
Mean + SEM 124=16 52112 190 £ 23 3156+ 73 176 £ 44 0.158 + 0.02

Adapted with permission from Ref. 25,
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Table V. Fharmacokinetic Parameters of 17B-Dihydroequilin Sulfate in Postmenopausal Women

tv» components

Subject Age MCR
o, (year) Vilb) minutes (L/day) (Udac; m?) MCR/KV,
1 2

6 56 6 5 110 832 475 0.45
7 51 5 5 145 510 300 0.30
8 53 6 4 140 635 385 0.35
9 56 8 5 200 802 502 0.35

10 61 5 5 140 331 220 0.30

Mean + SEM 6£05 50402 147 15 622 + 93 376 + 53 0.35 + 0.02

Adapted with permissicn from Ref. 26.

4.4
1.0
0.
08 Equikn » 178-Dihydroequilin
E 0 E 1.04
8" &
R» w»
0 o3
R T M AT o1 % %0 % 20 2
Time (min) Time (min)

Figure 4. Disappearance of radioactivity from piasma as (°*H]equitin
and [*H]17p-dihydroequilin piotted as a percentage of the adminis-
tered dose versus time of blood sampling. (Adapted with permission
from Ref, 26.)

equilenin, 17«-dihydroequilin, and 17a-dihydroequilenin
(1). With the exception of the 17a-reduced metabolites, the
remaining three metabolites of equilin were also formed in
the human (35-36). Similarly, in the above pharmacokinetic
studies, following pulse injections of equilin sulfate and
equilin, small amounts of 17f3-dihydroequilin sulfate, 17f-
dihydroequilin, equilenin sulfate, equilenin, 17B-
dihydroequilenin sulfate, and 17B-dihydroequilenin were
formed (25). Along with equilin sulfate and equilin, the
above metabolites were also formed following pulse injec-
tions of 17B-dihydrcequilin sulfate and 17(3-dihydroequilin
(26).

The precise amounts of each metabolite of the parent
estrogen equilin sulfate have been determined, under steady
state conditions, following a constant infusion of [*H)equi-
fin sulfate (27). The mean conversion ratios for equilin sul-
fate to its various metabolites, indicate the following order

OH

MC

17 p-Uhydrooqumn
Active Metabolite Lo

= w T e
NE O3S

Equihin Equiin Suifate

(Sodium Sait)

Estrone

of formation: 178-dihydroequilin sulfate > equilenin sulfate
> 17B-dihydroequilenin sulfate > 1783-dihydroequilin > eg-
uilin > equilenin > [7B-dihydroequilenin. In both the sul-
fate-conjugated form and the unconjugated form, the most
abundant metabolite formed was the more potent estrogen
17B-dihydroequilin. This conversion is analogous to the
conversion of estrone sulfate to 1 7B-estradiol; however, the
latter conversion is approximately 10 times lower (20, 29).
The conversion of equilin sulfate to equilin (0.016) was
similar to the conversion of estrone sulfate to estrone
(0.015) (20, 27). The transfer constants or p values for the
conversion of equilin sulfate to equilin and 178-dihydro-
equilin were 0.25 and 0.15 respectively (27). The corre-
sponding values for the conversion of estrone sulfate to
estrone and 17@-estradiol were 0.15-0.21 and 0.014-0.03
respectively (20. 23). Since 17B-dihydroequilin and 17B-
estradiol are the active metabolites of equilin sulfate and
estrone sulfate respectively, the extent of this activation by
17B-reduction, is several-fold higher for the ring B unsatu-
rated estrogens, and this is depicted in Figure 5.
Preliminary results also indicate that 17B-dihydro-
equilin sulfate under steady state conditions, was rapidly
metabolized to equilin sulfate and other ring B unsaturated
estrogens (28). Thus, even though the amount of 17B-
dihydroequilin sulfate originally present in Premarin is
small, the pharmacokinetics and pharmacodynamics of eg-
uilin sulfate and 17B-dihydroequilin sulfate and the exten-
sive interconversions between these estrogens, support the
hypothesis that increased estrogenic activity, associated
with Premann. compared to single component drugs such as

OH
Figure 5. Extent of in vivo activa-
17g-Estradiol %, tion of the two main components of
Actve Metabolite e

conjugated equine estrogen prepa-
rations by 178-hydroxysteroid de-
hydrogenase. The values shown
are transfer constants.

Estrone Suifate
{Sodium Salt)
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piperazine estrone sulfate and micronized estradiol, may in
fact be due to the increased formation of the ring B unsat-
urated 17B-reduced metabolites.

* Pharmacokinetics of Delta-8-Estrone

This novel ring B unsaturated estrogen (conjugated
double bond in the B ring) is the most recent component
idenufied in Premarin. Approximately 3.5% of the total es-
trogens, present in Premann, consists of delta-8-estrone sul-
fatc. This estrogen in its radioactive form is not available for
pharmacokinetic studies of the type carried out with equilin
sulfate and 17B-dihydroequilin sulfate. However, as dis-
cussed above, these types of estrogen sulfates are readily
converted to unconjugated estrogens; therefore, pharmaco-
kinetics of unconjugated delta-8-estrone were determined in
both postmenopausal women and men (13). The mean MCR
of delta-8-estrone was 1711 = 252 l/day - m? (Table VD,
and the disappearance of radioactivity as delta-8-estrone
also had at least two components (Figure 6). The 2-fold
difference between the two men and five postmenopausal
women was most likely due to normal individual variations
in fractional turnover rates, volumes of distribution, and
hepatic and renal blood flow. Similar differences have been
reported for other estrogens. The V, (19.8 1 + 2.0) for delta-
8-estrone was much larger than the plasma volume, and this
suggests relatively low binding affinity for SHBG and al-
bumin. The MCR of delta-8-estrone is approximately 1.5
times lower than that of equilin but higher than that of
17B-dihydroequilin and similar to that of estrone. The re-
sults from these investigations also indicated that delta-8-
estrone was fairly rapidly metabolized to the more active
estrogen, delta-8-17B-estradiol, delta-8-178-estradiol sul-
fatk, and delta-8-estrone sulfate (Figure 6).

The pattern of delta-8-estrone metabolism appeared to
be unique since the major metabolite in both the unconju-
gated and sulfate-conjugated form was the more active 178-
reduced product. Very small amounts of radioactivity re-
mained unaccounted for. The rate of formation of delta-8-
estrone sulfate and delta-8-173-estradiol sulfate indicates
that peak levels of these two metabolites were attained in
60-90 minutes and that nearly equal amounts of the two
metabolites were formed (Figure 6). Though the extent of

17B-reduction (i.e., formation of delta-8-17B-estradiol and
its sulfate) supports observations with other ring B unsatu-
rated estrogens, the extent of this activation of this estrogen
is far greater. Whether or not this is due to the novel struc-
ture of delta-8-estrone, remains to be determined. Since
both delta-8-estrone and delta-8-17B-estradiol can interact
with estrogen receptors (13), and delta-8-estrone sulfate has
been shown to have clinical effects (9), this estrogen can
contribute to the overall in vivo biological effects of Pre-
marin even though it is present in relatively small amounts.

In Vitro Metabolism of Ring B Unsaturated
Equine Estrogens

Metabolism of Equilin in Human Endome-
trium. Equilin is extensively metabolized by various types
of normal and malignant human endometrium, including
adenocarcinoma grown in athymic nude mice (37). In these
tissues, equilin was metabolized to equilenin, 178-dihydro-
equilin, and 17B-dihydroequilenin. Equilenin was the most
abundant metabolite formed by both normal and malignant
endometrium. The highest level of the two 17B-reduced
metabolites was formed by the secretory endometrium.
Similar observations have been made for the conversion of
estrone to 17B-estradiol (38, 39). These findings are in
keeping with the several-fold higher activity of 178-
hydroxysteroid dehydrogenase reported in the secretory en-
dometrium (39). The formation of 178-dihydroequilin in
the endometrium may be of importance, as this estrogen is
several times more potent a uterotropic agent than equilin
and estrone.

Metabolism of Equilin to Catechol Estro-
gens. It has been suggested that the oncogenic potential of
the classical estrogens, estrone and 17B-estradiol, and syn-
thetic estrogen depends on the extent of their metabolism to
extremely labile catechol estrogens (40, 41). In the Syrian
hamster kidney mode, 17B-estradiol, estrone, and equilin
induced kidney tumors in the majority of animals. Interest-
ingly. 2-hydroxy estrone and 2-hydroxy estradiol were in-
active whereas 4-hydroxy estradiol induced kidney tumors
in 100% of the animals (42). In contrast, ring B unsaturated
estrogen equilenin in pig liver formed only 4-hydroxy equi-
lenin, which was devoid of any carcinogenic activity in the

Table VI. Pharmacokinetic Parameters of Delta-8 Estrone in Postmenopausal Women

tv2 components

Subject Sex/age MCR

nc]>. yearg Vall) ] minutes 5 MCR (L/day) (L/day.ma) MCR/AV,
1 M.,59 22.0 6 50 2133 1066 0.50

2 M,66 9.0 8 60 1261 630 0.76

3 F.47 25.0 5 35 3580 1990 0.65

4 F.83 25.0 5 40 3458 2034 0.60

5 F,70 20.0 5 35 3595 2055 0.74

6 F.37 21.0 5 28 4069 2543 0.59

7 F.67 17.0 5 35 3150 1660 0.72

Mean + SEM 19.8+2.0 5+0.2 404t 4 3035 £ 380 1711 £ 252 0.65 +0.04
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hamster kidney (42). However, conflicting results have re-
cently been reported by the same investigator (43).

We have recently (44), demonstrated that human endo-
metrial preparations can form 2- and 4-hydroxy equilin,
with 2-hydroxylation being predominant (2.5 times higher
than 4-hydroxylation). In contrast, 2-hydroxy estradiol and
4-hydroxy estradiol in the proliferative human endometrium
were formed in equal amounts (45). Thus, the extent of 2-
and 4-hydroxylation of an estrogen may be dependent on
the structure. The role of catechol derivatives of ring B
unsaturated estrogens in postmenopausal women has not
been studied. These catechol derivatives can serve as sub-
stratas for redox cycling and generation of free radicals that
may resuit in adduct formation and subsequent cell damage.
Alternatively, these equilin metabolites could play a protec-
tive role in the endometrium as free radical scavengers and
antioxidants. Moreover, the formation of these catechol es-
trogens in the human endometrium can also decrease the
amount of equilin available for metabolism to the more
potent 17B-reduced products.

Urinary Excretion of Ring B
Unsaturated Estrogens

In the pregnant mare, following administration of
[3H]equilin, more than 90% of the administered dose was
excreted in the urine within 2 hr. Over 84% of this total was
present in the suifate fraction whereas only 5.6% and 1.7%
were found in the glucoronide and unconjugated fraction
respectively (1). The major metabolite of equilin excreted in
the urine was equilin sulfate, followed by |7a-dihydro-
equilin sulfate. In contrast, following administration of
[3H]equilin sulfate (or equilin) and [°H}17B-dihydroequilin
to post-menopausal women and men (22, 35, 36), less than
50% of the administered dose was excreted in the urine. The
bulk (63%-74%) of the radioactive metabolites excreted

were in form of glucuronides (Table VII), whereas 16%—
17% and 1%-2% were found in the sulfate and unconju-
gated fractions respectively. From these fractions, equilin,
equilenin, 17B-dihydroequilin, and 17B-dihydroequilenin
were identified. No 17a-reduced metabolites were formed.
However, the bulk of the radioactivity was present in the
form of two very polar metabolites (1, 2, 22, 35, 36). Re-
cently, these two metabolites were identified (46) as 16«-
hydroxy-178-dihydroequilin (1,3,5(10)7-estratetraen-
3,16a,17B-triol) and 16«-hydroxy-17B-dihydroequilenin
(1,3,5(10)6,8-estrapentaen-3,160a,173-tricl) depicted in Fig-
ure 7. Previous studies (47, 48) have discussed the potential
role of 16a-hydroxylated estrogens in oncogenic and other
disease processes. More importantly, it was demonstrated
that 16a-hydroxyestrone, which is a major urinary metabo-
lite of 17B-~estradiol and estrone in humans, can form stable
covalent adducts with macromolecules, which may be in-
volved in diseases such as breast cancer (49). The covalent
adduct formation between 16a-hydroxy estrone and macro-

Table VII. Distribution of Urinary Radicactivity in
Various Fractions after Intravenous Administration of
3H-Equilin Sulfate and 3H-17B-Dihydroequilin to
Postmenopausal Women

% of total recovered in the XAD-2-extract
of urine (mean + SD)

Fraction
Equilin sultate 173-Dihydroequilin
(n=4)° (n=8)°
Unconjugated 1.3205 1.7£05
Sulfates 16.9+8.0 16.4+5.0
Glucuronides 73.61+6.6 63.0 £ 10

* % dose excreted in urine in 3 days 39.75 * 8.6; XAD-2 extractabie
87.75+ 4.6.

% dose excreted in unne in 3 days 46.2 + 10.5; XAD-2 extractable
78.8 1 6.6.
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Rigure 7. /n vivo 16a-hydroxylation of estrone and the ring B unsaturated estrogen equilin, and the potential for forming adducts.

molecules occurs because of the presence of the D-ring 4.

a-ketol (i.e., 16a-hydroxy-17-ketone structure (Figure 7))
(50, 51). Since the two l6a-hydroxylated metabolites of

equilin lack this a-ketol, it is highly unlikely that these 5.

metabolites of ring B unsaturated estrogens can form the
potentially carcinogenic stable adducts, by the proposed

mechanisms. The absence of 17-keto-16a-hydroxylated de- 6.

rivatives of equilin in human urine following the adminis-

tration of equilin and 17B-dihydroequilin, supports the ob- 7.

servations that 17f-reduction occurs at a much higher ex-
tent than with the classical estrogen estrone, as discussed
above (Figure 6).

Summary of Key Points 8

1. All 10 known components of Premarin are biologi-
cally active estrogens.
2. These estrogens can be absorbed as sulfates from the

gastrointestinal tract. 9.

3 Estrogen sulfates do get hydrolyzed to some extent in

the gastrointestinal tract. The unconjugated cstrogens 10.

are absorbec more readily than their corresponding
sulfate forms

14 CONJUGATED EQUINE ESTROGENS

The unconjugated estrogens after absorption are rap-
idly sulfated (First Pass Metabolism) and circulate in
this form.

The sulfate forms of these estrogens can bind to albu-
min with a higher affinity than their unconjugated
form.

The 17B-reduced forms bind to SHBG with high af-
finity.

The 17-keto components of conjugated equine estro-
gen preparations. such as estrone sulfate, equilin sul-
fate, and delta-8-estrone sulfate, are metabolized by
postmenopausal women to the more potent 17(3-
reduced products.

The extent of this activation (17f-reduction) is nearly
10 times higher with the ring B unsaturated estrogens.
This activation can occur in target tissues such as the
human endometrium.

Both types of estrogens can form the 2- and 4-hydroxy
catechol derivatives.

16a-hydroxylation occurs with both types of estro-
gens; however, 16a-hydroxy-17B-dihydroequilin and
16a-hydroxy-17f3-dihydroequilenin cannot bind cova-



lently with proteins or other macromolecules as pro-
posed for 16a-hydroxy estrone.

1. Individual components of conjugated equine estro-
gens, such as equilin sulfate, deita-8-estrone sulfate,
17B-dihydroequilin sulfate. and estrone sulfate have
potent chinical (estrogenic) effects.

12. Since ull of the conjugated equine estrogens have es-
trogenic activity, the pharmacological effects of Pre-
marin are a result of the sum of these individual ac-
tivities. Therefore, preparations lacking some of these
components may mimic only some of the pharmaco-
logical effects of Premarin. Whether or not these types
of preparations can offer the same degree of bencficial
effects as Premarin has not been demonstrated.

Conclusions

In 1988, we reviewed (2) the literature regarding the

+ ad b nant o
10SYT nthesis of the ﬂﬂg 5 unsaturated oy the pregnaint mare

in a paper entitled **The Saga of the Ring B Unsaturated
Equine Estrogens.’” Since then, we have gained insight into
the pharmacokinetics and pharmacodynamics of these
unique groups of estrogens. Moreover, there is now a large
body of evidence clearly indicating that conjugated equine
estrogens, such as Premarin, not only provide relief of the
vasomotor symptoms in postmenopausal women but also
prevent osteoporosis, decrease the risk of cardiovascular
disease, and improve the quality of life in these women,
More recently, preliminary data suggest that these estro-
gens may also delay or prevent Alzheimer’s disease and
the aging process in general. Further research and clinical
trials are needed to substantiate these important initial
observations.

Since Premarin expresses its effects through all of its
components, and because of its complexity, it is difficult to
envision how a synthetic mixture of some of these estrogens
is going to exert the same biological and clinical effects
associated with this drug. Recent work dealing with the
mechanism of how an estrogen expresses its effects strongly
suggests that some of the Premarin components may have
tissue selective effects even when present in small concen-
trations. Thus, identification of estrogen components that
may be involved, for example, in cardioprotective effects
offers the opportunity for development of new drugs that
may be of therapeutic use not only in postmenopausal
women, but also in men. Hence, the *'Saga of the Ring B
Unsaturated Estrogens Continues.”’

[ would like to express my sincere thanks to Drs. Allan Woolever,
Anthony Cecutti. and Allan Gerulath for their continuing enthusiasm
and support. The word processing skills of Mrs. Francine Bhavnani and
Jean-Prerre Bhavnani in the preparation of this manuscript are highly
appreciated.
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--— Biologic Effects of Delta-8<Estrone

Sulfate in Postmenopausal Women
Bhagu R. Bhavnani, PhD, Anthony Cecutti, MD, and Mike S. Dey, PhD

OBJECTIVE:  To determine 1n postmenopausal women the biological effects of delta-8-estrone sulfate, a
novel estrogen component of Premarin (Wyeth-Ayerst, Philadelphia, PA).
METHODS: An open-label, nonrandomized siudy of six healthy postmenopausal women was conducted.
Each subject took 0.125 mg of delta-8—estrone sulfate daily for 8 weeks. Blood samples were collected at
day O (baseline) and once a week for 8 weeks. Urine was collected on day 0 and at weeks 2, 3, 5, 6, 7,
and 8. Serum gonadotropins (follicle-stimulating hormone/luteinizing hormone), plasma binding proteins
(corticosteroid-binding globulin/sex hormone-binding globulin), a marker for bone tumover (urinary
n-telopeptide), and markers for cardiovascular effects (cholesterol, low-density lipoprotein,, high-density
lipoprotein,, low-density lipoprotein oxidation, and rate of diene formation) were measured.
REsuLTs:  Follicle-stimulating hormone levels decreased from 84.0 = 8.5 to 67.0 = 8.5 mlU/mL
(P = .02), whereas luteinizing hormone levels did not change. Corticosteroid-binding globulin levels
increased from 3.30 £ 0.16t0 4.10 £ 0.16 mg/dL (P = .02), and no change in sex hormone—binding
globulin was noted. The n-telopeptide levels decreased an average of 31% from 40.7 = 4.9 10 28 = 7.0
nmol/L bone collagen equivalents/mmol/L creatinine (P = .03). Plasma diene concentration and diene
production rate decreased by 34% and 40%, respectively; these changes were not significantly different from
baseline values. In contrast, a significant (P = .03) 68% increase in the lag time for low-density lipoprotein,
oxidation (38.5 * 5.5 minutes versus 64.8 * 8.5 minutes) was observed. No significant change occurred
in total cholesterol, high-density lipoprotein,, and low-density lipoprotein,.
CONCLUSION:  Small doses (0.125 mg) of delta-8—estrone sulfate have profound estrogenic effects in
postmenopausal women. The changes observed in n-telopeptide levels and the lag-time delay in oxidation
of low-density lipoprotein_ indicate that this estrogen contributes toward the overall beneficial effects on bone
and cardiovascular system associated with Premarin therapy. (] Soc Gynecol Invest 1998;5:156-160)
Copyright © 1998 by the Society for Gynecologic Investigation.

——

KEeY wORDS: Delta-8~estrone sulfate, oxidized low-density lipoprotein, oxidation lag time,
n-telopeptide.

equine estrogen preparation, has been extensively used

for estrogen replacement therapy, prevention of osteo-
porosis, and cardiovascular disegse in postmenopausal women.
Premarin has been known to contain' the sulfate esters of the
ring B saturated estrogens estrone (E,), 17B-estradiol (178-E,),
and 17a-estradiol (17a-E,), and the ring B unsaturated estro-
gens equilin (Eq. 3-hydroxy-1,3,5(10)7-estratetraen-17-one),
equilenin (Eqn: 3-hydroxy-1,3,5(10)6,8-estrapentaen-17-one),
17a-dihydroequilin (17a-Eq: 1,3,5(10) 7-estratetraen-3,17a-
diol), 17B-dihydroequilin (173-Eq: 1,3,5(10) 7-estratetraen-3,
17B-diol), 17a-dihydroequilenin (17a-Eqn: 1,3,5(10) 6,8-es-
trapentaen-3, 17a-diol), and 178-dihydroequilenin (17B-Eqgn:

P remarin (Wyeth-Ayerst, Philadelphia, PA), a conjugated
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1,3,5(10)6,8-estrapentaen-3,178 diol). Along with the above
nine estrogens, the presence of a tenth ning B unsaturated
estrogen component identified as delta-8-estrone (delta-8-E,,
Isoequilin; 3-hydroxy-1,3,5(10), 8-estratetraen-17-one) has
now been confirmed in Premarin. Delta-8-E, is the fifth most
abundant estrogen component in Premarin and makes up
approximately 3.5% of the total estrogen present in a Premann
tablet. Recendy,? it was demonstrated that delta-8-E, has in.
vivo estrogenic activity, can interact with uterine estrogen
receptors, and that after intravenous administration 1n men and
postmenopausal women, it was cleared from the blood fairly®
rapidly (metabolic clearance rate: 1711 * 252 L/d/m?). The in
vivo pattern of metabolism of delta-8-E; appears to be quite
unique in that the major circulating metabolite 1n both the
unconjugated and the sulfate conjugated form was the 1783-
reduced estrogen: delta-8, 17B-estradiol (delta-8, 178-E,:
1,3,5,(10),8~estratetraen-3, 17B-diol). In this study, we have
determined the in vivo effects of daily oral adnunistration of
0.125 mg of delta-8-estrone sulfate (delta-8-E,S), in post-
1071-5576/98/%19.00 \
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Figure 1. Structure of delta-8-E,S.

menopausal women. This 1s the amount of delta-8-E;S present
in one 2.5 mg Premarin tablet.

MATERIALS AND METHODS
Study Design

This erial was an open-label, nonrandomized pilot study de-
signed to determine the effects of daily oral administration of
0.125 mg delta-8-E;S (Figure 1) for 8 weeks, on serum go-
nadotropins (follicle-stimulating hormone [FSH]/luteinizing
hormone [LH]); plasma binding proteins (corticosteroid-bind-
ing globulin [CBG], sex hormone—binding globulin [SHBG]),
a marker for bone turnover (urinary N-telopeptide), and
markers for cardiovascular effects such as cholesterol, low-
density lipoprotein, (LDL ), high-density lipoprotein, (HDL ),
LDL oxidation rate, and diene formation in postmenopausal
women.

Subjects

Six healthy postmenopausal women, between the ages of 47
and 60 years, were recruited to participate in the study. All
subjects were nonsmokers and had undergone natural meno-
pause and postmenopausal amenorrhea for at least 12 months.
They were not taking any hormones or antioxidant supple-
ments or experiencing vasomotor symptoms and their body
weight was within *20% of ideal weight. Their 178-E, and
FSH were less than 20 pg/mL and greater than 50 mIU/mL,
respectively. This study was approved by the Human Research
Ethics Board of St. Michael’s hospital and the University of
Toronto. Informed consent was signed by each subject before
imtiation of the study.

Sample Collection and Analysis
Blood samples were collected after overnight fasting at day
zero (predose, baseline) and, following administration, once a
week for 8 weeks. Plasma (ethylenediamine tetra-acetic acid 2
mg/mL) was refrigerated at 4C and shipped within 24 hours
for analysis of HDL_, LDL_, total cholesterol, conjugated
dienes, diene production rate, and LDL oxidation (lag-time
determination). Serum was stored at —20C until shipped (dry
ice) for analysis of CBG, SHBG, FSH, and LH. First morning
void urine samples were collected in amber glass vials on day
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0 and at weeks 2, 4, 6, and 8. These urine samples were stored
at —20C until shipped (dry ice) for analysis of n-telopeptide.
All plasma, serum, and unine samples were analyzed i1n a
blinded manner by university/hospital-based clinical research
laboratories or commercial laboratories as follows: serum FSH,
LH (immunochemilluminometric assays), binding capacity of
SHBG (displacement technique), serum CBG (radioimmuno-
assay), and 17B-E, (radioimmunoassay after extraction and
LH,, column chromatography) were assayed by Endocrine
Sciences, Agoura Hills, CA. The intra- and interassay coeffi-
cient of variation for all of the above assays were less than 10%.
The following assays were performed in Dr. Jean Davignons’
research laboratories, Clinical Research Institute of Montreal,
University of Montreal, Montreal, Canada. Plasma cholesterol
and HDL (isolated by the heparin-magnanese separation of apo
B-containing lipoproteins) were measured enzymatcally® on
an automated autoanalyzer. The value for LDL cholesterol was
calculated using the equation of Friedewald et al.* Plasma levels
of conjugated dienes were determined by a spectrophotomet-
ric assay.® The LDL oxidation (lag ime) and the propagation
rate of conjugated diene production were measured by con-
tinuous monitoring at 234 nm as described by Esterbauer et al.®
Type 1 collagen cross-linked n-telopeptide levels 1n urine were
measured using an enzyme-linked immunosorbent assay
(ELISA) immunoassay kit” at the Bone Metabolism Depart-
ment, Helen Hayes Hospital, NY. This assay has been used to
monitor and predict therapeutic effects of estrogen replace-
ment therapy on bone mineral density in postmenopausal
women.® The n-telopeptide values have been normalized on
creatinine clearance.

Statistical Analysis
Baseline values were compared with values obtained after the
last week of therapy by using paired Student ¢ tests. Paired data
from each subject were used for these statistical analyses, how-
ever, in the figures, the mean * standard error of baseline and
final week treatment values from all six subjects are depicted.
P = .05 was considered significant.

RESULTS
All subjects tolerated the dose of 0.125 mg of delta-8-E,S
taken daily for 8 weeks. None of the subjects experienced
vaginal bleeding, spotting, withdrawal bleeding, or any other
side effects. One subject was out of town during week 8 and;
therefore, she continued to take the delta-8-E,S for an addi-
tional week.

Follicle-Stimulating

Hormone/Luteinizing Hormone
Serum FSH decreased significantly (P < .02) from a mean
84.0 £ 8.5 mIU/mL (range: 64~108) to a mean value of
67.0 = 8.5 mIU/mL (range: 44—104) after 8 weeks of therapy
with delta-8-E;S. In contrast, no significant change in LH
levels was observed between the baseline 42.8 * 8.5 mIU/mL
(range: 27—-81) and post-treatment levels 40.5 = 7.5 mIU/mL
{range: 26—64). )
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Figure 2. Changes n the lag ume (LDL oxidation) after daily oral
adminmstration of 0125 mg of delta-8-E,S to postmenopausal
wornen

Baseline

Corticosteroid-Binding Globulin/Sex

Hormone—-Binding Globulin
Though serum CBG levels significantly increased (P < .02),
from a mean baseline value of 3.3 * 0.16 mg/dL (range:
2.7-3.9) t0 4.10 £ 0.16 mg/dL (range: 3.4~4.6) after 8 weeks
of therapy, no significant change was observed in the serum
SHBG levels (baseline: 1.2 = 0.18 pg/dL versus post treat-
ment value 1.15 = 0.15 pg/dL).

Markers of Cardiovascular Effects

(Lipid Parameters)
During the 8-week treatment with delta-8-E,S, total plasma
cholesterol levels did not significantly change from baseline
levels 5.255 &= 0.200 mmol/L (range: 4.55—6.01) versus the
post-treatment value (5.15 * 0.37 mmol/L) {range: 3.7-6.3).
Though a 12% increase in HDL cholesterol (1.30 * 0.16
mmol/L versus 1.5 * 0.2 mmol/L) and a 6% decrease in LDL
cholesterol (3.0 = 0.2 mmol/L versus 2.8 £ 0.4 mmol/L)
were observed after the 8-week. treatment period, these
changes were not significantly different from the baseline val-
ues. Plasma diene concentrations decreased by 34% from the
baseline levels of 0.25 % 0.03 mmol/L to 0.165 * 0.020
mmol/L, and similarly, the diene production rate decreased by
40% from 11.2 * 2.2 nmol/min/mg protein to 6.7 * 0.6
mmol/min/mg protein, these changes were not statistically
significant with P > 0.1 and P > 0.09, respectively. In
contrast, as depicted in Figure 2, a significant 68% (P << .03)
increase in the lag time for the LDL oxidation from a baseline
value of 38.5 * 5.5 munutes versus 64.8 * 8.5 minutes post-
treatment, was observed.

Urinary N-Telopeptides
The levels of urinary n-telopeptides of type 1 collagen (Figure
3) expressed as n moles bone collagen equivalents per mmole
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Figure 3. Changes in unnary n-telopeptide concentrations after
daily oral administration of 0 125 mg of delta-8-E ;S to postmeno-
pausal women.

Baseline

creatinine (nM BCE/nM Cr), decreased by 31% (P < .03)
from the baseline values of 40.7 = 5.0 to 28 = 7 nM BCE/nM
Cr after 8 weeks of therapy with delta-8-E,S.

DISCUSSION
In this study, we provide data that indicate that the novel ring
B unsaturated estrogen delta-8-E,S is a potent estrogen. A dose
of 0.125 mg of delta-8-E;S administered daily for 8 weeks
significantly increased CBG, and the lag time for LDL oxida-
tion and decreased FSH and the unnary levels of the bone
resorption marker n-telopeptide. The lack of sigmificant
changes in other estrogen-induced end points such as SHBG,
cholesterol, LDL,, and HDL, are most likely due to the short
duration of this study and/or the small number of subjects.
Although the dose (0.125 mg) of delta-8-E, S used in thus study
is the amount present in one 2.5-mg tablet of Premarin, thus 1s
still a relatively very small amount of oral estrogen to have
biological effects in postmenopausal women. Other individual
ring B unsaturated estrogen components of Premarin have also
been shown to have biologic effects. Thus, Howard and
Keaty® demonstrated that in postmenopausal women, oral EqS
was five times more potent in suppression of urinary gonado-
tropins than E,S. Similarly, 0.25 mg of EqS was as active as
0.625 mg of Premarin in stimulating the vaginal epithelium
and alleviating menopausal vasomotor symptoms.'? Lobo et
al,'! also demonstrated that doses of 0.31 and 0.625 mg of EqS
were 1.5 to 8.0 times more potent than comparable doses of
E,S and conjugated equine estrogens (Premarin) mn stimulaung
the synthesis of hepatic proteins such as SHBG, CBG, angio-
tensinogen, and HDL_. However, EqS alone was somewhat
less potent than Premarin in its ability to mhibit bone resorp-
tion, but its activity was similar to that of E;S. In this study,
0.125 mg of delta-8-E,S was found to significantly lower the
levels of the urinary bone resorption marker n-telopeptide.
These findings suggest that on direct weight basis (ie, milligram
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for milligram) this estrogen may be a more potent inhibitor of
bone resorption. However, more detailed dose-response stud-
ies are needed before firm conclusions can be made. An earlier
study'? showed that the 17B-reduced metabolites of ring B
unsaturated estrogens such as 17B-EqS were also effective 1n
controlling vasomotor symptoms. In this study, oral adminis-
tration of 0.3—0.4 mg/d of 17B-EqS was as effective as 0.625
mg of conjugated equine estrogens. In a previous study,? it was
demonstrated that the pattern of in vivo metabolism of delta-
8-E, was rather unique, in that the major metabolite in both
the unconjugated and the sulfate conjugated form was the
more active 17B-reduced product. Though the extent of 173-
reduction, ie, formation of delta-8-178-E, and delta-8-173-
E,S, 1s 1n keeping with observations with other nng B unsat-
urated estrogens, the extent of this activation was much
greater.!® Because it has been previously reported? that delta-
8-E, 1n postmenopausal women was metabolized mainly to
delta-8—17B-E,S and delta-8~17B-E,, it is quite possible that
some of the biologic effects observed in this study may be due
to the formation of these active metabolites. Similarly, it has
also been suggested that the biologic effects of EqS may be due
to the formation of its active metabolites 173-Eq and 17(3-
EqS.]‘“

Though the cardioprotecuive effects of estrogen replace-
ment'>™7 and hormone replacement (estrogen + progestin)
therapy'® in postmenopausal women have been well docu-
mented, the mechanism for this beneficial effect has not been
established. An earlier hypothesis proposed that estrogen use
was associated with hepatic lipid changes that result in de-
creased levels of total cholesterol and LDL_ and an increase in
HDL, and that these were the important factors. However,
more recent studies indicate that these hpid changes account
for only 25-50% of the reduction in cardiovascular nisk asso-
ciated with estrogen therapy.'® More recent studies indicate
that oxidatively modified LDL plays an important role in the
process of atherogenesis and that oxidized LDL is more athero-
genic.'® Inhibition of the formation of oxidized LDL would
therefore be beneficial. A number of in vitro and in vivo
studies?*™® have shown that various estrogens can inhibit
oxidation of LDL. An in vitro study®® also indicated that
delta-8-estrone, 17a-dihydroequilehin, and 17B-dihydro-
equilenin were the most potent antioxidants present in Pre-
marin. Data from the present 1n vivo study clearly indicate that
small amounts of delta-8-E;S administered orally for only 8
weeks also inhibited the oxidation of LDL (increase in lag
time, Figure 2). Thus, both in vitro and in vivo observations
indicate that delta-8-E; 1s a potent antioxidant.

Adnunistration of Premann to postmenopausal women
also resulted in a significant inhibition of LDL oxidation, and
because all ten known components of Premarin have antiox-
idant properties,?® some of the cardiovascular benefits associ-
ated with this drug are most likely due to this mechanism.
Furthermore, the results from this study, with regard to n-
telopeptide levels and the lag-time delay in the oxidation of
LDL indicate that delta-8-E,S contributes significantly to the
overall beneficial effects on bone and cardiovascular system

27.28
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associated with Premarin therapy. These data further support
the hypothesis that the biological effects of Premarin are the
sum of the effects of its various individual components.'
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ABSTRACT. The MCRs of equilin sulfate and equilin were
determined 1n normal postmenopausal women and a normal
man by single 1v mjections of either [*H)equilin sulfate or [*H]
equilin After the admimstration of [*HJequilin sulfate, blood
was drawn at various time intervals, and the plasma obtained
was fractionated into the unconjugated, sulfate, and glucuronide
fractions. The bulk of radioactivity was present in the sulfate
fraction, and from this, [*H]equilin sulfate, [*H]178-dihydro-
equilin sulfate, [*H)equilenin sulfate, and [*H}178-dihydroequi-
lernn sulfate were isolated and purified, and their concentrations
were measured. The disappearance of radioactivity from plasma
as equilin sulfate can be described as a function that is the sum
of two exponentials. The imtial fast component (half-life, 5.2 +
1 2 min}) represents distribution and transfer from a space, with
a mean volume of 12 4 +: 1 6 liters The mean value for the rate
constant of total removal from the initial volume 1s 163 + 19 U/
dav. of which 158 *+ 2% 15 1rreversible The mean half-life of

the slower component of equilin sulfate 1s 190 + 23 min, and the
mean MCR is 176 + 44 liters/day - m®.

Similarly, after the administration of |*H]equilin to a normal
postmenopausal woman and a man, the disappearance of radio-
activity from plasma as equilin could be fitted by a single straight
line, consistent with a one-compartment system The half-life
of equilin was approximately 19-27 min, and the MCR of equilin
was calculated to be 1982 liters/day/m? in the normal man and
3300 liters/day/m® in the normal postmenopausal woman The
butk of [*H)equilin was very rapidly metabolized to mainly
equilin sulfate. Small amounts of 178-dihydroequilin sulfate and
176-dihydroequilin were also isolated from the plasma. The in
wwo formation of 178-dihydroequilin and its sulfate may be of
importance, as this estrogen is approximately 8 times more
potent as a uterotropic agent than equihin sulfate (J Clin En-
docrinol Metab 56: 1048, 1983)

QUILIN sulfate is one of the major (25%) compo-
nents of conjugated equine estrogen preparations

such as Premarin (Ayerst Laboratories, Montreal, Can-
ada), which also contains sulfate esters of estrone (45%),
17a-dihydroequilin (15%), 17a-dihydroequilenin, 17a-
estradiol, 178-estradiol, 178-dihydroequilin, and 178-di-
hydroequilenin (1, 2). These drugs have been in use for
over 35 yr for treatment of postmenopausal women, and
recently, a strong association between endometrial can-
cer and estrogen replacement therapy has been demon-
strated in a number of case-control studies (3~5). Though
the biological fate of estrone sulfate has been well estab-
hished 1n man (6-10), sim:lar information regarding ring
B unsaturated estrogen equilin sulfate is not available.
[t has, however, been well established that the ring B
unsaturated estrogens are excreted in the urine exclu-
sively by the pregnant mare and are formed by a squal-
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ene-cholesterol-independent biosynthetic pathway (11-
16). We have reported that equilin in the pregnant mare
is metabolized and excreted in the urine primarily as
equilin sulfate and its relatively inactive metabolite, 17a-
dihydroequilin sulfate {17). We have also reported that
after 1v or oral administration of Premarin to postmen-
opausal women, some of the equilin sulfate and estrone
sulfate present in Premarin appears in the serum as
unconjugated equilin and estrone (18). In the present
investigation, the pharmacokinetics of equilin sulfate
and equilin in normal postmenopausal women and 1B
men were determined by the admunistration of [*H
equilin sulfate or [*Hlequilin by the single mJectl.on
technique (19-21). The MCRs of the above two steroids
as well as the metabolites of equilin sulfate present I
blood were determined.

Materials and Methods
Subjects

Five normal postmenopausal and castrate women, aged 38
60 yr, were studied. Subjects were in good health and had
recerved no medication for at least 48 h before the experiment
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en OD ex0genous estrogen replacement therapy (Premarin or
Stilbesterol). All subjects had given informed consent before
the procedure, and the project was approved by the Human
Ethics Commuittees of the university and the hospital. For
companson and for the development of the methods, the ex-
riments were initially performed in one healthy normal man

(aged 58 yr)

Counting

The radioactivity was measured 1n a Nuclear-Chicago (Des
plamnes, IL) or Beckman (Palo Alto, CA) liquid scintillation
spectrometer. The radiactive material in crude urine and
plasma was measured by counting 1-ml aliquots in 14 ml
Biofluor (New England Nuclear Corp., Boston, MA) Crystal-
ine samples were dissolved in 2 ml methanol to which were
added 13 ml toluene phosphor solution containing 0.4% of
ommifluer (New England Nuclear). All other samples were
counted using 15 ml toluene phosphor solution. All counts were
corrected to 100% efficiency by external standardization.

Purification of sterouds

Steroids were purified by chromatography (no. 3 MM paper,
Whatman, Inc., Clifton, NJ) n the following systems (compo-
sitions expressed as vol/vol): A) 1sopropanol-n-butanol-am-
monium hydroxide-water (45:15:1:39); B) heptane-methanol-
H.0 (10:9:1); C) isooctane-methanol-H-0 (10:9:1); and D) ben-
zene-cyclohexane-methanol-water (1 2:3-3).

Detection of estrogens

Estrogens were detected on paper with Pauly’s reagent (22),

which was prepared just before use by mixing equal volumes of

sulfanilic acid (0.9 g sulfanilic acid plus 9 ml concentrated HCI
plus 90 ml H,0) with 5% NaNO; solution; this mixture was
allowed to react for a few minutes, and then an equal volume
of 109 Na,COj; solution was added to 1it. The paper chromato-
grams are dipped in this mixture. Equilin and 178-dihydro-
equilin gave orange-coloured spots, while equtlenin and 17g-
dihydroequilenin gave red-coloured spots

Isotopes

[2,4-*H]Equilin (SA, 41 Ci/mmol; New England Nuclear
Corp.), through custom synthesis, was the same preparation as
that used previously (18). It was diluted with unlabeled equilin
W give a specific activity ot 130 mCi/mmol. Its radiochemical
punty was found to be over 95% by isotope dilution techniques.
[2,4-*H]Equilin-3-sulfate, ammonium salt, was prepared by
adding 500 xCi [2,4-*H]equilin (SA, 130 mCi/mmol) dissolved
n 0.5 m] dry pyridine to an ice-cold mixture of chlorosulfonic
acid (0 05 ml) and pyridine (0.5 ml) After 15 min at 4 C, the
feaction mixture was warmed to 70 C and then cooled to room
temperature. The pyridinium salt of equilin sulfate formed was
tonverted to the ammomum salt by dissolving the reaction
Product in 5 ml 7 N ammonium hydroxide. After the addition
of 100 ml distilled water, the [*H]equilin sulfate and the un-
feacted [*H]equilin were extracted with 20 g Amberlite XAD-2
fesin (23). The resin was first washed with water (15 ml; three
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times) and then with methanolic ammonia (50 ml; three times;
200 ml methanol plus 10 m] NH;OH). The methanol eluate
containing the steroids was evaporated to dryness, and the
residue was partitioned between ether and water. The ether
extract containing unreacted [*H]equilin was discarded, and
the [*H]equilin sulfate present in the aqueous phase was re-
covered by reextraction with XAD-2 resin. The residue ob-
tained (960 X 10° dpm) was chromatographed on paper using
system A [isopropanol-n-butanol-ammonium hydroxide-water
(45:15:1:39}]. A single peak of radioactive material (Rf = (.25)
corresponding in mobility to authentic equilin sulfate was pres-
ent and was eluted with methanol and stored under nitrogen
at —20 C. The radiochemical homogeneity of this material was
established by the following criteria

Solvolysis and chromatography A small aliquot (1.5 X 10° dpm)
of [*H]equilin sulfate was solvolyzed in tetrahydrofuran and
perchloric acid (24). A total of 1.45 X 10° dpm ether-soluble
product (unconjugated equilin) was recovered (97%) Aliquots
(1 X 10° dpm) of this matenal were chromatographed in systems
B and C. A single peak of radioactive matenal corresponding

in mobility to equilin was present in both systems.

Isotope dilution. Repeated crystallizations of an aliquot (2.85 x
10° dpm) of the solvolyzed material after dilution with carrier
equilin (55 mg) indicated the radiochemical purity to be over
98% (X, = 5070; X, = 5170; X, = 5200; calculated specific
activity, 5180 dpm/mg).

Pulse injection studies

These studies were carried out as described previously (19,
20). Subjects received, in an antecubital vein, between 30-60
uCi of either [2,4-*H]equilin sulfate or [2,4-°H]equilin in 10 ml
10% ethanol in isotonic saline solution. Aliquots of the injection
solution were taken to determine the radioactivity adminis-
tered. Heparinized blood samples (20 ml) were obtained at
frequent intervals through an indwelling needle placed in a
vein of the opposite arm. The samples were centrifuged, and
the plasma was stored at —20 C until analyzed as described
below.

Extraction of plasma

To monitor recoveries, known amounts (500-1000 ug) ot
carrier equilin, equilenin, 178-dihydroequilin, and 178-dihy-
droequilenin were added to each plasma sample. After equili-
bration for 30 min at room temperature, the plasma was ex-
tracted with ether (45 ml, three times). The ether phase was
washed with water (15 ml; three times), and the ether was
removed by flash evaporation. The ether extract containing the
unconjugated steroids was stored at —20 C until further proc-
essing. Previous tests with [*H]equilin had shown that over
99.5% of [*H]equilin is removed by the ether, while under these
conditions, less than 0.5% of steroid sulfates such as [*H]equilin
sulfate or [*H)estrone sulfate was extractable. The ether-ex-
tracted plasma and the aqueous washes were combined, and
any residual ether was removed under a stream of nitrogen.
Known amounts of the above-mentioned four carrier estrogens
were again added to the diluted plasma, the pH was adjusted
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to 2, and the mixture was saturated with NaCl (20%) and
extracted with freshly distilled tetrahydrofuran (150 ml; three
times). The tetrahydrofuran extract containing the steroid
conjugates was solvolyzed by the addition of 0.1% perchloric
acid, followed by incubation at 37 C for 17 h. After neutraliza-
tion with ammonium hydroxide, the tetrahydrofuran was evap-
orated under vacuum, and the aqueous phase remaining behind
was extracted with ethyl acetate (100 ml; three times). The
ethyl acetate phase was washed with water (30 ml; three times)
and then evaporated to dryness. The residue containing steroids
onginally present as sulfates was fractionated into phenolic
and neutral steroids by partition between benzene (25 ml) and
1 N NaOH (10 ml; four times). The benzene phase was washed
with water (5 ml; six times), and the benzene was removed by
evaporation under vacuum. This fraction, which contained the
neutral steroids, was devoid of any radioactivity. The NaOH
phase and aqueous washes were combined, their pH was ad-
justed to 6-7, and they were extracted with ether (100 ml; three
times). The ether phase washed with water (30 m]; three times)
and evaporated to dryness under vacuum. The residue con-
tained over 98% of the radioactivity originally present. Insig-
nificant counts remained 1n the aqueous phase, indicating the
absence of glucuronides in the plasma. Previous tests using
["H]equilin sulfate and [*H]estrone sulfate indicated that the
solvolysis under the above-described conditions was quantita-
tive and, under these conditions, the [°HJequilin formed was
stable. Therefore, the addition of unconjugated carrier steroids
instead of corresponding sulfate conjugates provided a reliable
method for calculations of procedural losses.

Since preliminary experiments in which [*H]equilin sulfate
had been injected indicated that very small amounts of radio-
activity in the plasma was in the unconjugated form, the first
ether extract containing this fraction was not worked up any
further.

Isolation and purification of labeled equilin and its metabolites
from plasma

Each of the ether extract residues containing estrogens was
chromatographed for 6 h on paper using system B. Four zones,
corresponding in mobility to equilin (least polar), equilenin,
17g-dihydroequilin, and 178-dihydroequilenin (most polar),
were detected with Pauly’s reagent, as described above. The
zones corresponding in mobility to equilin and equilenin were
rechromatographed for 65 h in system C. Single zones corre-
sponding m mobuility to equilin and equilenin were observed
and eluted with a methanol-benzene (2.8) mixture. The eluates
were filtered into glass-stoppered tubes and evaporated to dry-
ness under nitrogen. Similarly, the 178-dihydroequilin and 173-
dihydroequilenin zones were rechromatographed for 16 h in
system D. Single zones ccrresponding in mobility to 173-dihy-
droequilin and 178-dihydroequilenin were observed and were
eluted and processed as described above. The residue from
these eluates was dissolved in methanol, and aliquots were
assayed for radioactivity and mass as described below The
radiochemical purity of the chromatographically purified com-
pounds was confirmed in selected instances by the isotope
dilution technique, as shown in Table 1. These data indicated
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TABLE 1. Proof of radiochemical punity of *H-labeled estrogens 150 4
lated from plasma (sulfate fraction) after 1v administration of [JH]
equilin-3-sulfate (subject 1)

SA (dpm/mg)

Crystallization 178-Dihy-  178-Dihy.
Equln®  Equlenin® droequi-  droeqy;.
lin® lenin?
1 330 80 110 280
2 350 80 115 270
3 ‘ 340 85 110 260
Calculated 330 80 110 270

“ A total ot 6600 dpm [*H]equilin eluted from the paper chromate.
gram run in system C was mixed with 20 mg carrier equilin befgp
crystallization The calculated value is based on these figures

® A total of 1600 dpm [*H]equilerun eluted from the paper chro.
matogram run in system C was mixed with 20 mg carrier equilenyn
before crystalhization.

¢ A total of 2220 dpm [*H]173-dihydroequilin eluted from the paper
chromatogram run in system D was mixed with 20 mg carrier 174. .
dihydroequilin before crystallization.

4 A total of 5400 dpm [*H]178-dibydroequilenin eluted from the
paper chromatogram run in system D was mixed with 20 mg carner
178-dihydroequilenin before crystallization

that the purification steps used were sufficient to attain rad-
ochemical purity.

Determination of procedural losses

The amount of carrier estrogens remaining after purification
was determined by measuring the optical density at 280 nm
using a Beckman model 25 spectrophotometer. The optical
densities of the samples were compared with those obtained
from known concentrations of equilin, equilenin, 178-dihydro-
equilin, and 178-dihydroequilenin. Knowing the mass of each
carrier steroid added before extraction and the amount remain-
ing after purification, the percent recovery was calculated (50-
80%) and was used to correct the amount of radioactive estro-
gen 1solated for procedural losses.

Analysis of data

The two-compartment model described by Tait et al. (19)
Tait and Burstein (20), and Rizkallah et al (21) was used to
calculate the MCRs of equilin and equilin sulfate. The MCR 15
defined as the volume of plasma irreversibly cleared of 1ts
hormone content per unit time (liters per day) and is also
expressed in terms of surface area as liters per day/m®

The disappearance curve for radioactive equilin sulfate in
plasma was represented by at least two exponentials X' =
A’e ™ + B’e™, where X’ is the concentration of the radioac
tivity measured specifically as equilin sulfate, and

1

MCR (Liters/day)} = ,1 = ~=y
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here A’ and B’ are the intercepts on the ordinate axis obtained

e,m-apolation of the two curves to zero time (expressed as
rl::e fraction of the administered dose of radioactivity per liter
jasma), & is the slope of the first component, and § is the
5P]ope of the final part of the curve. The inner volume (V;), the
golume into which the iv injected hormone was immediately
gistributed, was calculated from the relationship V, = 1/(A” +
g') at time zero. The rate constant (k) of total removal (re-
cersible and irreversible) of equilin sulfate from V, was calcu-
jated using the equation (21): k = (A’a + B'8)/(A" + B’).

The percentage of equilin sulfate removed irreversibly was
ca_lculated from the expression (21): rate of irreversible re-

goval/rate of tota! removal = MCR/kV,.

% Dose/sL

Time (Mins)
Fic 1. Disappearance of radioactivity from plasma as [*H]equilin
sulfate plotted as a percentage of the administered dose vs time of
blood sampling 1n female subject 4

% Dose/L

° 60 120 180 240 00 %0 20

Time (Mins)
Fic 2. Disappearance of radioactivity from plasma as [*H]equilin
sulfate plotted as a percentage of the administered dose vs. time of
blood sampling in male subject 5
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Results
Pharmacokinetics of equilin sulfate

The concentration of radioactivity as equilin sulfate,
expressed as a percentage of the administered dose, was
plotted on a semilog scale (y-axis) against time (x-axis).
In both female and male subjects, the disappearance of
radioactivity could be expressed as a function which is
the sum of two exponentials. Two such plots are shown
in Figs. 1 and 2. The data obtained from the analysis of
each individual disappearance curve are shown in Table

2. The slopes and interc
combined, and the mean slopes and intercepts are shown
in Fig. 3. The mean MCR was found to be 315 + 73
(+sEM) liters/day; when corrected for surface area, the
mean was 176 + 44 (::SEM) liters/day . m>.

The mean value for the initial volume of distribution
(V,) was 124 * 1.6 liters, and the disappearance of
equilin suifate from this inner volume had a mean haif-
life of 5 + 1.2 min. The mean half-life of the slower
component of equilin sulfate was 190 + 23 min (Table
2).

The mean rate constant (k) (21) of total removal
(reversible and irreversible) of equilin sulfate from V,
was 163 + 19 U/day. The fraction of equilin sulfate
removed irreversibly (MCR/kV,) was calculated to be

0.158 % 0.02 (Table 2).

ntercepts from these five studies were

MCR of equilin

The MCR of equilin was measured in one postmeno-
pausal woman and one normal man by injecting [*H]
equilin. The disappearance curve of radioactive equilin
could be fitted by a single straight line, consistent with
a one-compartment model described by a single y-inter-
cept (A’) and a single slope («), as shown in Figs. 4 and
5. The MCR of equilin in the postmenopausal woman
and man was calculated to be 5280 and 3944 liters/day
or 3300 and 1982 liters/day-m?® respectively. The V,
values were 100 and 62.5 liters (Table 3), and the disap-
pearance of equilin from this inner volume had half-lives
of 27 and 19 min in the postmenopausal woman and
man, respectively (Table 3).

Formation and kinetics of equilenin, 178-dihydroequilin,
and 17B8-dihydroequilenin sulfates after a bolus injection
of [*H]equilin sulfate

The appearance of radioactivity in plasma specifically
as equilenin, 178-dihydroequilin, and 178-dihydroequi-
lenin sulfates after the administration of [*H]equilin
sulfate was measured in four postmenopausal women,
and the results were expressed as percent dose per liter
and are summarized in Tables 4-6. These three metab-
olites were isolated only from the sulfate fraction. Equi-
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TABLE 2 Data calculated from the analysis of the equilin sultate plasma concentration curves
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FIG. 3. Mean disappearance of radioactivity from plasma as {*H)
equilin sulfate plotted as a percentage of the administered dose vs time
of blood sampling in subjects 1-5. The slopes and intercepts from the
five studies were combined, and the mean slopes and intercepts are
shown.

lenin sulfate was formed very rapidly, with the maximum
concentration being present in the first blood sample
taken 3 min after the administration of equilin sulfate
{Table 4 and Fig. 6). The disappearance of equilenin
sulfate was characterized by two components similar to
those observed for equilin sulfate (Fig. 1 and 2), with the
half-life of the first component being approximately 3
min. In contrast, the formation of 178-dihydroequilin
and 178-dihydroequilenin sulfates increased with time
(Tables 5 and 6) and reached maximum concentrations
by 20 min. The levels of the three metabolites gradually
decreased with time, and 8 h after the injection of equilin
sulfate, they were barely detectable. In Fig. 6, the mean
levels of the above three metabolites isolated from the
plasma of the four subjects are plotted as the percent
dose formed per liter against time.

The 17a-reduced metabolites, such as 17«-dihydro-
equilin and 17«-dihydroequilenin, were searched for by
careful analysis of the areas on paper chromatograms
corresponding in mobility to the above two steroids.
These were devoid of any radioactivity, indicating that
the [*H]equilin sulfate was metabolized to only labeled
equilenin sulfate, 178-dihydroequilin sulfate, and 178-
dihydroequilenin sulfate.

Formation and kwnetics of equilin sulfate and 178-dihy-
droequilin sulfate and 178-dihydroequilin ofter a bolus
tnjection of [*H]equilin

The appearance of radioactivity specifically as equilin
sulfate, 178-dihydroequilin sulfate, and 178-dihydro-
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Fic 4. Disappearance of radioactivity from plasma as [*H]equilin
plotted as a percentage of the administered dose vs time of blood
sampling in male subject 5

equilin during the first 90 min in plasma after the admin-
istration of [*H]equilin to a postmenopausal woman
(subject 1, Table 3) is summarized in Table 7. The rate
of formation of both sulfate-conjugated estrogens in-
creased with time, reached maximum levels 40 min after
the bolus injection of equilin, and then very gradually
began to decline. The formation of 178-dihydroequilin
reached maximum levels by 20 min and then declined
fairly rapidly, as shown in Table 7. In the subject dis-
cussed above, the [*H]equilin injected disappeared from
plasma very rapidly (Fig. 5) and was not detectable 60
minutes after its administration. In contrast, at 30 min
the concentration of equilin sulfate (Table 7) exceeded
the highest levels of equilin found in the first sample
taken at 3 min (Fig. 5). These results indicate that equilin
is very rapidly metabolized to equilin sulfate, which
appears to be the main circulating metabolite of equilin.

Discussion

Equilin sulfate is one of the main components of
conjugated equine estrogen preparations (such as Pre-
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% Dose/L

v -
60 120 180 240

Time (Mins)

FiG. 5 Disappearance of radioactivity from plasma as [*Hlequilin
plotted as a percentage of the administered dose vs. time of blood
sampiing 1n female subject 6

marin) which have been used for over 3 decades, but very
little is known about the metabolic fate of this and other
ring B unsaturated estrogens in the human. In this
investigation, the in vivo metabolism of equilin sulfate
and equilin was investigated in postmenopausal women
and a normal man.

The MCR of [*H]Jequilin sulfate or [*H]equilin was
calculated by analysis of plasma samples taken after
rapid injection of [*H]equilin sulfate or [*H]equilin. The
data points relating to the disappearance of equilin sul-
fate and equilin from plasma suggested that a two-com-
partment model can be used for the analysis of the MCR
of equilin sulfate and a single compartment model can
be used for equilin (19--21).

The mean MCR of equilin sulfate was calculated to be
176 + 44 liters/day-m® for women and men. This value
is only 6-8% of that calculated for the unconjugated
equilin (3300 and 1982 liters/day - m?). A similar relation-
ship between the MCR of the sulfate and that of the
unconjugated steroid has been noted for estrone (8),
dehydroisoandrosterone, and testosterone (25, 26).

Using a two-compartment model, Longcope (8) re-
ported the MCR of estrone sulfate in males to be 105 =
20 liters/day-m? (range, 60-205) by the single injection
technique and 80 + 10 liters/day- m? (range, 45-115) by
the constant infusion technique. Ruder et al. (9), using a
single compartment model, calculated the MCR of es-
trone sulfate to be 87 + 36 liters/day- m?® (range, 46-163)
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TARLE 3 Data calculated from the analysis of the plasma concentration curves
Dose of , R S
Subect 1o Sex and age (*H]equilin A’ fraction of @ v, tise MCR MCR
Pt} 2 . .
1 {yr) (dpm X 10%) dose (U/day) (liters) (m1n) (liters/day) (liters/day o)
e op _ e - ———
5 M, 58 126 0.016 63.1 62.5 19 3944 1982
6 F, 49 74 0.010 52.8 100 27 5280 3300
- [ ko v 2T
TaBLE 4. Kinetics of equilenin sulfate formation after a bolus injection of [*H]equilin sulfate
Dose Plasma [*H]equilenin sulfate (% dose/liter}
Subject Sex and [*H]equilin - -
no. age (yr) sulfate 3 min 6 min 10 min 20 min 40 mun 90 min 180 min 360 min 480 min
{dpm X 10%) )
4 F, 38 96 2.8 1.6 1.0 0.54 0.50 0.47 0.3 0.27 0.2
5 F. 60 120 1.3 06 0.5 0.44 0.40 0.38 0.24 0.11 0.07
6 F, 57 90 1.1 0.7 0.6 0.8 1.0 0.6 0.4 0.3 0.3
7 F. 51 114 1.73 160 0.8 0.70 0.6 0.4 0.3 0.2 0.1

Mean * SEM

17+038 11028 07011 06+008 06+0.1 05%0.05 03003 02+0.04 0.16 = 0.05

TABLE b

Kinetics of [°H]178-dihydroequilin sulfate formation after a bolus injection of [*H}equulin sulfate

Dose of Plasma [*H]178-dihydroequilin sulfate
. Sex [*H] (% dose/liter)
Sub- . ~ o
and  equlin
ject
age sulfate
no {yr)  (dpm X 3 mimn 6 min 10 min 20 min 40 min 90 min 180 min 360 min 480 min
10%)
4 F, 38 96 0.09 0.3 0.4 0.5 04 0.3 0.2 0.2 0.2
5 F, 60 120 0.1 0.2 0.3 03 0.2 0.2 0.1 0.05 0.05
6 F. 57 90 0.2 0.4 0.6 0.4 0.4
7 F, 51 114 0.2 0.2 0.4 0.5 04 0.3 0.2 0.01 005
Mean + SEM 0.15£0.03 0.28+0.05 0.42+0.06 042%005 035005 0.26+0.03 0.16:£003 012+ 0.04 0.1+0.05
TaBLE 6 Kinetics of {*H]178-cihydroequilenin sulfate formation after a bolus injection of [*HJequilin sulfate
Dose [*H} Plasma [*H}178-dihydroequilenin sulfate (% dose/hiter)
Subject  Sex and age  equihin sul- -
no (yr} fate 3 min 6 min 10 min 20 min 40 min 90 min 180 min 360 min 480 mmn
(dpm X 1C%)
4 F 18 96 017 0.14 019 023 0.20 0.16 014 014 012
5 F. 60 120 015 0.08 011 016 014 013 107 0.05 0.05
8% F, 57 90 0.13 018 021 022 0.24
7 F, 51 114 0.12 019 0.19 019 0.20 0.14 0.11 009 0.05
Mean + SEM 0144001 015002 018002 020%001 0183+002 0142001 0102002 0.09+002 007002

for males and 94.1 + 22 liters/day-m?® (range, 39-141)
for females. The androgen sulfates, such as dehydro-
isoandrosterone and testosterone, have a much lower
(7.7, 21.5 liters/day) MCR (25, 26). Our results with
equilin sulfate indicate that this compound is cleared
from the human body faster than any of the above steroid
sulfates and that there is no sex difference.

The very low MCR of the androgen sulfates may be
due to plasma protein binding of the sulfated steroid (8,
26). It has also been reported that estrone sulfate and
estradiol sulfate bind to human serum albumin quite
strongly (27, 28). Whether the low MCR of equilin sul-
fate, in contrast to that of an unconjugated equilin, is

due to its binding with human serum albumin (and
perhaps other blood proteins) or to the ionic nature of
the steroid sulfates remains to be established.

The low MCR can also result if only a small fraction
of equilin sulfate is being metabolized. While our results
indicate that equilin sulfate is metabolized to sulfate
esters of equilenin, 178-dihydroequilin, and 178-dihy-
droequilenin, this metabolism was determined after 2
single injection of [*H]equilin sulfate, and it appears that
only a small fraction was metabolized (15.8%). More
quantitative experiments under steady state conditions,
such as constant infusions (19, 20), will be necessary to
resolve this question.
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FiG. 6 Formation kinetics of equilenin, 178-dihydroequilin, and 178-
dihydroequilenin sulfates after the administration of [*H]equilin sulfate
to postmenopausal women (subjects 1-4). Eqn, Equilenin; 178-Eq, 178-
dihydroequilin; 178-Eqgn, 178-dihydroequilenin.

TasLE 7. Plasma levels of *H-labeled metabolites formed after a bolus
injection of [*H}equilin to a postmenopausal woman

Plasma levels

Metabolite {% dose/liter)

isolated 6 8 10 20 30 40 60 90
min mun mup mn mn o omin min min

0.40 0.60

Equilin sulfate  0.30 0.70 140 1.60 1.40 1.20
173-Dihydro- 0.05 0.05 0.08 0.10 0.18 0.23 020 0.17
equilin sul-

fate

178-Dihydro- 020 0.20 0.23 0.26 021 013 012 0.07
equilin

The MCR of estrone has been reported to be around
965 liters/day-m? (30) and 1310 liters/day-m? (29). No
significant difference was noted between males and fe-
males. Similarly, the MCR of estradiol was found to be
600-790 liters/day-m? for females (29, 31) and 830-990
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liters/day - m? for males (29, 31). In contrast, the MCRs
of equilin determined in one male and one female were
found to be 1982 and 3300 liters/day-m®, respectively,
values that are approximately 2-5 times higher than
those found for estrone and estradiol. These results
indicate that equilin is being cleared much more rapidly
than either estrone or estradiol. It appears from our
preliminary results that equilin is rapidly metabolized to
equilin sulfate, 178-dihydroequilin sulfate, and 178-di-
hydroequilin, with equilin sulfate being the major metab-
olite in the circulation.

The amount of radioactive material present in the
unconjugated fraction of plasma after the administration
of equilin sulfate was not sufficient for further analysis;
however, we have reported (18) that after the adminis-
tration of Premarin to postmenopausal women, some of
the equilin sulfate present in Premarin appears quickly
in the serum as unconjugated equilin. These and the
present results indicate that equilin sulfate is the main
circulating form from which small amounts of unconju-
gated equilin are being released. A similar relationship
between estrone and estrone sulfate has been described
9).

The half-life of equilin was found to be between 19-27
min, and in contrast, the main slower (second) compo-
nent of equilin suifate has a half-life of 190 min (3.2 h).
This half-life is approximately 2-3 times lower than that
reported for estrone sulfate [5.3-9 h (9)].

The V, for equilin sulfate is much larger than the
plasma volume. This suggests that equilin sulfate may
not be strongly bound to any plasma protein. The dis-
appearance of equilin sulfate from the inner volume has
a mean half-life of 5.2 & 1.2 min, which is similar to that
reported for estrone sulfate [V, = 7.2 liters; t,,2, 3 min
(8)). The mean value for k (21), the rate constant of total
removal (reversible plus irreversible) of equilin sulfate
from the circulation, ranged from 90.1-208 U/day. The
ratio of irreversible over total removal (MCR/kV,) had
a mean value of 0.158 + 0.02, indicating that 15.8% of
the equilin sulfate leaving the circulation is lost irrever-
sibly, and is compatible with the observed low MCR for
equilin sulfate. This is a relatively small fraction metab-
olized compared to this fraction for other steroids (32-
34), but is similar to that reported for estrone sulfate
[11.1% (8)].

In the present investigations, the formation of equi-
lenin sulfate, 178-dihydroequilenin sulfate, and 178-di-
hydroequilin sulfate from [*H)equilin sulfate has been
demonstrated. Similarly, the formation of equilin sulfate,
178-dihydroequilin sulfate, and 178-dihydroequilin from
[*H]equilin was demonstrated. No 17«-reduced metabo-
lites of equilin or equilin sulfate were isolated. These
findings are similar to the conversion of estrone to 173-
estradiol. Recently, we reported that after the adminis-
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tration of equilin to normal men, 178-dihydroequilin,
178-dihydroequilenin, and equilenin were isolated from
the urine (35). The bulk of these metabolites present in
urine were conjugated to glucuronic acid. In contrast, in
the present study, no glucuronide conjugates were de-
tectable in the plasma, where the main circulating form
of equilin and its metabolites are in the form of sulfate
conjugates. Thus, before excretion, these circulating sul-
fate conjugates are hydrolyzed and then reconjugated
with glucuronic acid. The formation of the 178-dihydro-
equilin and its sulfate 1s of major importance, as it has
been shown that this estrogen is 8 times more potent as
a uterotropic agent than the parent compound equilin
sulfate (36). Further studies are required to determine
more precisely the amount of 178-dihydroequilin formed
and its metabolic fate in the human.
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Estrogens (A-15-96-50002)

Michael A. Friedman, M.D.
Lead Deputy Commissioner
Food and Drug Administration

The attached report provides the results of our review of the Food and Drug
Administration’s (FDA) handling of issues related to conjugated estrogens (Premarin), a
commonly prescribed product for menopausal symptoms and the prevention and
management of osteoporosis. This review was performed at the request of the Chairman,
Subcommittee on Oversight and Investigations, House Committee on Commerce.

We were specifically asked to respond to questions regarding: whether unapproved
formulations of Premarin are being marketed by its manufacturer, Wyeth-Ayerst; whether
data exists showing that the currently marketed version of Premarin is safe and effective
compared to an earlier version tested in the 1970’s; the basis upon which FDA approved a
new Premarin-based product called Prempro; and FDA’s processing of a Wyeth-Ayerst
citizen petition requesting the agency to recognize a third active ingredient in Premarin and
not approve any generic versions lacking the third ingredient.

If you have any questions or comments regarding the issues discussed in this report, please
call me or have your staff contact Joseph J. Green, Assistant Inspector General for Public
Health Service Audits, at (301) 443-3582.
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EXECUTIVE SUMMARY
BACKGROUND

The Food and Drug Administration (FDA) is the Federal agency responsible for approving
applications to market new drugs, new indications for already marketed drugs, and generic
versions of brand name drugs. Conjugated estrogens products represent a class of marketed
drugs used primarily for the treatment of menopausal symptoms in women and for the
prevention and management of osteoporosis, a crippling disease that causes thinning of the
bone. Wyeth-Ayerst is a drug manufacturer that markets: (1) Premarin, approved in 1942,
which is made from the urine of pregnant mares and is the Nation’s only conjugated
estrogens product; and (2) Prempro, approved in 1994, which combines Premarin and
another hormone called progestin. At this time, there are no approved applications to market
generic versions of these brand name drugs.

Once a drug is approved, drug manufacturers are required to obtain FDA’s approval before
adding or deleting an ingredient, or otherwise changing the composition of a drug product,
other than deletion of an ingredient intended only to affect the color of the drug product.
Current regulations require that when there is a change in the manufacturing process,
including a change in product formulation or dosage strength, beyond the variations provided
for in the approved application, drug manufacturers are required to show that any
reformulations are bioequivalent! to the approved product.

The FDA uses a process called the citizen petition to allow anyone--individuals or
companies--to request the agency to make changes to its regulations. In November 1994,
Wyeth-Ayerst submitted a citizen petition requesting FDA to: (1) recognize an ingredient of
Premarin—delta 8,9 (debydroestrone sulfate (DHES))-as an essential (but not an active?)
ingredient in Premarin; and (2) not approve any generic version of Premarin that does not
contain DHES. The firm amended its petition in December 1996 to request FDA to
recognize DHES as an active ingredient. To date, FDA has not made a decision as to
whether to approve Wyeth-Ayerst’s citizen petition request. However, on May 5, 1997,
FDA'’s Director, Center for Drug Evaluation and Research (CDER), announced that, because
the active ingredients of Premarin have not been adequately defined, the agency could not at
this time approve generic applications for synthetic versions of conjugated estrogens. The
FDA had been reviewing two such applications since 1994 and 1995, respectively.

The House Committee on Commerce, Subcommittee on Oversight and Investigations, has
raised concerns that Wyeth-Ayerst may have made misrepresentations in its submissions to

! To show bioequivalence between reformulated drugs, there must not be a significant difference in the rate
and extent to which the active ingredient of each product becomes available at the site of drug action.

? An active ingredient is any component that is intended to furnish pharmacologic activity or other direct
effect in the diagnosis, cure, mitigation, treatment, or prevention of disease.
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FDA regarding Premarin, and that FDA may have failed to adequately review such
submissions. The Subcommittee requested the Office of Inspector General (OIG) in

July 1996 to answer specific questions regarding: Premarin, another Wyeth-Ayerst product
called Prempro, the citizen petition rejated to Premarin, and generic versions of Premarin.

OBJECTIVE
Our objective was to answer the Subcommittee’s questions in the following three areas:
1. Premarin: The questions focused on possible unapproved reformulations; whether the

reformulations were bioequivalent; and the basis on which FDA allowed the continued
marketing of Premarin.

2. Prempro: The question focused on the basis on which Wyeth-Ayerst won approval
for Prempro’s use in the prevention and management of osteoporosis.

The questxons focused on FDA's exammauon of data and clalms made in Wyeth—
Ayerst’s citizen petition and the agency’s handling of brand name and generic
versions of Premarin.

SUMMARY OF FINDINGS

Premarin: According to FDA, there have been no unapproved formulations of Premarin.
Regarding the issue of bioequivalency among the formulations, however, we found that FDA
does not have evidence demonstrating that the currently marketed formulation of Premarin is
bioequivalent to the version tested for osteoporosis in the late 1970°s. This is because no in
vivo (i.e., in the living body) bioequivalence requirement was in effect for conjugated
estrogens at that time. Concerned about lack of bioequivalency data and the continued safety
and effectiveness of Premarin, FDA in 1993 directed Wyeth-Ayerst to conduct a new dose-
ranging study of the drug. As of January 1997, 818 women, or about 30 percent of the total
planned enrollment of 2,688, have entered into the multi-year study.

Prempro: The Premarin tablet formulation used in the combination drug Prempro
(Premarin/medroxyprogesterone acetate) slightly differed from the marketed Premarin, but
Wyeth-Ayerst submitted in vivo bioequivalence data to demonstrate that the new and
currently marketed formulations were bioequivalent.

Citizen Petition and Generic Versions of Premarin: The FDA is in the process of reviewing
the claims and data associated with Wyeth-Ayerst’s citizen petition, which was submitted to
the agency over 2 years ago. The FDA has thus far found deficiencies in the design of
studies submitted to support Wyeth-Ayerst’s claims, but no misrepresentations in data in the
firm’s studies have been identified. Regarding the Subcommittee’s concern that FDA may
have held generic drug firms to a higher standard than the brand-name maker of Premarin,

ii



Wyeth-Ayerst, we noted that the agency was also concerned about possible differing
standards in terms of bioequivalency requirements for the generic and brand name versions.
However, upon further investigation, FDA determined there were no unapproved
reformulations of the brand name Premarin that would have required Wyeth-Ayerst to submit
additional bioequivalency data.

Beyond the Subcommittee’s specific questions, we identified other concerns regarding the
citizen petition process--namely that the process has been extended for an excessive period of
time in the Wyeth-Ayerst case; and FDA does not have policies and procedures governing
such an important process, one which can impact the marketability of generic versions of
Premarin.
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INTRODUCTION
BACKGROUND

FDA ROLE AND ORGANIZATION

The FDA is the Federal agency responsible for approving applications to market new drugs,
new indications for already marketed drugs, and generic versions of brand name drugs.
Since 1962, sponsors have been required to demonstrate to FDA that their drug is both safe
and effective. Prior to 1962, there was only the requirement to show the drug was safe.

Once a drug is approved, drug manufacturers are required to obtain FDA’s approval before
adding or deleting an ingredient, or otherwise changing the composition of a drug product,
other than deletion of an ingredient intended only to affect the color of the drug product.
Current regulations require that when there is a change in the manufacturing process,
including a change in product formulation or dosage strength, beyond the variations provided
for in the approved application, drug manufacturers are required to show that any
reformulations are bioequivalent to the approved product.

Various organizations within FDA are responsible for handling issues regarding brand name
and generic drugs: -

L 4 The FDA’s CDER is the organization that handles drug issues. One of CDER’s chief
responsibilities is reviewing new drug applications (NDAs) that sponsors submit to
seek approval for marketing new drug products. Within CDER, 5 offices of drug
evaluation oversee 15 divisions that review NDAs for new brand name prescription
drugs. For conjugated estrogens, the Division of Metabolism and Endocrine Drug
Products was responsible for handling Premarin until 1996 when responsibility was

transferred to the newly formed Division of Reproductive and Urologic Drug
Products.

L The CDER’s Office of Generic Drugs (OGD) is responsible for processing
applications from sponsors seeking to market generic versions of brand name drugs.

4 The CDER’s Office of Compliance, Division of Scientific Investigations, is
responsible for directing and coordinating on-site inspections of sponsors and
investigations of preclinical and clinical drug product studies.

L 4 The FDA'’s Office of Regulatory Affairs (ORA) directs the agency’s field staff which,
among other duties, performs inspections of regulated firms. The ORA conducts
routine inspections according to a pre-determined schedule; and for-cause inspections,
which are requested for specific reasons. The ORA also oversees the implementation
of the policy entitled, "Fraud, Untrue Statements of Material Facts, Bribery, and
Illegal Gratuities," (also known as FDA’s Fraud Policy), published in the Federal



Register in 1991 to address instances when misrepresentations are suspected in
submissions to the agency.

To augment FDA’s decisionmaking processes, the agency routinely uses advisory committees
to provide scientific input to its product approval processes. To address various issues
regarding conjugated estrogens, FDA has over the years convened the Obstetrics and
Gynecology Advisory Committee, the Fertility and Maternal Health Drugs Advisory
Committee, the Endocrinologic and Metabolic Drugs Advisory Committee, and the Generic
Drugs Advisory Commiittee.

NJUGATED ESTROGENS

Conjugated estrogens products represent a class of marketed drugs used primarily for the
treatment of female menopausal symptoms, such as hot flashes, and for the prevention and
management of osteoporosis, a crippling disease that causes thinning of the bone. Estrogens
are important in the development and maintenance of the female reproductive system and
secondary sex characteristics. They also contribute to the shaping of the skeleton.

Premarin, manufactured by Wyeth-Ayerst from the urine of pregnant mares, is the only
brand of conjugated estrogens sold in the United States, with over 8 million women taking it
daily. The FDA first approved Premarin in 1942 as safe for its intended use in the treatment
. of various menopausal symptoms; and in 1986, it deemed Premarin and the entire class of
short-acting estrogens® as effective for the prevention and management of osteoporosis.

In 1994, FDA approved Wyeth-Ayerst’s new drug application to market Prempro, a drug
combining Premarin and another hormone--progestin. Studies have shown that the
introduction of progestin lowers the incidence of endometrial cancer for the woman whose
uterus is intact. Premarin continues to be prescribed for the woman who has had her uterus
removed.

DRUG EFFICACY STUDY IMPLEMENTATION
REVIEW PROCESS FOR DETERMINING
F P O R

With the enactment of the 1962 Harris-Kefauver Amendments to the Federal Food, Drug,
and Cosmetic Act, sponsors were required to demonstrate both safety and efficacy in order to
market new drugs. For drugs approved between 1938 and 1962, when only the
demonstration of safety was required, FDA contracted for retrospective Drug Efficacy
Studies with the National Academy of Sciences/National Research Council. This action led
to Drug Efficacy Study Implementation (DESI) panels to assess the efficacy of pre-1962
drugs in the- marketplace. In 1972, based on a DESI review, FDA concluded that Premarin

? A short-acting estrogen is a drug or drug product which releases the estrogen relatively promptly after
administration and which requires frequent dosing, ranging from daily to weekly.
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was effective for certain indications related to menopause, and was "probably effective" for
selected cases of osteoporosis. For the latter case, FDA required sponsors to submit
substantial evidence of effectiveness or remove the indication from the product labeling
within a certain period of time. Wyeth-Ayerst provided data to FDA in order to upgrade the
osteoporosis indication; however, in 1976, the agency determined that the firm’s data did not
provide substantial evidence of effectiveness. )

Based on published clinical study data of an estrogen product called mestranol, presented at
the 1977 meeting of FDA’s Endocrinologic and Metabolic Drugs Advisory Committee and
the 1978 meeting of FDA’s Obstetrics and Gynecology Advisory Committee, members of
both committees concluded that substantial evidence was available demonstrating that
estrogens, including Premarin, effectively prevented post-menopausal bone loss. Both
committees also recommended a dose equivalent to 0.625 mg. Premarin for osteoporosis
management as the lowest dose to assure efficacy while minimizing the risk of endometrial
cancer. The FDA accepted the new osteoporosis indication for the class of non-contraceptive
short-acting estrogen drugs, which included Premarin, and required that the lowest effective
dose of each estrogen product in the management of osteoporosis be rigorously delineated as
the basis for approval of each product.

In April 1986, based on two dose-ranging clinical studies, FDA upgraded the effectiveness
status of Premarin and other drugs in its class to "effective” for use in the prevention and
 management of osteoporosis in post-menopausal women. One of the studies, conducted by
Robert Lindsay in the late 1970’s and published in 1984 (hereafter referred to as the Lindsay
study), has been considered the pivotal study demonstrating the lowest effective dose of
Premarin for the prevention and management of osteoporosis.

GENERIC DRUGS

The Drug Price Competition and Patent Term Restoration Act of 1984 (P.L. 98417, dated
September 24, 1984), also referred to as the Waxman-Hatch Act, amended the Federal Food,
Drug, and Cosmetic Act, 21 U.S.C. 355(})(2)A to require that generic drugs be shown to be
bioequivalent to the appropriate brand name drug that has already been approved by FDA as
safe and effective. By law, an applicant must demonstrate to FDA that the proposed generic
drug is bioequivalent to the brand name drug, meaning that there is an absence of a
significant difference in the rate and extent to which the active ingredient becomes available
at the site of drug action. The applicant must also demonstrate to FDA that the proposed
generic drug is a pharmaceutical equivalent of the brand name drug in terms of identity,
strength, quality, and purity.

From the mid-1970’s to 1991, numerous generic versions of conjugated estrogens tablets
were marketed in the United States. In February 1990, however, FDA proposed
withdrawing approval of generic Premarin tablets applications due to a documented lack of
bioequivalence (faster rate of absorption compared to brand name Premarin) and consequent
concerns about safety and efficacy. Between March and May 1991, FDA withdrew approval



for all generic applications for conjugated estrogens tablets, and these generic products were
withdrawn from the market. In 1994 and 1995, respectively, two sponsors submitted to
FDA applications to market generic versions of conjugated estrogens based on synthetic
ingredients. However, on May 5, 1997, the Director of CDER announced that, because the
active ingredients of Premarin have not been adequately defined, the agency could not at this
time approve generic applications for synthetic versions of conjugated estrogens.

CITIZEN PETITION PROCESS

Through the citizen petition process, FDA allows anyone—individuals or companies--to
request the agency to make changes to its regulations. The citizen petition regulations cited
at 21 C.F.R. Section 10.30, require FDA to furnish a response to each petitioner within 180
days of receipt of the petition. The response will either: (1) approve the petition; (2) deny
the petition; or (3) provide a tentative response.

Wyeth-Ayerst is using the citizen petition process to request FDA to recognize an ingredient
of Premarin as essential. Although FDA has always recognized two active ingredients in
Premarin-—-sodium estrone sulfate and sodium equilin suifate—-Wyeth-Ayerst submitted a
citizen petition to FDA in November 1994, requesting the agency to: (1) designate a
component of Premarin--DHES--as an essential (but not an active) ingredient in Premarin;
and (2) not approve any generic product which does not contain DHES. The firm amended
- its petition in December 1996 to request FDA to recognize DHES as an active ingredient.

To date, FDA has not made a decision as to whether to approve Wyeth-Ayerst’s petition
request. »

CONGRESS] CONC S

The House Committee on Commerce, Subcommittee on Oversight and Investigations, has
raised concerns that Wyeth-Ayerst may have made misrepresentations in its submissions to
FDA regarding Premarin, and that FDA may have failed to adequately review such
submissions. The Subcommittee requested OIG in July 1996 to answer specific questions
regarding Premarin, another Wyeth-Ayerst product called Prempro, the citizen petition
related to Premarin, and generic versions of Premarin.

OBJECTIVE, SCOPE, AND METHODOLOGY

The objective of our review was to answer specific questions about FDA’s regulation of
Wyeth-Ayerst’s conjugated estrogens product, Premarin, posed by the Chairman, House
Subcommittee on Oversight and Investigations, Committee on Commerce, in a July 11, 1996
letter to the Inspector General.

To answer these questions, we reviewed applicable laws, regulations, policies, and

procedures pertaining to new drug applications, supplements, and amendments. We also
reviewed FDA's regulation on citizen petitions and FDA'’s policy on "Fraud, Untrue
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