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Context: The type, dose, and route of 173-estradiol (E,) used to feminize girls with Turner syndrome

(TS) is not well established.

Objective: The objective of the study was to characterize pharmacokinetics and pharmacodynamics

of oral vs. transdermal E,.

Setting: The study was conducted at a clinical research center.

Subjects: Ten girls with TS, mean age 17.7 = 0.4 (se) yr and 20 normally menstruating controls (aged
16.8 + 0.4 yr) participated in the study.

Interventions: TS subjects were randomized 2 wk each to: low-dose daily oral (0.5 mg) and biweekly
transdermal E, (0.0375 mg) with 2 wk washout in between or high-dose oral (2.0 mg) and trans-
dermal (0.075 mg), studied for 24 h each. Tandem mass spectrometry E, and estrone (E,) assays and
a recombinant cell bioassay were used.

Results: Controls consisted of the following: E,, 96 + 11 pg/ml (se), E;, 70 = 7 (mean follicular/luteal).
TS consisted of the following: E,, average concentration on low-dose oral, 18 = 2.1 pg/ml, low-dose
transdermal, 38 + 13, high-dose oral, 46 *+ 15, high-dose transdermal, 114 = 31 pg/ml. E, concen-
trations were much higher on oral E, (low or high dose) than transdermal in TS and higher than
controls. Bioestrogen was closest to normal in the high-dose transdermal group. LH and FSH
decreased more in transdermal than oral low-dose routes and similarly in the high-dose oral and
transdermal groups. IGF-l concentrations were variable (P = NS) among groups, and low-density
lipoprotein/high-density lipoprotein cholesterol responses were variable.

Conclusions: Transdermal E, results in E,, E,, and bioestrogen concentrations closer to normal and
achieves greater suppression of LH/FSH in lower doses compared with normal. Whether the long-
term metabolic effects of estrogen differ using the same form of E,, depending on route, awaits
further study in TS. (J Clin Endocrinol Metab 96: 3502-3510, 2011)

hysiologically, estrogen is necessary for feminization
during puberty and to allow achievement of peak bone
mass and normal bone health in the female (1). Estrogen pri-
marily lowers bone resorption in adults, yet the effects in chil-
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dren primarily resultin bone maturation, skeletal consolidation,
and skeletal growth, although they eventually also cause epiph-
yseal fusion and completion of linear growth. Hence, proper
replacement is important in hypogonadal girls.

Abbreviations: AUC, Area under the curve; BMI, body mass index; C-average, average con-
centration; CEE, conjugated equine estrogen; Cmax, maximum concentration; E,, estrone; E,,
17B-estradiol; HDL, high-density lipoprotein; hsCRP, highly sensitive C-reactive protein;
LCMSMS, liquid chromatography mass spectrometry/mass spectrometry; LDL, low-density
lipoprotein; PD, pharmacodynamics; PK, pharmacokinetics; PO, orally; TD, transdermal; Tmax,
time of maximal concentration.
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There is wide variation in the types of estrogens used for
replacement as well as in doses and routes of administra-
tion. Although ethinyl estradiol has been commonly used
as replacement therapy in research studies in Turner syn-
drome (2-4), since 2004 this is no longer commercially
available as a single agent in the United States. The pre-
dominant type of estrogen used clinically to replace hy-
pogonadal girls until recently in the United States has been
conjugated equine estrogen (CEE) (5), which has more
than 100 individual estrogenic compounds of different
biologic potency and cannot be measured in conventional
assays. In the postmenopausal literature, a number of
studies have suggested that estrogen given orally (PO) has
deleterious effects on body composition and lipid oxida-
tion compared with transdermal (TD) (6, 7) and that it
could serve asa GH antagonist (8), although these findings
have not been consistently confirmed (9, 10). However,
the studies used not only different routes but also different
forms of estrogen altogether [CEE oral vs. 17B-estradiol
(E,) TD], and bioequivalencies are not well established
and have been based mostly on degree of suppression of
gonadotropins and vaginal cytology (11-13).

Girls with Turner syndrome represent an important
case study for these issues because they have early primary
gonadal insufficiency or failure many years before the
achievement of peak bone mass. Micronized E,, identical
with the product of the ovary, is available both orally and
TD and should be considered when replacing young hy-
pogonadal women because it is perhaps the most physio-
logical form of estrogen available. In a previous study, we
used the same type of E, orally and TD in girls with Turner
syndrome in 16-wk experiments and found no differences
in rates of protein synthesis, degradation, or lipid oxida-
tion or whole-body lypolysis between the estrogens, de-
pending on route (14). This new study seeks to character-
ize the pharmacokinetics (PK) and pharmacodynamics
(PD) of the exact same form of E, using a very sensitive
liquid chromatography mass spectrometry/mass spec-
trometry (LCMSMS) assay and a recombinant cell bioas-
say using a transformed yeast expressing the estrogen re-
ceptor in girls with Turner syndrome.

Subjects and Methods

These studies were approved by the Wolfson Children’s Hospital
Institutional Review Committee. Informed written consent/as-
sent was obtained before study entry from the parents/guardians
and subjects (if older than 18 yr) and children’s assent. The
PK/PD study was the first arm of a larger ongoing trial registered
[in Clinicaltrial.gov (NCT00837616)].
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Study subjects

Ten girls with Turner syndrome (45X and related karyo-
types), between the ages of 13 and 20 yr, were recruited. Study
subjects were referred to the Nemours Children’s Clinic (Jack-
sonville, FL) from several pediatric endocrine clinics and through
web-based advertising. By design, subjects had completed or
nearly completed their linear growth (defined as a bone age equal
or more than 14 yr and a growth velocity of <2 cm/yr) and any
previous GH therapy discontinued at least 6 months before study
participation. All were hypogonadal as indicated by elevated
FSH concentrations. Any subject on estrogen replacement ther-
apy had medications discontinued for at least 6 wk before base-
line studies. Subjects with significant obesity (body mass index
>36 kg/m?) or history of systemic illness were excluded from
participation.

Twenty healthy, normally menstruating (every 28 -30 d) girls
on no medications and not on oral contraceptives were recruited
for comparison.

Study design

A physical examination including pubertal staging and lab-
oratory studies were performed at baseline in all the girls. Blood
samples for measurement of plasma lipids, estradiol and estrone
concentrations, LH, FSH, IGF-I, and highly sensitive C-reactive
protein (hsCRP) were obtained. Subjects were randomized into
two study groups, assigned to take estrogenic compounds as
follows. The lower-dose group took either E, 0.5 mg orally (Es-
trace; Bristol-Myers Squibb, New York, NY) daily for2 wk or E,
0.0375 mg twice weekly TD for 2 wk (Vivelle TD system; No-
vartis Pharmaceuticals, East Hanover, NJ). The higher-dose
group took either E, 2.0 mg orally daily or twice-weekly E, 0.075
mg TD for 2 wk. After the baseline samples were obtained, sub-
jects were started on daily doses of the assigned oral estrogen
preparations or twice a week changed estradiol patches for 2 wk
(transdermal patches delivered stated concentrations of estradiol
daily). On the morning of d 15, each patient was admitted to the
clinical research center while on the estrogen formulation and
blood samples collected at 0, 4, 8, 12, 16, and 24 h after dosing.
Estradiol was then stopped for 2 wk to achieve washout of es-
trogen and blood was withdrawn again; then the second assigned
dose/form of estrogen was started for 2 more weeks, at which
time another PK/PD study was again repeated at the same time
intervals. Each study lasted 6 wk. Doses chosen are within the
therapeutic spectrum of prescribed Food and Drug Administra-
tion-approved dosing and presumably raise E, concentrations
within physiological range of younger females in postmeno-
pausal women.

Healthy girls serving as controls were examined and sampled
twice, once in the early follicular (within 1 wk following menses)
and again in the luteal phase (~3 wk after menses) of their men-
strual cycle for determination of estradiol and estrone concen-
trations using the same assays.

Assays

E, and estrone (E,) concentrations were measured in serum
at the mass spectrometry laboratory at Mayo Clinic Rochester
(Rochester, MN) using LCMSMS methodology as previously
described (15) with a quantitation limit of 2.5 pg/ml and an
intrassay coefficient variation of 20%. This assay has proven
superior in accuracy and specificity over commercial RIA and
other assays (16-18). In addition, total bioactive estrogens
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were measured in plasma by a recombinant cell bioassay with
a sensitivity of 0.2 pg/ml (0.73 pmol/liter) as previously de-
scribed (19).

LH, FSH, IGF-1, and lipids were measured by standard assays
(Luminex, ELISA, and Beckman DXC 800; Beckman Instru-
ments, Fullerton, CA) at the study’s core laboratory at Nemours
Children’s Clinic-Jacksonville and at Baptist Hospital-Jackson-
ville (Jacksonville, FL). The intraassay coefficient variations
for IGF-I was 4.3% and for LH and FSH 6.3 and 7.2%, re-
spectively. HsCRP was measured by immunonephelometry,
glucose by a glucose oxidase method using a YSI (Yellow
Springs Instruments, Yellow Springs, OH), and insulins by
RIA in our laboratory.

Calculations

The PK analysis of E, after oral and TD administration were
derived using the program WinNonLin (version 2.0; Pharsight
Corp., Palo Alto, CA). Outcome variables derived for each sub-
ject at steady state included maximum and minimum E, plasma
concentration, time of maximal concentration (Tmax), and area
under the curve (AUC) calculated by the linear trapezoidal rule.

Statistical analysis

Descriptive statistics were used to summarize each PK/PD
parameter for each dose and route of delivering estrogen; these
included the number of subjects, mean, median, sE, and per-
treatment group. For AUC,_,,4, in addition to the above-men-
tioned summary statistics, the geometric mean was calculated
because AUC data are non-Gaussian. Estradiol concentrations
were tabulated by treatment and time for all subjects who com-
pleted the study. For each 2 X 2 crossover design, natural log-
transformed AUC, ,,, and maximum concentration (Cmax)
were analyzed using a mixed-effects model containing fixed ef-
fects for sequence, period, and treatment and random effects for
subjects (within sequence). For pharmacodynamic analyses of
estradiol administration, a mixed-effect model with random in-
tercept and an appropriate covariance structure were used to
compare the mean changes (within and between doses) over time
in LH, FSH, IGF-1, and lipids from baseline/washout baseline.
The change from baseline/washout baseline concentration was
used as the response variable, and the dose-group, time points,
period (before and after washout), and interactions of dose-
group with period and time points were used as independent
factors. Models were adjusted for baseline/washout baseline
concentrations. The least squared means, with SE, are presented.
Multiple comparisons, with Bonferroni adjustment, were per-
formed to detect the pairs of doses that were significantly dif-
ferent. Power to detect differences in estrogen concentrations
between oral and TD, the main study outcomes, with ann = 5
in each group was estimated at 80% for E, and 90% for E, ata
P < 0.05. Similarly power estimates for changes in LH and FSH
in response to estradiol administration were about 80% with an
n = 5 per group. The power was less (73%) for IGF-1. All tests
were two tailed with a significance level of 0.05. The statistical
packages SAS version 9.1.2 (SAS Institute Inc., Cary, NC) and
SPSS version 17.0 (SPSS Inc., Chicago, IL) were used for data
analyses.

PK/PD of Oral and Transdermal 17BE, in Turner Syndrome
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TABLE 1. Clinical characteristics of study subjects
Turner syndrome Healthy controls

n 10 20
Age (yr) 17.7 = 0.4 16.8 + 0.4
BMI (kg/mz) 249+ 16 21.7 205
Height SDS -1.8+0.3 0.0+0.2
Years off GH 20*+x04 N/A
FSH (mIU/ml) 125 = 25 N/A
Karyotypes 45X0 (n = 4) N/A

Mosaic (n = 6)?

NA, Not available or not applicable.

2 One each of: 46X,i(Xqg)(del Xp,dup Xq); 46,X, i(Xq); 45X/46,Xr(X);
45X/46X,iXq; 46,Xi(Xq) [26]/45,X[4]; 46,Xi(Xq)/45X/45,i(Xq).

Results

Ten subjects with Turner syndrome (45 X or related
karyotypes), who met the inclusion criteria participated in
the studies, five in each groups A and B, and 20 healthy
controls. Their clinical characteristics are summarized in
Table 1. Subjects were well matched for age, and as ex-
pected, the girls with Turner syndrome were much shorter
than controls and had castrate levels of FSH. Body mass
index (BMI) was higher in Turner syndrome (P = 0.03).
There was no order effect in the girls with Turner syn-
drome; hence, data were grouped by route/dose for anal-
ysis. Compliance was assessed by frequent phone calling
and pill and patch counting. Because of the short-term
nature of these studies, we believe all girls were taking the
stated doses of estradiol.

Estrogen concentrations in healthy controls

Mean estradiol concentrations during the follicular and
luteal phases were 51 = 6 pg/ml (range 23-140) and 142 =
17 (33-306), respectively; mean E, concentrations in the
follicular and luteal phases were 44 *+ 4 (range 25-87) and
86 =10 (41-192) (to convertestradiol to STunits, multiply
by 3.671 to convert to picomoles per liter, estrone by
3.699 to picomoles per liter). Because adolescent Turner
syndrome patients do not ovulate, we elected to average
the follicular and luteal phase concentrations in the
healthy controls to obtain integrated mean levels over the
cycle to use as physiological targets to achieve in the
Turner syndrome patients. Integrated mean levels were
found to be 96 = 11 pg/ml for E, and 70 = 7 pg/ml for E,.
The total estrogen bioassay concentrations were 219 * 20
and 266 * 12 pg/ml in the follicular and luteal phase,
respectively; hence, the monthly average bioestrogen con-
centration used was 231 = 12 pg/ml. This compares with
total estrogen concentrations (E, + E;) by mass spectrom-
etry assay of 166 pg/ml. The difference likely represents
additional estrogenic metabolites or serum factors in the
bioassay.



J Clin Endocrinol Metab, November 2011, 96(11):3502-3510 jcem.endojournals.org 3505
TABLE 2. Pharmacokinetic parameters (mean = sg)
E, E,

Oral D Oral Oral TD Oral TD
Dose (mg) 0.5 0.0375 2.0 0.075 0.5 0.0375 2 0.075
Cmax (pg/ml) 23+ 2.3 71 =25 64 = 19 183 £ 57 139 £ 8 30+ 8 592 + 283 63 = 33
Tmax (h) 88x15 128=*x4.1 7215 144=x27 4808 80=*x5.1 72 *15 224+ 36
AUC (pg/ml-h) 434 =51 960 = 331 1096 = 355 3014 + 854 2362 = 240 553 + 155 7294 = 2680 1109 + 563

To convert E, to Sl units, multiply by 3.671 to convert to picomoles per liter, E; by 3.699 to picomoles per liter. n = 5 in each group.

Pharmacokinetics

PK analysis of E, concentrations after E, adminis-
tration showed a dose-dependent Cmax achieved after
high-dose TD estradiol (Table 2 and Fig. 1). Average con-
centration (C-average) levels achieved were as follows:
low-dose PO, 18 = 2.1 pg/ml; low-dose TD, 38 = 13
pg/ml; high-dose PO, 46 = 15 pg/ml; and high-dose TD:
114 = 31 pg/ml. Both low- and high-dose oral E, resulted
in significantly higher E; concentrations compared with
those achieved after TD estradiol in girls with Turner syn-
drome and compared with controls (C-average for E;:
low-dose PO, 98 = 10 pg/ml; low-dose TD, 23 * 6 pg/ml;
high-dose PO, 317 * 126 pg/ml; high-dose TD, 43 = 9
pg/ml). Bioestrogen concentrations measured by recom-
binant cell bioassay were as follows: low-dose PO, 36 = §

A PK profile of E, concentrations after oral (PO)
vs. transdermal (TD) E; administration
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FIG. 1. E, plasma concentration over time in the top panel (A) and E,
concentrations in the lower panel (B) after PO vs. TD estradiol in low
(LD) and high-doses (HD). The highest E, concentration was observed
after high-dose (0.075 mg) TD E, approximately 12 h after
administration. E, concentrations were much higher after oral E, than
TD. Bars on the left represent estradiol or E; concentrations in healthy
age-matched controls averaged from follicular and luteal phase values.
Double bar on the x-axis indicates the 2 wk gap between baseline and
the clinical research center admission 2 wk after dosing.

pg/ml; low-dose TD, 79 *+ 25 pg/ml; high-dose PO, 140 =
53 pg/ml; high-dose TD, 238 *= 40 pg/ml. Average con-
centrations vs. controls are shown for E,, E,, and bioes-
trogen in Fig. 2. Spearman rank correlation coefficient
of bioestrogen concentrations and E, by LCMSMS
showed a strong correlation between the two assays
(R =0.9, P <0.001).

Pharmacodynamics

PD analysis for LH, FSH, and IGF-I concentrations af-
ter administration of E, orally or TD was performed. The
mean baseline levels of LH and FSH for the entire Turner
syndrome groupwas24.1 = 3.2 mIU/mland 122.3 = 17.2
mlIU/ml, respectively, with very low E, concentrations of
3.8 = 0.5 pg/ml; there were no differences in these con-
centrations at baseline among the groups. The overall
mean changes over time were significant (P < 0.001) for
each dose with maximum overall reduction in LH and
FSH in high-dose TD and the minimum overall reduction
in low-dose PO (Fig. 3). Pairwise comparisons of the
changes in LH between the different groups showed sig-
nificantly greater reductions in LH in the TD vs. oral route

C-average of E, E; & bio estrogen after D TSLDPO
TSLDTD
oral vs. TD 178 E, in TS & in healthy controls s
O TSHDPO
TSHDTD
500 Controls
400
— 300
E
=200
100
0

E; Eq

bio estrogen

FIG. 2. Average E,, E,, and bioestrogen concentrations (C-average) in
girls with Turner syndrome treated with low-dose (LD) oral (0.5 mg)
and transdermal (0.0375 mg) E, or high-dose (HD) oral (2.0 mg) or
transdermal (0.075 mg) E,. Concentrations of the same types of
estrogen from a group of age-matched normally menstruating controls
were shown for comparison (data represent mean of follicular and
luteal phase concentrations).
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FIG. 3. Pharmacodynamics of E, administration on LH (A), FSH (B),
and IGF-I concentrations (C) measured over 24 h, 2 wk after initiation
of treatment. Pairwise comparisons of the changes in LH between the
different groups showed significantly greater reductions in LH in the
TD vs. oral route in both low (P = 0.028) but not the high-dose (P =
0.28) estradiol administration. Similar comparisons of changes in FSH
between the different groups showed significantly greater reductions
in FSH in the TD vs. oral route only in the low-dose group (P = 0.009),
with similar reductions in the high-dose oral and TD groups (P > 0.99).
IGF-1 concentrations did not change significantly in any of the groups.

in the low-dose (P = 0.028) but not the high-dose (P =
0.28) estradiol administration. Similar comparisons of
changes in FSH between the different groups showed sig-
nificantly greater reductions in FSH in the TD wvs. oral
route only in the low-dose group (P = 0.009), with similar
reductionsin the high-dose oral and TD groups (P > 0.99).
Spearman correlation analysis of the E, concentrations vs.
LH showed a negative correlation (R = 0.42, P = 0.067)
vs. FSH(R = —0.478, P = 0.033). Similar analysis showed
a significant negative correlation between bio estrogen
and FSH concentrations (R = —0.5, P = 0.026).

PK/PD of Oral and Transdermal 17BE, in Turner Syndrome
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IGF-Iconcentrations did not change significantly in any
of the groups and remained within normal physiological
range in all groups.

There were significant (P < 0.05) within-group mean
decreases over time in total cholesterol and low-density
lipoprotein (LDL) cholesterol concentrations in the trans-
dermal groups (low dose TD, high dose TD) and in the
high-dose PO group (not low dose PO). These were ac-
companied by similar decreases in high-density lipopro-
tein (HDL) cholesterol and a significant increase in mean
triglyceride concentration in low-dose groups (oral and
TD). The difference in mean concentrations over time
among doses were not significant however, although there
was considerable variability. There were no between-dose
significant differences in mean natural log-transformed
AUC of these four markers. There was a decreasing trend
in mean AUC of HDL cholesterol over the higher level of
doses (Table 3).

Fasting plasma glucose concentrations were similar be-
fore and after 2 wk of estradiol in all groups (low dose PO:
74 = 3,75 + 4 mg/dl;low dose TD: 83 + 3,79 = 3 mg/dl;
high dose PO: 83 = 4, 80 * 2 mg/dl; high dose TD: 82 =+
4, 80 + 2 mg/dl, P = NS before and after estradiol, re-
spectively). Fasting insulin concentrations were variable
with no consistent pattern during estrogen treatment (low
dosePO: 11 =2,15 + 3 uU/ml;lowdose TD: 12 = 1,19 =
1 wU/ml; high dose PO: 16 = 2,12 * 2 uwU/ml; high dose
TD: 23 + 6, 14 *= 3 uU/ml, before and after estradiol,
respectively).

HsCRP was measured only twice, once before initiation
of estradiol and again once after 2 wk of either oral or TD
administration. Median change in concentrations were:
low-dose PO: —0.58 (—0.66,1.16) mg/liter, low-dose TD:
—0.86 (—3.52,2.00) mg/liter, high-dose PO: —1.48 (—28,
—0.52) mg/liter, high-dose TD: —0.61 (—1.59, 4.20) mg/
liter. These differences within and between groups were
not significant. (To convert to ST units for LH/FSH, mul-
tiply by 1 for units per liter, for cholesterol, LDL choles-
terol, and HDL cholesterol by 0.0259 for millimoles per
liter, for triglycerides by 0.0113 for millimoles per liter, for
IGF-1 by 1 for micrograms per liter, and for hsCRP by 10
for milligrams per liter.)

Discussion

This is the first study to our knowledge to assess pharma-
cokinetics and pharmacodynamics of the same form of E,
given orally and transdermally in girls with Turner syn-
drome. We first sampled a group of normally menstruat-
ing healthy adolescent girls the same age as those with
Turner syndrome to establish normative data for the E,.
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TABLE 3. Changes in plasma lipid concentrations during E, administration

Assay Dose Baseline LS-mean changes at 2 wk AUC (mg/dl - min) at 2 wk

Cholesterol (mg/dl) Low-dose PO 157 £7 0.5*5.5 3728 = 393
Low-dose TD 168 £ 12 —21.0 £5.67 3289 = 184
High-dose PO 156 = 11 —12.4 £ 557 3457 = 179
High-dose TD 159 =9 —14.7 £ 5,57 3462 + 160
P 0.80 0.08 0.07

LDL cholesterol (mg/dl) Low-dose PO 98 £ 4 —-48 4.7 2117 = 277
Low-dose TD 102 =10 —19.5 £ 4.7° 1835 + 229
High-dose PO 98 + 9 -58 47 2212 =135
High-dose TD 100 = 8 -7.8=*+47 2203 = 114
P 0.93 0.14 0.11

HDL cholesterol (mg/dl) Low-dose PO 47 £ 5 12+24 1124 += 150
Low-dose TD 54 +8 —6.6 £ 2.7°9 1015 = 157
High-dose PO 46 + 3 —6.4 =247 929 + 299
High-dose TD 43 £ 4 —55 =+ 2.4° 930 + 83
P 0.53 0.11 0.42

TG (mg/dl) Low-dose PO 78 = 14 20.7 £ 9.3 2445 + 368
Low-dose TD 66 = 10 21.1 £9.37 2182 = 412
High-dose PO 59 =10 25+96 1587 = 224
High-dose TD 78 =17 —-6.5+92 1640 + 399
P 0.70 0.11 0.26

LS-mean change, Least squared mean changes over time; P value, differences between doses. To convert to Sl units for LH/FSH, multiply
cholesterol, LDL-C, and HDL-C by 0.0259 for millimoles per liter and triglycerides by 0.0113 for millimoles per liter. Mixed model was used to

compare natural log-transformed AUC between doses.

2 Significant within-group mean change over time vs. baseline.

BMI in the Turner syndrome group was higher than con-
trols; however, BMI is a poor measure of adiposity in
Turner syndrome due to their very short size (20, 21). We
measured estradiol by LCMSMS and by a recombinant
cell bioassay. The LCMSMS assay has proven particularly
sensitive to small concentrations of estradiol and is highly
specific (15-18). Girls with Turner syndrome had baseline
E,, FSH, and LH concentrations comparable with meno-
pausal women and offer a unique model to study PK of
estradiol, eliminating confounding effects of other prod-
ucts of the intact gonad. A previous study in a group of
girls with Turner syndrome aimed to compare routes of
administration (oral and TD) but again used two different
types of estrogen, CEE orally and E, TD, making any
conclusions regarding route uncertain (22). We chose to
use E, instead of CEE because the latter has a large number
of estrogenic compounds of different potency, which can-
not be readily measured and which could have highly vari-
able effects, depending on the target tissue.

PK analysis of E, concentrations after E, administra-
tion showed a dose-dependent Cmax and C-average
within each route (oral and TD) with the highest concen-
trations achieved after high-dose TD and the lowest after
low-dose oral administration. The high-dose TD E, group
concentrations were the closest to those in the normally
menstruating girls, the latter chosen as the average of the
midfollicular and luteal phase estradiol concentrations.
This average is similar to the integrated mean of the con-
centrations throughout the entire cycle in normal women

and is a reasonable estimate of integrated estradiol con-
centrations based on analysis of available data (Ref. 23
and data provided by Santen, R., and J. Symons, personal
communications in healthy normally menstruating
women, data not shown). Tmax was much shorter (~7-8
h) with the oral E, doses than the TD (~13-14 h), most
likely reflecting differences in absorption, much slower
in the TD route. However, the AUC at steady state, a
measure of total drug exposure, was much higher in the
high-dose TD group, with very comparable levels in the
high-dose PO and low-dose TD groups and lowest in
the low-dose PO. These results are similar to concentra-
tions achieved in postmenopausal women (11-13) and
reflect the lack of first-pass hepatic metabolism when es-
tradiol is administered by the TD route. Of note in this PK
profile is the time-dependent estradiol concentrations
achieved after dosing, with the high-dose TD in partic-
ular again reflecting differences in absorption in the
transdermal route (Fig. 1A). On the other hand, the
levels are more stable with oral (low and high dose) and
low-dose TD, potentially facilitating monitoring with
measurement of sensitive E, levels. Regardless of route,
the ability to monitor plasma estradiol levels after sev-
eral weeks of stable dosing is an advantage of using E,
preparations compared with ethinyl estradiol and CEE;
this has important clinical implications in the follow-up
of patients with hypogonadism.

E, concentrations in the oral route groups, particularly
the high-dose PO, were significantly higher than those in
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healthy controls, with much lower concentrations in the
TD groups (low and high dose). This is expected after oral
estrogen due to gut absorption and first passage through
the liver with consequent E, to E, conversion. Estrone,
however, has much less biological potency than estradiol;
hence, the overall impact of these concentrations on the
metabolic effects of E, is likely small.

The use of a recombinant cell bioassay offers the the-
oretical advantage of measuring estrogen action and rel-
ative potency by turning on the estrogen receptor in the
transformed yeast (19, 24). Using this assay bioestrogen
concentrations were clearly dose dependent, lowest in
low-dose PO and low-dose TD, and highest in the high-
dose PO and high-dose TD groups with the closest con-
centrations compared with healthy controls in the high-
dose TD group. The high oral dose was 4 times higher than
the low dose, yet the AUC and C-average was only 2.5 fold
higher, which suggests bioavailability may be dose depen-
dent. The fact that bioestrogen concentrations in the high-
dose PO group were not higher than high-dose TD or
controls supports the notion that higher E, concentra-
tions generated via the oral route are of negligible es-
trogenic potency. Absolute concentrations were signif-
icantly higher using the bioestrogen assay compared
with LCMSMS, likely reflecting the bioassay picking up
other estrogenic molecules or serum factors; however,
there was a substantially strong correlation between the
bioestrogen concentration and E, measured by LCMSMS
(R = 0.9, P < 0.001).

The degree of suppression of circulating gonadotropins
has been used previously as a surrogate measure of the
relative biological potency of different estrogens (1, 11—
13).In our studies gonadotropin concentrations decreased
as expected after the administration of all doses of E,.
Suppression of LH and FSH was greater in the TD vs. oral
route in the low-dose but similar in the high-dose group in
both routes. Although gonadotropins decreased mark-
edly, the levels did not fully normalize, particularly FSH
concentrations, likely due to the lack of inhibin in these
patients with primary gonadal dysfunction. Among the
four groups the high-dose PO (2 mg) dose was comparable
with the low-dose TD (0.0375 mg) dose, raising E, con-
centrations; however, they had a different degree of sup-
pression of gonadotropins (greater in the TD group).
Spearman correlation analysis of the E, concentrations vs.
LH (R = 0.42, P = 0.067) and vs. FSH (R = 0.478, P =
0.033) suggests that degree of suppression of gonadotro-
pins cannot be accurately used to judge bioequivalency.

The impact of the route of administration of estrogen
on circulating IGF-1 concentrations has previously shown
mixed results. IGF-I levels decreased after oral CEE but
remained constant during E, TD in postmenopausal
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women (6, 7), and postmenopausal hypopituitary women
needed more GH to normalize IGF-I when taking CEE
orally than E, TD (8). However, in girls with Turner syn-
drome whom we studied using the same form of E, orally
and TD in short-term experiments, there was no clinically
significant difference in IGF-I concentrations between the
two routes (14). In the present studies, IGF-I concentra-
tions did not change significantly in any of the study
groups and were maintained within physiological range.
These data suggest that unconjugated, purer types of es-
trogen may be also preferable in girls to avoid impact to
IGF-I; however, further long-term studies are needed in
these and younger girls, particularly those with height po-
tential, before firm conclusions can be derived. The power
to detect subtle differences in IGF-T in our relatively small
sample size may also be a limitation that awaits larger
studies.

The issue of the status of plasma lipids in Turner syn-
drome per se has shown somewhat conflicting results.
Cooley et al. (25) have implicated that haploinsufficiency
of some yet-identified gene in the X chromosome confers
an atherogenic lipid profile; however, this concept has
been challenged by others who postulate it is the estrogen
deficiency the principal culprit (26). Investigators ob-
served higher total cholesterol and LDL in those with
Turner syndrome vs. healthy eugonadal controls (27) and
vs. women with premature ovarian failure (28). Others
have reported higher total cholesterol but normal LDL
and HDL concentrations compared with controls (29) or
the cholesterol elevation mostly in older subjects (30).
However, other series have shown either no difference in
lipid levels with controls (31) or differences accounted for
when normalized by BMI (32). In our own experience in
a previous study of the metabolic effects of oral and TD
estradiol in GH-treated girls with Turner syndrome, we
observed normal plasma lipid concentrations and no effect
of estradiol administration either oral or TD on those val-
ues (14). The fact that in the present studies the same girls
with Turner syndrome took the estradiol orally and TD
makes this a robust and useful model to address the effect
of the estrogen on lipid metabolism without the confound-
ing effects of other products of the intact gonad. The ef-
fects on lipids by different forms of estrogen therapy, on
the other hand, have been variable, but in general oral
estrogens have been associated with a greater beneficial
effect on lipids (decreased LDL cholesterol and increased
HDL cholesterol) than TD preparations (1, 11-13). In the
present study, there were mild decreases in LDL choles-
terol in the low-dose TD group only, accompanied by de-
creases in HDL in both oral and TD (high dose) E, treat-
ments. Triglycerides increased mildly but were still within
normal range in both oral and TD groups in low doses of
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E,. Overall there were no significant differential effects
among the dosing groups in their effects on plasma lipids.

In general, estrogen replacement via different routes
has been found to be beneficial to carbohydrate metabo-
lism with fasting insulin and glucose concentrations often
lower during treatment (32-37), raising the possibility
that estrogens may be cardioprotective. However, in our
previous study in GH-treated girls with Turner syndrome
given oral vs. TD E,, there were no differences in glucose
concentrations after 6 wk each of treatment (14). In the
present studies, glucose concentrations did not change
(with variable insulin concentrations), regardless of
route and dose, suggestive that estrogens are not clinically
important modulators of carbohydrate metabolism in this
age group. Longer treatment would be needed to better
assess the impact of pure estradiol in insulin concentra-
tions however.

HsCRP is a proinflammatory marker produced by the
liver, and elevated levels may be indicative of incipient
cardiovascular disease. The effects of estrogen on hsCRP
have been variable. Yilmazer et al. (38) showed that in
postmenopausal women, C-reactive protein levels in-
creased over time after oral E; and CEE but not with trans-
dermal E,. Bukoswka et al. (39), also observed higher
C-reactive protein values when using oral hormone re-
placement (estriol/estradiol valerate plus levonogestrel),
compared with transdermal E, after 3 months. In our pres-
ent studies, there were no significant changes in hsCRP
with either dose or route.

One of the limitations of this study is using a model of
estrogen deficiency in girls with Turner syndrome, which
may not be extrapolated to normal physiology. It is pos-
sible that the chromosomal anomaly per se could affect the
responsivity to the different forms of estradiol. However,
although we are not testing the effects of estrogen in nor-
mal females, the qualitative responses reported here are
comparable with those of postmenopausal women. The
fact that each girl received E, orally and transdermally, we
believe, makes the comparisons of the effect of estrogen
valid in this model of hypogonadism. In addition, Turner
syndrome is one of the most common conditions that re-
quires estrogen replacement in childhood.

In summary, the availability of sensitive and specific E,
assays (LCMSMS) and purer forms of estrogen (E,) avail-
able for administration now permit direct comparison of
the biological effects of estrogen, depending on route and
dose, as well as monitoring of plasma concentrations, a
significant advantage over conjugated oral estrogens.
High-dose TD (0.075 mg) E, resulted in a PK profile of E,
and E, concentrations closer to that of normally menstru-
ating adolescents compared with low-dose TD, high-dose
PO, and low-dose PO. These doses also suppressed LH
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and FSH more in the low-dose groups, yet in the high-dose
groups, LH and FSH suppressed similarly in the oral and
TD routes. High-dose TD dosing achieved bioestrogen
concentrations closest to normal. None of the doses used
via either route affected IGF-I concentrations, and all af-
fected cholesterol minimally and hsCRP concentrations
similarly, although power to detect differences in the latter
may be reduced and requires more data. In conclusion,
among identical forms of estradiol, high-dose transdermal
(0.075 mg) was the most physiological. Whether the long-
term metabolic effects of estrogen differ using the same
form of estradiol (E,), depending on route, awaits further
study in Turner syndrome.
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