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Summary-We administered [6,7-3H]estradiol p.o. and [4-‘4C]estradiol i.v. simultaneously to 5 women 
22-35 years of age. Fourteen blood samples were collected over 480 min, and all urine was collected for 
96 h. The blood samples were analyzed for radioactivity as estradiol, estrone, estrone-sulfate and estradiol 
glucuronide. The urine samples were analyzed for radioactivity as the glucuronide and pH 1 hydrolyzable 
conjugates of estradiol, estrone, estriol, 16a-hydroxy-estrone, 2-hydroxy-estrone, 2-hydroxy-estradiol, 
2-methoxy-estradiol and 2-methoxy-estrone. The major circulating estrogen, after either estradiol, p.o. or 
i.v. administration, was estrone sulfate; _ 50% of estradiol administered by either route being converted 
to and measured as estrone sulfate in the blood. Following oral administration about twice as much 
estradiol was converted to and measured as estradiol glucuronide in the blood as after i.v. administration. 
Of the estradiol administered p.o., only 10% was absorbed into the blood as estradiol the rest being 
metabolized prior to absorption. After estradiol, p.o., the major radioactive compounds in the urine were 
the glucuronides of estrone and estradiol, but after estradiol, iv.. the conjugates of estrone, estradiol and 
estriol were present to about the same extent as the conjugates of the 2-oxygenated compounds. Following 
p.o., considerable metabolism of estradiol administration occurs in the splanchnic tissue, much of it in 
the intestinal wall. 

INTRODUCTION 

The daily blood production rate of estradiol ranges 
from 70-500 pg/day in young women depending on 
the time of their menstrual cycle [l]. However, to 
achieve effects on the uterus or bones similar to this 
production rate, estradiol must be administered 
orally at levels of 24 mg/day [2,3]. This discordance 
between the normal production rate and the oral dose 
has been thought to be due to the extensive initial 
metabolism by splanchnic tissue of the orally admin- 
istered estradiol. 

Beer and Gallagher [4] noted that the fraction of 
the radioactive dose measured in the urine was 
similar after oral as compared to the intramuscular 
administration of estradiol indicating that the oral 
dose entered the circulation. However, they did not 
identify the circulating estrogens and compare them 
after the different doses. 

Fishman et d.[S] administered [3H]estradiol iv. 
and [‘4C]estradiol p.o. simultaneously to 2 elderly 
women. They noted rapid and efficient absorption of 
the orally administered estradiol. They noted that the 
urinary glucosiduronates of estrone and estradiol 
were relatively enriched with 14C from the oral es- 
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tradiol. The ‘H/j4C ratios in the other urinary metab- 
olites were not so enriched and the ratios were similar 
among them. They concluded that a portion of the 
orally administered estradiol was conjugated with 
glucuronic acid in the splanchnic bed, but that most 
of the estradiol mixed with the intravenously admin- 
istered estradiol. 

There have been a number of recent studies [ 1,6,7] 
measuring the circulating levels of estradiol and 
estrone after oral administration of estradiol. These 
studies have shown that following the oral adminis- 
tration of estradiol, the major unconjugated estrogen 
in the blood is estrone. 

Despite these studies, the fractional absorption of 
orally administered estradiol and the degree of 
splanchnic metabolism in young women remain un- 
certain. The present studies were done to characterize 
the absorption of orally administered estradiol, to 
compare the metabolism of estradiol administered 
p.o. to that of estradiol administered i.v. and to 
provide baseline data for subsequent studies on how 
these parameters might be affected by alterations in 
diet. 

EXPERIMENTAL 

The subjects were 5 women whose mean +_ SD age 
was 27 + 5 years, mean weight was 58.2 f 5.4 kg and 
mean height was 100.1 f 4.6 cm. All were having regu- 
lar menstrual cycles as characterized by duration, rise 
in body temperature and/or rise in progesterone in the 
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luteal phase. They were taking no medicines, and 
were eating a regular diet containing 25-40% fat. The 
studies were started on days 5-7 of the menstrual 
cycle. All subjects signed informed consent which had 
been approved by the Institutional Review Boards. 

Organic solvents, except those used in HPLC, were 
used without further purification. Solvents for HPLC 
were obtained as HPLC Grade from J. T. Baker Co. 
[6,7’H]Estrone (47 Ci/mmol) and [ 14C]estradiol 
(51 mCi/mmol) were obtained from New England 
Nuclear Corporation, Boston, MA, and were more 
than 98% pure by thin layer chromatography [8]. 
Estrone and estradiol were obtained from Steraloids, 
Wilton, NH, and crystallized from methanol prior to 
use. 16a-Hydroxyestrone was obtained from Ster- 
aloids and used without further purification. Estrone 
sulfate was obtained from Sigma Co., St Louis, MO, 
and used without further purification. 2-Hydroxy- 
estrone, 2-hydroxyestradiol, 2-methoxyestrone and 
2-methoxyestradiol were made as previously 
described [9, IO]. 

All studies were started between 7:30-8:00 a.m. 
with the subjects fasting and supine. A small Teflon 
catheter was placed in a vein in one arm. The subject 
then received 1.5 PCi [4-‘4C]estradiol in 10 ml of 8% 
ethanolic saline in a vein of the arm opposite to the 
catheter. At the same time, she ingested a small sugar 
cube onto which had been placed 10 gCi [6, 7-3H]- 
estradiol and 8 pg estradiol in 0.1 ml ethanol. The 
mass of estradiol administered p.o. and i.v. was 
similar since we wished to compare metabolism by 
these routes and did not wish to risk variations due 
to differences in mass. Blood samples, 4-20 ml, were 
obtained via the catheter at 3, 6, 10, 15, 30, 45, 60, 
90, 120, 180, 240, 360 and 480 min after receiving the 
radiolabeled steroids. All samples were centrifuged 
and the plasma frozen until analyzed. All urine was 
collected for 96 h after receiving the radiolabeled 
estradiol. 

Plasma samples were thawed and to them were 
added 2OOpg estrone, 2OOpg estradiol and 3OOkg 
estrone sulfate. Samples were extracted twice with 
80 ml cyclohexane-ethylacetate (2: 1, v/v). The sol- 
vent phase was washed with 5 ml vol of H,O and 
dilute NaHCO, and the solvent removed under vac- 
uum. Estrone and estradiol were then purified by 
multiple chromatographic derivatization steps as 
described [lo]. 

The spent plasma was adjusted to pH 5.0 with 
hydrochloric acid and 300 U/ml of /?-glucurase 
(Sigma Co., St Louis, MO). The plasma was incu- 
bated at 37°C for 48 h and 200 p g estrone and 200 p g 
estradiol were added. The plasma was then extracted 
with cyclohexane-ethylacetate as described above. 
The solvent was pooled, washed and removed under 
vacuum. The estrone and estradiol, hydrolyzed from 
their respective glucuronides, ,were then purified by 
multiple chromatographic and derivatization steps as 
described [l 11. The estrone and estradiol so purified 
represented the glucuronide conjugates. 

The remaining plasma was adjusted to pH 1 with 
H,S04 and made 20% by vol with NaCl solvolyzed 
for 24 h using ethylacetate at room temperature. The 
ethylacetate fraction was washed and the solvent 
removed under vacuum. The estrone hydrolyzed 
from estrone sulfate was then purified by multiple 
chromatographic and derivitization steps as 
described [ 10, 111. The estrone so purified represented 
the pH 1 conjugate (estrone sulfate). 

Following the final HPLC chromatography, the 
mass of steroid was measured using U.V. spec- 
trophotometry and the losses through the procedures 
were calculated for each of the unconjugated- 
glucuronide and sulfate fractions. Then the radio- 
activity in each fraction was measured using a liquid 
scintillation spectrometer and corrected for losses 
through the procedures. 

The extraction, and purification of the estrogens 
from the urine was done essentially as 
described [9, lo]. Briefly, a 25% aliquot of the pooled 
96 h urine was extracted once with an equal volume 
and twice with iv01 of ethylacetate. The organic 
phase was backwashed twice with a 10% volume of 
water. The washes were added to the residual urine. 
The ethylacetate extract was evaporated but not 
worked up further, and represented the unconjugated 
estrogens which amounted to less than 1% of the 
urinary radioactivity. 

The residual urine was made 0.005 M in sodium 
acetate and brought to pH 5 with 50% HzS04. The 
carriers, 2-hydroxyestrone and 2-hydroxyestradiol 
(7OOpg of each in ethanol, less than 1% vol), and 
/?-glucuronidase (500 Fishman U/ml of urine) were 
added, and the urine was incubated at 37°C for 48 h. 
Then the remaining carriers estrone, estradiol, estriol, 
2-methoxyestrone, 2-methoxyestradiol and 16c( - 
hydroxyestrone (4OOpg of each in ethanol) were 
added and the urine extracted once with an equal 
volume and twice with f vol of ethylacetate. The 
organic phase was backwashed twice with a 10% v01 
of water. The washes were added to the residual 
urine, and the organic phase further washed with 5% 
NaHCO, and water until neutral. 

The solvent was removed under vacuum and the 
residue chromatographed on Silica Gel HF,,, (Brink- 
man Instruments, Westbury, NY) in the system 
benzene-ethylacetateacetic acid (80:20:2, by vol). 
Following development 4 zones were separately 
eluted; those containing (1) estrone and 
2_methoxyestrone, (2) 2-hydroxyestrone, 2-methoxy- 
estradiol, 16~1 -hydroxyestrone and estradiol, (3) 
2-hydroxyestradiol and (4) estriol. The individual 
steroids were then purified by multiple chro- 
matographic and derivatization steps [9, IO]. The 
estrogens recovered from this analysis represented the 
glucuronide conjugates. 

Then the residual urine following enzyme hydro- 
lysis and extraction was made 20% w/v with NaCl, 
brought to pH 1 with 5 N HCI, shaken with an equal 
volume of ethylacetate containing all the previously 
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noted carriers (40&700 peg of each) and allowed to 
stand overnight at 25°C. After a second shaking, the 
organic phase was removed and, using successive 
10% vol, washed once with water, repeatedly with 
5% NaHCO, until the aqueous phase remained basic 
and then with water until the washes were neutral. 

The solvent was removed under vacuum and the 
residue treated as above with multiple chro- 
matographic and derivatization steps to separate and 
purify the individual estrogens which represented the 
pH 1 (sulfate) conjugates. 

For each estrogen in each fraction, following the 
final HPLC, the mass was determined by U.V. spec- 
trometry and the losses through the procedure calcu- 
lated for each estrogen. The radioactivity in each 
estrogen for each fraction was measured in a liquid 
scintillation spectrometer and corrected for losses 
through the procedures. 

For the plasma, the concentration of both ‘H and 
14C radioactivity corrected for losses through the 
procedure were plotted against time of sampling and 
the areas under the curves (AUC) determined using 
a mathematical approach [1 1, 121. The metabolic 
clearance rates (MCR) were calculated as: 

R 
MCR=p 

AUC 

where R = administered dose of radioactivity. The 
fraction of the orally administered [ 3H]estradiol 
which was measured in the blood as [ 3H]estradiol was 
calculated as: 

fraction absorbed = $ 
s 

where St = area under the curve for the disap- 
pearance of radioactive estradiol from the blood after 
oral administration. Si = area under the curve for the 
disappearance of radioactive estradiol from the blood 
after i.v. administration. 

The conversion ratios (CRPRE - PRo) were calculated 
as: CRPREePRo = areaPRo/areaPRE where the super- 
script stands for the steroids measured and the sub- 
script stands for the method of administration and 
the pool sampled (S = systemic and 0 = oral), e.g. 
CR&@“’ = ratio of radioactivity as estradiol glucu- 
ronide to estradiol measured in blood following oral 
administration of estradiol. The error in calculating 
a conversion ratio will not exceed 15-20% by this 
method [ 111. 

For the radioactivity in the urine the data are 
presented as % of the administered dose in each 
fraction and as the ‘H/i4C ratio in each fraction 
compared to the ‘H/j4C ratio of the administered 
dose. In order to compare the ratios among the 
subjects, the ‘H/14C ratios of each fraction have 
been normalized to a ‘H/14C ratio of 1.0 for the 
administered dose. 

RESULTS 

The MCR’s and conversion ratios following es- 
tradiol i.v. are shown in Table 1. Most of the 
radioactivity in the plasma appears as E,SO, with 
E,-glucuronide a relatively minor component. In 
one individual (subject 5) E,-glucuronide was also 
measured and the CRE&El%” was 0.25 which was 
greater than the CR&EzdUc of 0.09 in that subject. In 
subjects 1 and 2 radioactivity as estriol and 2-MeOE, 
were determined but only background activity was 
found. 

The data for radioactivity in the plasma estrogens 
following estradiol p.o. are shown in Table 2. The 
MCR’s are considerably higher than the MCR for 
estradiol iv. The conversion ratios indicate that most 
of the radioactivity appears as E,SO,. With one 
exception, CRE2*El in subject no. 1, each CR,, is 
greater than the respective CR,, . The mean (+ SE) 
fractional absorption is 0.11 + 0.02. The CRE2%EIduc in 
the one subject measured was 4.2. 

The pattern of urinary metabolites appearing as 
glucuronides is shown in Table 3. Following oral 
administration, estrone is the major glucuronide in 
the urine, while after estradiol i.v. the glucuronide of 
2-hydroxyestrone is usually the major conjugate al- 
though the percent of administered dose measured as 
catechol estrogens is similar to the percent measured 
as estrone, estradiol, estriol and 16a-hydroxy- 
estrone. 

As shown in Table 4, excretion as a pH 1 hydro- 
lyzable conjugate is generally a minor pathway for 
metabolites of estradiol administered either p.o. or 
iv. However in 2 subjects (2 and 4) the excretion of 
E, SO4 was much greater than the others, but was still 
less than excretion as the glucuronides. 

The ‘H/14C ratios are shown in Table 5. Since they 
are normalized to an administered ‘H/14C ratio of 
1.00, any ratio > 1.0 indicates that the orally admin- 
istered estradiol is metabolized via that pathway to a 
greater degree than the i.v. administered estradiol. 
Ratios < 1 .O indicate that the pathway favors the i.v. 
estradiol. For only 2 metabolites E, glucuronide and 
E, glycuronide are the ratios > 1.0. For all other 
metabolites the ratios are < 1.0, and are essentially 
identical. 

Table I. Metabolic Clearance Rates (MCR,) and Conversion 
Ratios (CR~~E-PRo) measured in plasma after administration of 

14-‘%l-estradiol iv. 

Subject 
MCR, 
I/day 

I 1,040 0.44 7.42 - 
2 1,310 0.21 1.66 0.16 
3 1,100 0.27 5.14 0.09 
4 810 0.28 10.9 0.07 

; I.920 1,240 0.35 0.31 3.22 5.67 0.09 0.10 
SEf 190 0.04 I .62 0.02 



Table 2. Metabolic Clearance Rates (MC%) wtd Conversion Ratios (CRgE mPR0) and 
absorption measured in plasma after administration of [6,7-3Hjestradiol p.o. 

MCR, 
Subject J/day CR@ PI CRgrE’sod CRE$ ez &M Fract. A bsorp. 

:, 20,6? 5;7gn 5 0.35 i .67 $7.6 14.2 5.76 if.18 o.tX 

: 12,8KJ 6,630 0*9O 211 109.5 32.2 3.90 2.90 O.l# 0.06 
5 18,310 I,33 19.4 1.30 0.10 

12,800 L27 3iL6 3.24 0.1 I 
3,000 0,3Q 18.0 1 .oo 0.02 

w 

2-OHE I 2.56 ski 
2.55 3.79 2.92 3.76 1.41 2.57 0.99 2.58 
9.13 16.2 IO,1 13.9 ?&OS II.2 5.OrJ, 8.50 

2-0HE2 ft.58 0.97 I.15 1.99 l,lS 1.53 1 .OA 1.57 1.44 2.1 I 
2-MeOEI 0.36 0.59 2.18 3.80 l,37 I.81 2.42 3.60 I.LII t.68 
2-MeOR a.05 0.06 a,ra 0.1s 0.10 a.14 0.13 0.18 0. L 1 0.16 

Table 4. Wrimy metabolites as pW 1 conjugates after dministration of [3H]estr;rdiol by mouth and f ‘%?]estradiol IV 
expressed as percent of administered dose 

Subjects 
I 2 3 4 5 

‘H ‘4C H Y %I ‘V % t&C 3H “V 

Ef 0.46 0,74 2.91) 501 O.Sf 0.61 3.26 4.84 0.70 I.02 
E2 0.05 0.1 I 0.20 Q-36 OB4 o.og 0.29 8.51 0.07 &I2 
E3 0.21 0.35 a.32 0.45 0.16 ft.20 0.42 8.65 0.21 0.3i 
I&-OH-El 0.42 0.73 0.76 ’ 1.19 0.91 0.71 1 .oo 1.51 0.43 0.66 
2-OHEI 0.28 0.44 128 2.10 0.44 0.60 I,76 2.75 0.415 a.77 
2-OHE2 0.005 O.OO$ 0.024 0.036 0.012 0.020 0.022 0.040 0,013 0.023 
2-MeOEE 0.29 0.5 1 0% 1.57 0,41 0.55 I .54 2.34 0.38 OS4 
Z-M&E2 0.01 0.02 OJB 0.08 o&2 0.03 cm.lO 0,15 0.03 0.04 

T&1e 5. ‘H/‘% ratios rrf* the urinary,estrogen metabolites: estrone (Et), estradiol (Ba)y estricil (Es), l6a-hydtoxyestrone (IGn-OWE,), 
2-hydroxyestrone (2-OH& )a 2-hydroxyestradiol (2-QHEz). 2-methoxyestrona (2-MeOE,), 2%metboxyestradiol (2-MeOE,), excreted as 

glucuronidm {O), and pH I-hydrolyzable conjugates (pH I) 

16x-OH Z-OH- 2QH- 2-Me@ 2-M&- 

E, Fz % E, R, F, E, 
Sttbjeet G pHI G pHI Q pfft G pHf G pHi G pHI G PH1 G E2pF#t 

: 2.72* 2.82 ;“;; 

0.67 Ok 

2.15 2.32 0.50 0.55 061 O&I 3.60 0.71 0.64 0.67 a.57 a&I 0.49 0.56 0.64 0.61 O.6Q 0.58 0.62 0.67 Wit 0.57 0.57 Cl,63 0.73 0.55 a.52 0.61 

: 2.34 1.70 1.74 1.54 0.53 0.57 0.77 O,66 0.80 0.65 0.78 0.66 I),72 B,66 0.73 0.63 0.73 0.64 11.61 CL’75 0.60 0.55 0.76 0.67 0.74 0.86 0.71 0.72 0.53 0.66 
5 2.12 0.68 1.81 0.56 0.67 0.68 0.38 O,B$ 0.59 0.64 a\68 0.56 0.70 0.70 0.69 0.62 

*In afl subjects, the ‘H/t’C ratios have heen narmaked to an adminktcred 3H/“C ratio of I.#. 

DISCUSSION 

The values for MCR$, and CR%, &SO4 for es- 
tradiof following i.v. ~dm~ni~trat~o~ are similar to 
&oSe VakTeS &Et we reported p&3usly a&er pulse 
injections fE2]. The mean value fur CR~$E29 is some- 
wh;at higher than WB noted before and the reasons for 
this difference are unclear. The techniques were simu 
ilar in the two studies which were both done in the 
early fokular phase: of the c)rcle. The CR&$@Uc rep- 

sents conversion af estradiol to estradiol-3- 
glucuronide, estradiol~17-glucuronide and the diw 
glucuronides since we did not separate them prior to 
hydro@sk There are no data for the MCR of 
estradiol g~~~u~~~de in the literaru~ but in I young 
woman in whom we infused f%&stradiol glucuronide 
the MCR, was calculated as 810 l/day (Longcope C, 
unpublished data). Therefore, we can estimate that 
the conversion of cstradiol to estradiol glucuronide 
&e. ~&p’g’” ) wilt be in the rang@ of lV%,, far Ie~tss 
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than value of 42% for the conversion of estradiol to the estradiol is available for hepatic metabolism 
estrone sulfate [ 131. along pathways available to the estradiol i.v. 

Following the administration of estradiol p.o. the 
mean MCR: is about 10 times that of the MCR$ Acknowledgements-The authors would like to thank A. 

indicating extensive metabolism has occurred in the 
Morril, C. Flood and A. Femino for their excellent technical 

splanchnic tissue confirming the conclusions of Fish- 
assistance. 

man et al.[S] based on urinary data. Although the 
CR’s for the estradiol p.o. are considerably greater 
than the corresponding CR’s for estradiol i.v. the 
actual percent of estradiol given p.o. which enters the 
blood as each product ([plos v. [PISS) is increased only 
for the conversion of estradiol to estradiol glucuron- 
ide and perhaps estrone glucuronide. 
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