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ABSTRACT 

h single dose of tritiated estradiol-17B (3H-E2B) was 
injected i.v. into 5 high egg producing White Leghorn hens, 31 weeks 
of age, at 19.2 ±2.1 (mean ±S.D.) hr before ovlpositlon. Blood (2 ml) 
was sampled at approximately 5 mln intervals over 40 mln. Whenever 
possible, metabolites were monitored and identified by the double 
isotope technique with the addition of the corresponding 14C-labelled 
standards to plasma prior to analysis. The metabolic half-life and 
clearance rate of 3H-E2e in plasma were 10.9 ± 1.9 mln and 
118 ±18 ml/mln/kg body weight, respectively. The calculated produc- 
tion rate of E2B at 19.2 hr before ovlposltlon was 19.5± 5.7 ng/ 
min based on the plasma level (93±22 pg/ml) measured at that time. 
The relative concentrations (~ of plasma radioactivity) of the major 
metabolltes isolated at 5.7 ± 0.6 mln post injection were, in descend- 
ing order: estradlol-17B-3-sulfate (E2B-3S : 14.9± 2.7), 
estradiol-17a-3-sulfate (E2a-3S; 5.7 ±0.3), estrone (El; 
4.6 ±0.5), estrone sulfate (EIS; 2.2 ± 0.5), and estradlol-17a 
(E2a ; 1.2 ±0.4). As time proceeded, the relative concentration of 
g2a-3S gradually increased so that by 43.2 ± 1.0 mln it became the 
most abundant identifiable metabollte (12.3 ± I.I) followed by 
E2B-3S (9.1 ± 1.7), EIS (1.2± 0.6), E 1 (0.7 ± 0.4) and E2a 
(0.3 ± 0.2). These findings are consistent with the view that one of 
the major pathways of E28 metabolism in the circulation of the hen 
is via g2e~--::~-- E2e-3S~ EIS~.--c~.-E2~-3S. 
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INTRODUCTION 

A number of investigators have measured plasma concentrations ~[ 

estradlol-178(E28) relative to the ovulatory cycle of the tayinK 

hen (1-7). These studies have shown a major peak at 2 to 7 hr an{z 

possibly a minor peak 16-20 hr before ovulation. The role of the 

E28 peaks with respect to ovulation is not clear arid, so f:ir, ~i[ 

attempts to induce premature ovulation with exoKenous E28 have 

resulted in delayed ovulation (8) or no response (4). The E ~ 
u 

peaks, conceivably, have an inPluenee on the calciflcation oC the e~g 

because estrogen is known to stimulate medullary bone formation (9~ 

increase protein bound calcium [Ca) in plasma (10,11) and induce or • = 

enhance formation in the shell gland of a Ca-binding protein believed 

to be involved in Ca transport (12). Recently, we have demonstrated 

that young laying hens actively immunized against E28 lay eggs 

with decreased egg shell quality (13). 

In order to investigate the role of E28 in the mobilization of 

Ca for egg calcification we found it desirable to know the~ clearance 

Pate and production rate of E28 because many past studies of 

E~ functions involved non-physloloEical doses of the hormone. 

While the metabolites of E28 in the urine (i~,15) of the laying 

hen have been InVestigated, there is little information on the plasma 

clearance and production rates of E28 nor of the kinetics of the 

metabolites. When this Investi@~tion was in progress, Johnson and van 

Tienhoven (16) reported the clearance and p~oduo~£on rates of g~ 

in 5 laying hens, but they did not study the metabolites. 

The present investigation was conducted to study the p~oduction 
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rate, clearance rate and metabolic fate of E2B In the plasma of a 

strain of White Leghorn laying hens, which had been selected for high 

egg production over 25 years (17,18) and which we used for egg shell 

quality research. 

MATERIALS AND METHODS 

Hens 

Five 31-week-old hiEh egg producingWhite Leghorns (Stra in 1) o f  
the Animal Research Centre (17,18) were caged i n d i v i d u a l l y  in  a 
windowless room. The hens had been under a l i g h t  regime o f  16 hr 
l i g h t  and 8 hr dark since they were 20 weeks o f  age. Feed and water 
were provided ad l i b i t u m  and the temperature was maintained a t  13°C. 
The hens had lay ing  cycles ranging between 2~ and 26 hr and had l a id  
consecut ive ly  a t  leas t  2 eggs immediately p r i o r  to the experiment. 
Their  hen-day egg product ion averaged 95~ around 31 weeks o f  age. The 
t race r  i n j e c t i o n  was given between 17 and 23 hr before the next o v i -  
pos i t ion  (see below and Table 1 for  d e t a i l s ) .  

Solvents and Reagents 

All solvents were reagent grade and were used as obtained. Unless 
otherwise stated, radioactive and non-radioactive steroids were 
obtained commercially and their purity was checked by thln-layer 
chromatography (TLC). 

Estrone-4-14C sulfate, ammonium salt (14C-EIS), used as 
internal tracer, was synthesized from estrone-4-14C (52 mCl/mmol) as 
described by LonEcope (19), and p u r i f i e d  by TLC (20). 
Es t rad io l -17B-4- I4c -3 -su l fa te  (1~C-E28735), used as in te rna l  
tracer, was prepared by reduction of IqC_EIS with sodium 
borohydride (21). 

Administration of tritlated labelled estradlol-17B (3H-E2B) 

Immediately prior to the tracer injection, a 2 ml blood sample was 
taken from the brachial vein for radioimmunoassay of E2B 
(7,21,22). Then, i0 uCi of 3H-E2B (2,4,6,7-3H; 90 Ci/mmol), 
dissolved in 0.05 mi propylene glycol plus 0.45 ml of 0.9~ saline, 
were injected into the left brachlal vein. The net amount injected 
averaged 9.7 uCi, with 0.3 uCI left in the syringe. Blood (2 ml) 
was withdrawn from the risht brachlal vein with a heparlnized syringe 
at approximately 5 min intervals over 40 min. Within 20 mln the 
plasma was separated by centrlfugetion (20) and stored at -20oC until 
assayed. 



74 | T | I O ' r D |  

Countin 6 of, Radioactivity 

Plasma (0.0.2 ml), labelled standards or isolated metabollteswere 
counted in a Beckman model LS-8000 scintillation spectrometer wit~ 
automatic quench compensation as described previously (30) 

Extraction of estrogens from plasma 

Prior to extraction, known amounts of 14C-labelled estrone 
(E 1), E2B, EIS and E28-3S were added to each plasma sample 
as internal standards for correction of procedural losses for the 
corresponding 3H-labelled metabolites. Because 14C-labelled 
estradiol-l?a(E2a) and estradiol-l?a-3-sulfate (E2a-3S) 
were not available, the losses of these two 3B-labelled metabolite.q 
were estimated from the losses of the corresponding l~C-labelled 
17B isomers. 

Plasma (0.5-1.0 ml) was partitioned in sequence, with benzene and 
then tetrahydrofuran:ethyl acetate (I:I;THFE) to extract the 
unconJugated estrogens and estrogen monosulfates essentially 8s 
described (22) except that ! ml of 18% NaCI solution was used instead 
o f sodium bicarbonate. 

Chromatographic separation of estroj~ens 

Unconjugated E I, £2 a, and E28 from the benzene fraction 
were isolated and identified essentially as described previously ~20) 
except that the identity of 3H-E2a was based on chromatographic 
mobility with unlabelled standard, because of the unavailability of 
14C-~2~ , . However, from a previous study using the double 
isotope technique (20) there was good evidence that the radlochemlcal 
purity of E2a approached 90% after Step 1 (20) of the purification 
procedure. 

The sulfate fraction was purified on TLC using ethyl acetate: 
ethanol:ammonium hydroxide (90:90:1.8) which was a modification Of the 
system reported by Sarfaty and Lipsett (23) and which separated the 
steroid monosulfates, glucuronides and unconJu~ated steroids as 
classes. By developing the thin-layer plate in the modified system 
times under conditions described (22) it was possible to separate the 
3-sulfate from the 17-sulfate of estradiol-17(a,e ), but the 
3-sulfate of eatradiol-17(a,B ) and of estrone still remained 
together. The area containing EI3 plus E2(a,8)-3S was eluted 
and the eluent hydrolysed with 20~=acetie acid in methanol ~(21). ~11e 
unconjusated estrogens released by hydrolysis were isolated as 
described for the benzene fraction. The 17-sulfate of g2(a,e) 
resisted hydrolysis by acetic acid; radleactivity in thls spot was 
counted without correction for procedural losses, and no f~rther 
identification was made. Thus the identify of this (these) 
metabolite (s) was (were.) tentative. 
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Calculation of clearance rate and production rate of E=~ 

The disappearance curve of 3H-E2B in plasma after i.v. 
injection was found to best fit the two-compartmental model described 
by Rizkallah et al (24), and the metabolic clearance rate was 
calculated bas'ed--~n this model. 
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RESULTS 

All r e s u l t s  r ep resen t  the mean + SD (s tandard dev i a t i on )  from 

5 hens. Fig. I shows the disappearance of radioactivity from the 

plasma, and the distribution of the unconjusated (free)and the sulfate 

fractions as a function of time after i.v. injection of 3H-E2B. 

At around 6 minutes post injection, about 50~ of the radioactivity in 

plasma was already in the T~E or sulfate fraction, and only 30~ in the 

benzene or free fraction, indicating a rapid conversion of the injected 

free hormone into the monosulfate metabolltes. By 15 minutes, the 

relative concentration of the sulfate fraction increased to a peak 

value of 62~ and then slowly declined to 47~ by 43 minutes. In con- 

trast, the free-fraction continued to decline rapidly so that by 15 rain 

and 43 rain it accounted for only about 13~ and 6~ of plasma radio- 

activity respectively. It is also of interest to note that the total 

radioactivity recovered by the benzene and T~E extractions, after 

corrections for procedural losses, accounted for 79.6~ (29.5~ + 50.I~) 

of the plasma radioactivity at 8 mln post injection. By 43 rain post 

injection, the figure had dropped to 53.45 (6~ + 47.45). This would 

indicate that as time progressed more polar metabolites, such as the 

disulfates, were formed and remained in the aqueous phase. The exact 

nature of this relatively polar fraction was not investigated in this 

s tudy .  

The r e l a t i v e  plasma concen t r a t i ons  o f  the i s o l a t e d  3H-label led 

free estrogens and estrogen monosulfates are shown in Fig. 2. 

3H-Ep~. This injected substrate accounted for only about 20~ of 

the total plasma radioactivity by 6 rain post injection; by 43 rain it 
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had decreased to 2%. The disappearance of absolute radioactivity (not 

shown) was typically exponential and fitted best the two-compartme,~tal 

model on which the metabolic clearance rate (MCR) and related 

parameters were calculated (Table i ). 

TABLE i. The metabolic clearance rate (MCR) and production rate:CpR) 
of estradlol-l?8 in the laying hen 

• ~r" to 
Hen Body MCR MCR b Plasma PR Half-life 

Weight E2B t~ 
(kg) (mllmin) (o~Iminl~) (r~Iml) (nelmln) {mln) 

66 1.60 223 139 0.124 27.7 12.1 

75 1.90 217 I14 0,087 18.9 8.2 

76 i .79 217 121 0.066 14.3 13.0 

83 1.71 216 126 0.103 22.2 11.4 

86 1.83 167 91 0.085 14.2 i0.0 

~ext 
ovi-  

position 

:~2.5 

16.!~ 

~9.7 

!b.8 

Mean 1.77 208 118 0.093 19.5 i0.9 i9.2 

S.D. 0.12 23 18 0.022 5.? 1.9 2.1 

Age of birds: 31 weeks 

*Time Of injection of JH-E2B with' "refm',ence to  ovlposltlon, " '  
MCR b = MCR per kg body weight. 

3H-E I. An oxidized metabollte of 3H-E 2, the relative ccncen, 

tratlon of this metabolite was highest at 6 rain post injection (5% 0f 

plasma radioactivity) and declined to a low level of only 0.7% bY 

43 rain. 

3H -E2o • 

detected. 

6 mln post injection and progressively decreased to 0.3% bY 43 rain. 

This was the least abundant of all the metabolltes 

Its hi~est concentratlon was 1% of plas~ radloactlVi~Y a~ 

It 
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was derived from 3H-~ by enzymic reduction (15,27). 

3H-g~-3S. This was by far the most abundant metabolite 6 rain 

post injection, accounting for 15~ of the total plasma radioactivity, 

compared with 6~ in the case of 3H-E2a-3S and 9~ in the case of 

3H-E2(a,B)-ITS. It remained the predominant metabollte for the 

first 15 min. Then, its level slowly declined to below that of 

3H-g2a-3S. The most direct route of the formation of this meta- 

bolite was by 3-sulfoconJugatlon of ~-g28. 

3H-~S. In contrast to 3H-E2e-3S, 3H-~S was the least 

abundant of the monosulfate metabolites, with relative concentrations 

ranging from 3~ of plasma radioactivity at lO min, to i~ at 43 mln post 

injection. It was most likely formed by oxidation of 3H-E2B-3S 

and/or 3-6ulfoconJugation of 3H-E 1. 

3H-E2a-3S. This was quantitatively the third most important 

metabollte in the first 15 min and became the second most abundant 

metabollte at q3 rain (12~ plasma radioactivity). It was derived by 

reduction of ~-EIS and/or 3-sulfoconJugatlon of ~-g2a. 

3H-E2(a,B)-I7S. The area corresponding to E~-I7S likely 

contained a mixture of 3H-E2B-17S and 3H-E2a-17S. In spite 

of the fact that procedural losses were not corrected, this fraction 

ranked second in relative concentration in the first 15 mln and tended 

to become the predominant fraction (lq~) by 43 mln. The large standard 

deviation probably reflect variations due to procedural losses. 



DIS~VSSION 

The results indicate that JH-E2B in the circulation of the 

laying hen was metabolized rapidly. ~he mean plasma metabolic half- 

3H-E28 in the 5 hens was 10.9 rain and the MCR life (tl e) of 

was 208 ml plasma /mln /hen or 118 ml plasma/min/kg body weight. Ti~e 

estimated mean PR of E2B , based on the mean plasma concentration o? 

93 pg/ml measured about 19 hr to oviposition, wa~ 19.5 ng/min 

(Table I). The rapidity of metabolism is also seen by the fact t~a~ as 

early a8 5 to 6 rain after intravenous injection only 20% of the plasma 

as 3H-E2£ while 50% was in the conjugated radioactivity remained 

fraction in the form of monosulfates. The rapid disappearance of 

3H-E2~ from plasma agrees well with the data of HawRins and 

Taylor (25) who found that 3.75 rain after i.v. injection of 

3H-E2B into a strain of White Leghorn laying hens 24-20 hr before 

ovulation, only 25% of the plasma radioactivity was associated with 

3H-E2B. Johnson and van Tienhoven (16) reported a mean t} B of 

27.5 rain and MCR of 73.7 ml/min/kg for E28 in a strain of 5 White 

Leghorn laying hens 26 to 24 hr prior to ovulation. Their calculated 

plasma PR of E2B , based on the mean plasma concentration of 

55 pg/ml, was 6.4 ng/mln. These values of Johnson and van Tienhoven 

reflect a slower metabolism of E28. Several factors such as 

differences in strain, age, physloloEioal state and.methodology could 

have contributed to the differences. 

As mentioned before, our experimental Strain 1 White Leghorn hens 

were high egg producers which at the time of the experiment (31 Weeks 

of age) had 93% hen-day production, Johnson and van Tienhoven 
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mentioned that  the age o f  t h e i r  hens was between 30 and 40 weeks and 

with a clutch size of 4 to 7 eggs, which would be equivalent to 80~ to 

88~ hen-day production. Since E28 is primarily produced by the 

follicles of the ovary (26) it is conceivable that a strain of hli~1 

egg producers will have a higher rate of E2B production, perhaps 

compensated by a higher rate of clearance. The time of tracer in- 

jection in relation to ovulation or ovlposition is also important. 

van Tienhoven administered 3H-E2B about 26 to Johnson and 

2~ hr prior to ovulation when plasma levels of E28 (reported to be 

55 pE/ml) were expected to be basal. In our case, injection was given 

between 17 and 22 hr before ovlposltion when the mean concentration of 

E2B was 93 PE/ml , which miEht have been close to the minor peak and 

would have resulted in a hIEher calculated PR even if the MCR had 

remained unchanged (PR~4CR x concentration). The higher concentration 

of ~B measured in our hens could have been due to differences in 

strain and/or physiological stage. At present, we are not certain 

whether or not the MCR is also influenced by the ovulatory cycle. 

Johnson and van ~enhoven did not attempt to separate 3H-E~ 

3H-E2Q. Fathur and Common (15) clearly demonstrated the from 

conversion of 14C-E2B to 14C-E2a via Z4C-E 1 (see Fig. 3)- 

Later, Chan and Common (27) showed that EI-4-1~C injected 

intramuscularly into the laying hen was reduced to 14C-E2a and 

Z4C-E2B in plasma. In the present study, we confirmed that 

3H-E2a was a minor metabollte of 3H-E2B. The radioactivity 

3H-E2a was 8~ to 13~ of that of 3H-E2B beyond 10 mln of 
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post injection. Thus, if 3H-E2B had not been separated from 

3H-E2 a, the calculated t I~B would have been greater. However, 

3H-E2B by 3H-E2~ is probably not the contamination of 

sufficient to account rot the considerable lower metabolism of E2~ 

in the work of Johnson and van Tienhoven. We believe that the 

differences in strain and blood sampling time in relatlon to ovul~ion 

are the prl,k~ry factors. 

Mathur et al (28) have shown that estrogens are present in the 

urine of the hen mostly as monosulfates and disulfates. We have 

recently reported E2B-SS as quantitatively the most important 

plasma estrogen measurable by radioimmunoassay in the laying hen i7). 

Chan and Common (27) indicated that a large part of EI-4-1~C 

injected into 2 hens appeared in plasma in the 'bound' fraction which 

they believed was the monosulfates of estrogens and from which they 

14C-E2~ and 14C-E28 upon solvolysis. They isolated did not 

follow the kinetics of the metabolites. 

The present results confirm that the estrogen monosulfates 

constitute a major portion of the estrogen metabolites. The kl,etic 

data further indicate that 3-sulfoeonjuEatlon is one of the most 

important steps in the metabolism of E2S as is evident from the 

fact that by far the predominant metabollte 5-6 mln post injection of 

3H-K~ _ was 3H-E28-3S. The present data provide no direct 

3H-E28-3S can be  oxidized to ~-EIS without prior evidence that 

hydrolysis of the sulfate group. However, the eleEant workOf Markup 

(29) clearly demonstrated that ~-EI-3-BSS injected i n t o  the~hsn 

converted to 3H-E^~-3-35S~ and 3H-E2B-3.35S directly, i.e., was 
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without prior hydrolysis of the sulfate ester. If the reverse reaction 

can be assumed to occur, then the present kinetics suggest that 

E~,.-~e..E2B-3S~EI$~E2a-3S represents a major pathway 

for E~ metabolism (Fig. 3). This is evident from the initial 

of ~-E~-3S. However, the level of 3H-E2a-3S accumulation 

gradually increased so that by the end of the experiment it had 

surpassed the level of 3H-E~-3S (see Fig. 2). In contrast, the 

relative concentration of 3H-~$ remained relatively stable, 

consistent with the role of an intermediate metabolite (Fig. 3). 

Undoubted ly ,  E2B is also metabolized to E 1 and E2a, each of 

which can then be 3-sulfoconju~ated. However, the relative levels of 

3H-El, and 3H-E2a (in particular) were relatively lowat all 

3H-~2B-3S times i n  comparison wi th  su~esting that their direct 

contribution to the corresponding 3-sulfates is limited. 

0"~0 
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,/,d ,6 OH 
.'/ Z I Z 

,',, ~ , o ; g ^ , ~L. (, , ~i : ¢ 

,,o.~; ,,o-. j~;o 
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FIG. 3- l~TJBOLI3H OF ESl13ADIOL-17B IN THE HEN. 
Reaottone w e l l  e s t a b l i s h e d  a re  t n d l o a t e d  bY ; r e a c t i o n s  which 
a re  l i k e l y  qr  ~ h e o r e t l o a l l y  poss ib le  bu t  no t  u n e q u i v o c a l l y  demon 
s t r a t e d  i n  ~ t v o  ~are  i n d i c a t e d  by - - - .  
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