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The Renal Clearance of Endogenous Estrogens in Late
Pregnancy *

C. HARMONBROWN,t BENJAMIN D. SAFFAN,t: CAROLYNM. HOWARD,AND
JOHN R. K. PREEDY

(From the Department of Medicine, Emory University, Atlanta, Ga.)

Although several studies have been published
describing the renal excretion of certain steroid
hormones (2, 3), or groups of hormones and
hormone metabolites (4-8), an analysis of the re-
nal clearance of endogenous estrogens has not so
far been described. This has been due principally
to the lack of adequate chemical methods for the
determination of estrogens in plasma. Methods
for the determination of plasma estrogens in late
pregnancy, however, have recently become avail-
able (9, 10), and it therefore appeared feasible
to investigate the renal excretion of endogenous
estrogens in this condition. An inspection of the
general level of estrogen concentrations in ran-
dom samples obtained from subjects in late preg-
nancy had suggested that the concentration ratio
of the three estrogens estrone (1,3,5-estratrien-3-
ol-17-one), estradiol-17,8 (1,3,5-estratriene-3, 17,3-
diol), and estriol (1,3,5-estratriene-3,f, 16a, 17,8-
triol) in plasma might differ from their concen-
tration ratio in urine (11).

A series of pregnant subjects was selected, and
renal excretion studies of total' estrone, total
estradiol-17,8, and total estriol were carried out.
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1 In this context "total" is used to describe that amount
of each of the three estrogens obtained after acid hy-
(drolysis and ether extraction of plasma and urine sam-
ples, as will be apparent from the analytical method
used (10). In the subsequent description and discus-
sion the word "total" is usually omitted for brevity.

The results were compared with simultaneous
studies of endogenous creatinine excretion. The
effect of the tubular blocking agent probenecid
on plasma concentration, urinary excretion, and
renal clearance of each of these hormones was
also determined.

Methods

Clinical material. Primiparous or multiparous women,
ages 17 to 40 years, in the last 6 weeks of normal preg-
nancy were selected from the wards and clinics of
Grady Memorial Hospital. There was no evidence of
hypertension or of cardiac or renal disease. One pa-
tient, however, was found to have symptomless carcinoma
of the breast at delivery. There were no stillbirths and
no multiple births in this series.

Renal clearance studies. Subjects were studied both
as outpatients and in the wards. The outpatients were
studied 3 to 4 hours after breakfast, and those in the
wards 3 to 4 hours after breakfast or 2 to 3 hours after
a liquid lunch. All subjects were given sufficient water
orally to establish a diuresis of 3 to 15 ml per minute
and adequate water thereafter to maintain a diuresis
during the study period. Outpatients were studied in
the sitting position, and urine was collected by voiding.
Subjects in the wards were studied in the semirecumbent
position in bed, and urine was again collected by voiding.
In three subjects an indwelling soft rubber catheter
was used, the bladder being irrigated with normal sa-
line at the end of each collection period. This procedure,
however, was subsequently abandoned, since it was
found that adequate collections were obtained by void-
ing. Urine collection periods were 20 to 90 minutes.
These comparatively long periods were necessary to ob-
tain adequate amounts of urinary estrone, estradiol-17fi
and estriol for analysis. The clearance values given in
Figure 3 usually represent the mean of two or three
clearance periods. Owing to the necessary length of
the clearance period, it was impossible to obtain more
than one clearance period in a proportion of subjects.
Blood samples were drawn in heparinized syringes at
the middle of each collection period. Renal clearance
figures were calculated by standard methods (12) from
the plasma and urine estrogen concentrations. Plasma
and urine endogenous creatinine was measured by the
method of Brod and Sirota (13), except that in the
plasma determinations a neutral tungstate filtrate was
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substituted for the acidic filtrate, the plasma dilution
being 1: 7. This modification was shown by Haugen
(14) to give marginally higher plasma creatinine con-
centrations (mean + 3%). This method measures "cre-
atinine chromogen," and not "true" creatinine.

Probenecid studies. After control clearance studies
had been made, probenecid (Benemid), 2.5 g, was given
orally, and water intake maintained. One hour after
the administration of probenecid, the bladder was emp-
tied, and urine was discarded. Clearance studies were
then repeated as in the control period.

Estrogen analysis. Plasma was separated from eryth-
rocytes within an hour after withdrawal of the blood sam-
ples. Both plasma and urine samples were usually
stored at - 15° C until analyzed, but in some cases the
urine samples were acidified (10) and stored at room
temperature. The total plasma and urine concentrations
of estrone, estradiol-17fi, and estriol were estimated by
the method of Preedy and Aitken (10). The recovery
rates of each of the three parent estrogens when added
to plasma are approximately 10%yo lower than their re-
covery when added to urine (10). This difference did
not materially affect the results to be described, and
consequently plasma and urine values are reported and
compared without correction for methodological losses.
Probenecid administration did not interfere significantly
with the estrogen estimations, as judged by recovery of
added estrogens. An analysis of the precision of the
method when applied to plasma is given by Maner and
co-workers (15).

Statistical analysis. In Figures 1 to 3, the means,
standard deviations, standard errors of means, and the
significance of differences between means were calcu-
lated by standard methods.

In Tables I to III the groups of paired estimations
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were analyzed by the paired t test (16). A value for p
of less than 0.05 was taken as significant. This test of
significance for the observed difference is based only on
the variation in the differences. Other variations (e.g.,
subject, analytical), which have an equal effect on the
two paired observations, will not influence the accuracy
of the comparison. All necessary information for test-
ing for a difference in means is therefore contained
in Tables I to III.

In Figure 4 the relationship of the renal clearance of
estriol to the plasma estriol concentration was expressed
by the regression line constructed from the regression
equation for the cubic term,

y = 362.614 - 18.891x + 0.087x2 + 0.008x',
where y = renal clearance of estriol in milliliters per min-
ute, and x = the plasma estriol concentration in micro-
grams per 100 ml. The relationship between the two
variables was further analyzed by calculation of the cor-
relation co-efficient, r1,, together with the 95% confidence
limits.

Results

The concentrations of estrone, estradiol-17,/
and estriol in random samples of urine and plasma
taken from 41 subjects during the last 6 weeks of

normal pregnancy are given in Figure 1. Be-
tween 19 and 41 determinations were made in
each category. Urine and plasma samples were
not necessarily taken from the same patients.
The mean urinary concentrations of estrone,
estradiol-17,8, and estriol were 11.4, 2.17, and 238
lg per 100 ml, respectively. Corresponding mean
concentrations in the plasma specimens were 6.64,
1.00, and 11.7 /g per 100 ml, respectively. The
ratio between the mean concentrations (estrone:
estradiol-17fi: estriol) was 5.27: 1:110 in urine
and 6.64: 1: 11.7 in plasma.

The relationship between the urine to plasma
concentration ratios (U/P ratio) of the three es-
trogens in paired samples is given in Figure 2.
These samples were obtained from 21 subjects.
In nine of these subjects, however, the plasma
estradiol-17,8 level was too low for adequate meas-
urement. The U/P ratios for these subjects were
consequently omitted. In five of the subjects the
average ratio of two or three paired samples was
used. The mean U/P ratio for estrone was 2.08
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TABLE I

Renal clearance of estrogens before and after probenecid administration

Estrone Estradiol- 1 7, Estriol

Subject Before After Difference Before After Difference Before After Difference

mI/min mi/min ml/min
C.McW. 4.1 0.7 -3.4 3.3 2.9 -0.4 172.9 39.9 -133.0
S.F.S. 3.1 0.7 -2.4 6.5 1.9 -4.6 49.9 12.3 -37.6
M.B. 8.2 1.4 -6.8 5.9 1.7 -4.2 90.9 26.3 -64.6
C.S. 6.2 1.0 -5.2 109.3 19.2 -90.1
P.T. 4.2 3.1 -1.1 49.0 25.0 -24.0
G.C. 5.4 3.8 -1.6 68.3 16.4 -51.9
E.M.J. 6.5 0.8 -5.7 11.7 1.0 -10.7 87.4 22.0 -65.4
D.H. 20.2 5.3 -14.9 18.1 5.0 -13.1 164.0 66.8 -97.2

Average 7.2 2.1 9.1 2.5 99.0 28.5

Mean difference -5.1 Mean difference -6.6 Mean difference -70.5
t 3.30 t 2.83 t 5.66

p <0.02 p <0.05 p <0.01

(SE, 0.37), for estradiol-17,8 1.47 (SE, 0.28), and spectively. The mean renal clearance rate of en-
for estriol 37.4 (SE, 6.65). There was no sig- dogenous creatinine was 131.3 (7.03). There
nificant difference between the mean U/P ratios was no significant difference between the mean
of estrone and estradiol-17,8 (p = > 0.5), but the clearance rates of estrone and estradiol-17,8 (p =
U/P ratio of estriol was significantly greater > 0.05), but the clearance rate of estriol was sig-
than the U/P ratio of either estrone or estradiol- nificantly greater than that of estrone and of
17,8 (p = < 0.01). estradiol-17,8 (p = < 0.01). The mean estriol

The results of determinations of renal clear- clearance rate was significantly greater than the
ance of endogenous estrone and estriol in 22 sub- mean endogenous creatinine clearance rate (p =
jects and of estradiol-17,/ in 15 subjects, are given < 0.01). Of the 22 subjects in whom estriol
in Figure 3, together with figures for the simul- clearances were determined, 12 had an estriol
taneously determined endogenous creatinine clear- clearance that exceeded the mean creatinine clear-
ance in 17 of the subjects. The mean renal clear- ance by more than twice the standard deviation.
ance rates for estrone, estradiol-17,8, and estriol in Of the 17 subjects in whom simultaneous estriol
milliliters per minute (SE in parentheses) were and creatinine clearances were determined, nine
11.95 (1.47), 8.80 (1.07), and 205.5 (24.1), re- had ratios of estriol clearance to creatinine clear-

TABLE II

Urinary estrogen excretion rate before and after probenecid

Estrone Estradiol- 1 7, Estriol

Sublect Before After Difference Before After Difference Before After Difference

Ag/min pg/mmin 'g/min
C.McW. 0.097 0.036 -0.061 0.032 0.027 -0.005 9.16 4.52 -4.64
S.F.S. 0.23 0.053 -0.177 0.036 0.009 -0.027 6.85 1.57 -5.28
M.B. 0.31 0.04 -0.27 0.069 0.007 -0.062 15.40 1.70 -13.70
C.S. 0.62 0.18 -0.44 24.60 6.40 -18.20
P.T. 0.26 0.22 -0.04 6.67 6.10 -0.57
G.C. 0.14 0.10 -0.04 12.60 4.60 -8.00
E.M.J. 0.56 0.10 -0.46 0.140 0.002 -0.138 25.30 6.90 -18.40
D. H. 1.16 0.40 -0.76 0.160 0.050 -0.110 26.90 17.60 -9.30

Average 0.42 0.14 0.087 0.019 15.93 6.17

Mean difference -0.28 Mean difference -0.068 Mean difference -9.76
t 2.97 t 2.75 t 4.24
p <0.02 p <0.06 p <0.01
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TABLE III

Plasma estrogen concentration before and after probenecid

Estrone Estradiol- 1 7p Estriol

Subject Before After Difference Before After Difference Before After Difference

pg/100 ml pg/100 ml g/1l00 ml
C.McW. 2.3 5.0 +2.7 0.94 0.91 -0.03 5.2 11.2 +6.0
S.F.S. 7.3 17.0 +9.7 0.56 1.13 +0.57 13.8 18.6 +4.8
M.B. 3.8 9.2 +5.4 1.16 1.13 -0.03 16.9 19.2 +2.3
C.S. 9.9 18.2 +8.3 1.90 <0.05 -1.85 22.5 33.6 +11.1
P.T. 6.1 6.8 +0.7 1.20 <0.85 -0.35 13.6 24.6 +11.0
G.C. 2.5 2.6 +0.1 0.13 0.10 -0.03 13.5 22.9 +9.4
E.M.J. 8.6 12.6 +4.0 1.20 1.90 +0.70 29.0 31.4 +2.4
D.H. 6.8 7.9 +1.1 1.03 1.05 +0.02 19.5 26.5 +7.0
P.J. 3.8 6.3 +2.5 2.10 1.70 -0.40 13.8 23.8 +10.0

Average 5.7 9.5 1.14 0.98 16.2 23.5

Mean difference +3.83 Mean difference -0.16 Mean difference +7.1
t 3.39 t 0.80 t 6.12

p <0.01 p >0.50 p <0.01

ance that exceeded 1.00. The ratios in these
nine subjects were 2.08, 2.06, 2.00, 1.96, 1.73,
1.65, 1.44, 1.22, and 1.07.

The effect of probenecid administration on the
renal clearance rates of estrone and estriol in eight
subjects, and of estradiol-17,8 in five subjects, are
given in Table I. In all subjects there was a fall
in the clearance rate of each of the three estro-
gens. The mean differences between clearance
rates before and after probenecid were these: es-
trone, - 5.1 ml per minute (p = 0.02); estradiol-
17,8y - 6.6 ml per minute (p = < 0.05); and
estriol, - 70.5 ml per minute (p = < 0.01). The
p figures indicate that the fall was significant in
each group. With the mean clearance rate after
probenecid expressed as a percentage of the mean
control rate, the values obtained were 29, 27, and
29 for estrone, estradiol- 17,/, and estriol, re-
spectively.

In Table II the effects of probenecid upon the
urinary excretion rates of estrone, estradiol-17/3,
and estriol in the same subjects are shown. A
diminished excretion of each of the three estro-
gens occurred in each subject in whomdetermina-
tions were made. The mean differences between
excretion rates before and after probenecid in
micrograms per minute were as follows: estrone,
- 0.28; estradiol-178, - 0.068; and estriol,
- 9.67. These differences were significant (p =

< 0.02) for estrone and estriol and of borderline
significance for estradiol-17,8 (p = < 0.06).

In Table III the plasma estrogen concentrations

before and after probenecid administration are
given. Each subject showed an increased plasma
concentration of estrone and estriol after probe-
necid. The mean differences between plasma
concentrations before and after probenecid in
micrograms per 100 ml were + 3.83 (p = <
0.01) for estrone and + 7.1 (p = < 0.01) for
estriol. For estradiol-17,8 the mean difference,
- 0.16 lg per 100 ml, was not significant. This
may have been due to the low concentration of
estradiol-17,8 found in some samples, with a con-
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sequent increase in the error of the estradiol-17,8
determinations.

In the case of estrone and estradiol-17,8 no sig-
nificant relationship could be established between
the plasma concentration of the estrogens and their
respective clearance rates. However, a relation-
ship appeared to exist in the case of estriol. This
is shown in Figure 4, where plasma estriol con-
centration in micrograms per 100 ml is plotted
against renal estriol clearance in milliliters per
minute. The relationship is best defined by the
fitted line, calculated as described under Statistical
analysis. The correlation coefficient, r,,y, is - 0.70,
and r2X, is 0.49. The 95% confidence limits are
- 0.38 and - 0.87, indicating the significance of
the correlation.

Discussion

The results reported in this study have to be in-
terpreted with particular regard to the limitations
of the methods of analysis. The methods em-
ployed measure separately the total amounts of
estrone, estradiol-17/3, and estriol present in plasma
and urine. They provide no information about
the various physicochemical forms in which these
hormones may exist, such as the nature and ex-
tent of conjugation with glucuronic, sulfuric, or
other acids, and no information regarding the de-
gree of binding to the plasma proteins of either
free (i.e., unconjugated) or conjugated steroid.

Furthermore, it is unlikely that the three estro-
gens exist in the same physicochemical forms in
both urine and plasma. It is also probable that
the various moieties contributing to a total estro-
gen as measured in this study will have different
renal clearance rates. Binding to plasma proteins
may alter the availability of free or conjugated
steroids for renal excretion. All these factors
may clearly affect any deductions based on or in-
volving a comparison between plasma and urine
estrogen concentrations. Consequently U/P ra-
tios and renal clearance rates of estrone, estradiol-
17/,, and estriol should be regarded not necessarily
as values for single substances, but as composite
values for the various U/P ratios and clearance
rates of the moieties composing total estrone,
estradiol-17fi, and estriol respectively.

The data given in Figure 1 permit a compari-
son of estrogen concentration ratios in urine with
those in plasma in late pregnancy, from the analy-

sis of a large number of random samples.
Whereas the mean concentration ratio of estrone
to estradiol-17,8 is similar both in urine and plasma,
the mean concentration ratio of estriol to either
estrone or estradiol-17,8 is markedly different, the
ratios being approximately 10 times higher in urine
than in plasma, confirming the impression previ-
ously referred to (11).

A comparison of estrogen U/P ratios by us-
ing paired samples (Figure 2) showed that the
mean U/P ratios of estrone and of estradiol-17/3
do not differ significantly, but that the mean U/P
ratio of estriol was approximately 20 times
greater than the mean U/P ratio of either estrone
or estradiol-17,B, a statistically significant differ-
ence.

It was to be expected that the renal clearance
values for the three estrogens would preserve
this general relationship. This is confirmed by
finding that the mean clearance rates for estrone,
estradiol-17,8, and estriol were 11.95, 8.80, and 205
ml per minute, respectively, the latter clearance
rate being significantly different from the other
two rates.

The values in Figure 3 indicate a wider scatter
of the estriol clearance rates compared with those
of estrone and estradiol-17,8. This is, however,
merely a function of the larger values of the
estriol clearance, since the coefficients of variation
in each group were similar (estrone, 58; estradiol-
17,/, 56; and estriol, 55).

Simultaneous inulin and estrogen clearances
could not be estimated in our subjects, since the
presence of inulin interfered with the determina-
tion of urinary estrogens by greatly reducing re-
covery. This could not be overcome by dilution
of the urine, as in the case of glucose (17).

A comprehensive study by Sims and Krantz
(18) has shown that in the last 4 to 6 weeks of
pregnancy the mean endogenous creatinine: inu-
lin clearance ratio is 0.97, SD 0.15, so that it
might be assumed that the creatinine clearances
obtained in the present study would give a good
indication of the glomerular filtration rates in our
subjects.

Sims and Krantz (18), however, measured the
clearance of "true" creatinine, which has been
shown (19, 20) to correspond very closely to the
inulin clearance, whereas the Brod and Sirota
method (13) we used measures the "creatinine
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chromogen" clearance. Since the latter method
gives somewhat higher plasma "creatinine" levels,
creatinine clearance values lower than the simul-
taneously determined inulin clearance would be
expected. In fact, however, Brod and Sirota (13)
found a mean "creatinine chromogen": inulin
clearance ratio of 1.00 in a series of normal sub-
jects. Our own experience, using substantially the
same methods, has yielded ratios somewhat greater
than unity in a small number of normal subjects.
No significant difference was found between the
inulin clearance figures in the last 6 weeks of
pregnancy reported by Sims and Krantz (18)
and the creatinine clearances in the present
study. However, Doolan, Alpen, and Theil
(19) found that in the normal subject the mean
"true" creatinine: inulin clearance ratio was 1.03,
whereas with the Brod and Sirota method (13),
the ratio was 0.86.

Although our creatinine clearance values prob-
ably provide a good estimate of the glomerular fil-
tration rate, they may possibly underestimate the
glomerular filtration rate by approximately 15%
(19). Even if this were so, it will be observed
from Figure 3, and from the values given in the
results section, that the relationship between the
creatinine clearance and the clearance of each of
the three estrogens would not be substantially
affected.

Figure 3 shows that the mean renal clearance
rates of estrone and estradiol-17,8 are approximately
10%o of the mean creatinine clearance. The mean
clearance of estriol is approximately twice the
mean creatinine clearance, the difference being
highly significant. In 12 of 22 subjects the es-
triol clearance rate exceeded the mean creatinine
clearance rate by more than twice the standard
deviation, and in 9 of 17 subjects the estriol: cre-
atinine clearance ratio lay between 1.07 and 2.08.
Wecan therefore reasonably assume that in most
of these subjects at least estriol was being secreted
by the renal tubule.

Further information regarding the renal clear-
ance of the three estrogens is obtained from the
probenecid studies (Tables I to III). The sig-
nificant mean decrease in the renal clearance of
estriol, accompanied both by a decreased urinary
excretion rate and a rise in plasma concentration
after the administration of probenecid, can best
be explained by the established action of probe-

necid in blocking transfer of many substances
across the renal tubule cells and provides further
evidence for the renal tubular secretion of estriol.

A similar marked decrease in the renal clear-
ance of estrone and estradiol-17,8 occurred after
probenecid administration (Table I), again ac-
companied by a decrease in urinary excretion rate
and a rise in plasma concentration of the two
estrogens (Tables II and III). This suggests that
in spite of the low initial clearance values, some
moiety of total estrone and of estradiol-17,8 may
also be secreted by the renal tubule. Because of
the evidence for the renal tubular secretion of the
three estrogens, particularly estriol, evidence was
sought for the existence of a tubular secretion
maximum (Tm) by an examination of the rela-
tionship between plasma concentration and renal
clearance of each of the estrogens. A relationship
was found to exist in the case of estriol only (Fig-
ure 4). This is expressed by the fitted curve. The
square of the correlation coefficient (r 2") indicates
that approximately 50%o of the variation of the re-
nal clearance of estriol can be explained by depend-
ence on the plasma estriol concentration. The
shape of the curve is similar to that expected in
the presence of a Tm (21). The considerable
scatter of points may be due to each point repre-
senting a different subject. Although the exist-
ence of a Tm is the most likely explanation of
these results, other factors, such as increased pro-
tein binding of estriol at higher plasma levels,
cannot be excluded.

Evidence for the tubular secretion of other
steroid hormones and their metabolites in the
human has been reported. Bongiovanni and
Eberlein (3) found in one subject a progressive
decrease in renal clearance of administered andros-
terone as the plasma levels were raised, suggest-
ing the presence of a Tm. Probenecid has been
shown to reduce the renal clearance of crude 17-
ketosteroids (4), and of glucosiduronate 17-hy-
droxycorticoids, but not of free 17-hydroxycorti-
coids (6).

In the human, the glucosiduronates of steroid
hormones and their metabolites appear in gen-
eral to have higher renal clearance rates than the
nonconjugated steroids, particularly in the plasma
17-hydroxycorticoids (5, 6). In the above men-
tioned studies, however, the renal clearance of
glucosiduronate steroids rarely exceeded the en-
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dogenous creatinine clearance, whereas in our
series the clearance rate of estriol exceeded the
mlean creatinine clearance by a significant amllount
in approximately half the subjects.

There is a good evidence for the renal tubu-
lar secretion of nonsteroidal glucosiduronates,
such as salicylacyl and salicylphenyl glucosidu-
ronates in the human (22) and of various phenol
glucosiduronates, but not the free phenols, in the
chicken and goat (23).

Because of this evidence, and since the majority
of urinary estriol in late pregnancy is in the glu-
cosiduronate form (24), it appears likely that the
moiety of total plasma estriol which contributes
chiefly to the high estriol clearance rates reported
here is a glucosiduronate of estriol.

Summary

The renal clearance of endogenous estrogens
in late pregnancy has been studied in subjects
in late pregnancy. Concentrations of endogenous
estrone, estradiol-17,8, and estriol in the plasma and
urine samples used in the studies were deter-
mined after acid hydrolysis and ether extraction.

The urine: plasma concentration ratios (U/P
ratios) and renal clearance values for estrone and
estradiol-17/3 differed markedly from those for es-
triol. The mean U/P ratios for estrone and es-
tradiol-17,8 were 2.08 and 1.47, respectively, and
the mean U/P ratio for estriol was 37.4. The
mean renal clearances for estrone and estradiol-
17,/ were 11.95 and 8.80 ml per minute, re-
spectively, and the mean renal clearance of es-
triol was 205.5 ml per minute, a value significantly
higher than the simultaneously determined mean
endogenous creatinine clearance of 131.3 ml per
minute. This indicates that estriol is secreted in
part at least by the renal tubule, probably as a
glucosiduronate.

Probenecid administration reduced the urinary
excretion rate and renal clearance of all three
estrogens, at the same time raising the plasma
estrogen concentration. This suggests that in
spite of initial low clearance values, both estrone
and estradiol-17ft also are partly excreted by the
renal tubule.

Some evidence for the existence of a tubular
maximal secretion rate (Tm) for estriol was
found.
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