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PATHOPHYSIOLOGY OF MALE
HYPOGONADISM ASSOCIATED WITH
ENDOGENOUS HYPERESTROGENISM

Evidence for Dual Defects in the Gonadal Axis

Jonannes D. VELDbHUIS, M.D.,
James R. Sowers, M.D.,
ArLaN D. Rocor, M.D., Pu.D.,
Freperick A. KLEIN, M.D., NormaN MILLER, M.D.,
AND MaARria L. Durau, M.D., Pu.D.

EMINIZING tumors of the adrenal cortex are as-

sociated with symptoms that presumably reflect
the combined effects of estrogen excess and androgen
deficiency — gynecomastia, diminished libido, attenu-
ated potency, and testicular and prostatic atrophy.'™
Although such tumors are extremely rare, they pro-
vide a unique opportunity to appraise the nature of
endogenous estrogen action on the gonadal axis in
men. [n principle, the pathophysiologic effects of es-
trogen hypersecretion could be expressed at the level
of either the Leydig cell or the hypothalamic—pituitary
axis (or both), with consequent suppression of andro-
gen production. In the present studies, we investigat-
ed the endocrine consequences of reversible endog-
enous estrogen excess in a patient with a surgically
resectable feminizing adrenal cortical tumor.

CAsE REPORT

A 65-year-old black man was referred for evaluation of progres-
sive bilateral gynecomastia, diminished libido, and impotence.
There was no history of exposure to exogenous estrogen or androgen
antagonists. thsical examination revealed symmetric gynecomas-

iﬂa (4 by 4 cm), a feminized body contour, and diminished testicular
size (3.2 and 3 0 cm, long axes). The serum concentration of estra-
diol was 120 pg per milliliter (normal, 10 to 60; multiply by 3.68 to
convert to picomoles per liter). The serum concentration of immu-
noactive luteinizing hormone (LH) was 5.5 mIU per milliliter (nor-
mal, 2 to 20), and that of follicle-stimulating hormone was 1.6 mIU
per milliliter (normal, 2 to 20). The total serum testosterone concen-
tration was 27 ng per deciliter (normal, 260 to 1120; multiply by
0.0347 to convert to nanomoles per liter). Serum prolactin, thyrox-
‘ine, resin trilodothyronine uptake, thyrotropin, and cortisol concen-
trations were normal. A computerized axial tomographic scan of the
abdomen revealed a right adrenal mass, 5 by 4 cm.

After detailed preoperative endocrine testing (discussed below),
the patient underwent right adrenalectomy, and an adrenal cortical
adenoma, 5 by 7 cm, was removed without complications. Post-
operatively, further endocrine evaluation was undertaken after two
weeks, three months, and six months.

ENDOCRINE EvALuATION

Serum concentrations of total and free testosterone, estradiol,
estrone, delta-4-androstenedione, dehydroepiandrosterone sulfate,
17-hydroxyprogesterone, immunoactive LH, immunoactive follicle-
stimulating hormone, and bioactive LH were assayed as previously
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described.®-8 On three occasions, the patient underwent frequent
venous sampling, in which blood was withdrawn at 20-minute inter-
vals for 24 hours to assess pulsatile LH release, which was quanti-
tated by a computer program described elsewhere.® In addition,
blood was withdrawn at 20-minute intervals for 2 to 10 hours for the
subsequent measurement of bioactive LH before and after surgery.

To test the responsiveness of Leydig cells, human chorionic gona-
dotropin was injected at a dose of 1500 IU intramuscularly at 8 a.m.
Blood was withdrawn for the subsequent assay of serum estradiol,
testosterone, and 17a-hydroxyprogesterone at 8 a.m., 8:30 a.m.,
9 a.m., 10 a.m,, and 12 noon, and on the following day at 2 a.m.,
5a.m., 8 a.m., and 10 a.m. The human chorionic gonadotropin test
was performed on two occasions separated by three weeks during
the postoperative period (six months after surgery), under basal
conditions and after administration of the antiestrogen tamoxifen,
20 mg twice daily orally for three days.

Data were analyzed with the paired t-test or analysis of variance,
or when appropriate with the Mann-Whitney test.®

REsuULTS

Histopathological examination of the resected ad-
renal gland revealed a soft, tan, centrally located tu-
mor, 4.8 cm in diameter, of homogeneous appearance.
Microscopy of the tumor disclosed a diffuse prolifera-
tion of eosinophilic cells with lipophilic and somewhat
granular cytoplasm and round to oval nuclei with oc-
casionally prominent nucleoli. Mitoses were uncom-
mon (two in 20 high-power fields). There was no evi-
dence of capsular or vascular invasion, but in view of
the occasional pleomorphism and loss of cellular cohe-
sion, a moderately well-differentiated carcinoma was
diagnosed. A crude membrane preparation of tumor
cells previously frozen in liquid nitrogen revealed 8.61
fmol of bound human chorionic gonadotropin per mil-
ligram of protein.

Figure 1 shows the changes in serum concentrations
of total and free testosterone, estradiol, estrone, and
17a-hydroxyprogesterone in relation to surgical re-
moval of the tumor. Before the operation, serum levels
of estrogens and 17a-hydroxyprogesterone were in-
creased, whereas levels of total and free testosterone
were markedly reduced. Within two weeks after the
operation, serum estradiol, estrone, and 17a-hydroxy-
progesterone concentrations fell, and serum free and
total testosterone concentrations rose into the normal
range. Serum androstenedione concentrations also in-
creased, from 33 ng per deciliter (normal range, 50 to
180) before the operation to 46 to 62 ng per deciliter
afterward (multiply by 0.0314 to convert to nanomoles
per liter).

The 24-hour mean concentration (£S.E.M.) of im-
munoactive LH increased significantly, from a low-
normal value of 3.8+£0.1 mIU per milliliter preoper-
atively to 7.4%£0.2 mIU per milliliter postoperatively
(P<0.01; Table 1). There was a corresponding two-
fold to threefold increase in integrated LH concentra-
tions.

The pulsatile mode of LH release also changed sig-
nificantly in relation to correction of the hyperes-
trogenism. As shown in Figure 2, mean immunoactive
LH concentrations and pulse amplitudes were mark-
edly suppressed before surgery and rose significantly
within two weeks afterward (P<<0.01). LH pulse fre-
quency was 0.25 pulse per hour preoperatively and
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0.33 to 0.83 pulse per hour at two
weeks to six months postoperatively
(P not significant). Note that in view
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Table 1. Immunoactive Luteinizing Hormone (LH) Pulse Characteristics in Blood
Sampled Every 20 Minutes for 24 Hours in a Patient with a Surgically Removable

Estrogen-Secreting Tumor.*

of the markedly reduced LH pulse

amphtUdes ObSCl’VC.d befprc surg?ry, S-T::L?NFG LH CONCENTRATION F::QLlf:NCY PULSE AMPLITUDE
the computer algorithm is more like- MEAN .
ly to underestimate absolute LH
pulse frequency at this time.!° miUiml mlUiml - min t pulsesthr % * miUmi

Changes in serum immunoactive Before operation  3.8%0.1 222 0.25 51216 1.2%0.2
LH concentrations were accom- After operation
panied by even more prominent ﬁt § wk l;lfggz Z? g-g; g;fgg z.(l)fgéf
changes in circulating concentrations At6 mo 11.8+0.7 % 702 083 116225 922221
of biologically active LH. As shown
in Figure 3, mean and integrated Normal valuesin ~ 6.90x0.71 411238 0.42+0.03  926.1 5.2+0.40
(area) bioactive LH concentrations men (n = 36)
were significantly suppressed before *Plus-minus values are means 5.E.M.

+For each hour of sampling. $P<0.01 as d with di ive value.

the operation (P<<0.01 as compared
with the level in normal men) but
increased sevenfold to eightfold within two weeks after-
ward (P = 0.007).

The preoperative plasma bioactive:immunoactive
LH ratio was abnormally reduced at 1.99+0.17 (mean
+S.E.M.), with a median value of 1.90 (P<0.01 as
compared with value in normal men'' with a mean
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Figure 1. Steroid Hormone Concentrations before and after Oper-
ation in a Patient with a Surgically Removable Feminizing
Adrenal Tumor.

The shaded areas indicate normal ranges, and 17-OH denotes
17a-hydroxyprogesterone. To convert estrogen concentrations to
picomoles per liter, multiply by 3.70. Other conversion factors are
given in the legend of Table 2.

P P g preop

bioactive:immunoactive ratio of 3.95). Within two
weeks of surgical removal of the feminizing tumor,
the bioactive:immunoactive ratio rose to 5.12%0.49,
with a median value of 5.0 (P<<0.01 as compared with
the value before surgery). The ratio then continued
to increase, to 11.0+0.77 (median, 11.1) at six months
— higher than the mean ratio in postmenopausal
women'! (5.4).

In view of the low-normal postoperative serum free
testosterone concentrations and concomitantly in-
creased blood concentrations of biologically active
LH, a partial Leydig-cell defect in steroidogenesis or
Leydig-cell atrophy (or both) was suspected. Leydig-
cell atrophy was suggested when human chorionic
gonadotropin was administered, since both serum
testosterone and 17a-hydroxyprogesterone concentra-
tions rose subnormally (Table 2). When stimulation
with human chorionic gonadotropin was repeated
after administration of the antiestrogen tamoxifen,
this pattern did not change significantly, although se-
rum concentrations of testosterone, estradiol, and
17a-hydroxyprogesterone all declined. These decreases
were associated with a significant decline in mean,
plasma concentrations of bioactive LH (Fig. 4), sug-
gesting that tamoxifen acted as a partial estrogen
agonist in this patient. Since the pituitary gland re-
sponded to gonadotropin-releasing hormone (100 ug
intravenously) with a marked release of both immuno-
active and bioactive LH, we infer that tamoxifen did
not directly suppress the responses of the pituitary
gland but acted predominantly at the hypothalamic
level.

DiscussioN

Feminizing adrenal tumors are typically associated
with a constellation of clinical features that are pre-
sumably attributable to combined androgen deficien-
cy and relative or absolute estrogen excess.' The ex-
act cause of androgen deficiency in this setting of
hyperestrogenism is not known. However, the patho-
physiologic effects of estrogen hypersecretion could
be expressed at several levels of the gonadal axis.
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Estrogen-Secreting Adrenal Tumor

Serum LH (miU/ml)
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Figure 2. Pulsatile Release of Immunoactive Luteinizing Hormone (LH) before
Surgery () and Two Weeks after Surgery ((J).

Serum LH was measured by immunoassay in blood samples drawn at 20-minute
intervals for 24 consecutive hours. Note the increased concentrations and amplitudes
of LH pulses observed two weeks after removal of the estrogen-secreting
adrenal tumor.

~

012 012 3 0123466782910
HOURS OF SAMPLING
Figure 3. Changes in Plasma Concentrations of Biologically Active Luteinizing Hor-
mone (LH) (Upper Curves), Immunoactive LH (Middle Curves), and the Corresponding
Bioactive:Immunoactive LH Ratios (Bottom Curves) in Blood Sampled Every 20 Min-
utes before Surgery (Left Panel), Two Weeks after Surgery (Middle Panel), and
Six Months after Surgery (Right Panel).
Note the sharp rise in serum concentrations of bioactive LH and the corresponding
increase in the bioactive:immunoactive LH ratio in plasma that occurred after surgery.
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For example, the infusion of small
quantities of estrogen in normal
men effectively inhibits the physi-
ologically pulsatile mode of immu-
noactive gonadotropin secretion,®
whereas antiestrogens typically
stimulate the release of immunoac-
tive LH.'"* Although corresponding
changes in concentrations of bioac-
tive LH have not been reported un-
der these circumstances, the pres-
ent case of surgically remediable
hyperestrogenism permitted us to
test the influence of a sustained en-
dogenous estrogen excess on the se-
cretion of bioactive LH. In particu-
lar, the predominant production of
estrone in this patient, with a less
marked increase in estradiol, result-
ed in less than total suppression of
LH concentrations and therefore
permitted us to test the nature of
estrogen’s suppressive actions on
the male gonadal axis.

Before operation the increased
serum concentrations of estradiol
and estrone were associated with a
significant but reversible suppres-
sion of circulating levels of bioac-
tive LH. Moreover, the degree of
suppression of bioactive LH was
greater than that for immunoactive
LH, with a consequent decrease in
the bioactive:immunoactive ratio to
approximately 50 per cent of that
observed in normal men. This low
ratio presumably resulted from a
combination of factors, such as in-
creased serum estrogen concentra-
tions and reduced serum androgen
concentrations. This pattern resem-
bles that observed in women with
normal menstrual cycles.'""!> How-
ever, within two weeks of surgical
removal of the feminizing adrenal
tumor, plasma bioactive LH levels
increased threefold, with a lesser in-
crease in immunoactive LH con-
centrations, which resulted in a
twofold to fivefold amplification of
the bioactive:immunoactive LH ra-
tio. Thus, we infer that endogenous
hyperestrogenism is associated with
marked suppression of mean circu-
lating plasma concentrations of bio-
logically active LH. This secondary
hypogonadotropism may contrib-
ute to the severe androgen deficien-
cy that develops under these cir-
cumstances.
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Table 2. Results of the Human Chorionic Gonadotropin
Stimulation Test.*

HORMONE BEFORE TAMOXIFEN AFTER TAMOXIFEN
T=0 T = 24 ur T=0 T = 24 Hr
Testosterone 691 833 527 622
(ng/dl)
17-OH proges- 121 133 78 138
terone (ng/dl) ¥
T/17-OH P § 17.5 16.0 14.7 22.2
Estradiol 38.7 90.6 26 45
(pg/ml) §
*The subnormal responses are underscored.
+Testc cont i d by 1.21-fold and 1.8-fold in response to treatment

with human chonomc gonadotropin (hCG) (1500 IU intramuscularly). before and after tamoxi-
fen pretreatment, respectively (normal increases, 2.1+0.2-fold and 1.2=0.2-fold, respective-
Iy'?). Multiply by 0.0347 to convert to nanomoles per liter.

3C ions of 17a-hydroxyprog one (17-OH prog ) i sed by 1.1-fold
and 1.8-fold in response to hCG, before and after tamoxifen. respectively (normal increases,
2.5+0.2-fold and 1.3+0.3-fold, respectively). Multiply by 0.0303 to convert to nanomoles per
liter.

§The ratio of to 17a-hydroxyprog (T/17-OH P) increased by 0.91-fold
and 1.5-fold after hCG, before and after tamoxifen, respectively (normal increases, 1.7£0.3-
fold and 1.1=0.1-fold, respectively)

fSerume sed by 2.34-fold in response to hCG before tamoxifen
(normal, 4. 4"'0 6- fold”) Multiply by 3.68 to convert to picomoles per liter.

The decreased serum LH concentrations observed
before surgery were accompanied by a significant de-
crease in the amplitude of spontaneous LH pulsations.
This is in accord with the ability of exogenously in-
fused estrogen to dampen the amplitude of immuno-
active LH pulsations.®16 Thus, our results suggest
that one important locus of the suppressive action of
pathologic estrogen hypersecretion is the amplitude
component of pulsatile LH release.

The reduced LH secretion before surgery was
associated with decreased serum testosterone and
delta-4-androstenedione concentrations but relatively
increased serum 17a-hydroxyprogesterone concentra-
tions. This distinctive steroidal pattern represented a
128-fold higher ratio of 17a-hydroxyprogesterone to
testosterone preoperatively as compared with postop-
eratively. A similar steroidal profile has been observed
in animals with acquired Leydig-cell defects at the
level of 17a-hydroxylase/C;;.99 desmolase. Such de-
fects typically occur after exposure to high doses of
human chorionic gonadotropin!? or estradiol.'® Since
human chorionic gonadotropin was undetectable and
plasma concentrations of bioactive LH were reduced,
it is possible that the endogenous estrogen excess itself
contributed to a reversible steroidogenic lesion in this
patient.

There was no evidence of a steroidogenic defect in
the testes after surgery, nor could such a defect be
unmasked by stimulation with human chorionic gona-
dotropin. Moreover, the steroidal response to cho-
rionic gonadotropin was not significantly influenced
by prior administration of the antiestrogen tamoxifen,
which would be expected to attenuate the inhibitory
effects of estrogen.!8:1° Rather, an extreme postoper-
ative sensitivity of the patient’s hypothalamic—pitui-
tary axis to estrogen was suggested by the partial es-
trogen-agonist effect exerted by tamoxifen, which

THE NEW ENGLAND JOURNAL OF MEDICINE
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significantly suppressed the spontaneous release of
bioactive and immunoactive LH. Although tamoxifen
is an effective estrogen antagonist and augments the
release of immunoactive LH in normal men,?° similar
estrogen-like responses to antiestrogens have been de-
scribed in prepubertal children and menopausal wom-
en.'®?! Both these conditions are characterized by a
relative or absolute estrogen deficiency, akin to the
steroidal milieu of this patient after tumor removal.
Since the pituitary response to exogenous gonadotrop-
in-releasing hormone was preserved, we infer that the
inhibitory effect of tamoxifen was expressed predomi-
nantly at the hypothalamic level in this patient.

A continued decrease in Leydig-cell reserve after
removal of the tumor was indicated by the high con-
centrations of bioactive LH that were required to
maintain low-normal plasma free testosterone con-
centrations and by the limited response of the testes
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Figure 4. Influence of the Antiestrogen Tamoxifen on Circulating
Concentrations of Bioactive and Immunoactive Luteinizing
Hormone (LH) after Surgery.

The patient underwent blood sampling at 20-minute intervals
for 14 hours, with subsequent radioimmunoassay (Immuno.) or
bioassay (Bio-) of LH (upper curves) to characterize pulsatile
hormone release, both in the basal state (left panel) and after
administration of tamoxifen for three days (right panel). Gonado-
tropin-releasing hormone (GnRH, 100 ug intravenously) was ad-
ministered at the designated times to test pituitary responsive-
ness. In the bottom curve, the serial bioactive:immunoactive
ratios for LH are plotted.
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to administration of human chorionic gonadotropin.
Such a decrease in Leydig-cell reserve may reflect a
decrease in Leydig-cell mass, which has been suggest-
ed histopathologically in some patients with feminiz-
ing tumors.?? Although the exact endocrine basis for
presumptive Leydig-cell failure in this setting is not
known, it could be attributable to cachexia, toxic ef-
fects of hyperestrogenism, or possibly the sustained
and exaggerated increase in gonadotropin secretion
observed postoperatively. That the preoperative sup-
pression of LH secretion induced Leydig-cell failure
seems unlikely, since other studies have demonstrated
recovery of testicular function even after longstanding
" LH deficiency.??

The basis for the small but measurable quantity of
specific binding of human chorionic gonadotropin in
this patient’s adrenal tumor is not known. However,
we speculate that it may have reflected tumor-associ-
ated derepression of the genome coding for chorionic
gonadotropin receptors, the presence of gonadal cell
rests in the adrenal gland, or the influence of locally
produced estrogenic steroids on receptor expression.

In summary, severe but reversible male hypogonad-
ism associated with endogenous hyperestrogenism can
be attributable to profound suppression of circulating
concentrations of biologically active LH, with an asso-
ciated steroidal pattern that mimics that of estrogen-
induced steroidogenic lesions in the Leydig cells of
laboratory animals. Thus, we suggest that a sustained
estrogen excess could induce hypogonadism in men by
imposing dual lesions on the gonadal axis — by sup-
pressing the secretion of biologically active LH and by
adversely affecting Leydig-cell function.

7 We are indebted to Chris McNett for her skillful preparation of
the manuscript, to Paula P. Veldhuis for the artwork, to the Nation-
al Hormone and Pituitary Program for the provision of purified
human LH, to Elizabeth Taylor and Rebecca Weaver for technical
support, to Sandra Jackson and the expert nursing staff at the Clini-
cal Research Cente. at the University of Virginia, and to Richard J.
Santen for generously providing his original computer program.
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