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a b s t r a c t

Androgens act on erythropoiesis, but the relative role of testosterone (T) and estradiol (E2) on erythro-
poietic parameters in men is a poorly investigated issue. In order to evaluate separately the effects on
erythropoiesis of high-dose T administration alone and of physiological dose of E2 administration alone
two adult men with aromatase deficiency were assessed before and during each treatment. Blood cell
count, hemoglobin (Hb), hematocrit (Hct), erythrocyte mean cell volume (MCV), erythrocyte mean cor-
puscular hemoglobin (MCH), erythrocyte mean corpuscular hemoglobin concentration (MCHC), serum
ferritin, iron and total iron-binding capacity (TIBC), serum erythropoietin, serum total testosterone and
ematocrit
strogen deficiency
stradiol treatment
estosterone treatment
ex steroids
rythropoiesis
an

estradiol were evaluated. Hb, Hct and red cell count rose during testosterone treatment, consistently with
the increase in circulating testosterone, but failed to increase during estradiol treatment. A decrease in
Hb, Hct and red cell count was recorded in one of the two subjects during estradiol treatment, with a
concomitant decrease in serum testosterone. Circulating T alone is capable of and sufficient to influence
erythropoiesis, especially at supraphysiological dosage, while circulating E2 have not the same effect
on erythropoietic parameters, suggesting the hypothesis that the erythropoietic changes induced by

ted vi
androgens are not media

. Introduction

The effects of androgens on erythropoiesis have been well
nderstood since 1940s [1,2] and androgens were the main phar-
acologic agents used for erythropoietic stimulation before the

vailability of recombinant hematopoietic growth factors [3]. On
he other hand, estrogens action on erythropoiesis has not received
he same attention, leaving a lack of knowledge about the respective
ole of each sex steroid on the erythropoietic parameters.

Androgen action on erythropoiesis [4] is highlighted by the gen-
er differences in blood hemoglobin [5–7] and by the changes
n circulating hemoglobin that occur only in boys at puberty
8,9]. Consistently, hemoglobin concentration (Hb) and hemat-
crit (Hct) are higher in men than in women [5–7], with this
ender difference absent before puberty. In particular, pubertal
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increase of Hb occurs only in boys at puberty, with an approx
five-month delay with respect to the increase in circulating testos-
terone levels [8,9]. This gender differences in erythropoiesis have
been traditionally ascribed to the amount of androgens that is
greater in men than in women, but they could be also related
to menstrual blood loss in women [10], even though evidence
on this latter mechanism are controversial [11]. Furthermore, the
androgen deprivation in men reduces erythropoiesis [12–16] and
hypogonadism is frequently associated with reduced Hct [17].
Both conditions are reversible with androgen replacement treat-
ment [18] or by removing androgen deprivation [16,19]. Finally,
age-related anemia is at least partially due to the decline in cir-
culating androgens levels in older men [20] and polycythemia
represents an undesired risk for testosterone replacement treat-
ment that needs monitoring [21]. All these findings suggest that
sex hormones regulate erythropoiesis, that androgens may trigger
pubertal up-regulation of erythropoiesis in boys [22] and that they
may play a role in the maintenance of Hb levels typical of adult

males [4,18].

Although the mechanisms by which androgens exert their influ-
ence on erythropoiesis have not been completely clarified yet, it
seems that testosterone may act directly on bone marrow stem cells
[3,4,16,23–25] rather than indirectly by increasing erythropoietin

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:vincenzo.rochira@unimore.it
dx.doi.org/10.1016/j.jsbmb.2008.12.007
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Epo) [26], the latter being a potent and effective agent for red cells
ynthesis stimulation [27,28].

The possibility that androgens may act on erythrocytosis via
heir conversion to estrogens, as it happens in other biological
ctions in men [29,30], is still a poorly investigated issue. Never-
heless, gender differences in erythropoiesis at puberty [8,9,22]
nd during adulthood [4,7], and the erythropoietic effects of
on-aromatizable androgens [31], all indirectly argue against this
ypothesis. Even several pathophysiological models suggest that
ndrogens directly modulate erythropoiesis and that their conver-
ion to estrogens does not play a role in this biological function.
onsistently, androgen excess in women leads to a red cell count
igher than normal, such as in females with congenital adrenal
yperplasia [32] or those receiving large doses of androgens [33].
n the other hand, a possible effect of estrogen on erythropoiesis
as been postulated on the basis of the results of several studies.
ecently, high doses of estrogen administered to male-to-female
ranssexuals resulted in a decrease of both Hct and Hb concentra-
ions, but the concomitant administration of an antiandrogen drug
id not permit to establish if the reduction of erythropoiesis was
ue to the direct action of estrogen or if it was related to androgen
eficiency or both [34]. The most important evidence that rose the
ypothesis of a possible role of estrogens in male erythropoiesis
omes from a recent study showing a direct association between
ematocrit and serum estradiol in men treated with testosterone
35]. A direct action of estrogen on erythropoiesis was previously
hown also in women [36] as well as in animal studies [37]. How-
ver, all these studies suffer either from the presence of an intact
romatase enzyme, meaning that exogenous androgens may still be
onverted into estrogens in women, or from an intact hypothalamic
eedback, causing exogenous estrogens to lead to a concomitant but
ot complete androgen suppression in men. Thus, the relative effect
f each sex steroid on erythropoiesis remains an as yet unsolved
ssue in men. Thus, to check if androgens may act on erythropoiesis
ia their conversion to estrogen is of importance on a physiologi-
al viewpoint, especially if recent data on this issue are considered
34,35].

The aim of this study was to evaluate separately the effects of
upraphysiological testosterone treatment and those of physiologi-
al estradiol treatment on some parameters of erythropoiesis in two
dult men with aromatase deficiency. This investigation model is
omplementary to the study protocols in which estrogen suppres-
ion obtained by using aromatase inhibitors has been limited by the
otency of the drugs administered [22,38]. Indeed, human congeni-
al complete aromatase deficiency is a more useful model for testing
eparately the androgen and estrogens effects [30,39,40], since in
hese patients the conversion pathway of androgen to estrogen is
ot functioning.

. Materials and methods

The study was carried out on two male subjects affected by aro-
atase deficiency; their detailed clinical and genetic studies have

lready been published [39,40]. The subject here referred to as Sub-
ect 1 is the aromatase-deficient man described by Carani et al.
n 1997 [39,41], while Subject 2 is the aromatase-deficient man
escribed by Maffei et al. in 2004 [40], who was also affected by con-
omitant mild hypogonadism [40,41]. Both subjects were treated
ith supraphysiological doses of testosterone at the beginning of

heir clinical management, and thereafter, once estrogen deficiency

as diagnosed, transdermal estradiol treatment was started.

The effects of a supraphysiological dose of testosterone admin-
stration alone [testosterone enanthate 250 mg i.m. every 10 days
Subject 1) and every 15 days (Subject 2) lasting at least 6

onths), and a physiological dose of estradiol administration alone
& Molecular Biology 113 (2009) 189–194

(transdermal estradiol 25 �g twice weekly for 6 months) on ery-
thropoiesis were evaluated before and during each treatment. Both
testosterone treatment and estrogen treatment lasted a minimum
of six months, and the period of washout between the two treat-
ments was longer than twelve months. Testosterone treatment was
performed until the diagnosis of aromatase deficiency had been
made in order to attain bone maturation [39,40]. The study design
is summarized in detail in Fig. 1 and in particular it is illustrated
the timing of biochemical evaluation before and after at least six
months of each treatment (Fig. 1).

2.1. Biochemical analyses

The routine laboratory investigations included a complete blood
count (erythrocyte, leukocyte and platelet count) hemoglobin,
hematocrit, erythrocyte mean cell volume (MCV), erythrocyte
mean corpuscular hemoglobin (MCH), erythrocyte mean corpus-
cular hemoglobin concentration (MCHC), serum ferritin, iron and
total iron-binding capacity (TIBC). The following parameters were
also subsequently evaluated on stored samples: serum Epo, serum
total testosterone and serum estradiol. All these parameters were
evaluated during each phase of the study. The study was performed,
for Subject 1, at the Endocrine Unit of the University of Modena
and Reggio Emilia, and for, Subject 2, at the Consultorios Asocia-
dos de Endocrinologia of Buenos Aires, Argentina. Serum samples
of both men were stored separately, but serum measurements of
Epo, testosterone and estradiol performed on stored samples were
subsequently all assayed at the Endocrine Unit of the University of
Modena and Reggio Emilia. Blood count and the other hematologi-
cal parameters except Epo were performed at the time of blood col-
lection and the data were obtained from the patient’s record charts.

Blood samples for the analysis of both blood and serum were
collected after an overnight fast, at 08:00 h, by venipuncture of the
antecubital vein. Serum samples obtained by centrifugation were
stored at −80 ◦C, until assayed. Blood sample was collected at the
second week of the 6th month of therapy for both treatments and
after 7 days from the administration of testosterone enanthate dur-
ing testosterone treatment.

Hematologic parameters (Hb, Hct, MCV, MCH, MCHC, and blood
cell count) were analyzed using an automated cell counter [Cell-
Dyn 3500 (Abbott Laboratories, Abbott Park, IL, USA)] [42,43].

Serum ferritin, iron and TIBC were measured by commercially
available kits.

Serum Epo was quantified using an immunochemiluminomet-
ric assay on an IMMULITE analyzer (DPC, Los Angeles, Calif). The
detection limit of the assay is 0.2 U/L. The within-run coefficient of
variation (CV) was <9% and the total CV <9% in the concentration
ranged from 7 to 148 U/L.

Serum total testosterone was measured using commercial RIA
(Diagnostic product corp., Los Angeles, CA). The inter-assay and the
intra-assay coefficients of variation for testosterone were 11% and
5% respectively. The cross-reactivity with 5�-dihydrotestosterone
was 2.8%; antibody cross-reactivity against less potent androgens
(androstenedione, 3�-androstanediol, dehidroepiandrosterone)
and other possible interfering steroids was less than 1%.

Serum estradiol levels were determined using a commer-
cially available double antibody RIA (Third-Generation DSL-39100,
Diagnostic Systems Laboratories, Inc., Webster, TX) with a sensi-
tivity of 0.6 pg/mL (2.2 pmol/L), the lowest standard at 1.5 pg/mL
(5.5 pmol/L), linearity to 150 pg/mL (550 pmol/L), and an ED50 of
20 pg/mL (73 pmol/L). The cross-reactivity with estrone and with

less potent estrogens was less than 7 and 0.45%, respectively. The
inter-assay and the intra-assay coefficients of variation for estradiol
were 4.1–9.9 and 3.4–3.9%, respectively.

Both subjects gave written and informed consent for both treat-
ments and for the publication of the data.
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ig. 1. Study design of the two subjects and treatments schedules according with t
onths of each treatment is indicated by the arrows. T: testosterone; E2: estradiol.

. Results

.1. Sex steroids levels

Serum testosterone rose during testosterone treatment in both
ubjects, reaching values above the normal range (Table 1). Serum
estosterone during transdermal estradiol treatment fell below
he normal range in Subject 2, remaining unchanged in Subject 1
Table 1) [39,40,42].

Serum estradiol was within the normal range only during
stradiol treatment, while being undetectable before testosterone
nd estradiol treatment as well as during testosterone treatment
Table 1) [39,40,42].

.2. Erythropoiesis parameters

In both subjects Hb, Hct and red cell count increased during
estosterone treatment (Table 1). During estradiol treatment, Hb,
ct and red cell count remained unchanged in Subject 1, while
ecreased slightly in Subject 2 (Table 1).

Serum iron and ferritin decreased during testosterone treatment
n both subjects, while no change occurred during transdermal
stradiol treatment.

MCV, MCH, MCHC, leukocyte and platelet count, TIBC and Epo
id not change throughout the entire protocol.

. Discussion

Although based on two subjects, the investigation model here
llustrated allows a detailed characterization of the action of each
ex steroid on erythropoiesis in men, since in these patients the
onversion pathway of androgen to estrogen is not functioning.

Studies based on different but complementary settings have

hown that restoring normal circulating testosterone and decreas-
ng estradiol in elderly men by means of aromatase inhibitors
hanged neither hematocrit nor hemoglobin [38]. Furthermore, in
dolescent boys, even in the presence of a reduction in circulating
strogens, the androgen-dependent stimulation of erythropoiesis
ical time course. The timing of biochemical evaluation before and after at least six

may be achieved by the concomitant administration of both testos-
terone and an aromatase inhibitor [22]. Recently, a study of the
changes in erythropoietic parameters in male-to-female trans-
sexuals treated with high doses of estrogens, provided further
indirect evidence of the absence of estrogen effects on erythro-
poiesis [34]. T’Sjoen and colleagues have shown that high-dose
estrogen therapy combined with antiandrogen treatment leads to
a decrease in Hb and Hct levels, probably because the therapy
induces a very significant reduction in serum testosterone in male-
to-female transsexuals [34]. Data from the present setting did not
confirm neither a possible relationship between serum estradiol
and hematocrit in men [35], nor a direct suppressive modulation of
erythropoiesis by estrogens, as it has been previously suggested in
women [36,37].

Since we used a human model of congenital estrogen deficiency
characterized by the lack of both circulating and locally produced
estrogens, this study does not suffer from the limits due either to the
potency of the aromatase inhibitors used for distinguish androgen
from estrogen actions [22,38], or to the concomitant presence of a
functioning aromatase enzyme able to convert part of the andro-
gens administered [18,19], or to incomplete hypothalamic–pituitary
and androgen suppression during estrogen administration to male-
to-female transsexuals [34].

This study demonstrates that aromatization of testosterone to
estradiol is not required in order to stimulate erythropoiesis in
adult men. Indeed, treatment with a supraphysiological amount of
testosterone alone led to a marked increase in red blood count, Hct
and Hb, while the restoration of normal circulating estrogens by
means of transdermal estradiol treatment alone did not stimulate
erythropoiesis in these two aromatase-deficient men. Furthermore,
transdermal estradiol treatment resulted in a decrease in red blood
count, Hct and Hb in Subject 2, in all likelihood as a consequence of
the concomitant fall in serum testosterone. Also, the lack of changes

in erythropoietic parameters during transdermal estradiol treat-
ment alone in these two aromatase-deficient men confirms that in
adult men androgens act directly on erythropoiesis ensuring thus
adequate Hb and Hct levels. Therefore, these findings are consis-
tent with the results previously established merely on the basis
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Table 1
Biochemical and hormonal parameters of two aromatase-deficient men before and during testosterone (T) treatment at a supraphysiological dosage (testosterone enanthate
250 mg i.m. every 2 weeks), and before and during transdermal estradiol (E2) replacement treatment (25 �g twice weekly). Both testosterone treatment and estrogen treatment
lasted a minimum of six months, and the period of washout between the two treatments was longer than twelve months. All data are expressed in Conventional Units; SI
values are in parentheses.

Parameter Normal range Subject Before T During T Washout period (>12 months)

Before E2 During E2

LH mIU/mL (IU/L) 3.7–15.2 (3.7–15.2) Subject 1 8.9 (8.9)* 7.3 (7.3)* 5.6 (5.6)# 3.1 (3.1)#

Subject 2 3.7 (3.7)§ n.a. 7 (7)§ 5.9 (5.9)§

FSH mIU/mL (IU/L) 3.7–15.2 (3.7–15.2) Subject 1 13.6 (13.6)* 11 (11)* 17.1 (17.1)# 8.1 (8.1)#

Subject 2 23 (23)§ n.a. 20 (20)§ 10.5 (10.5)§

Serum Testosterone ng/mL (nmol/L) 3–10 (10–35) Subject 1 3.9 (13.5)* 11.86 (41)* 5.2 (18)# 4.2 (14.5)#

Subject 2 3.8 (13.1)§ 9.1 (31.5)§ 2.7 (9.3)§# 1.45 (5)§#

Serum Estradiol pg/mL (pmol/L) 10–40 (36–146) Subject 1 <1.5 (<5.5)* <1.5 (<5.5)* <1.5 (<5.5)# 24 (88)#

Subject 2 <1.5 (<5.5)§ <1.5 (<5.5)§ <1.5 (<5.5)§# 23.5 (86)§#

Blood Hemoglobin g/dL (g/L) 14–17.5 (140–175) Subject 1 14.2 (142) 16.3 (163) 14.5 (145) 14.7 (147)
Subject 2 14.8 (148) 16.9 (169) 14.5 (145) 13.9 (139)

Hematocrit % (proportion of 1.0) 42–54 (0.42–0.54) Subject 1 40.5 (0.405) 44.9 (0.449) 40.7 (0.407) 40.9 (0.409)
Subject 2 42.0 (0.420) 49.2 (0.492) 42.9 (0.492) 39.8 (0.398)

MCV fL (�3) 82–98 (82–98) Subject 1 84 (84) 90 (90) 86.2 (86.2) 87.2 (87.2)
Subject 2 88 (88) 89 (89) 93.0 (93.0) 90 (90)

MCH pg (��g) 27–32 (27–32) Subject 1 28 (28) 28.5 (28.5) 30.7 (30.7) 31.3 (31.3)
Subject 2 31 (31) 31.2 (31.2) 31.4 (31.4) 30.6 (30.6)

MCHC g/dL (g/L) 32–38 (320–380) Subject 1 33.4 (334) 31.7 (317) 35.6 (356) 35.9 (359)
Subject 2 35.2 (352) 35.0 (350) 33.8 (338) 34.1 (341)

Red Blood Cell Count ×106/�L (x1012/L) 4.5–6 (4.5–6) Subject 1 4.07 (4.07) 5.01 (5.01) 4.72 (4.72) 4.69 (4.69)
Subject 2 4.78 (4.78) 5.2 (5.2) 4.61 (4.61) 4.1 (4.1)

Blood Leukocyte Count ×103/�L (x109/L) 4–10 (0.004–0.01) Subject 1 5.8 (0.0058) 7.5 (0.0075) 5.7 (0.0057) 6.3 (0.0063)
Subject 2 8.6 (0.0086) 8.0 (0.008) 9.0 (0.009) 8.8 (0.0088)

Blood Platelet Count × 103/�L (x109/L) 150–400 (150–400) Subject 1 243 (243) 298 (298) 237 (237) 234 (234)
Subject 2 239 (239) 236 (236) 241 (241) 246 (246)

Serum Iron �g/dL (�mol/L) 60–160 (11–29) Subject 1 122 (22) 76 (13.6) 66 (12) 89 (16)
Subject 2 110 (20) 81 (14.5) 78 (14) 80 (14.3)

Serum Ferritin ng/mL (pmol/L) 25–495 (56–1112) Subject 1 312 (701) 263 (590) 279 (626) 285 (640)
Subject 2 315 (707) 278 (624) 290 (651) 301 (676)

TIBC �g/dL (�mol/L) 250–420 (45–75) Subject 1 293 (52) 311 (55) 380 (68) 376 (58)
Subject 2 332 (59) 354 (63) 365 (65) 342 (61)

Serum Erythropoietin mIU/mL (IU/L) 3.7–15.2 (3.7–15.2) Subject 1 13.6 (13.6) 14.9 (14.9) 13.9 (13.9) 14.2 (14.2)
Subject 2 11.5 (11.5) 12.8 (12.8) 11.2 (11.2) 11.8 (11.8)

Total Cholesterol mmol/L (mg/dL) 3.5–5 (140–200) Subject 1 6.9 (279)* 6.2 (248)* 7.6 (306)* 3.9 (158)

Subject 2 4.5 (180)§ 4.9 (199)§ 4.4 (177)§ 4.5 (182)§

HDL-Cholesterol mmol/L (mg/dL) >1.1 (>45) Subject 1 1.05 (42)* 0.7 (29)* 1.07 (43)* 1.3 (53)

Subject 2 n.a. n.a. 0.7 (31)§ 0.9 (37)§

Tryglicerides mmol/L (mg/dL) <1.9 (<175) Subject 1 2.8 (257)* 3.1 (287)* 3.3 (305)* 1.3 (119)
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b: hemoglobin; MCV: erythrocyte mean corpuscular volume; MCH: erythrocyte m
ration; TIBC: total iron-binding capacity; n.a.: not available.

ata already published by *Carani et al. (1997), §Maffei et al. (2004), and #Rochira e

f indirect evidence, provided by gender differences in erythro-
oiesis [4–7], which become manifest at puberty in boys [8,9,22,25],
nd by the preservation of the erythropoietic effects by molecules,
uch as dihydrotestosterone (DHT) having a purely androgenic
ction [31]. As expected, the effect on erythropoiesis was so evi-
ent in this setting since supraphysiological doses of testosterone
ere used, the effect of testosterone being dose-dependent [26],

s reinforced by the restoration of normal parameters of erythro-
oiesis after the cessation of testosterone treatment in these two

atients.

The lack of change in Epo levels during testosterone treatment
uggests once again that androgens probably act directly on ery-
hropoiesis and the hypothesis of an action on bone marrow cells
hrough their interaction with a nuclear androgen receptor [44]
2 n.a. n.a. 2.1 (199)§ 1.6 (148)§

rpuscular hemoglobin; MCHC: erythrocyte mean corpuscular hemoglobin concen-

2006).

remains plausible. The direct action of androgen on erythropoiesis
is also supported by the absence of differences in serum Epo levels
between men and women [7], between hypogonadal and nor-
mal men [16], and between testosterone treated and untreated
men [23,24]. Consistently, the hematopoietic effect of androgen in
patients with chronic renal failure has been supposed to be inde-
pendent from related changes in serum Epo levels, the latter being
considered as an epiphenomenon [45], and a recent study did not
show any difference in Epo by using graded doses of testosterone

in healthy young and older men [26].

In conclusion, even though not novel, these findings lead to
a better understanding of the physiology of androgen action and
the underlying pathophysiological and clinical implications related
to both androgen excess and androgen deficiency. Moreover, they
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mprove our knowledge of the respective roles of androgens and
strogens, showing once more that both are essential for a wide
pectrum of physiological actions, but that androgens, not estro-
ens, can stimulate directly erythropoiesis in men. Testosterone
nd its metabolite DHT do not have higher affinity for the estrogen
eceptors, but evidence suggests that some testosterone metabo-
ites, such as 3�-diol and 3�-diol, may exert their action through
he binding to the estrogen receptors [46–47]. Whether or not these

echanisms of androgen actions operate in vivo in humans remains
till to be elucidated. Thus, the possibility that androgens may
nfluence several biological functions, as hematopoiesis, through
he interaction between androgens metabolites and the estrogen
eceptors remains a challenging issue.

Finally, improving our knowledge on the specific effects of each
ex steroid may be of help for the development of drugs with a pre-
ise and restricted targeting in order to avoid undesired effects, as it
s advisable for compound with androgenic properties and positive
ffect on bone, lipids, etc., but that does not affect erythropoiesis
48].
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