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ABSTRACT

The effects of androgens on hematopoiesis are well documented. These drugs have been major pharmacological agents for
stimulation of erythropoiesis before the recombinant hematopoietic growth factors were available. Their effects on red
blood cells are best studied. They stimulate erythropoiesis and increase levels of red blood cells, hemoglobin and
hematocrit. There are conflicting data on the effects of androgens on leucopoiesis and platelets. The stimulatory effect of
androgens on erythropoiesis is a problem in patients with hypogonadism undergoing testosterone replacement. Increased
blood viscosity in these patients is associated with increased risk of cardiovascular thrombotic events. Three major
mechanisms for the effects of testosterone on erythropoiesis are proposed: increased erythropoietin set point, increased
iron utilization and conversion of androgens in estrogens. Testosterone-induced increase in hematocrit and hemoglobin is
probably associated with elevated erythropoietin levels, but the available data on the relationship between testosterone and
erythropoietin are too contradictory. The effects of testosterone on erythropoiesis are accompanied by other mechanisms,
such as reduced hepcidin probably by direct inhibition of its transcription. The direct erythropoietic effect of testosterone
is likely mediated by inducing the synthesis of IGF-1 through a receptor-mediated mechanism although this mechanism
can not completely explain the effects of testosterone on erythropoiesis. Interaction of androgens with some cytokines and
growth factors may also influence hemopoiesis. It is contradictory if the effect of testosterone on erythropoiesis requires
its conversion into estrogens or not. More experimental and clinical trials are needed to investigate the exact mechanism

of stimulatory effect of androgens on erythropoiesis.
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INTRODUCTION

Effect of androgens on erythropoietin

The role of erythropoietin in testosterone-mediated
stimulation of erythropoiesis is not entirely clear. The
available data on the relationship between testosterone and
the key regulator of erythropoiesis — erythropoietin are too
contradictory. Initial suppositions are that administration
of testosterone in people and experimental animals leads
to increased plasma concentration of erythropoietin.
Experimental data from the 1970s show that testosterone
increases serum hemoglobin levels in laboratory animals?.
It is assumed that this effect is mediated by stimulation of
erythropoietin  production in the kidneys?. Newer
experimental data show that this mechanism is unlikely
and androgens perform their hematopoietic effects,
regardless of their effect on erythropoietin secretion. In
mice, androgens increase not only hemoglobin levels but
also the number of granulocytes®. In vitro androgens
enhance hematopoiesis in bone marrow cultures and
stimulate the erythroid as well as the myeloid lines in semi-
solid cell cultures*®. Subsequently clinical evidence
accumulates that androgens do not affect erythropoietin
synthesis and secretion:

Notwithstanding the differences in serum levels of
testosterone and hemoglobin in men and women, the
erythropoietin concentration in the plasma is the same®.

In artificially-induced androgen deficiency with analogues
of the releasing factor of luteinizing hormone (luteinizing
hormone-releasing factor, LHRH) no changes in serum
erythropoietin levels are observed”.

Dickerman et al (1999) found that in the majority of cases
of androgen-induced erythrocytosis erythropoietin levels
are more often low than high?.

Hara N et al (2010) found no differences in the levels of
erythropoietin in patients before and after anti-androgen
therapy®.

Testosterone dose-dependently increases the levels of
hemoglobin and hematocrit without this being linked to an
increase in erythropoietin levels'®,

Ballal SH et al (1991) found that in patients with chronic
renal failure undergoing dialysis, administration of
androgens (nandrolone decanoate) enhances the effect of
erythropoietin, leading to reduction of the dose necessary
for achieving target hemoglobin levels. The authors
suggest that this is due to increased sensitivity by
androgens of erythroid progenitors to erythropoietin.

In patients with diabetes mellitus type 2 the low level of
testosterone is a risk factor for the development of anemia
irrespective of the erythropoietin level and the presence or
absence of accompanying renal failure?13,

It is likely that androgen-mediated increase in hemoglobin
and hematocrit is not carried out through their influence on
erythropoietin. More recent studies (Bachman E et al,
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2014) again found that testosterone-induced increase in
hematocrit and hemoglobin is associated with elevated
erythropoietin levels, but this is also accompanied by other
mechanisms, such as reduced hepcidin and ferritin. The
studies were conducted before the start of TRT, at the first,
third and sixth month after the beginning of TRT and at the
third month after its discontinuation. Patients were treated
with 100 mg of testosterone per day in the form of a
transdermal gel. One month after the start of therapy serum
erythropoietin levels rise above normal values. The
interesting in this study is that 6 months after therapy
initiation the levels of erythropoietin and hepcidin return
to pre-treatment levels regardless that testosterone
administration continues. Erythropoietin however remains
non-suppressed and its levels are disproportionately high
for the elevated hemoglobin and hematocrit. This suggests
that a new erythropoietin/nemoglobin "set point" is
established with a lack of negative feedback inhibition.
Respective to the increased utilization of iron elevated
values of soluble transferrin receptor (STfR) and ratio
sTfR/log ferritin are identified.

Androgens and Transferrin Receptor

In plasma iron is transported bound to serum transferrin.
Through interaction with a specific membrane receptor
(transferrin receptor, TfR) the iron enters the cells. In
humans and animals, a soluble serum form of this receptor
has been identified - STfR. STfR is a monomer of the tissue
receptor that lacks the first 100 amino acids. It circulates
in the form of a complex between transferrin and its
receptor. Erythroblasts are the main source of serum sTfR.
Bone marrow erythropoietic activity is the major
determinant of serum sTfR levels. Its levels increase when
erythropoiesis is stimulated and decrease when
erythropoietic activity of the bone marrow is suppressed.
Determination of sTfR in serum is useful for clarifying the
pathophysiology of anemias; for quantitative analysis of
erythropoietic activity; for the proliferative capacity of
bone marrow, and for monitoring the response of
erythropoietic tissue in the treatment of anemia before
there have been changes in hemoglobin. sTfR is also an
indicator of iron deficiency, since its levels increase in this
case®®. T'Sjoen G et al in a clinical study on the effects of
testosterone and estrogens on the level of sTfR found that
prior to therapy plasma levels of sTfR are the same in men
and women, regardless of the significant differences in
their serum testosterone, hemoglobin and hematocrit.
Probably in spite of gender-dependent differences in
hemoglobin and hematocrit values, established stable
erythropoietic activity is characterized by comparable
levels of sTfR in both sexes. In the said study the
application of testosterone in women increases plasma
testosterone levels above normal, as well as the levels of
hemoglobin, hematocrit, sSTfR and IGF-1 after 4 months of
treatment with no clear correlation between IGF-1 and
sTfR. Probably testosterone directly stimulates
erythropoiesis and its effect is partially mediated by IGF-
1. In men treated with the androgen receptor antagonist
cyproterone acetate no changes in the level of sTfR are
found, and the increase in IGF-1 is insignificant and again
does not correlate with sTfR. The administration of oral or

transdermal estrogens in men receiving cyproteron acetate
sharply lowers the levels of testosterone, hemoglobin and
hematocrit, but only oral estrogens decrease sTfR as well.
In this case, the authors found a correlation between the
levels of sTfR and IGF-1. The latter is increased by
transdermal application of estrogens and decreases upon
their oral administration. The differences in sTfR levels in
both estrogen regimens cannot be explained by their
effects on serum testosterone, since it is comparable in
both cases. These data show that the levels of sSTfR cannot
be an indicator of the effect of testosterone on
erythropoiesis, since not in all cases of its decrease reduced
serum sTfR is also observed?S,

Androgens, IGF-1 and Erythropoiesis

Insulin-like growth factor-1 (IGF-1) is a peptide that
participates in the regulation of cell proliferation and
differentiation. It carries out numerous effects on
carbohydrate, fat, protein metabolism, bones and
hematopoiesis'’. IGF-1 is secreted by many tissues, but
over 90% of serum IGF-1 is synthesized in the liver,
wherein the production is dependent on the secretion of
growth hormone (GF). The latter decreases with age and
during the so called somatopause decreased levels of IGF-
1 accelerate age-related physiological changes'®*°. It is
known that the GF-IGF-1 axis plays a role in the regulation
of erythropoiesis. Although anemia is not a key symptom
of growth hormone deficiency, it is associated with
abnormal erythropoiesis, both in children and in adults.
Exogenous administration of GF increases the level of
hemoglobin?. There are some age-related differences in
this respect. Treatment of adults with growth hormone
deficiency increases plasma volume and red blood cell
mass, but not hemoglobin. The latter increases in children
treated with growth hormone. The mechanism by which
IGF-1 affects erythropoiesis is not sufficiently understood.
It is likely the effects of GF and IGF-1 on erythropoiesis
are synergistic. In in vitro experiments it has been found
that physiological concentrations of IGF-1 stimulate
human and murine erythroid precursors, regardless of the
presence or absence of erythropoietin. To achieve the same
effect much higher doses of GF are neccessary. In
experiments with murine erythroid colony-forming units
the effect of IGF-1 is more pronounced in the absence of
erythropoietin and less so in its presence. The
administration of IGF-1 in newborn rats accelerates the
production of erythrocytes. Human GF and recombinant
IGF-1 stimulate erythropoiesis and increase serum
erythropoietin in hypophysectomised rats. Moreover, the
effect on erythropoiesis precedes the rise in erythropoietin.
Sometimes normal erythropoietin levels can be found in
patients with CRF, but the levels of IGF-1 are elevated?.
On the other hand, exogenous administration of
erythropoietin in humans has no significant effect on the
level of IGF-1?2. These data indicate that most likely there
is no positive or negative feedback of erythropoietin to
IGF-1. Of interest are the studies on serum IGF-1 levels in
patients undergoing anti-androgen therapy due to prostate
carcinoma. Hara N et al found that exogenous androgen
suppression does not affect the level of serum GF, but
elevates that of IGF-1. The pre-therapy existing correlation
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between serum IGF-1 concentration on the one hand, and
erythrocyte count and hemoglobin, on the other, does not
occur after the beginning of anti-androgen treatment. Said
authors found that the increased levels of IGF-1 correlate
with that of luteinizing hormone. It is probable that the
increased IGF-1 due to anti-androgen therapy is bioactive,
as it is known that gonadotrophic pituitary gland cells
express IGF-1 receptors. On the other hand, the effect of
IGF-1 in bone marrow is unsatisfactory, since androgen-
depriving therapy is accompanied with low hemoglobin
levels. This suggests that IGF-1 or its bone marrow
receptor are functionally inactive against a background of
anti-androgen therapy®.

Effect of Androgens on Hepcidin

Another hypothesis for the mechanism of action of
testosterone on erythropoiesis is by influencing the iron-
regulatory peptide hepcidin. The assumption of a
peripheral mechanism of testosterone is based on the fact
that it has a minimal proliferative effect on purified
erythroid progenitors (CD34+) ex vivo?. Hepcidin is a
peptide synthesized in the liver and its physiological role
is to bind and destroy the ion channels for iron, referred to
as ferroportins. Increased levels of hepcidin, in infection or
aseptic inflammation for example, reduce systemic
bioavailability of iron, which manifests with moderately
expressed anemia. Conversely, low levels of this peptide
are associated with increased iron absorption, increased
bioavailability and stimulation of erythropoiesis. Bachman
E et al (2010) in a clinical study on young (19-35 years)
and older (59-75 years) men, treated with testosterone
enanthate, found that testosterone dose-dependently and
age-dependently  lowers serum  hepcidin.  Serum
testosterone levels above the physiological suppress
hepcidin with over 50% and this process is dose dependent
in patient follow-up for a period of 20 weeks. In
comparison to young men, the group aged 59-75 years has
higher levels of hepcidin before testosterone
administration. The study shows that in this age group
hepcidin suppression is more pronounced. This explains
the mentioned age-related differences in erythropoiesis
stimulation by testosterone. Of course, a number of other
mechanisms also contribute to the stronger response in
older compared to younger men, such as age-related
differences in life expectancy of erythrocytes, limited
intravascular space with aging and others?®. The
mechanism by which testosterone affects hepcidin is not
clarified. There are various assumptions including direct
inhibition of this peptide’s transcription. It is not clear
whether the regulatory role of testosterone on hepcidin
influences other life processes, such as iron-dependent
synthesis of myoglobin, oxidative phosphorylation
(cytochromes) and other iron-dependent enzymes.
Interaction of androgens with cytokines and growth
factors, influencing erythropoiesis

Interferon vy is a cytokine with an inhibitory effect on
hematopoiesis. It is involved in the pathogenesis of bone
marrow failure. In experiments with cell cultures the
androgen preparation oxymetholone does not affect IFN-
y-induced suppression of colony-stimulating cells in the
bone marrow. This suggests that the direct effect of

androgens on hematopoietic progenitor cells is minimal?®,
Possibly the myelo-stimulating effect is due to other
mechanisms. The stromal cell-derived factor (SDF-1) is
produced constitutively in the bone marrow stroma. It
plays a central role in the settling of hematopoietic stem
cells, an action mediated by its receptor - CXCR4. This
factor is involved in the positive regulation of
hematopoiesis. It stimulates survival and proliferation of
hematopoietic progenitor cells by demonstrating synergy
with other hematopoietic growth factors. On the other
hand, SDF-1 inhibits the cell cycle in the most primitive
hematopoietic cells, in vitro as well as in vivo. Down
regulation of bone marrow stromal production of SDF-1
leads to inhibition of the survival and growth of
hematopoietic cells. In vitro experiments have shown that
the active metabolite of testosterone -  5-
dihydrotestosterone, but not testosterone itself, as well as
some synthetic androgens (oxymetholone) inhibit SDF-1
production and increase apoptosis. This effect is
completely reversible by adding SDF-1 to the cell cultures.
This paradoxical interaction between androgens and SDF-
1 is probably a regulatory mechanism for maintaining
hemostasis of hematopoiesis?®. Androgens suppress B-
lymphocytes. This suppression is mediated by the
increased TGF-B production in the bone marrow stroma.
Presumably, the down regulation of SDF-1 contributes to
this as well, since the latter is also involved in the
maturation of B-lymphocytes.

Role of Estrogens, Produced by Testosterone
Aromatization in Hematopoiesis Stimulation

It is known that testosterone converts into estrogens by
aromatization, which leads to the formation of estradiol.
Calado et al (2009) found that androgens regulate
telomerase expression and activity by their aromatization
into estrogens. Estradiol stimulates the alpha estrogen
receptor (ERa), which leads to increased production of
telomerase. It is an enzyme that participates in cell
replication by protecting telomeres form shortening during
mitosis. The TERT gene (telomerase reverse transcriptase)
encodes a critical component of this enzyme. When
activated by estradiol, ERa binds to a TERT gene promoter
and enhances its transcription. This increases telomerase
stability and stimulates proliferation and survival of
hematopoietic stem cells?”. This is a possible direct
mechanism for hematopoiesis stimulation by sex
hormones. On the other hand, Rochira et al (2009) in a
clinical study on men with aromatase deficiency found that
the effect of testosterone on erythropoiesis does not require
its conversion into estrogens?.
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