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Abstract

Testosterone administration increases hemoglobin levels and has been used to treat anemia of
chronic disease. Erythrocytosis is the most frequent adverse event associated with testosterone
therapy of hypogonadal men, especially older men. However, the mechanisms by which
testosterone increases hemoglobin remain unknown.

Testosterone administration in male and female mice was associated with a greater increase in
hemoglobin and hematocrit, reticulocyte count, reticulocyte hemoglobin concentration, and serum
iron and transferring saturation than placebo. Testosterone downregulated hepatic hepcidin mRNA
expression, upregulated renal erythropoietin mMRNA expression, and increased erythropoietin
levels. Testosterone-induced suppression of hepcidin expression was independent of its effects on
erythropoietin or hypoxia-sensing mechanisms. Transgenic mice with liver-specific constitutive
hepcidin over-expression failed to exhibit the expected increase in hemoglobin in response to
testosterone administration. Testosterone upregulated splenic ferroportin expression and reduced
iron retention in spleen. After intravenous administration of transferrin-bound 8Fe, the amount

of 8Fe incorporated into red blood cells was significantly greater in testosterone-treated mice than
in placebo-treated mice. Serum from testosterone-treated mice stimulated hemoglobin synthesis in
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K562 erythroleukemia cells more than that from vehicle-treated mice. Testosterone administration
promoted the association of androgen receptor (AR) with Smadl and Smad4 to reduce their
binding to BMP-response elements in hepcidin promoter in the liver. Ectopic expression of AR in
hepatocytes suppressed hepcidin transcription; this effect was blocked dose-dependently by AR
antagonist flutamide. Testosterone did not affect hepcidin mRNA stability. Conclusion:
Testosterone inhibits hepcidin transcription through its interaction with BMP-Smad signaling.
Testosterone administration is associated with increased iron incorporation into red blood cells.

Introduction

Results

Testosterone is an important regulator of erythropoiesis in men and women (Bhasin et al.,
2010; Mirand EA, 1965). Circulating testosterone levels have been associated with
hemoglobin levels in community-dwelling middle-aged and older men (Ferrucci L, 2006;
Yeap et al., 2009) and in men with prostate cancer who are receiving androgen-deprivation
therapy (Hara N, 2010). Before the advent of erythropoietin (EPO), androgens were used
widely to treat anemia-associated with chronic disease, end stage renal disease, and aplastic
anemia (Shahidi NT, 1959; Watkinson G, 1947). Erythrocytosis is the most frequent adverse
event associated with testosterone therapy of hypogonadal men, especially in older men.
However, the mechanisms by which testosterone stimulates erythropoiesis remain poorly
understood. An understanding of these mechanisms has important implications for the
therapeutic applications of androgens for the treatment of androgen deficiency, anemia, and
sarcopenia associated with aging or chronic disease.

Several hypotheses have been proposed to explain the mechanisms by which testosterone
increases hemoglobin and hematocrit, including stimulation of EPO, direct effects on
erythroid progenitors, ferrokinetics, and red cell survival (Bachman E, 2010; Beran M,
1982; Moriyama Y, 1975); however, the evidence supporting these hypotheses is
inconclusive (Coviello AD, 2008; Mirand EA, 1971). We show here that testosterone
regulates hepcidin expression, in association with decreased splenic iron retention and
increased iron incorporation into red cells. Additionally, we investigated the mechanisms by
which testosterone regulates hepcidin expression; we provide multiple lines of evidence that
testosterone, through activation of its nuclear receptor, interferes with bone morphogenetic
protein (BMP)/Smad signaling to reduce hepcidin transcription. We also tested whether
testosterone regulates hepcidin by stimulating EPO or by activating hypoxia-sensing
mechanisms.

1. The effects of testosterone on red cell indices

In adult female C57BL/6 mice, testosterone administration by subcutaneous implants was
associated with a gradual increase in hematocrit after a lag of two days (Fig. 1A). Two
weeks after initiation of testosterone administration, mice assigned to testosterone group had
significantly higher levels of hemoglobin and hematocrit, and a trend towards higher mean
corpuscular hemoglobin than those in the control group (Fig. 1B). Mean corpuscular volume
did not differ between groups. Serum iron and transferrin saturation were significantly
higher and total iron binding capacity significantly lower in testosterone-treated mice than in
placebo-treated mice (Fig. 1C). Reticulocyte count and reticulocyte hemoglobin ratio (CHTr),
a sensitive marker of iron available for hemoglobin synthesis (Fishbane S, 1997), were also
significantly higher in testosterone-treated mice than in placebo-treated mice (Fig. 1D).

Similar data were obtained in castrated male mice (supplementary Fig. s1). Thus,
testosterone stimulates erythropoiesis in female and male mice and increases markers of iron
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bioavailability for erythropoiesis. Because the magnitude of change in hemoglobin and
hematocrit was greater in female mice than in male mice, subsequent experiments were
performed initially in female mice and key findings were confirmed in male mice.

2. The effects of testosterone on hemoglobin and hematocrit in transgenic mice with liver-
specific hepcidin over-expression

Hepcidin is an important regulator of iron availability for erythropoiesis (Ganz T., 2011).
Hepcidin binds to ferroportin, an iron transporter present on the duodenal cells and
macrophages, which promotes internalization and degradation of ferroportin, preventing iron
entry into plasma to lower transferrin saturation and reduce iron availability.

We determined whether testosterone administration suppresses hepcidin expression and
whether testosterone increases hemoglobin and hematocrit in hepcidin transgenic mice.
Testosterone administration was associated with a significant suppression of hepatic
hepcidin mMRNA expression, compared to vehicle-treated mice; 96-hours after treatment
initiation, hepcidin mMRNA expression was ~70% lower in testosterone-treated mice than in
vehicle-treated mice and this effect was sustained for the two-week treatment duration (Fig.
2A).

We studied the effect of testosterone in transgenic mice that exhibit liver-specific over-
expression of a hepcidin transgene (TgN(tTALAP)5Uh; TgN(TRE.Hepcl) or “Tg+”) (Roy
CN, 2007). Littermates carrying a silent hepcidin transgene (TgN(TRE.Hepcl or “Tg-")
were used as controls. We reasoned that constitutive hepcidin over-expression in Tg* mice
would not be regulated by testosterone. Therefore, if hepcidin suppression were essential for
mediating testosterone’s effects on hemoglobin, testosterone administration would not
increase hemoglobin in Tg* mice. We confirmed using quantitative PCR that hepcidin
mRNA expression was 3-fold higher in Tg* mice than in Tg~ and wild type mice
(supplementary Fig. s2). In comparison to vehicle-treated wild type controls, which
experienced a small nonsignificant decrease in hemoglobin and hematocrit, testosterone-
treated wild type as well as Tg~ female mice exhibited significant increases in hemoglobin
and hematocrit compared to baseline (Fig. 2B). In contrast, testosterone administration
failed to induce significant increases in hemoglobin and hematocrit in Tg* mice in which
hepcidin transgene remained over-expressed in spite of testosterone treatment (Fig. 2B,
supplementary Fig. s2). After two-weeks of testosterone treatment, wild-type and Tg™ mice
that received testosterone had higher concentrations of hemoglobin, hematocrit, and serum
iron than testosterone-treated hepcidin Tg* mice (Fig. 2B, 2C). Similarly, in castrated male
mice, transgenic expression of hepcidin (Tg*) blunted testosterone-induced increase in
hematocrit and completely blocked the testosterone-induced increase in hemoglobin
(supplementary Fig. s3). These data indicate that regulation of hepcidin by testosterone is
important for mediating testosterone-induced increase in hemoglobin.

3. Testosterone upregulates ferroportin expression in spleen, and reduces splenic ferric
iron retention

The iron used in erythropoiesis is derived either from dietary iron or from recycling of red
cell iron by macrophages, particularly in the spleen. The latter is a quantitatively more
important source of iron for erythropoiesis over short durations (Ganz T., 2007). We found a
significantly higher expression of ferroportin in the spleens of testosterone-treated mice than
in vehicle-treated mice (Fig. 3A). These findings are consistent with reports showing that
hepcidin reduces ferroportin expression in macrophages (Chaston T, 2008). As ferroportin
promotes iron transport out of splenic macrophages, increased ferroportin expression in
testosterone-treated mice would be expected to increase the iron recycled by splenic
macrophages back into blood and thereby reduce splenic iron stores. Indeed, Prussian blue
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staining revealed significantly lower splenic iron stores in testosterone-treated mice than in
vehicle-treated mice (Fig. 3B).

Since diferric transferrin-bound iron is physiologically the primary iron source for heme/
hemoglobin synthesis in erythroid cells (Ponka P., 1997), our findings of increased serum
iron, increased transferrin saturation and decreased splenic iron retention would be expected
to favor iron incorporation into red blood cells for heme/hemoglobin synthesis. Accordingly,
we determined the effects of testosterone on iron incorporation into red blood cells, after a
bolus i.v. injection of transferrin-bound 8Fe tracers. Female mice were injected with
testosterone or placebo for two weeks. The 28Fe/transferrin complex was injected into mice
via tail vein at a dose of 10 ng/g body weight, and 8 hours later, blood was drawn from
cheek vein and washed with saline to remove serum and nonerythroid cells. This time point
was selected based on previous studies showing that iron is linearly incorporated into red
blood cells within 24 hour of administration (Srivastava et a/., 1979). The amount of iron
incorporated into red blood cells was determined from steady-state total iron pool size in
serum and in red blood cells. As expected, the amount of iron incorporated into red blood
cells was significantly greater in testosterone-treated mice than in vehicle-treated mice (Fig.
3C).

4. Sera from testosterone-treated mice increase hemoglobin accumulation in
differentiating K562 erythroleukemia cells to a greater extent than those from vehicle-

treated mice

To determine whether increased iron availability in testosterone-treated mice is associated
with increased hemoglobin synthesis, K562 erythroleukemia cells were induced to
differentiation into erythroid lineage by sodium butyrate (0.5 mM) for 48h (Kawasaki et al.,
1996). The cells were washed and incubated with serum from female mice treated with
either vehicle or testosterone for two weeks. The cells incubated in serum-free medium were
included as an additional negative control. The cells were harvested after 24h and stained
with benzidine (Fig. 3D, upper panel). Additionally, the hemoglobin accumulation in the
cells was measured using a benzidine assay. Incubation of differentiating K562 cells with
serum from testosterone-treated mice was associated with significantly greater hemoglobin
accumulation than with serum from vehicle-treated mice (Fig. 3D).

5. Role of EPO in mediating testosterone’s effects on hepcidin

As EPO plays an important role in hepcidin regulation (Lainé F, 2011; Pak M, 2006), we
assessed whether EPO is causally involved in testosterone-induced hepcidin regulation.
Testosterone administration was associated with a rapid but transient increase in renal EPO
MRNA expression and serum EPO levels (Fig. 4A). Hepatic hepcidin mRNA expression
was suppressed by testosterone administration (Fig. 2A) lagging behind the rise of renal
EPO mRNA expression (Fig. 4A).

To investigate whether EPO is a mediator of testosterone-induced hepcidin suppression, we
treated wild type mice with testosterone with and without a monoclonal anti-EPO
neutralizing antibody. Testosterone administration was associated with a two-fold increase
in renal EPO mRNA expression at 72h, which returned to baseline after two-weeks of
testosterone administration (Fig. 4B, upper panel). The administration of anti-EPO antibody
alone increased renal EPO mRNA at both time points tested, likely as a compensatory
mechanism activated by the inhibition of erythropoiesis. Consistent with reports that EPO
can suppress hepcidin expression (Pak et al., 2006), administration of anti-EPO antibody
increased hepatic hepcidin mRNA expression by nearly 2-fold within 72h. This effect was
transient as no difference in hepcidin expression was detected after 2 weeks between mice
treated with anti-EPO and those treated with vehicle only. Remarkably, even in the presence
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of anti-EPO antibody, testosterone administration caused a sustained suppression of
hepcidin (Fig. 4A). These data indicate that EPO is not essential for mediating the effects of
testosterone on hepcidin expression.

5. Effects of testosterone on hypoxia-sensing mechanisms

Testosterone induces a number of physiological adaptations, such as increased hemoglobin,
hematocrit, and erythropoietin, and increased tissue capillarity that are similar to those
induced by exposure to high altitude or hypoxia. Since hypoxia-inducible factors have been
implicated in transcriptional control of hepcidin expression (Gordeuk et a/., 2011,
Mastrogiannaki et al., 2011; Volke M, 2009), we determined whether down regulation of
hepcidin by testosterone is related to activation of the hypoxia-sensing mechanism. Red
blood cell 2,3-biphosphoglycerate (2,3-BPG) levels were higher in testosterone-treated than
in vehicle-treated mice (supplemental Fig. s4A); which would be expected to shift the
oxygen:hemoglobin dissociation curve to favor oxygen dissociation. The hepatic expression
of other markers of hypoxia-sensing was either not affected (e.g., miR-21, supplemental Fig.
s4B) or down-regulated by testosterone (e.g., miR-210, hypoxia-inducible factor-1a and
their target genes VEGF and DMT1, supplemental Fig. s4C). Additionally, hypoxyprobe
(pimonidazole, staining revealed reduced levels of hypoxia in the kidney in response to
testosterone (supplemental Fig. s4D), indicative of a better state of tissue oxygenation. To
ensure that the system was capable of responding to known hypoxic stimuli, we treated
female mice with vehicle, CoCl,, or testosterone and measured nuclear HIF1a expression.
As expected, CoCl, was found to increase nuclear HIF1a whereas the opposite was found in
animals treated with testosterone (supplemental Fig. s4C). Hence, these data do not support
the notion that testosterone induces hypoxia-sensing mechanisms in liver and kidney;
instead, it suggests that adaptations induced by testosterone — increased hemoglobin,
hematocrit, and 2, 3-BPG - increase tissue oxygen delivery.

6. Androgen receptor (AR) associates with Smad1 and 4, interferes with BMP-Smad
signaling, and inhibits hepcidin gene transcription

Bone morphogenetic proteins (BMP) and their downstream targets, Smad1/5/8 and Smad4,
are important regulators of hepcidin transcription (Andriopoulos B Jr, 2009; Casanovas G,
2009). In response to BMP-activation, Smad1/5/8 translocates into the nucleus to bind
Smad4 and recruits CBP/p300 and other co-factors to form a transcription factor complex,
which binds to the conserved BMP-responsive elements located in both proximal (BM P-
RE1) and distal (BM P-REZ2) sites of the hepcidin gene promoter to facilitate hepcidin
transcription (Casanovas G, 2009). Inhibitors of Smad1 are known to down-regulate
hepcidin expression (Theurl 1, 2011; Yu PB, 2008). Accordingly, we assessed whether
testosterone interacts with the BMP/Smad pathway.

Testosterone administration up-regulated liver AR expression (Fig. 5A). However,
testosterone treatment increased, rather than decreased, phospho-Smad1 in the liver.
Expression of Smad4, the nuclear binding partner of phospho-Smad1, was not affected (Fig.
5A). The effect of testosterone on Smad1 appears to be post-transcriptional since it did not
affect liver mRNA level of Smadl or related Smad5/8 (supplementary Fig. s5). Testosterone
also did not affect liver expression of BMP6, BMP co-receptor hemojuvelin or TMPRSS6
(supplementary Fig. s5). TMPRSS6 is an inactivating serine protease for hemojuvelin
(Silvestri et al., 2008). Interestingly, testosterone reduced the liver expression of Smad7
mRNA, a downstream target of Smad1/Smad4 transcription factor complex (Kautz L, 2008).
Others have reported that activated AR can disrupt the association between Smad3 and
Smad4 via direct binding with each (Kang HY, 2002). We hypothesized that testosterone
may facilitate similar interactions between AR and Smad1l or Smad4 in the liver, thereby
impairing hepcidin transcription. We performed co-immunoprecipitation of liver nuclear
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proteins using antibodies against Smad4 and AR. When co-immunoprecipitation was
performed using an anti-AR antibody, Western analysis of the immune-complex revealed
the presence of Smadl, Smad4, and CBP/p300 as AR-associated proteins. With the increase
in AR expression after testosterone injection, the association of AR with Smad 1 and Smad
4 was enhanced (Fig. 5B, right panel). When co-immunoprecipitation was performed using
an anti-Smad4 antibody, Western analysis of the immune-complex confirmed the
association of Smad 4 with AR, Smad1, and CBP/p300 but the amount of Smad4-associated
Smad1 was reduced in the liver of testosterone-treated mice (Fig. 5B, left panel). These
results indicate that AR associates with Smadl and Smad4.

To further investigate the involvement of BMP signaling, we treated mice with testosterone
with and without dorsomorphin, an inhibitor of BMP/Smad1 signaling that is known to
reduce liver hepcidin expression (Yu PB, 2008). We reasoned that if testosterone disrupts
BMP signaling, then combined administration of testosterone and dorsomorphin will not
induce additional suppression of hepcidin than that induced by testosterone alone. Indeed,
treatment with dorsormorphin and testosterone each decreased liver hepcidin mMRNA
expression (Fig. 5C); but a combination of dorsormorphin and testosterone did not decrease
hepcidin expression more than testosterone alone, suggesting that testosterone and
dorsomorphin pathways overlap for hepcidin regulation.

To test this hypothesis further, we performed chromatin immuno-precipitation (ChlP) assay
in liver tissue isolated from testosterone- and vehicle-treated female mice, using anti-Smad1
and anti-Smad4 antibodies. The DNA fragments immuno-precipitated using anti-Smad1 or
anti-Smad4 antibodies were subjected to real-time PCR using primer sets that flanked the
BMP/Smad-response elements (BMP-RE1, —84/-79 bp; and BMP-RE2, -2,255/-2,250 bp)
of mouse hepcidin promoter (Casanovas G, 2009). As expected, Smadl-associated DNA
fragments containing either BMP-RE1 or BMP-RE2 were amplified to a much greater
extent in the control than in testosterone-treated mice (Fig. 6D), whereas no difference was
found between the two groups when a DNA fragment containing non-specific ribosomal
protein 3 intron 2 was amplified. The positive control, anti-histone 3, was found to robustly
pull down all three DNA fragments tested (Fig. 6D), as would be expected. Similar results
were found when the ChIP analysis was performed using anti-Smad4 antibody
(Supplemental Fig. s6). Thus, testosterone treatment reduced the protein-DNA binding
between Smad1, as well as Smad4, and the BMP/Smad-response elements in the hepcidin
promoter.

To determine the role of androgen receptor (AR) in regulation of BMP/Smad-induced
hepcidin promoter activity, we performed reporter assay in HepG2 cells. Because
endogenous AR is expressed in low abundance in HepG2 cells (Jie et al., 2007), the cells
were transfected with different doses of AR-encoding plasmid in combination with graded
concentrations of AR ligand dihydrotestosterone (DHT) without and with AR antagonist
flutamide. Flutamide alone had no effect on basal or BMP2-induced hepcidin promoter
activity (supplemental Fig. s7). As expected, AR/DHT suppressed BMP2-induced hepcidin
promoter activity. The suppression by low dose AR/DHT was largely reversed by flutamide
at 5 uM, while the effect of a high dose AR/DHT was partially reversed by flutamide at 10
uM (Fig. 6A). Thus, AR/DHT down-regulated BMP-induced hepcidin transcriptional
activity.

We further tested the effect of AR/DHT on BMP2-induced hepcidin mRNA expression. In
HepG2 cells treated with high dose AR/DHT, basal hepcidin mRNA expression was reduced
(Fig. 6B). In the absence AR/DHT, BMP2 at 25 ng/ml induced a maximal increase of
hepcidin mRNA, which did not increase further when BMP2 was increased to 50 and 100
ng/ml. Co-treatment with AR/DHT completely abolished the increase of hepcidin
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transcription induced by BMP2 at 25 ng/ml, but this inhibitory effect of AR/DHT was
attenuated at 50 ng/ml BMP2 and completely lost at 100 ng/ml BMP2. Therefore, our data
collectively demonstrate that liganded AR suppresses hepcidin transcription by attenuating
BMP/Smad signaling.

Finally, we tested the effect of AR/DHT on hepcidin mRNA stability in HepG2 cells as it
might also contribute to the overall mMRNA abundance. After mRNA synthesis was blocked
by actinomycin D, hepcidin mRNA levels decreased rapidly in both control cells and AR/
DHT-treated cells (Supplemental Fig. s8), but the slopes of decay were not significantly
different. Hence, testosterone-mediated regulation of hepcidin expression occurred primarily
at the level of gene transcription.

Discussion

We have identified hepcidin, the iron regulating hormone, as a downstream target of AR.
Testosterone administration suppresses hepcidin expression in both male and female mice
(this work), and circulating hepcidin levels in men (Bachman E, 2010). The suppression of
hepcidin and the associated up-regulation of ferroportin increase iron export from the spleen
thus increasing iron availability for heme/hemoglobin synthesis in erythroid cells. Several
lines of evidence presented here indicate that testosterone stimulates erythropoiesis and
affects iron flux in the body. Testosterone administration increases reticulocyte count, a
marker of erythropoiesis. Testosterone increases serum iron and transferrin saturation;
furthermore, reticulocyte hemoglobin ratio, a marker of iron available for hemoglobin
synthesis, also is increased by testosterone administration. Testosterone increases iron
recycling and export from the spleen, as indicated by increased expression of ferroportin in
the spleen, reduced splenic ferric iron stores, and increased serum iron and increased
incorporation of transferrin-bound 8Fe into the red blood cells of testosterone-treated mice
compared to controls. Testosterone-mediated suppression of hepcidin was associated with
increased ferroportin expression in the spleen, consistent with a previous report that hepcidin
selectively regulates ferroportin expression in splenic macrophages (Chaston T, 2008).
Furthermore, sera from testosterone-treated mice induced significantly greater hemoglobin
accumulation in K562 cells induced towards erythroid differentiation than sera from vehicle-
treated mice.

Our data provide novel insights into the mechanisms by which testosterone suppresses
hepcidin expression. We show that testosterone blocks BMP/Smad signaling to inhibit
hepcidin gene transcription. When administered in combination with the BMP/Smad
inhibitor dorsomorphin, testosterone did not induce greater suppression of hepcidin
expression than that associated with testosterone alone. We provide evidence that
testosterone injection promotes the association between AR and Smad1 as well as AR and
Smad4 but reduces the association between Smad1 and Smad4. We further show that
testosterone administration is associated with a substantial reduction in the protein-DNA
binding between Smad1/4 and the two conserved BMR-response elements in the hepcidin
promoter in the liver. Using reporter assay, we show that activated AR dose-dependently
inhibits BMP2-induced hepcidin promoter activity, an effect that was blocked by AR
antagonist flutamide in a dose-dependent manner. Finally, AR-mediated suppression of
hepcidin expression in HepG2 cells was dose-dependently reversed by co-treatment with
BMP2, providing direct evidence that AR interacts with BMP signaling pathway to regulate
hepcidin expression. Taken together, these data provide strong evidence that testosterone
directly regulates hepatic hepcidin transcription through direct interactions between liganded
AR and BMP/Smad pathways.
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Although EPO has been shown to be an important regulator of hepcidin (Lainé F, 2011; Pak
M, 2006) and is transiently stimulated by testosterone, testosterone suppresses hepcidin even
when EPO action is blocked effectively by administration of an anti-EPO neutralizing
antibody. Similarly, we show that hypoxia-sensing mechanisms are not the likely mediators
of testosterone’s actions; testosterone increases net oxygen delivery as indicated by
increased hemoglobin, hematocrit, and 2,3-DPG, and the observed suppression of several
hypoxia-sensing markers. Another mechanism known to regulate hepcidin expression is
inflammation-related IL6 and activation of Stat3 (Ganz et a/., 2009). Since our animals were
young and healthy, and showed no detectable change in liver IL6 levels with testosterone
administration (data not shown), the possible involvement of this pathways was not
investigated further.

Testosterone administration did not increase hemoglobin in hepcidin transgenic mice.
Pharmacological inhibition of hepcidin expression reverses anemia of chronic inflammation
in mice (Sasu et al.,, 2010). However, hepcidin deficiency in mice and in humans does not
cause polycythemia, suggesting that suppression of hepcidin alone cannot fully explain the
increase in hemoglobin and hematocrit observed in response to testosterone administration
in mice and humans; additional mechanisms are likely operative. It is remarkable that in
spite of increased hemoglobin and hematocrit, EPO levels were not suppressed. Therefore, it
is possible that increased EPO levels even in the face of increased hematocrit and
hemoglobin, increased EPO sensitivity, or yet additional mechanisms that were not
investigated may play an important role in mediating testosterone’s effects on
erythropoiesis. Similarly, we recognize that hypoxia-sensing mechanisms are important and
dynamic regulators of erythropoiesis, hepcidin and erythropoietin expression; their role
cannot be fully excluded and requires further investigation.

These data have important clinical implications. Erythrocytosis is the most frequent adverse
event associated with testosterone administration in clinical trials as well as in clinical
practice. An understanding of the underlying mechanisms by which testosterone stimulates
hemoglobin might provide novel strategies to prevent excessive increase in hemoglobin and
hematocrit during testosterone administration. Testosterone or its analogs, or the signaling
pathway unveiled here that mediate testosterone’s effects, should also be explored as
potential therapeutic targets for the treatment of anemia of chronic disease or aging.

Male and female mice (3-month old) were purchased from Jackson Laboratories (Bar
Harbor, ME). Hepcidin transgenic mice (3 month old) (Roy CN, 2007) were backcrossed 10
generations onto C57BL/6 background. Liver-specific expression of tetracycline-responsive
hepcidin transgene [TgN(TRE.mhepcidinl)] is driven by tetracycline-transactivator
[TgN(tTALAP)5Uh, Tet-Off] which is restricted to hepatocytes by expression through
CCAAT/enhancer binding protein- promoter. Control mice (Tg-) were littermates that did
not carry the Tet-off transgene. The mice were provided a standard diet containing 400-ppm
iron. Boston University’s IACUC approved the protocol.

2. Testosterone administration

Testosterone was administered either by subcutaneous injections (1mg in 100uL sesame oil,
daily for short-term and twice weekly for long-term treatments) or in some experiments by
subcutaneous implantation of 2-mm silicone tubing containing testosterone (Dow Corning,
#508-006). 12 mg testosterone was included in 1-cm of tubing. The control animals received
injections of 100-uL sesame oil or implants of empty tubing.
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3. Measurement of 58Fe incorporation into red cells

Female mice were injected with testosterone or placebo twice weekly for 2 weeks. “8Fe was
obtained from Oakridge National Laboratory and complexed with apotransfferin
(www.sigma-Aldrich.com) (Ponka et al., 1985). ®8Fe/transferrin complex was injected into
tail vein at 10 ng/g body weight. Blood was drawn from cheek vein after 8h, washed with
saline, and red cells were digested by HNO3/H,0, (2:1 v/v), dried, and reconstituted in 5%
HNO3 for MC-ICPMASS measurement of 58Fe/>6Fe ratio. The amount of iron incorporated
into red cells was calculated using specific activity of 58Fe in serum iron pool size.

4. Hemoglobin accumulation in K562 cells

K562 erythroleukemia cells were incubated in RPMI 1640 with 10% fetal bovine serum and
induced to differentiate by sodium butyrate (0.5 mM) for 48 h (Kawasaki et a/., 1996). Cells
were washed with serum-free medium, seeded at 2.5x10° cells/ml, and incubated with serum
from female mice treated with vehicle or testosterone or in serum-free medium. Cells were
harvested after 24h and stained with benzidine. 4x108 cells were lysed with 0.2% triton and
centrifuged, and supernatant was incubated with benzidine and quantified by ODgqp.

4. Experiments Using anti-EPO antibody

Adult female mice were randomized to 1 of 4 groups: vehicle-treated controls, testosterone
alone, anti-EPO antibody alone, and testosterone plus anti-EPO antibody. Rat anti-mouse
EPO monoclonal antibody (R&D Systems#MAB959), was injected subcutaneously at 2 ug/g
body weight/day. This dose was effective in blocking phlebotomy-induced erythropoiesis in
mice (not shown). Mice were euthanized after either 72h or 2-weeks. Liver and kidney were
analyzed for hepcidin and EPO mRNA expression.

5. Experiment with dorsomorphin

We treated mice with testosterone or vehicle injections for 48h. Dorsomorphin (20 ug/kg,
Santa Cruz Biotechnology), an inhibitor of BMP/Smad signaling (Yu PB, 2008), or vehicle
was injected intraperitoneally 3h before euthanasia. Liver was harvested for analysis of
hepcidin mMRNA.

6. Blood analysis

Complete blood counts were performed using an ADVIA 120 analyzer (Bayer, Tarrytown,
NY). Erythrocyte 2,3-biphosphoglycerate was measured using commercial reagents (Roche
#10148334001). Erythropoietin (EPO) level was measured by an immunoassay (R&D
systems#MEPQ0).

Serum iron and total iron binding capacity (TIBC) were determined using lron/TIBC kit
(ThermoDMA, Arlington, TX). Tissue nonheme iron concentration was measured as
described (Rebouche et al., 2004).

7. Real-time PCR

Real time PCR was conducted on the ABI 7500 PCR system (Applied Biosystems) using
SYBR Green gPCR master mix (Promega#A6001) and mRNA expression levels were
normalized to HPRT expression level

8. Measurement of MicroRNA

Total RNA was extracted using miRNeasy Mini Kit (Qiagen #217004). Expression of target
miRNA was analyzed by real-time PCR (Baggish et al., 2011).
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9. Tissue iron staining

Spleen was fixed in PBS-buffered formalin, cut into 5Sum sections, and stained in 5%
potassium ferrocyanide freshly prepared in 10% HCI. The sections were counterstained with
5% hematoxylin. Ferric iron staining was quantified using NIH Image J Program.

10. Hypoxyprobe staining

24h after testosterone/vehicle injection, hypoxyprobe (pimonidazole HCI) solution was
injected intraperitoneally (60 mg/kg body weight) 1h before euthanasia. Cardiac perfusion
of 10% formalin was performed before tissue harvesting. Sections of 5uM were
deparaffinized and stained with pimonidazole.

11. Cell cultures and transfections

HepG2 cells were cultured in 24-well plate with Dulbecco’s Modified Eagle Medium
supplemented with 10% fetal bovine serum and antibiotics. Full length human androgen
receptor cDNA (pCMV5AR) was provided by Dr. Elizabeth Wilson and empty vector
pCMV5 by Dr. David Russell. A pGL4 luciferase reporter driven by a 3kb wild-type
hepcidin promoter was constructed as described (Casanovas G, 2009). Control pRL-CMV
Vector was used to control for transfection efficiency. Graded doses of plasmids were
transfected into HepG2 cells using GenJet™ In Vitro DNA Transfection Reagent
(SigaGen#SL.100489-HEPG?2). 12h after transfection, the cells were switched to DMEM
containing 1% FBS and DHT and flutamide. After another 12h, BMP2 was added and the
incubation was extended for another 12h. Hepcidin promoter activity was measured by the
promoter-driven firefly luciferase activity normalized to constitutive Renilla luciferase
activity (Promega E1910). In separate experiments, HepG2 cells were transfected with AR-
encoding plasmid (800 ng/well) and treated with DHT (100 nM) and BMP2 or actinomycin
D (1 ug/ml) and cells were harvested at different time points after treatment to assess
hepcidin mRNA expression.

12. Western analysis and co-immunoprecipitation

Spleen and liver tissue, rapidly frozen in liquid N2, were pulverized on dry ice and
homogenized in RIPA buffer containing phosphatase and protease inhibitors. Antibodies
were purchased from Santa Cruz (AR #sc-13062, beta-tubulin #sc9104, Smad4 #sc7966),
Abcam (ferroportin #ab78066), BD Pharmingen (CBP/p300 #554215), and Cell Signaling
(Smad1 #9511, Smad4 #9515, phosphor-Smad1/5/8 #9743). For co-immunoprecipitation
experiments, the liver tissue was homogenized in 20-volumes of a low-salt solution
containing 10mM Hepes pH7.5, 2mM MgCI2, ImM EDTA, 1mM EGTA, 10mM KCl,
10mM NaF, 1mM Na3V04, 1mM DTT and 1mM PMSF. The homogenate was filtered and
IGEPAL was added to achieve a final concentration of 0.25%, mixed and centrifuged at
1000g for 20min at 4C. The pellet was washed with low salt buffer and re-suspended in
equal volume of high salt buffer (25mM Hepes pH7.5, 500mM NaCl, 10mM NaF, 10%
Glycerol, 0.2% NP40, 5mM MgCl, 1mM Na3Vv0O4, 1mM DTT, 1mM PMSF). After
incubation on ice for 15 min, the mixture was sonicated, and diluted in low salt solution to
lower total salt concentration and centrifuged at 14,000g x 20min at 4°C. One milligram of
supernatant was pre-cleared with goat-1gG-AC (sc-2346, for use with goat-anti-Smad4) or
rabbit-1gG-AC (sc-2345, for use with rabbit-anti-AR) for one hour. Sample was incubated
with goat-anti-Smad4 or rabbit-anti-AR overnight. Protein A/G agarose (sc-2003) was added
to the protein-antibody mixture and incubation was continued for 4h at 4°C. Agarose beads
were washed with PBS containing 0.05% IGEPAL 5 times and boiled in SDS buffer
followed by Western analysis.
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13. Chromatin immunoprecipitation (ChIP) assay

Liver tissue isolated from female animals 48h after testosterone injection was processed
using SimpleChIP® Plus Enzymatic Chromatin IP Kit (Cell Signaling #9005) (Figure s9).
The chromatin fraction equivalent to 10ug DNA was incubated with 5ul rabbit anti-Smad1
antibody (Cell Signaling #6944) or 6ug mouse anti-Smad4 antibody (Santa Cruz #sc-7966)
with rotation overnight at 4°C. ChlIP-grade protein G magnetic beads were added and
samples rotated for another 4h at 4°C. Positive control was incubated with rabbit anti-
histone 3 (H3) antibody and negative control was incubated with normal rabbit 1gG. A 10%
fraction of each sample was set aside as input reference that was processed in parallel but
without the antibody incubations. After the reversal of cross-linking, DNA from each ip
reaction or its corresponding input was eluted into 60ul of elution buffer. The antibody-
associated DNA was quantified by real-time PCR using 3ul of each DNA template and
primer sets designed for BMP-REL (F: gctggctgtaggtgacacaa, R: acccccattttgctctgact) and
BMP-RE2 (F: cagtctgtcgcctcaaattgt, R: caaccatcactgtggcttct), and control primer set for
RPL30 Intron 2 (Cell Signaling #7015). The sample intensity of amplified DNA fragments
was normalized to the values of corresponding inputs.

14. Statistical Analyses

The results are presented as mean+SEM. For experiments that include more than two
groups, comparison was conducted using one-way ANOVA followed by Tukey’s test, which
acknowledges multiple comparisons. Simple comparisons between control and testosterone-
treated animals were performed using Student’s T-test for indepndent samples. For
assessment of modification of testosteroene effects by other factors, multiple regression
analyses were employed, with statistical signficance determined according to Wald-type
tests of estimated interaction effects. Where multiple measurements were obtained over
time, linear trends in responses were not assumed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of Testosterone on Red Céll Indices, Reticulocyte Count, Reticulocyte

Hemoglobin Ratio, and Circulating Iron Indices

A: Time course of hematocrit change after subcutaneous insertion of empty or testosterone
implants in female mice (*p=0.0002, **p<0.0001, ***p=0.0002 for between-group
comparison at each time). The slope of hematocrit change over time was 0.65 for

testosterone group (p<0.0001) and 0.02 for control group (p=0.6121).

B: The mice treated with testosterone implants for 2-weeks had significantly higher
hemoglobin (Hgb), hematocrit (Hct), and a trend towards higher mean corpuscular
hemoglobin (CHm) than mice that received empty implants.
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C: Testosterone-treated mice had significantly higher serum iron, lower total iron binding
capacity (TIBC), and higher transferrin (Tf) saturation than controls 2 weeks after insertion
of either empty (C) or testosterone implants (T).

D. Testosterone-treated mice (T) had significantly higher reticulocyte count (Retic-C) and
higher reticulocyte hemoglobin ratio (CHr) than controls (C) after 2 weeks of treatment.
The data are mean+SEM, n=10-20 mice for each measurement.
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Figure 2. The effects of testosterone on hepcidin MRNA expression and on hematocrit,
hemoglobin, and serum iron in wild type and hepcidin transgenic mice

A. Testosterone suppresses hepatic hepcidin expression. Testosterone administration was
associated with a greater decrease in hepatic hepcidin mRNA expression than vehicle after
96h (left panel, *p<0.0001, **p< 0.0001, ***p<0.0001 for between-group comparison at
each time) and 2 weeks of treatment (right panel).

B. Hematocrit (Hct) (upper panel) and hemoglobin (Hgb) (lower panel) in wild type (wt)
and transgenic female mice that carried either a silent (Tg~) or a constitutively active (Tg*)
hepcidin transgene at baseline (day 0) or on day 14 after administration of either empty or
testosterone implants. Wt and Tg™ mice both displayed higher Hgb and Hct on day 14
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compared to baseline in response to testosterone administration, whereas Tg* mice
displayed a slight decrease in Hgb and Hct. Wild-type mice treated with empty implants
displayed a small decrease in Hgb and Hct likely due to repeated blood drawing.

C. Serum iron levels in female wild type (wt) and mice carrying silent (Tg™) or
constitutively active (Tg™) hepcidin transgene. Testosterone treatment for 2 weeks was
associated with significantly higher serum iron levels in wt and Tg™ mice than in vehicle-
treated controls and in testosterone-treated Tg™ mice. Tg* mice had significantly lower
serum iron than all other groups.
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Figure 3. Effect of testosterone on splenic ferroportin expression and ferriciron staining,
hemoglobin accumulation in K562 erythroleukemia cells, and on 58Feincorporation intored
blood cells

A. Western analysis of splenic ferroportin (fpn) expression (N=5 for each group).
Ferroportin protein level, normalized by actin expression, was significantly higher in spleens
of testosterone-treated (T) mice than in controls (C).

B. Prussian blue staining for iron in the spleen of mice treated with either empty (C) or
testosterone-containing (T) implants (N=3 for each group). Ferric iron stains greenish-blue
and background tissue is stained with hematoxylin. Testosterone treatment significantly
reduced splenic ferric iron, measured either as area of iron staining (upper left panel) or as
the size of iron stains (lower left panel). This result is consistent with the increased
expression of iron-exporter ferroportin in this tissue.

C. Iron incorporation into red blood cells. Female mice were injected testosterone twice
weekly for 2 weeks. ®8Fe/transferrin complex was injected into tail vein at 10 ng/g body
weight. After 8 h, blood was taken to measure 8Fe/>6Fe ratio using MC-ICPMASS. The
amount of iron incorporated into red cells was calculated from specific activity of °8Fe in
steady-state serum iron pool size.
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D. Effects of testosterone on hemoglobin accumulation in K562 cells. Erythroid
differentiation was induced by sodium butyrate (0.5 mM) for 48 h. Cells were incubated
with 10% serum from female mice pre-treated with vehicle (C) or testosterone (T). Serum
iron concentrations were 17.5+0.9uM and 25.1+0.6uM and transferrin saturation 31.0+0.7%
and 36.7+0.3% for the control and T-treated mice, respectively. A negative control was
incubated with serum-free medium (N). Cells were harvested after 24 h and stained with
benzidine (upper panel). Cells were lysed with 0.2% Triton and hemoglobin was measured
after benzidine staining at ODggy.
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Figure4. Erythropoietin is not essential for testosterone-mediated suppression of hepcidin

A: Time-course of testosterone-induced changes in renal EPO mRNA expression (upper
panel) and serum EPO concentrations (lower panel) in female mice. Results are mean+SEM,
N=8 for each group. Testosterone administration induced a rapid increase in renal EPO
mMRNA expression which was followed by an increase in serum EPO levels.

B: To determine whether EPO is the mediator of testosterone-induced hepcidin suppression,
we treated female mice with testosterone (T) with and without an anti-EPO neutralizing
antibody (anti-EPQO). EPO and hepcidin mRNA expression levels were assessed 72h (left
panel) and 2 weeks (right panel) after treatment initiation. Testosterone administration was
associated with a 2 fold increase in renal EPO mRNA expression at 72 h and ~75% decrease
in hepatic hepcidin mRNA expression. The administration of anti-EPO antibody alone
resulted in a 2 fold increase in renal EPO mRNA. Combined administration of testosterone
and anti-EPO antibody resulted in greater increase in renal EPO mRNA expression than
either intervention alone. The administration of anti-EPO antibody resulted in a nearly 2 fold
increase in hepatic hepcidin mMRNA expression. However, co-treatment with anti-EPO did
not prevent testosterone-induced suppression of hepcidin either at 72h or 2 weeks. Thus,
EPO is not essential for mediating the inhibitory effects of testosterone on hepcidin
expression. Results are mean+SEM, N=5 for each group.
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B: Nuclear extracts
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Figure 5. Androgen receptor associates with Smadl and Smad4, blocks BM P/Smad signaling,
and reduces Smad1 binding to the BM P-response elements (BM P-RE1 and BMP-RE2) in the
hepcidin promoter

A: Testosterone administration for 48h upregulated the expression of androgen receptor
(AR) and phospho-Smad1, but had no effect on the expression of total Smadl and Smad4.
The results are representative of 3 experiments. Each lane represents the result from one
animal.

B: Liver nuclear extracts were immunoprecipitated with goat-anti-Smad4 (left panel) or
rabbit-anti-AR (right panel) antibodies. Immune complexes were separated by gel
electrophoresis and detected using anti-Smad1, anti-Smad4, anti-CBP/p300, and anti-AR
antibodies. Immune complexes immunoprecipitated with anti-Smad4 antibody contained
AR, Smad1 and p300 proteins (left panel). Similarly, Immune complexes
immunoprecipitated with anti-AR antibody contained Smad4, Smad1, and p300 (right
panel). All samples were pre-cleared with agarose gel conjugated with normal goat IgG (for
ip with Smad4) or rabbit 1gG (for ip with AR) before first antibody was added to the
reaction. Equal inputs were confirmed by Western blot for LaminA/C (not shown). Results
are representative of 4 experiments. These data provide evidence of association of AR with
Smad1, Smad4, and CBP/p300.

C: Liver hepcidin mRNA expression in mice treated with vehicle (C), dorsomorphin (DM)
(an inhibitor of BMP/Smad1 signaling), DM plus testosterone (DM+T), or T alone.
Administration of DM and T each down-regulated liver hepcidin mRNA expression.
However, combination of both did not decrease it any more than T alone, suggesting that T
and DM likely share overlapping pathways for hepcidin regulation. Results are meant SEM,
N=4 for each group.
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D: Liver tissue isolated from mice treated with vehicle (C) or testosterone (T) was subjected
to ChIP analysis. Immuno-precipitation of Smad1 protein-DNA complexes was performed
using anti-Smad1 (Cell Signaling#6944). Negative controls (Neg) were immuno-precipitated
with rabbit 1gG and positive controls (Pos) were immuno-precipitated with rabbit anti-
histone 3 (H3). Real-time PCR was performed using primer sets flanking BMP-RE1 and
BMP-RE2 of mouse hepcidin promoter. Results were normalized to the corresponding
inputs (sonicated chromatin before immuno-precipitation). Treatment with testosterone for
48h reduced the association between Smad1 and the BMP-RE1 (left panel) and BMP-RE2
(middle panel) on the hepcidin promoter. The assay specificity was validated by primers
designed for RPL3 intron 2 (Cell Signaling, #7015) which strongly binds to H3 but not
Smad1 or rabbit IgG (right panel). Results are mean+SEM, N=3 for each group.
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A: Androgen receptor (AR) interferes with BMP2-induced
activation of hepcidin promoter in HepG2 cells.
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B: Androgen receptor (AR) interferes with BMP2-induced
hepcidin expression in HepG2 cells.
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Figure 6. Androgen receptor attenuates BM P2-induced activation of hepcidin promoter activity
and BMP2-induced hepcidin mRNA expression in HepG2 cells

A: HepG2 cells were transfected with control vector, low dose (200 ng/well), and high dose
(800 ng/well) of AR encoding plasmid, all in combination with a pGL4 luciferase reporter
driven by a 3kb wild-type hepcidin promoter (300 ng/well). A CMV-driven Renilla
luciferase vector (30 ng/well) was used as transfection control. 12h after transfection, cells
were switched to 1% FBS in low glucose DMEM containing graded dose of DHT and
flutamide. After 12h, BMP2 (10 ng/ml) was added to selected wells and incubation was
extended for 12h. Results were normalized to Renilla luciferase activity. Experiments were
repeated 3 times. Data are mean+SEM.
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B: HepG2 cells were transfected with control vector or AR-encoding plasmid (800 ng/well).
The AR-transfected cells were treated with DHT (100nM). BMP2 was added at 0, 25, 50,
and 100ng/ml and incubation was extended for 4h. Hepcidin mRNA was analyzed by real-
time PCR and normalized to HPRT. Results are mean+SEM, N=4 for each treatment.
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