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Anemia is a multifactorial condition whose prevalence increases in both sexes after the fifth decade of life. It is a highly represented
phenomenon in older adults and in one-third of cases is “unexplained.” Ageing process is also characterized by a “multiple
hormonal dysregulation” with disruption in gonadal, adrenal, and somatotropic axes. Experimental studies suggest that anabolic
hormones such as testosterone, IGF-1, and thyroid hormones are able to increase erythroid mass, erythropoietin synthesis, and
iron bioavailability, underlining a potential role of multiple hormonal changes in the anemia of aging. Epidemiological data more
consistently support an association between lower testosterone and anemia in adult-older individuals. Low IGF-1 has been especially
associated with anemia in the pediatric population and in a wide range of disorders.There is also evidence of an association between
thyroid hormones and abnormalities in hematological parameters under overt thyroid and euthyroid conditions, with limited data
on subclinical statuses. Although RCTs have shown beneficial effects, stronger for testosterone and the GH-IGF-1 axis and less
evident for thyroid hormones, in improving different hematological parameters, there is no clear evidence for the usefulness of
hormonal treatment in improving anemia in older subjects. Thus, more clinical and research efforts are needed to investigate the
hormonal contribution to anemia in the older individuals.

1. Introduction

1.1. Anemia and Unexplained Anemia in the Elderly. Anemia
is a multifactorial condition whose prevalence increases in
both sexes after the fifth decade of life, becoming a highly
represented phenomenon in older adults [1]. The estimated
prevalence of anemia highly varies according to the study
population, study setting, and health status, as well as the
criteria to define anemia [2].The diagnosis is more frequently
based on the World Health Organization (WHO) criteria
reported in 1968, as hemoglobin (Hb) concentration<12 g/dL
and <13 g/dL in nonpregnant women and men, respectively

[3]. Data from the Third National Health and Nutrition
Examination Survey (NHANES III), by using the WHO
definition, have estimated a prevalence of anemia of about
11% of community-dwelling older men and 10.2% of women,
exceeding 40% among the oldest-old population (85 years
and older) [4]. Interestingly, the prevalence of anemia is
greater among nursing home residents than in community-
dwelling older individuals [2, 5, 6].

In the elderly, anemia is caused by different factors
including nutrient deficiencies (iron, folate, and vitamin
B12), occult hemorrhage, renal dysfunction, and chronic
inflammation/diseases [7]. However, data report that in about
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one-third of anemic older adults the determinants of this
condition cannot be clearly identified and anemia is defined
as “unexplained” (UA) [8]. Anemia “sine causa” is typically
mild (with Hb levels approximately 1 g/dL lower than the
WHO standard), featured by normal red blood cells size with
no evidence for intravascular destruction or morphological
features [7]. All these characteristics make this condition not
frequently recorded up to 75% of the cases [9].

Although mild anemia can be well tolerated in young
and adult individuals, this condition in the elderly is a
predictor of a progressive decrease in physical performance
andmuscle strength [10, 11], and an increased risk of recurrent
falls [12], frailty status [13], cognitive impairment [14], and
hospitalization [15, 16].

Moreover, large population-based prospective studies
performed in community-dwelling older individuals iden-
tified anemia as risk factor for death, independently of
multimorbidity [17, 18]. An association between mild anemia
and multiple adverse outcomes has also been shown among
vulnerable class of individuals, such as those with chronic
heart failure [19], chronic kidney disease [20], and diabetes
mellitus [21]. However, it is still unclear whether anemia has
a causative role in the development of adverse events or is just
a marker of the disease burden [22].

1.2. Contributing Factors of UA in the Elderly:TheRole of “Mul-
tiple Hormonal Dysregulation”. Efforts to understand the
pathophysiology of the so-called anemia of aging have specif-
ically targeted different physiological age-related changes
including erythropoietin (EPO) resistance and reduced pro-
liferative capacity of bone marrow stem cells, stem cell aging,
impaired renal function, myelodysplasia (MDS), and chronic
inflammation with higher circulating levels of proinflamma-
tory cytokines [8, 23, 24]. These contributing factors might
lead to alterations in the red blood cell production and red
blood cell survival.

Among the predisposing factors of anemia recent studies
underline the role of hepcidin, an iron-regulating hormone,
which at higher levels seems to favour both iron seques-
tration in reticuloendothelial cells and the alteration of gut
ferroportin-mediated iron absorption [25]. However, the role
of hepcidin in the onset of UA is still controversial [26].

Interestingly, the age-related decline in androgen levels
has been recently numbered among the factors involved
in the pathogenesis of the so-called UA of the elderly [27,
28]. Epidemiological studies and several clinical trials have
suggested a potential relationship between Hb levels and
the severity of androgen deficiency [29]. Serum insulin-
like growth factor 1 (IGF-1) and insulin-like growth factor-
binding protein 3 (IGFBP-3), thyroid-stimulating hormone
(TSH), L-triiodothyronine (T3), and L-thyroxine (T4) levels
seem also to be involved in maintaining Hb concentration
under physiological and pathological conditions (Figure 1).

Therefore, anabolic hormones, whose levels undergo a
progressive decline during ageing, might represent a plau-
sible cause of anemia when other causal pathways have
been excluded. Interestingly, the ageing model is frequently
characterized by a simultaneous deficiency in anabolic hor-
mones.Multiple hormonal “dysregulation” is amore frequent

phenomenon than a single hormonal derangement in older
persons [30]. This phenomenon mostly involves gonadal,
adrenal, and somatotropic axes, with a subsequent decline
in testosterone (T), dehydroepiandrosterone sulfate (DHEA-
S), and IGF-1 concentrations, respectively [30], resulting in
anabolic deficiency, an important determinant of accelerated
aging process [30]. There is recent evidence that anabolic
hormones do not operate independently of each other and
might have synergistic effects [30]. It is verywell known that T
mainly acts as anabolic agentwhileGHexerts an anticatabolic
affect [31]. IGF-1 can be also considered the cross-road of
many stimuli including DHEAS and T [30]. Data from
Hagenfeldt and colleagues [32] suggest that androgen therapy
is able to increase IGF-1 levels, which may represent an
important mediator of T action.

A multiple hormonal derangement, rather than a single
anabolic hormone deficiency, has been identified as a robust
biomarker of health status in older persons [33]. Data from
the Aging in the Chianti Area (InCHIANTI) Study docu-
mented that the parallel decline in T, DHEAS, and IGF-1
independently predicts 6-year mortality in older men [33].

According to this concept a partial failure of a single hor-
mone system might be compensated by one or more parallel
systems without producing significant detrimental clinical
effects, suggesting that the single hormonal derangement is
a not specific predictive parameter in older individuals.

Data were especially focused on the erythropoietic prop-
erties of a single anabolic agent (T, IGF-1, thyroid hormones,
or estradiol), with limited evidence existing on the contri-
bution of multiple anabolic pathways in the pathogenesis of
anemia.

Thus, we performed an accurate review of the liter-
ature using PubMed until March 2015, by selecting the
observational human studies investigating the hormonal
contribution (Testosterone, IGF-1, and thyroid Hormones) to
anemia older subjects of both sexes. In this review, studies are
presented according to the cross-sectional and longitudinal
design and to the positive or neutral effects on different
hematological parameters.We also analyzed the clinical trials
having hematological indexes as the main or secondary
outcome.

2. Testosterone and Anemia

2.1. Potential Mechanisms. The role of androgens on erythro-
poiesis is known since 1941 [34] when, before the availability
of recombinant human EPO, they represented the main
pharmacologic agents in the treatment of anemia of chronic
and end-stage renal disease, aswell as aplastic anemia [35, 36].

In vitro and animal studies have suggested a role for
androgens in increasing erythroid mass, EPO synthesis, and
iron bioavailability. In bone marrow cultures, androgens
stimulate hematopoiesis [37–39] also improving erythroid
and myeloid colony formation in semisolid cultures [40,
41]. However, myelostimulating effects of androgens seem
to target more mature erythroid progenitors rather than
hematopoietic stem cells or immature progenitor cells [42].
In human cell cultures, T exerts a direct role on bone marrow
erythroblasts and red cell precursor survival [28, 43, 44],
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Figure 1: Potential molecular mechanisms underlying the hormonal regulation of erythropoiesis. The figure depicts the potential molecular
mechanisms underlying the hormonal regulation of erythropoiesis (IGF-1, T, and thyroid hormones) hypothesized in both in vitro and animal
studies. Testosterone. By binding with a nuclear androgen receptor (AR), testosterone may exert a direct role on bone marrow erythroblast
and red cell precursor survival leading to an increase in erythroid mass and erythroid and myeloid colony formation. The erythropoietic
activities of T may also be related to the stimulation of EPO synthesis and secretion at kidney level (by modulating the hypoxia or hypoxic
sensing). Testosterone also enhances the sensitivity of erythroid progenitor cells to EPO, determining an increase in red cell production.
An alternative hypothesis considers the suppression of hepcidin, the iron-regulating hormone, as a contributory factor in the T-related
erythrocytosis. Testosterone might reduce hepcidin levels by modulating inflammatory cytokines, especially interleukin-6 (IL-6), known
modulator of the liver production of hepcidin. IGF-1. IGF-1 directly stimulates the proliferation and differentiation of the late stage of primitive
erythroid progenitor cells and/or early erythroid progenitor cells. IGF-1might also increase the expression of cell-surface transferrin-receptors
by determining a redistribution from the intracellular compartment to the cell surface. Alternatively, IGF-1 can act together with EPO
in a synergistic way suggesting for IGF-1 a role of EPO substitute. TSH and Thyroid Hormones. Thyroid-stimulating hormone (TSH), L-
triiodothyronine (T3), and L-thyroxine (T4) might play a direct role in ensuring normal erythropoiesis. Thyroid-stimulating hormone could
affect hematopoiesis by binding to a functional thyrotropin receptor (TSHR), which is found in both erythrocytes and some extrathyroidal
tissues. T3 is involved in the control of growth and apoptosis of hematopoietic cells and bone marrow tissue by potentiating the erythroid
burst-forming unit (BFU-E) proliferation. T4 has been shown to exert a direct, 𝛽2-adrenergic receptor-mediated stimulation of red cell
precursors.The effects of thyroid hormones on erythropoiesis seem to bemediated at themolecular level by the T3 binding to specific nuclear
receptors (the endogenous receptor alpha, c-erbA/TR𝛼) and the closely related retinoic acid receptor 𝛼 (RAR𝛼) involved in the regulation of
normal erythroid differentiation. In hypothyroid conditions, reduced EPO levels might also account for anemia.

by binding with a nuclear androgen receptor (AR) [45].
Interestingly, the pretreatment of bone marrow cells with
cyproterone and flutamide, selective competitive blockers of
nuclear AR [46], completely inhibits the beneficial effects of T
on erythroid burst-forming units and colony-forming units.
In mice, T administration increases Hb levels and hematocrit
as well as granulocyte and platelet numbers, with a greater
effect in the oldest experimental study group [47, 48].

Most of the erythropoietic activities of T seem to bemedi-
ated by the stimulation of EPO secretion [49–51] and by the
modulation of erythroid progenitor cells sensitivity to EPO,
overall resulting in an augment of the red cells production.
In vitro studies have documented stimulatory properties for
androgens on red cell synthesis, blocked by injection of anti-
EPO antibody [52]. Furthermore, erythroid progenitor cells
frommice treated with T exhibited an increased proliferative
response to EPO [37, 46]. However, a modest increase in
EPO concentrations has been also observed in patients who
underwent total androgen blockade therapy (short-term and
long-term), after the decline in serum Hb levels, indepen-
dently of serum T concentration [53]. There is evidence
that T increases EPO levels by modulating the hypoxia or
hypoxic sensing, known to stimulate EPO secretion [54].
Therefore,many effects induced byT (including increasedHb

and hematocrit, increased red cell 2,3-bisphosphoglycerate,
and increased muscle capillarity) increase the net oxygen
delivery to the tissue [55]. Alternatively, T could influence
EPO secretion via direct effects at renal peritubular fibroblasts
level [56], establishing a new EPO/Hb “set point.” A similar
phenomenon is observed in post-transplant erythrocytosis,
renal dysfunction, and some populations who live at high
altitude [57]. In contrast, other data describe a direct action
of T in hypoxia-induced EPO synthesis. These studies show
no effect of T on EPO transcription in Hep3B cells, an
EPO-secreting cell line highly sensitive to hypoxic stimuli
[58].

However, mechanisms other than EPO have been pro-
posed to explain the role of T deficiency in the decline of both
Hb and hematocrit levels. Animal [59, 60] and human [61]
studies reported that Tmay influence iron bioavailability and
utilization.

Guo and colleagues [55] recently argued that the
increased transferrin levels and reduced serum ferritin con-
centration could explain the increased Hb concentration
observed after T administration. However, T replacement
therapy with T propionate seems more effective in stimu-
lating erythropoiesis when chronic administration is estab-
lished [62].
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It is verywell known that serum transferrin concentration
reflects the body iron status and erythroid transferrin uptake
as well as total erythroid activity [63]. An alternative hypoth-
esis suggests a role for the suppression of hepcidin, the iron-
regulating hormone factor, in the T-related erythrocytosis.
Testosterone might reduce hepcidin levels by decreasing
inflammatory cytokines, especially interleukin-6 (IL-6) [64].
Elevated levels of IL-6 are known to negatively influence
erythropoiesis [64], also increasing the liver production of
hepcidin through the HAMP gene [7, 65, 66]. It is very well
documented that T exerts anti-inflammatory properties by
inhibiting the proinflammatory nuclear transcription factor
kappa B (NF𝜅B) [67] and the expression of the inflamma-
tory mediator IL-6. Bone marrow cell cultures treated with
serum from patients affected by chronic disease exhibited a
suppression of erythroid colony-forming units (CFU-E) [68].
Interestingly, this effect reversed after the administration
of antibodies against TNF𝛼 and IFN𝛾 [68]. In erythroid
cells treated with T, an increase in both iron export from
the spleen and iron availability for Hb synthesis has been
observed as consequence of the suppression of hepcidin
and the upregulation of ferroportin (the major cellular iron
exporter) [59].

Consistently, studies in mice with genetic alterations in
iron regulatory genes, including inactivatingmutations in the
gene encoding hepcidin (HAMP), have shown a transient
polycythemia [69].

2.2.Human Studies. In humans, a number of epidemiological
studies have hypothesized a relationship between serum T
levels and the erythropoietic process (Table 1). Hemoglobin
levels have been related to T status, with lower concentrations
in severely hypogonadal men than in those moderately
hypogonadal and eugonadal [29].

Therefore, the age-associated decline in T levels has been
proposed to account for the decline in erythroid cellmass and
the so-called unexplained anemia of older men.

It is very well known that T serum levels decrease by
1% per year, and bioavailable T (free plus albumin bound
T) by 2% per year, from the age of 35. As a consequence,
approximately 20% of men over 60 years old and 50% of
men over 80 years old have serum T concentration below
the normal range for young men [101]. Similarly, in women,
T levels decrease from the age of 40, approaching prior to
menopause the 50% of those present at 30 yr [101].

The most plausible causes of the reduced T levels
observed during the aging process include impaired testicular
responses to gonadotropin stimuli, coupled with incomplete
hypothalamic-pituitary compensation for the fall in total and
free T levels [102].

In a recent population-based study, older men with
unexplained anemia exhibited lower T levels when compared
to their nonanemic counterparts [70]. Interestingly, a higher
risk of anemia has been documented not only in men [103]
but also in women [27] with low T levels.

Ferrucci and colleagues showed a significant linear rela-
tionship between bioavailable T and Hb levels in 905 older
participants of both sexes from the “Invecchiare in Chianti”
(InCHIANTI) study [27]. Furthermore, low T levels were

prospectively associated with an increased risk of anemia
after a 3-year follow-up period.

Primary hypogonadism frequently occurs in elderly
patients, while secondary hypogonadism is more commonly
diagnosed in middle-aged men with multimorbidity includ-
ing type 2 diabetes mellitus [71, 104, 105]. Grossmann et al.
in a cross-sectional cohort study, performed on 464 men
with type 2 diabetes, demonstrated that low T levels were
independently associated with anemia [106]. Accordingly,
Bhatia et al. [107] documented a lower hematocrit together
with elevated plasma C-reactive protein (CRP) concentra-
tions in 70 patients with hypogonadotrophic hypogonadism
and diabetes. Thus, both low T and chronic inflammation
could be identified as risk factors formild anemia inmenwith
type 2 diabetes [107].

As widely documented, pituitary adenomas are another
possible mechanism involved in the development of sec-
ondary hypogonadism. In a retrospective review of 197
male patients with pituitary macroadenomas and low T
concentrations, Ellegala et al. demonstrated an impairment
of hematopoiesis arguing that T levels are independently
correlated with hematocrit [72]. It is very well known that
the most frequent cause of hypogonadism among the general
male population is the androgen deprivation therapy (ADT),
commonly used inmanaging recurrent, locally advanced, and
metastatic prostate cancer [73]. Interestingly, cancer patients
undergoing ADT are more frequently anemic [108, 109] than
those not on ADT, further supporting the hypothesis that T is
able to influence Hb levels. Patients with androgen deficiency
related to orchiectomy or pharmacologic androgen ablation
for prostate cancer typically have a drop of 1 g/dL in Hb levels
[110–112]. Interestingly, after a complete hormonal ablation
and radiotherapy, this decrease can be seen as high as 2.5 g/dL
[7]. Anemia associated with ADT is also a frequent feature
in men receiving combined hormone blockade [113]. In
this case, the anemia is usually normochromic, normocytic,
temporally related to the initiation of androgen blockade, and
reversing after combined hormone blockade discontinuation
[113].

Finally, the association between T and decline in hepcidin
levels in the elderly is still uncertain. In fact, no correlation
between hepcidin and T levels was found in a large cohort
of patients with unexplained anemia compared to matched,
nonanaemic individuals and to patients with known causes
of anemia [70].

2.3. Intervention Studies. A meta-analysis of 51 intervention
studies using different preparations of T showed a significant
increase in both Hb (weighted mean difference (WMD):
0.80 g/dL; 95% CI: 0.45–1.14) and hematocrit (WMD: 3.18%;
95% CI: 1.35–5.01) [114]. In particular, T administration
proved effective in increasing hematocrit in older hypogo-
nadal males (Table 1). In a preliminary alternate-case con-
trolled trial, older hypogonadal males (mean age 77.6 ±
2.3) with bioavailable testosterone levels less than 70 ng/dL,
receiving testosterone enanthate (200mg/mL) intramuscu-
larly every 2 weeks for 3 months, showed significantly
increased levels of total and bioavailable testosterone con-
centration and hematocrit [74]. Steidle and colleagues [115],
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Table 1: Observational and intervention studies testing the relationship between testosterone and hemoglobin and anemia.

Author reference Year Type of
survey Population Dose/follow-up Results

Observational

Waalen et al. [70] 2011 Case-control
72m 80w
>65 y
UA

— Lower T levels in the UA group
compared with nonanemic controls

Dhindsa et al. [71] 2004 Cross-
sectional

492m
30–94 y — Both total and free T were positively

associated with Hb levels

Ferrucci et al. [27] 2006 Cross-
sectional

396m 509w
>65 y —

Total and bioavailable T levels were
linearly correlated with Hb
concentration and risk of anemia

Ellegala et al. [72] 2003 Cross-
sectional

464m
mean age

64 y
DM

—
Low total and free T levels were
independently associated with
reduced Hb levels in DMmen

Saylor and Smith [73] 2010 Cross-
sectional

70m
24–78 y
DM

—

Free T levels were positively
associated with hematocrit and
negatively associated with CRP
levels

Ferrucci et al. [27] 2006 Longitudinal 274m 337w
>65 y 3 y

Nonanemic subjects in the lowest
quartile (low total and bioavailable
T levels had a higher risk of anemia)

Intervention

Morley et al. [74] 1993 Case-control
study

8m
mean age 76 y

TE 200mg/mL im/2wk
3 months T therapy increases hematocrit

Jockenhövel et al. [75] 1997 Double-blind
RCT

15m
51–79 y

TC 200mg im/2wk
12 months

T therapy increases Hb
concentration

Sih et al. [76] 1997 No RCT 18m
22–78 y

T patch
6mg/day

3 y

T therapy increases Hb levels and
hematocrit

Snyder et al. [77] 2000 Double-blind
RCT

406m
20–80 y

T gel 50–100mg/day
patch 24,4mg/day

90 days

Both T preparations
increase Hb and hematocrit values
compared to placebo

Alexanian [78] 1966 Double-blind
RCT

39m
40–77 y

T patch
5mg/day
6 months

T therapy increases Hb but not
hematocrit

Merza et al. [79] 2006 Double-blind
RCT

61m
18–35 y
60m

60–75 y

Injection leuprolide
depot 7.5mg/month
TE 25-50-125-300-

600mg/week
20 weeks

Hemoglobin and hematocrit
increased in response to graded
doses of T, greater in older than
young men

UA: unexplained anemia
DM: type 2 diabetes
CRP: C-reactive protein
TE: testosterone enanthate
IM: intramuscular injection.

in 406 hypogonadal older men treated with two doses
of AA2500 T gel (50mg/day and 100mg/day) or T patch
(two patches delivering 5mg T daily), reported increased
haemoglobin and haematocrit values after 90 days of treat-
ment, with greater levels in the topical testosterone gel.
Interestingly, Snyder et al. showed that T patch treatment is
an effective strategy to improve hematocrit, with an effect
maintained during the 3-year follow-up period [77].

The effectiveness of other molecular forms and different
dosage of injectable T in improving hematopoietic param-
eters has also been studied. Sih and colleagues showed

a significant rise in Hb concentration in men receiving
injections of placebo or 200mg of T cypionate biweekly for
12 months [76]. Jockenhövel et al. underlined that different
formulations of T in hypogonadal men had different effects
on T levels [75]. In particular, the authors showed that T
enanthate (TE) 250mg for 21 days was able to induce a higher
elevation of Hb by 21.1±2.6 g/L and hematocrit by 6.4±0.9%.
The linear, dose-dependent increase in Hb levels was also
shown by Coviello et al. [116] in healthy young and older
men concomitantly receiving a long-acting gonadotropin
releasing hormone (GnRH) agonist and graded doses of T
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enanthate. In this study, older people experienced a greater
increment in both Hb concentration and hematocrit but not
in serum EPO concentrations when compared to younger
men. Conversely, a double-blind placebo-controlled trial
evaluating the effects of T patch therapy on bone turnover
in 39 men (range 40–77 years) showed that 5mg/day of T
therapy for 6 months led to an increase in Hb level but not
to significant changes in hematocrit [79].

In anemic male patients [78], both T and 5-dihydro-
testosterone treatment resulted in increased plasma and
urinary EPO concentrations. In particular, Alexanian [117]
documented that fluoxymesterone treatment in normal and
anemic men (dose of 40mg/m2), hypogonadal men, and
anemic women (dose of 10mg/m2) drove a 5- to 10-fold
greater increase in the urinary concentrations of EPO. Unlike
animal models, humans are able to retain the responsiveness
to androgens even after nephrectomy, probably because of
the presence of extrarenal sources of EPO. However, several
studies failed to prove the effectiveness of transdermal andro-
gen therapy in increasing EPO levels in anemia of chronic
kidney disease [118] or in healthy older men with serum T
concentration <475 ng/dL [119].

In healthy young (aged 19–35 years; 𝑛 = 53) and older
men (aged 59–75 years; 𝑛 = 56), the administration of
weekly graded doses of T enanthate (25, 50, 125, 300, and
600mg) over a 20-week period induced a significant increase
in hematocrit together with decreased hepcidin levels [61].

However, it should be underlined that erythrocytosis is a
typical phenomenon occurring in diseases featured by high
T levels [120, 121]. Therefore, the detection of erythrocytosis
as the most common adverse event of T replacement therapy
both in clinical practice and in T trials [122–124] is highly
expected.

Erythrocytosis may decrease organ perfusion and the
rise of hematocrit levels has been linked to cardiovascular
complications [34]. Based on these evidences, the Endocrine
Society Guidelines on Androgen Deficiency Syndromes in
Men recommend monitoring haematocrit after 3 months
from the initiation of T therapy and annually thereafter [125].
However, the clinical benefits and long-term risks associated
with T replacement therapy, particularly in prostate-related
and cardiovascular-related adverse events, have not been
adequately assessed in large, RCTs involving older men [126].
More recently, Snyder and colleagues [127] have described a
coordinated set of seven ongoing clinical trials, designedwith
the aim of determining the efficacy of T treatment in older
men with low T and symptoms or signs of impaired mobility,
diminished libido, and reduced vitality on objectivemeasures
of age-associated conditions, including anemia. Convincing
and definitive data are expected to come when these ongoing
T trials will be completed.

In the last five decades, further efforts have been made to
outline the potential mechanisms underlying the relationship
between androgens and Hb and hematocrit. However, data
on this matter are limited and not yet conclusive. Therefore,
the usefulness of T therapy in anemic men exhibiting an age-
related decline in T levels remains to date a controversial
issue.

3. Estrogens and Estradiol

Estrogens levels, estradiol (E
2
) and estrone (E

1
), are mainly

the products of the aromatase-catalyzed T metabolism in
men. Similarly to what has been observed for T and IGF-
1, these hormones undergo a progressive decline during
the aging process, even with different trajectories compared
to women [128]. Several investigations suggest potential
erythropoietic properties for E

2
. In particular, in vitro and in

vivo studies have documented that E
2
inhibits both hepcidin

transcription and synthesis [129, 130]. Yeap and coworkers
in a cohort of community-dwelling adult men (mean age
50 years) showed that E

2
levels were positively correlated

with Hb [131]. Moreover, E
2
, but not T, was also identified as

an independent predictor of Hb concentrations in 918 men
aged 70–81 from the MrOS (Osteoporotic Fractures in Men
Study) [132]. The potential underlying mechanisms by which
E
2
levels influence erythropoiesis are still unknown. Several

lines of evidence however seem to support the hypothesis
that E

2
might modulate the hypoxia-induced EPO expression

[133, 134].

4. IGF-1 and Anemia

4.1. Potential Mechanisms. A potential role for IGF-1 in
erythropoiesis has been hypothesized in experimental and
animal studies, where IGF-1 was able to positively influence
various steps of the hematopoietic process [135]. In particular,
these biological activities seem to take place through IGF-1
specific binding with two high-affinity membrane-associated
receptors [136], both in precursors and mature erythro-
cytes [137, 138]. By these mechanisms, IGF-1 contributes
to maintaining normal erythropoiesis, granulopoiesis, and
lymphopoiesis [139, 140] and may regulate several neoplastic
haematopoietic processes [138]. In vitro studies have shown
that IGF-1 directly stimulates the proliferation and differenti-
ation of the late stage of primitive erythroid progenitor cells
and/or early erythroid progenitor cells [137, 141–144]. More-
over, circulating erythroid progenitors of hematopoietic cells
from patients with polycythemia vera are hypersensitive to
IGF-1 treatment [145]. Both IGF-1 and IGF-binding proteins
are synthesized and secreted by TC-1 murine bone marrow
stromal cells [139].

Experimental studies have also clearly documented an
effect of IGF-1 on the expansion of the primitive multipo-
tential CD34+ CD38+ stem cells [146, 147]. It is very well
known that CD34+ CD38+ stem cells account for the major-
ity of bone marrow hematopoietic stem cell activity [147].
Therefore, a role for IGF-1 similar to that of hematopoietic
cytokines has been hypothesized. Moreover, IGF-1 adminis-
tration in neonatal [148] or hypophysectomized animals [149]
enhances erythropoiesis.

At the molecular level, IGF-1 seems also able to increase
the expression of cell-surface transferrin-receptors by deter-
mining a redistribution from the intracellular compartment
to the cell surface [150]. There is further evidence that some
of erythropoietic effects of IGF-1 could also be driven by
the interactions existing between IGF-1 and IGF-1 binding
proteins (IGFBPs) with transferrin, which is known to be
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the major iron-carrying protein in serum [151]. In vitro,
IGFBP-3 leads to a suppression of IGFBP-3-mediated cellular
proliferation and apoptosis, by interacting with transferrin
[151]. IGFBP-3 is the storage protein for IGF-1, able to
exert paracrine/autocrine actions on cellular growth via IGF-
dependent and IGF-independent mechanisms [151]. Inter-
estingly, several evidence indicate that some of IGF-1 ery-
thropoietic effects could be synergistic with EPO and that
IGF-1 might replace EPO as a stimulator of erythropoiesis
[138, 152, 153].

In mice with chronic kidney disease-associated anemia,
combined subtherapeutic doses of EPO and IGF-1 had a
comparable effect to a single therapeutic dose of EPO on Hb
concentrations [154]. In hormone-depleted cell culture sys-
tems, physiological concentrations of IGF-1 (0.5–1 ng/mL),
in the presence of EPO, stimulate erythroid cell growth
and differentiation from bone marrow or peripheral blood
[155].

In 1989 Brox et al., by analyzing an anephric patient’s
serum with nearly normal hematocrit and a low-to-normal
EPO levels, identified a specific 8-kd EPO-like peptide factor,
capable of stimulating late erythropoiesis [156]. Interestingly,
Congote et al. argued that this erythroid cell-stimulating
agent has to be identified in the human IGF-1 [157]. How-
ever, the relationship between IGF-1 and EPO remains still
unclear, with evidence yielding conflicting results. In male
and female rats during accelerated growth IGF-1, but not
EPO, concentrations were linearly correlated with total iron
incorporation into red blood cells [158]. Similarly, several
lines of experimental evidence failed to report any increase in
EPO and erythropoiesis indices after IGF-1 treatment. Kling
et al., in suckling rats treated with IGF-1 for 4 days, observed
higher Hb levels, red blood cell counts, and hematocrit, but
no significant changes in plasma EPO levels or reticulocyte
counts or plasma iron and erythrocyte iron incorporation
rate [159]. Consistently, short-time IGF-1 administration did
not promote EPO secretion and erythropoiesis in rat models
of protein malnutrition [160]. Finally, GH and IGF-1 were
capable of inhibiting EPO secretion both in vivo and in vitro
[161].

IGF-1 might also influence the hematopoietic process
and the development of anemia by modulating inflam-
mation [162]. It has been also demonstrated that chronic
inflammation, as a result of the unpaired balance between
anti-inflammatory and proinflammatorymediators, could be
implicated in the pathogenesis of mild anemia in the elderly
[163]. In fact, immune and endocrine systems interplay in
maintaining homeostasis. From this point of view, IGF-1
has been shown to play a regulatory action in a variety
of immune events [163]. If we assume that IGF-1 plays an
anti-inflammatory effect [162], decreased IGF-1 concentra-
tions may account for the increased levels of inflammatory
molecules, which are known to negatively affect EPO secre-
tion and red cell precursor survival, ultimately resulting in
anemia.

4.2.Human Studies. In humans, IGF-1 has been hypothesized
as amediator of anemia under physiological and pathological
conditions (Table 2). However, the involvement of IGF-1 in

maintaining Hb levels has been particularly investigated only
in the pediatric population. It has been estimated that about
30% of erythropoietic process in this age-group is influenced
by the effect of IGF-1 [164]. In fact, the iron deficiency anemia
is a frequent finding in children exhibiting an impaired GH-
IGF-1 axis [165]. A positive correlation between hematocrit
and serum IGF-1 levels has been also documented in children
with sickle cell anemia [166]. IGF-1 also seems to be a regu-
lator of erythropoiesis in a pediatric population with short
stature [167] and GH-deficient adults [168]. Decreased IGF-1
levels have been documented in children with suboptimally
treated transfusion-dependent 𝛽-thalassemia compared to
children with transfusion-independent 𝛽-thalassemia [169].
In these subjects, the correction of anemia was associated
with a significant increase in IGF-1 levels [167]. The potential
role of IGF-1 in the regulation of human erythropoiesis
has also been confirmed by studies performed in patients
with Laron syndrome (primary IGF-1 deficiency), where the
infusion of IGF-1 significantly raises the red blood cell param-
eters [146]. Interestingly, IGF-1 seems also involved in the
regulation of erythropoiesis in uraemic patients, especially
when a severe secondary hyperparathyroidism coexists [84].

The role of IGF-1 in adult and older people affected
by anemia of chronic kidney disease (CKD) has been also
studied [170]. In such cases, the onset of anemia depends on
several factors, including the relative or absolute deficiency in
EPO production, the shorter survival of red blood cells, the
presence of unknown inhibitors of erythropoiesis in uremic
phase, hyperparathyroidism, accumulation of aluminium,
and nutritional deficiencies (iron, vitamin B12, and folate).
Decreased IGF-1 levels were also observed in adults and
older patients affected by diabetes-related CKD (DM-CKD).
Compared to those subjects with nondiabetic CKD, patients
with DM-CKD experienced anemia at an earlier stage of the
disease [171]. Kim and colleagues found significantly lower
serum IGF-1 levels and Hb concentrations in a group of
DM-CKD subjects than in matched CKD patients without
diabetes [85].

Similarly, studies performed in healthy prepubertal and
pubertal subjects suggested a positive correlation between
Hb concentration and both serum IGF-1 and IGFBP-3 levels
[172].

In female adolescents, aged 14 to 17 yr, low IGF-1 con-
centrations were associated with a greater incidence of iron
deficiency anemia [173]. In nondiabetic adult subjects with
low levels of IGF-1, Succurro et al. identified suboptimal IGF-
1 levels as a contributor to themild anemia by showing a 2.49-
fold increased risk in the group with the lowest IGF-1 quartile
[83].

Although the potential role of IGF-1 in maintaining Hb
concentrations has been addressed in observational stud-
ies including subjects of different ages and diseases, very
few studies have been carried out in the elderly. This is
surprising, because hyposomatotrophism, characterized by
typical gradual decline and alteration inGH secretion pattern
and IGF-1 production, is a frequent feature of the aging
process [174]. In fact, the daily secretion of GH undergoes
a progressive reduction with age, esteemed around 14% per
decade after puberty. As a consequence of this physiologic
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Table 2: Observational and intervention studies testing the relationship between IGF-1 and hemoglobin and anemia.

Author reference Year Type of survey Population Dose/follow-up Results
Observational

De Vita et al. [80] 2015 Cross-sectional 402m 536w
>65 y —

Negative association between IGF-1
and anemia in men and positive
between IGF-1 and Hb in both sexes

Nilsson-Ehle et al. [81] 2005 Cross-sectional 302m 317w
70 y —

IGF-1 positive predictor of Hb levels
regardless of EPO, health status, and
sex

Landi et al. [82] 2007 Cross-sectional 85m 168w
mean age 85 y —

Higher IGFBP-3 level is associated
with higher Hb concentration
among older people

Succurro et al. [83] 2011 Cross-sectional 491m 548w
mean age 48 y —

IGF-1 is an independent
determinant of Hb; lower IGF-1 is
associated with anemia

Ureña et al. [84] 1992 Cross-sectional
17m and w

mean age 46 y
HD

— Positive correlation between IGF-1
and hematocrit, but not with EPO

Kim et al. [85] 2007 Cross-sectional 41m 36w
29–86 y — IGF-1 is independently associated

with Hb level in DM-CKD patients
Intervention

Sohmiya et al. [86] 1998 No RCT
3m5w
46–83 y
CRF

Infusion rhGH
2 𝜇g/kg/day

7 days

GH treatment increases EPO levels
and reticulocyte counts in CRF
patients

Chu et al. [87] 2001 Double-blind RCT 19m and w
>70 y

Infusion rhGH
0.09 𝜇g/kg/week

4 weeks

Low-dose rhGH improves
nutritional status and physical
function in elderly with
protein-energy malnutrition

Iglesias et al. [88] 1998 Pilot RCT
8m9w
30–78 y
HD

rhGH
0.2 IU/kg/day sc

4 weeks

Short-term rhGH administration
increases Hb and hematocrit values

Johannsson et al. [89] 1999 Double-blind RCT
14m6w
53–92 y
HD

rhGH
0.6 IU/kg/week sc

6 months

rhGH supplementation produces
anabolic effects but does not
significantly affect Hb levels

CRF: chronic renal failure
DMn: diabetic nephropathy
HD: hemodialysis
SC: subcutaneously
DM-CKD: chronic kidney disease (CKD) from DM.

process, both IGF-1 and IGFBPs serum levels tend to decline,
so that 30% of nonobese older men are at a IGF-1 level
below the lowest serum concentration of 16 nmol/L [175]. In
women, a profound reduction in GH levels mainly occurs
after menopause [176]. The age-related decline in GH-IGF-
1 axis activity is known to be a predisposing factor for
several clinical adverse consequences, overall termed as
“somatopause” [177]. Based on the existing evidence linking
low IGF-1 levels and anemia in other populations, it could be
speculated that a reduction in IGF-1 levels with aging might
contribute to anemia. Therefore, we believe that the onset of
anemia in the elderly should be also considered in the context
of somatopause.

Previous investigations in a representative sample of 938
older men and women aged ≥65 years from the InCHI-
ANTI Study showed that IGF-1 levels are independently
and positively associated with Hb concentration [80]. In
men, but not in women, there is also a negative and inde-
pendent association between IGF-1 and anemia. Some few

additional studies were carried out in older individuals to
address the relationship between IGFBP-3 levels and indexes
of erythropoiesis. Nilsson-Ehle and colleagues studied a
community-based cohort of 297 older subjects aged 70 years
and showed that IGF-1, but not IGFBP-3, levels influence
Hb concentrations independently of EPO levels, sex, and
health status [81]. These data are consistent with those of a
large study cohort of community-dwelling older individuals
from the Aging and Longevity in the Sirente Geographic
Area (ilSIRENTE) Study, showing that those with IGFBP-
3 concentrations >145.95 nmol/L had a significantly higher
mean Hb concentration compared with those in the lower
IGFBP-3 level group (13.4 ± 1.4 g/dL versus 12.9 ± 1.9 g/dL,
resp.; 𝑝 = 0.02) [82].

4.3. Intervention Studies. Intervention studies testing the
effect of GH therapy on indexes of erythropoiesis have been
focused on GH-deficient children or adults with CKD. In
these contexts, RCTs seem to support the beneficial effect
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of GH on anemia [178, 179]. However, evidence in healthy
community-dwelling older individuals is lacking.

rhGH administration in pediatric patients with idio-
pathic GH deficiency-related anemia resulted in normaliza-
tion of Hb concentrations and enhancement of erythroid
colony growth [180]. More interestingly, the correction of
anemia by blood transfusion in subjects affected by 𝛽-
thalassemia and failure to thrive rapidly leads to an improve-
ment in the GH-mediated IGF-1 and IGFBP-3 secretion [181].
Similarly, short-term continuous subcutaneous human GH
administration (rhGH 2𝜇g/kg body weight per 0.1mL/h for
72 h) in anemic patients with chronic renal failure was able
to ameliorate plasma EPO levels and reticulocyte counts
[86]. In particular, IGF-1 seems to play an important role in
the regulation of erythropoiesis in patients with end-stage
renal disease and erythrocytosis without an increased EPO
production [170].

In a small RCT conducted in malnourished dialysis
patients, Hb levels significantly increased during GH treat-
ment when compared to control group (Table 2) [88]. This
is consistent with what has been reported by Chu et al.
in malnourished elderly patients who underwent a 4-week
low-dose rhGH administration (0.03𝜇cg/kg 3 times per
week) [87].

By contrast, a double-blind, placebo-controlled study of
GH treatment in elderly patients on chronic hemodialysis
did not show any effect of GH on Hb levels [89]. However,
it should be underlined that the dose of GH highly differed
between the two considered studies.

Finally, several trials were designed in order to address
the effect of EPO replacement therapy on anemia and IGF-
1. However, the effect of EPO therapy on IGF-1 serum level
is still debated. In uraemic patients, EPO administration
led to an enhancement of the GH response to the growth
hormone releasing hormone (GHRH) [182]. In hemodialysis
patients, EPO therapy was shown to be able to partly correct
perturbations in the GH secretory axis, modulating the
serum concentration of IGF-1 and IGF binding protein-3
[183, 184].

5. Thyroid Hormones and Anemia

5.1. Mechanisms. The relationship between thyroid diseases
and erythropoietic dysfunctions has been documented in
experimental and human studies [185]. In both hypo- and
hyperthyroidism, studies have shown red cell abnormali-
ties [186, 187] as well as negative changes in myeloid cell
lines [188]. In particular, there is evidence that thyroid-
stimulating hormone (TSH), L-triiodothyronine (T3), and L-
thyroxine (T4) might exert a direct role in ensuring normal
erythropoiesis [189–191]. However, the potential underlying
mechanisms by which thyrotropin and thyroid hormones
influence anemia have not been fully elucidated.

TSHcould affect hematopoiesis by binding to a functional
thyrotropin receptor (TSHR), which is found in both ery-
throcytes and some extrathyroidal tissues [192]. Interestingly,
haematopoietic progenitor cells of hypo- and hyperthyroid
patients showed a reduction of their proliferative potential

together with negative changes in TSHR and pro- and
antiapoptotic genes expression [193].

There is also in vitro evidence that both T3 and T4 are
implicated in the regulation of hematopoiesis by influencing
the erythroid precursor proliferative capacity [194]. In rats
with bilateral nephrectomy or subdued to bilateral ureter
ligature, T3 and T4 were shown to be able to stimulate bone
marrow erythropoiesis, especially at higher plasma levels of
free active forms [195]. In particular, T3 has been shown
to enhance the release of growth factors from leukocytes
and to potentiate the erythroid burst-forming unit (BFU-
E) proliferation [195, 196]. It may be involved in the control
of growth and apoptosis of hematopoietic cells and bone
marrow tissue [197]. Moreover, T3 seems also to influence
the proliferation of erythroid cells together with inhibitory
properties on EPO-induced differentiation [198].

Similarly, a role for T4 in the modulation of ery-
thropoiesis has been documented. Sullivan and McDonald
showed a direct 𝛽2-adrenergic receptor-mediated stimula-
tion of red cell precursors by T4 [199].

At the molecular level, the effects of thyroid hormones
on erythropoiesis seem to be mediated by the T3 binding to
specific nuclear receptors, that is, TR𝛼 and TR𝛽, which are
encoded on separate genes [189]. The endogenous receptor
alpha (c-erbA/TR𝛼) and the closely related retinoic acid
receptor 𝛼 (RAR𝛼) have been shown to play a role in
the regulation of normal erythroid differentiation [189].
Interestingly, an alteration in c-erbA/TR𝛼 content seems to
negatively affect the balance between erythroid proliferation
and differentiation in chicken erythroblasts [200]. Moreover,
amutated formof c-erbA/TR𝛼 receptor (namely, v-erbA)was
responsible for the development of avian erythroleukemias in
animals [201].These data are also supported by studies inTR𝛼
knockout mouse, where negative changes of fetal and adult
erythropoiesis, with reduced numbers of erythrocyte progen-
itor cells and an impaired erythroid maturation, occurred
[202, 203].

In hypothyroid conditions, reduced EPO levels are the
most important determinant of anemia. It is very well known
that thyroid hormones exert a stimulatory action on the 2-
3-diphosphoglycerate concentrations, which is responsible
for the delivery of oxygen to the tissues [185, 186]. Inter-
estingly, both lower plasma EPO levels and bone marrow
repression have been found in hypothyroid anemia [185]. In
human hepatoma cell line, T3 and T4 were able to stimulate
erythropoiesis by hypoxia-induced EPO formation in the
kidney in a dose-dependent fashion [204].Thyroid hormones
have been proposed to influence EPO gene expression via
the induction of hypoxia-inducible factor-1 alpha (HIF-1𝛼)
synthesis. According to this molecular mechanism, thyroid
hormones might act in concert with hypoxic accumulation
and activation of HIF-1𝛼 [205]. However, several lines of evi-
dence strongly argued against the hypothesis that anemia of
hypothyroidism is to be exclusively attributable to insufficient
EPO levels. In fact, notwithstanding the frequent detection of
a normocytic normochromic anemia in hypothyroid patients
related to the impaired red blood cell mass and the erythroid
progenitors hypoproliferation [206], a normal erythrocyte
life span can be observed [185].
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Table 3: Observational and intervention studies testing the relationship between thyroid hormones and hemoglobin and anemia.

Author reference Year Type of survey Population Follow-up Results
Observational

Bremner et al. [90] 2012 Cohort 504m 507w
mean age 58 y —

FT4 levels are positively associated
with Hb, hematocrit, and
erythrocytes

Schindhelm et al. [91] 2013 Cohort 708m and w
mean age 68 y — FT4, but not TSH, is associated with

Hb, hematocrit, and erythrocytes

Lippi et al. [92] 2014 Retrospective 221m 829w
58–73 y — TSH and FT4 are associated with

RDW

Shimizu et al. [93] 2013 Cross-sectional 843m
30–89 y — FT4 is inversely associated with

anemia in nondrinkers

Bashir et al. [94] 2012 Cross-sectional 216m 384w
25–60 y —

Alterations in hematological
parameters in untreated subclinical
and overt hypothyroid patients

Lippi et al. [95] 2008 Retrospective 331m 615w
21–87 y —

No difference in the prevalence of
folic acid and B12 deficiency
between hypo- or hyperthyroid
subjects

Stella et al. [96] 2007 Cross-sectional 119m 160w
60–85 y —

Thyroid hormones are associated
with vitamin B12 levels, but not with
homocysteine

Intervention

Kazemi-Jahromi et al. [97] 2010 No RCT 14m 56w
18–75 y

LT4 101.7 ±
38.3 𝜇g/day
3 months

LT4 supplementation improves
hypothyroidism and anemia

Christ-Crain et al. [98] 2003 Double-blind RCT 63w
18–75 y

LT4 85.5 ± 4.3 𝜇g/day
48 weeks

LT4 replacement significantly
increases serum erythropoietin
levels but did not affect Hb or
hematocrit

Ravanbod et al. [99] 2013 Double-blind RCT
30m30w
mean age
32-33 y

Iron 65mg/day, T4
50 𝜇g/day or iron +
T4 65mg + 50 𝜇g/day

3 months

Higher efficacy of a LT4 plus iron
salts in hematological parameters

Cinemre et al. [100] 2009 Double-blind RCT 44m6w
27–55 y

Iron 240mg/day or
Iron + LT4 240mg +
75 𝜇g/day 3 months

Higher efficacy of LT4 plus iron
salts in iron status and blood count
indices

RDW: red blood cell distribution width.

The reduced iron utilization [207], the ineffective ery-
thropoiesis and, in long-standing severe hyperthyroidism,
malnutrition [208] have been proposed as additional causal
factors leading to anemia of thyroid disorders. A recent
review indicates that thyroid diseases, hypothyroidism, and
hyperthyroidism (overt and subclinical) might cause anemia
by modifying the coagulation-fibrinolytic balance [209].
The potential relationship between thyroid hormones and
iron status/metabolism has been documented as synergistic
and bidirectional. There is evidence that thyroid hormones
might increase iron absorption and iron incorporation into
erythrocytes [210], with studies showing increased TSH
and lower serum T3 and T4 levels [211] in iron-deficient
subjects. Conversely, there is evidence that iron deficiency
might negatively affect thyroid metabolism by decreasing
oxygen transport (impairing nuclear T3 binding and thyroid
peroxidase activity) [212].

5.2. Human Studies

5.2.1. Observational Studies. A large body of observational
evidence suggests an association between thyroid hormones
and anemia (Table 3). Overt thyroid diseases have been
frequently associated with erythrocyte abnormalities. In par-
ticular, pernicious anemia is a frequent finding of hyperthy-
roidism and thyroiditis, diagnosed in as much as 20–60% of
affected patients [213]. Anemia of hypothyroidism is more
frequently normochromic normocytic, hypochromic micro-
cytic, and macrocytic, with a severity that varies according
to hypothyroidism degree [213]. In contrast, hyperthyroid
individuals quite commonly exhibit a concomitant increase
in red cell plasma volume and erythrocytosis [207, 214].
Notwithstanding these patients usually exhibit circulating
hemoglobin concentrations within the normal range. Inter-
estingly, morphological features of erythrocytes are similar
to that of hypothyroidism [214]. In 1975, Fein and Rivlin
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found a strong association between Graves’ disease and
the risk of anemia [185]. Subsequently, Horton and col-
leagues [215] observed lower red blood cells number in the
peripheral blood of patients who underwent thyroidectomy.
In hyperthyroid patients, Kawa et al. [193] showed higher
red blood cells counts, Hb concentration, and hematocrit
whereas lower erythrocyte count and Hb concentrations
were found in those who are hypothyroid. A retrospective
analysis estimated that anemia is a frequent finding in thyroid
disease patients, occurring in up to 40.9% and 57.1% of
those hyperthyroid and hypothyroid individuals, respectively
[216]. Moreover, the authors showed lower mean corpuscu-
lar hemoglobin (MCH) and mean corpuscular hemoglobin
concentration (MCHC) and higher MCV in hypothyroid
individuals [216]. There are several investigations supporting
a tight relationship between alterations in bone marrow
function and immunological thyroid disorders. A retro-
spective analysis involving 388 patients with immunological
and nonimmunological thyroid disorders (age range 14–
89 years) undergoing thyroidectomy showed lower white
and red blood cells values, as well as hemoglobin concen-
trations in the immunological group [217]. Lima et al. by
describing four cases of severe pancytopenia in a cohort of
patients with thyrotoxicosis by Graves’ disease, concluded
that thyroid evaluation should be performed in those with
pancytopenia even in absence of specific thyroid symptoms
[188].

Additional evidence also supports a significant associa-
tion between thyroid hormones and hematological param-
eters in euthyroid subjects. Bremner and coworkers in a
population-based cohort of 1011 euthyroid older individuals
showed that free T4 and free T3 levels, but not TSH,
were positively and linearly associated with Hb concentra-
tion, erythrocyte count, and hematocrit [90]. However, no
adjustment for potential confounders including nutritional
parameters (vitamin B12, folic acid, and iron) and renal
function was applied. Similarly, Schindhelm and colleagues
in a study population cohort of 708 euthyroid subjects
(aged 55–85) from the Longitudinal Aging Study Amsterdam
demonstrated that free T4 was significantly associated with
hemoglobin, hematocrit, and erythrocyte count, whereas
TSHwas not [91].The relationship betweenTSH, free T4, and
erythrocyte parameters was further assessed by Lippi et al.
in a retrospective investigation in 1050 euthyroid outpatients
aged 50 years or older [92]. In spite of the lack of association
between TSH, FT4, and Hb or hematocrit, the authors found
a significant and positive association between the red blood
cell distribution width (RDW) values and thyroid hormone
concentrations. FT4 has been also positively correlated with
the number of red blood cells and Hb concentration and
inversely correlated with MCV and MCH [216].

The association of free T4 with erythrocyte indices,
including Hb, red blood cell count, MCV, RDW, and ferritin
concentration, has been further assessed in euthyroid adults
with or without C282Y homozygosity from the Haemochro-
matosis and Iron Overload Screening study. In this study,
free T4 was positively correlated with Hb concentration and
negatively correlated with RDW in those individuals without
C282Y homozygosity [218].

Finally, the association between FT4 and anemia was
analyzed in relation to ethanol consumption, given the
known relationship existing between alcoholism and thyroid
function. In a study cohort of 843 euthyroid men aged 30–
89 years from the Nagasaki islands study, a significant inverse
association between FT4 and risk of anemia was found only
in thosewho did not consume ethanol [93]. Drinkers had also
significantly higher Hb concentrations and lower TSH levels
than nondrinkers.

However, in spite of the evidence supporting the rela-
tionship between anemia and overt thyroid disease, there
is a limited number of studies targeting subclinical thyroid
conditions, especially in older individuals. This is surprising
because subclinical thyroid diseases, defined by circulating
concentration of free T4 and free T3 within their respective
reference range, in the presence of abnormal circulating
concentration of TSH, are more prevalent in the elderly
compared to adult or young populations [219]. In this
specific age-group, the prevalence of overt and subclini-
cal hypothyroidism is about 20% [220]. The prevalence of
hyperthyroidism ranges from 0.5 to 3%, whereas subclinical
hyperthyroidism affects 1-2% and 7-8% of subjects in iodine-
sufficient and iodine deficient areas, respectively [220, 221].
This is the result of physiological changes in thyroid hormone
production, metabolism, and action occurring during the
aging process [222], similarly to what has been described for
T and IGF-1. In particular, serum TSH and total and free T3
levels progressively decline with age whereas serum total and
free T4 levels tend to remain more stable [222]. However,
in the elderly, a “low T3 syndrome” is more frequently
detected. This term describes a condition with low serum T3
concentrations, abnormal T4 to T3 conversion and higher
concentrations of reverse T3 (rT3) (the inactive metabolite
of T4) without any obvious sign of thyroid disease [222]. Low
T3 syndrome has been associated with a poor health status
[222].

In a retrospective cross-sectional analysis conducted
in 600 untreated and treated subclinical hypothyroid and
primary hypothyroid patients (aged 25–60 years), Bashir and
colleagues showed negative changes in different hematolog-
ical indices (Hb, RBC, MCV, HCT, RBC%, and RDW) only
in those untreated individuals with subclinical and primary
hypothyroidism [94].

Several lines of evidence apply to the specific setting of
subclinical hypothyroidism and iron deficiency anemia. In
a case-control study conducted in 57 subclinical hypothy-
roid women and 61 euthyroid controls, despite the preva-
lence of iron deficiency, anemia did not significantly differ
between the two groups, while mean serum iron and ferritin
concentrations were lower in the group with subclinical
hypothyroidism [223]. Consistently, Bremner et al. under-
lined that iron utilization and/or transportmight be impaired
in subclinical hypothyroid conditions, with lower serum iron
concentrations and transferrin saturation in the subclinical
hypothyroid compared to the euthyroid [90].

There are also several data supporting the hypothesis
that anemia in patients with autoimmune thyroid diseases
is more related to a cobalamin deficiency for concomitant
autoimmune gastrointestinal diseases [224]. In fact, these
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group patients exhibit a higher frequency of chronic unex-
plained anemia (defined as anemia not related to evident
or occult bleeding and/or to erythropoietic disorders). It
has been demonstrated that anemia of cobalamin deficiency
due to an occult chronic atrophic gastritis can occur in
multiple autoimmune processes, which include autoimmune
thyroid diseases [225]. However, to date, a screening for
either B12 and/or folic acid deficiency in hypothyroid subjects
or those with subclinical thyroid function is not routinely
recommended [95, 213].

Mehmet et al. [213] did not observe any difference in
vitamin B12 and folic acid concentrations between subjects
with subclinical and overt hypothyroidism, compared to
healthy controls. Similarly, Lippi and colleagues, in a retro-
spective study performed in 946 hyperthyroid or hypothyroid
outpatients aged 21–87, reported differences in neither folic
acid nor vitamin B12 concentrations [95]. This is consistent
with data from Caplan et al. in a study population composed
of 56 hypothyroid, 47 hyperthyroid patients, and 103 age-
and sex-matched healthy controls [226]. The lack of an
association between vitamin B12 and thyroid hormone status
was similarly confirmed by Stella et al. [96]. The authors
showed that, in a cohort of 279 older adults, levels of
serum vitamin B12 were independent of serum TSH quartile
distribution [96].

5.2.2. Intervention Studies. There are very few intervention
studies that have tested the effects of thyroid hormone
replacement therapy on Hb concentrations and erythrocyte
parameters (Table 3).

In a study involving 202 hypothyroid patients, levothy-
roxine treatment normalized anemia by also reducing the
degree of anisocytosis in 25% of cases, in the presence of
normal vitamin B12, folic acid, and iron concentrations [215].
In young and nonobese untreated subclinical hypothyroid
patients, Nekrasova and colleagues [227] documented an
increased frequency of anemia that was normalized after
starting substitution therapy. Similarly, in 70 Iranian individ-
uals with primary hypothyroidism, three months of levothy-
roxine administration induced a significant improvement in
different hematologic parameters [97]. However, in a ran-
domized, double-blind placebo-controlled trial performed
in 63 women (mean age 58.5 ± 1.3 years) with subclinical
hypothyroidism, Christ-Crain and colleagues did not show
any significant change in Hb concentration and hematocrit
after 48 weeks of levothyroxine treatment (85.5±4.3 𝜇g/day),
despite demonstrating an increase in EPO levels [98].

Additional evidence suggests that a combined treatment
with levothyroxine and iron salts ismore effective in inducing
an improvement in Hb and ferritin concentrations than
levothyroxine or iron salts alone. Data from a recent 3-month
RCT including 60 patients with subclinical hypothyroidism
and iron deficiency anemia interestingly showed a greater
improvement in several hematological parameters in the
treatment arm receiving bothmedications than in the control
arm receiving only one of the two [99].

Similarly, Cinemre at al. showed that the T4
coadministration with iron (240mg/day oral iron plus
75𝜇g/day levothyroxine), compared to iron in monotherapy

(240mg/day oral), was responsible for a fivefold increase
of Hb concentration as well as better blood count indexes
[a mean of 0.4 g/dL in the iron group versus 1.9 g/dL in
the iron/levothyroxine group] [100]. Interestingly, isolated
evidence indicates that iron supplementation may have a
beneficial effect on thyroid function, even in iron-deficient
patients without iodine deficiency [228].

However, the conclusions of these studies highly differ
from those published by Gokdeniz et al. [229] where iron
replacement in patients with iron deficiency anemia and
normal thyroid function led to a significant decrease in TSH
level and to increased free T4 levels.

Therefore, there is very limited evidence suggesting that
subclinical and overt thyroid diseases are implicated in the
genesis of unexplained anemia. Moreover, there is much
uncertainty on whether thyroid hormone replacement ther-
apy might be considered an effective strategy to improve
anemia.

6. The Potential Contribution of
the (Multiple Hormonal Dysregulation) to
Anemia in Older Persons

Ageing model is more frequently characterized by a simul-
taneous deficiency in anabolic hormones with “multiple
hormonal dysregulation” rather than a single mild hormonal
derangement [30].

An imbalanced anabolic-catabolic equilibrium, which
favours catabolism, has been hypothesized as the key pathway
of the accelerated aging process [230].

There is recent evidence that anabolic hormones do
not operate independently of each other and might have
synergistic effects [30]. It is very well known that T mainly
acts as anabolic agent while GH exerts an anticatabolic effect
[31]. IGF-1 can be also considered the cross-road of many
stimuli including DHEAS and T [30].

Hagenfeldt and colleagues concluded that androgen ther-
apy is able to increase the level of IGF-1, which may represent
an important mediator of T action [231]. Maggio and col-
leagues showed that age-related decline in anabolic hormone
levels is a strong independent predictor of 6-year mortality in
older men [33]. Interestingly, multiple hormonal deficiencies
represent a more robust biomarker of health status in older
persons than a deficiency in a single anabolic hormone [33].

This concept is of paramount importance because a
partial failure of a single hormone system might be partially
or fully compensated by one ormore parallel systems without
producing a significant detrimental clinical outcome. This
phenomenon might explain why symptoms associated with
the single hormonal derangement are often not specific.Thus,
clinical and research efforts to understand the hormonal
contributors to anemia should account for all the overall
anabolic hormonal status.

7. Interactions between Anabolic Hormones in
the Regulation of Hematopoietic Process

Anabolic hormonal pathways could be linked to each
other to some extent in influencing different steps of the
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erythropoietic process. However, very few studies have inves-
tigated the potential interaction between anabolic hormones
(such as T, E

2
, sex hormone binding globulin (SHBG) levels,

and GH/IGF-1 axis) and erythropoiesis.
The effects that a combined androgen and estrogen

administration might have on some indexes of erythro-
poiesis were evaluated by Rochira and colleagues in two
adult men with aromatase deficiency [232]. These authors
used a human model of congenital estrogen deficiency to
avoid the concomitant presence of a functioning aromatase
enzyme, able to convert exogenous androgens to an intact
hypothalamic feedback. The authors found that T, but not
E
2
administration, was able to increase Hb concentrations,

hematocrit, and red cell count.Thus, it might be assumed that
T aromatization to E

2
is not involved in the stimulation of

erythropoiesis [233].
The interrelationship between serum T, SHBG, and E

2

and hematocrit has been cross-sectionally evaluated in 1273
men aged ≥20 years enrolled in the NHANES III Survey
(1988–1991) [234]. In this study, low free T and high SHBG
levels were associated with low hematocrit levels, whereas
total and free E

2
levels were directly associated with hemat-

ocrit [235]. Nevertheless, in 492 middle-aged and older men,
Yeap et al. observed that total and free T, but not SHBG, were
significantly associated with Hb levels, even after adjustment
for confounders [103].

Some of T activities on erythropoiesis could also be
linked to the GH/IGF-1 anabolic pathway [35]. There is a
significant evidence that these two hormones stimulate each
other’s production and potentiate their respective anabolic or
anticatabolic effects [30]. In normal [235] and hypogonadal
men [231], T administration was able to increase serum IGF-
1 levels. Moreover, the combined administration of GH and
T resulted in greater anabolic efficacy compared to the single
hormone administration [236, 237]. However, despite the
observed increase of IGF-1 levels in men receiving ADT for
localized prostate cancer, Colloca et al. [238] showed a decline
in the RBC count andHb concentration after ADT treatment.
Carlson et al. did not appreciate any significant change in
hormonal parameters including prolactin, testosterone, LH,
FSH, TSH, free T4, T3, GH, and IGF-1, before and during
EPO therapy in a small cohort of older adults with end-
stage renal disease under hemodialysis [239]. Finally, there is
evidence that hormonal or growth factors, including insulin,
IGF-1, IGF-2, EGF, and basic fibroblast growth factor-2 (FGF-
2), might influence EPO gene expression via the induction
of hypoxia-inducible factor-1 alpha (HIF-1𝛼) synthesis [240–
243]. According to this molecular mechanism, these fac-
tors might act in concert with hypoxic accumulation and
activation of HIF-1𝛼 [244], suggesting a common pathway
underlying the hormonal regulation of erythropoiesis.

8. Conclusions

In the last five decades, the erythropoietic role of anabolic
hormones on anemia has been particularly investigated in
a large number of studies. Different molecular mechanisms
by which androgens, IGF-1, and thyroid hormones can affect
the hematopoietic process have been identified. However, the

interaction between different anabolic hormonal pathways
and the contribution of multiple hormonal dysregulation to
the pathogenesis of the mild anemia of the elderly has been
poorly addressed.

A very limited number of epidemiological studies have
tested the role of the age-related decline in anabolic hor-
mones as contributing factor of anemia, especially in older
individuals. Notwithstanding the fact that RCTs testing the
effects of a single hormonal replacement therapy on different
hematological parameters yielded more convincing results,
these studies have been focused on cohorts with a wide
range of age and multimorbidity distribution. Moreover,
hematological indexes were not the primary outcomes in all
cases.

In particular, Hb levels have been significantly correlated
with the severity of androgen deficiency and T status. The
RCTs and registries testing the effects of T therapy on
hematological parameters have shown that erythrocytosis is
the most common adverse event of testosterone replacement
therapy. However, the usefulness of T therapy in anemic men
exhibiting an age-related hypogonadism remains to date a
controversial issue. The balance between long-term clinical
benefits and risks of T replacement therapy, especially at
prostatic and cardiovascular level, has not been adequately
assessed in large, randomized clinical trials involving older
men. IGF-1 has been hypothesized as cause of anemia under
pathological conditions including a wide range of anemic
disorders in observational studies. IGF-1 is a regulator of
erythropoiesis in children with short stature, adults with GH
deficiency, and those affected by chronic kidney diseases. A
positive and significant correlation between Hb concentra-
tion and both serum IGF-1 and IGFBP-3 levels has been also
observed in few studies conducted on healthy prepubertal
and early pubertal subjects, nondiabetic adult subjects, and
older individuals. Although intervention studies testing the
effect of GH therapy on indexes of erythropoiesis in several
diseases seem to support the beneficial effect of GH admin-
istration on anemia, there is limited evidence in healthy
individuals.

Finally, a large body of observational evidence suggests
an association between overt thyroid hormones anemia and
erythrocyte abnormalities.However, there is limited evidence
targeting subclinical thyroid conditions, which are more
frequently observed in the older population.

Very few intervention studies have tested the effects of
thyroid hormones replacement therapy onHb concentrations
and erythrocyte parameters, with most of them showing no
beneficial effect of levothyroxine treatment.

In conclusion, despite the biological rationale for con-
sidering the decline in anabolic hormones and alteration in
thyroid hormones as determinants of mild anemia of aging,
the usefulness of hormonal replacement therapy for treating
anemia remains to date a controversial issue.
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[2] C. Beghé, A. Wilson, and W. B. Ershler, “Prevalence and
outcomes of anemia in geriatrics: a systematic review of the
literature,” The American Journal of Medicine, vol. 116, no. 7,
supplement 1, pp. 3S–10S, 2004.

[3] E. Beutler and J. Waalen, “The definition of anemia: what is the
lower limit of normal of the blood hemoglobin concentration?”
Blood, vol. 107, no. 5, pp. 1747–1750, 2006.

[4] National Health and Nutrition Examination Survey, Anthropo-
metric Reference Data, United States, 1988–1994, March 2015,
http://www.cdc.gov/nchs/about/major/nhanes/Anthropomet-
ric%20Measures.

[5] A. S. Artz, D. Fergusson, P. J. Drinka et al., “Prevalence of ane-
mia in skilled-nursing home residents,” Archives of Gerontology
and Geriatrics, vol. 39, no. 3, pp. 201–206, 2004.

[6] F. Landi, A. Russo, P. Danese et al., “Anemia status, hemoglobin
concentration, and mortality in nursing home older residents,”
Journal of the AmericanMedical Directors Association, vol. 8, no.
5, pp. 322–327, 2007.

[7] S. Makipour, B. Kanapuru, and W. B. Ershler, “Unexplained
anemia in the elderly,” Seminars in Hematology, vol. 45, no. 4,
pp. 250–254, 2008.

[8] J. M. Guralnik, R. S. Eisenstaedt, L. Ferrucci, H. G. Klein, and
R. C. Woodman, “Prevalence of anemia in persons 65 years
and older in the United States: evidence for a high rate of
unexplained anemia,” Blood, vol. 104, no. 8, pp. 2263–2268,
2004.

[9] B. J. Anı́a, V. J. Suman, V. F. Fairbanks, D. M. Rademacher,
and L. J. Melton III, “Incidence of anemia in older people: an
epidemiologic study in a well defined population,” Journal of the
American Geriatrics Society, vol. 45, no. 7, pp. 825–831, 1997.

[10] B. W. J. H. Penninx, J. M. Guralnik, G. Onder, L. Ferrucci,
R. B. Wallace, and M. Pahor, “Anemia and decline in physical
performance among older persons,” The American Journal of
Medicine, vol. 115, no. 2, pp. 104–110, 2003.

[11] B. W. J. H. Penninx, M. Pahor, M. Cesari et al., “Anemia is
associated with disability and decreased physical performance
and muscle strength in the elderly,” Journal of the American
Geriatrics Society, vol. 52, no. 5, pp. 719–724, 2004.

[12] B. W. J. H. Penninx, S. M. F. Pluijm, P. Lips et al., “Late-life
anemia is associated with increased risk of recurrent falls,”
Journal of the American Geriatrics Society, vol. 53, no. 12, pp.
2106–2111, 2005.

[13] P. H. M. Chaves, R. D. Semba, S. X. Leng et al., “Impact of ane-
mia and cardiovascular disease on frailty status of community-
dwelling older women: the women’s health and aging studies
I and II,” Journals of Gerontology A Biological Sciences and
Medical Sciences, vol. 60, no. 6, pp. 729–735, 2005.

[14] P. H. M. Chaves, M. C. Carlson, L. Ferrucci, J. M. Guralnik, R.
Semba, and L. P. Fried, “Association between mild anemia and
executive function impairment in community-dwelling older
women: theWomen’s Health and Aging Study II,” Journal of the
American Geriatrics Society, vol. 54, no. 9, pp. 1429–1435, 2006.

[15] B. W. J. H. Penninx, M. Pahor, R. C. Woodman, and J. M.
Guralnik, “Anemia in old age is associated with increased
mortality and hospitalization,” Journals of Gerontology Series A:
Biological Sciences and Medical Sciences, vol. 61, no. 5, pp. 474–
479, 2006.

[16] B. F. Culleton, B. J. Manns, J. Zhang, M. Tonelli, S. Klarenbach,
and B. R. Hemmelgarn, “Impact of anemia on hospitalization
and mortality in older adults,” Blood, vol. 107, no. 10, pp. 3841–
3846, 2006.

[17] W. P. J. Den Elzen, J. M. Willems, R. G. J. Westendorp, A. J.
M. De Craen, W. J. J. Assendelft, and J. Gussekloo, “Effect of
anemia and comorbidity on functional status and mortality
in old age: results from the Leiden 85-plus Study,” Canadian
Medical Association Journal, vol. 181, no. 3-4, pp. 151–157, 2009.

[18] S. J. Silverberg, E. Shane, T. P. Jacobs et al., “Nephrolithiasis
and bone involvement in primary hyperparathyroidism,” The
American Journal of Medicine, vol. 89, no. 3, pp. 327–334, 1990.

[19] I. Anand, J. J. V. McMurray, J. Whitmore et al., “Anemia and
its relationship to clinical outcome in heart failure,” Circulation,
vol. 110, no. 2, pp. 149–154, 2004.

[20] D. S. Keith, G. A. Nichols, C. M. Gullion, J. B. Brown, and
D. H. Smith, “Longitudinal follow-up and outcomes among a
population with chronic kidney disease in a large managed care
organization,” Archives of Internal Medicine, vol. 164, no. 6, pp.
659–663, 2004.

[21] M. C. Thomas, R. J. MacIsaac, C. Tsalamandris et al., “The bur-
den of anaemia in type 2 diabetes and the role of nephropathy: a
cross-sectional audit,” Nephrology Dialysis Transplantation, vol.
19, no. 7, pp. 1792–1797, 2004.

[22] G. J. Izaks, R.G. J.Westendorp, andD. L. Knook, “Thedefinition
of anemia in older persons,”The Journal of theAmericanMedical
Association, vol. 281, no. 18, pp. 1714–1717, 1999.

[23] L. Ferrucci, J. M. Guralnik, S. Bandinelli et al., “Unexplained
anaemia in older persons is characterised by low erythropoietin
and low levels of pro-inflammatory markers,” British Journal of
Haematology, vol. 136, no. 6, pp. 849–855, 2007.

[24] W. W. Pang and S. L. Schrier, “Anemia in the elderly,” Current
Opinion in Hematology, vol. 19, no. 3, pp. 133–140, 2012.

[25] G. C. Guidi and C. Lechi Santonastaso, “Advancements in
anemias related to chronic conditions,” Clinical Chemistry and
Laboratory Medicine, vol. 48, no. 9, pp. 1217–1226, 2010.

[26] P. Lee, T. Gelbart, J. Waalen, and E. Beutler, “The anemia of
ageing is not associated with increased plasma hepcidin levels,”
Blood Cells, Molecules, and Diseases, vol. 41, no. 3, pp. 252–254,
2008.

[27] L. Ferrucci, M. Maggio, S. Bandinelli et al., “Low testosterone
levels and the risk of anemia in oldermen andwomen,”Archives
of Internal Medicine, vol. 166, no. 13, pp. 1380–1388, 2006.

[28] N. T. Shahidi, “Androgens and erythropoiesis,”TheNewEngland
Journal of Medicine, vol. 289, no. 2, pp. 72–80, 1973.

[29] M. Maggio, G. P. Ceda, F. Lauretani et al., “Gonadal status and
physical performance in older men,”TheAgingMale, vol. 14, no.
1, pp. 42–47, 2011.

[30] M. Maggio, F. Lauretani, F. De Vita et al., “Multiple hormonal
dysregulation as determinant of low physical performance and
mobility in older persons,” Current Pharmaceutical Design, vol.
20, no. 19, pp. 3119–3148, 2014.

[31] R. J. Urban, “Growth hormone and testosterone: anabolic effects
on muscle,” Hormone Research in Paediatrics, vol. 76, no. 1, pp.
81–83, 2011.

[32] Y. Hagenfeldt, K. Linde, H.-E. Sjoberg, W. Zumkeller, and S.
Arver, “Testosterone increases serum 1,25-dihydroxyvitamin D
and insulin-like growth factor-I in hypogonadal men,” Interna-
tional Journal of Andrology, vol. 15, no. 2, pp. 93–102, 1992.

[33] M.Maggio, F. Lauretani, G. P. Ceda et al., “Relationship between
low levels of anabolic hormones and 6-year mortality in older



International Journal of Endocrinology 15

men: the aging in the chianti area (InCHIANTI) study,”Archives
of Internal Medicine, vol. 167, no. 20, pp. 2249–2254, 2007.

[34] P. Steinglass, A. S. Gordon, and H. A. Charipper, “Effect of
castration and sex hormones on blood of rat,” Proceedings of the
Society for Experimental Biology and Medicine, vol. 48, pp. 169–
177, 1941.

[35] S. Shahani, M. Braga-Basaria, M. Maggio, and S. Basaria,
“Androgens and erythropoiesis: past and present,” Journal of
Endocrinological Investigation, vol. 32, no. 8, pp. 704–716, 2009.

[36] C. Nissen, A. Gratwohl, and B. Speck, “Management of aplastic
anemia,” European Journal of Haematology, vol. 46, no. 4, pp.
193–197, 1991.

[37] Y. Moriyama and J. W. Fisher, “Effects of testosterone and
erythropoietin on erythroid colony formation in human bone
marrow cultures,” Blood, vol. 45, no. 5, pp. 665–670, 1975.

[38] B. Modder, J. E. Foley, and J. W. Fisher, “The in vitro and in
vivo effects of testosterone and steroid metabolites on erythroid
colony forming cells (CFU-E),” Journal of Pharmacology and
Experimental Therapeutics, vol. 207, no. 3, pp. 1004–1012, 1978.

[39] M. Beran, G. Spitzer, and D. S. Verma, “Testosterone and
synthetic androgens improve the in vitro survival of human
marrowprogenitor cells in serum-free suspension cultures,”The
Journal of Laboratory and Clinical Medicine, vol. 99, no. 2, pp.
247–253, 1982.

[40] A. Urabe, S. Sassa, and A. Kappas, “The influence of steroid
hormone metabolites on the in vitro development of erythroid
colonies derived from human bone marrow,” The Journal of
Experimental Medicine, vol. 149, no. 6, pp. 1314–1325, 1979.

[41] A. L. Rosenblum and P. P. Carbone, “Androgenic hormones and
human granulopoiesis in vitro,”Blood, vol. 43, no. 3, pp. 351–356,
1974.

[42] S.-W. Kim, J.-H. Hwang, J.-M. Cheon et al., “Direct and indirect
effects of androgens on survival of hematopoietic progenitor
cells in vitro,” Journal of Korean Medical Science, vol. 20, no. 3,
pp. 409–416, 2005.

[43] A. D. Mooradian, J. E. Morley, and S. G. Korenman, “Biological
actions of androgens,” Endocrine Reviews, vol. 8, no. 1, pp. 1–28,
1987.

[44] E. A. Mirand, A. S. Gordon, and J. Wenig, “Mechanism of
testosterone action in erythropoiesis,” Nature, vol. 206, no. 981,
pp. 270–272, 1965.

[45] M. Claustres and C. Sultan, “Androgen and erythropoiesis:
evidence for an androgen receptor in erythroblasts fromhuman
bone marrow cultures,”Hormone Research, vol. 29, no. 1, pp. 17–
22, 1988.

[46] L. A. Malgor, M. Valssecia, E. Vergés, and E. E. De Markowsky,
“Blockade of the in vitro effects of testosterone and erythropoi-
etin on CFU-E and BFU-E proliferation by pretreatment of the
donor rats with cyproterone and flutamide,” Acta Physiologica
Pharmacologica etTherapeutica Latinoamericana, vol. 48, no. 2,
pp. 99–105, 1998.

[47] K. B. Udupa and K. R. Reissmann, “Stimulation of granu-
lopoiesis by androgens without concomitant increase in the
serum level of colony stimulating factor,” Experimental Hema-
tology, vol. 3, no. 1, pp. 26–31, 1975.

[48] N. D’Alessandre, N. Gebbia, F. Biondo et al., “Haemopoietic
effects of 7 alpha, 17 beta dimethyltestosterone,” Pharmacolog-
ical Research Communications, vol. 11, no. 2, pp. 81–94, 1979.

[49] W. Fried and C. W. Gurney, “The erythropoietic-stimulating
effects of androgens,” Annals of the New York Academy of
Sciences, vol. 149, no. 1, pp. 356–365, 1968.

[50] N. Rishpon-Meyerstein, T. Kilbridge, J. Simone, and W. Fried,
“The effect of testosterone on erythropoietin levels in anemic
patients,” Blood, vol. 31, no. 4, pp. 453–460, 1968.

[51] W. Fried and C. W. Gurney, “The erythropoietic response to
testosterone inmale and femalemice,” Journal of Laboratory and
Clinical Medicine, vol. 67, no. 3, pp. 420–426, 1966.

[52] J. C. Schooley, “Inhibition of erythropoietic stimulation by
testosterone in polycythemic mice receiving anti-erythropoi-
etin,” Proceedings of the Society for Experimental Biology and
Medicine, vol. 122, no. 2, pp. 402–403, 1966.

[53] M. Golfam, R. Samant, L. Eapen, and S. Malone, “Effects of
radiation and total androgen blockade on serum hemoglobin,
testosterone, and erythropoietin in patients with localized
prostate cancer,”Current Oncology, vol. 19, no. 4, pp. e258–e263,
2012.

[54] V.H.Haase, “Regulation of erythropoiesis by hypoxia-inducible
factors,” Blood Reviews, vol. 27, no. 1, pp. 41–53, 2013.

[55] W. Guo, E. Bachman, M. Li et al., “Testosterone administration
inhibits hepcidin transcription and is associated with increased
iron incorporation into red blood cells,” Aging Cell, vol. 12, no.
2, pp. 280–291, 2013.

[56] X. Pan, N. Suzuki, I. Hirano, S. Yamazaki, N. Minegishi,
and M. Yamamoto, “Isolation and characterization of renal
erythropoietin-producing cells from genetically produced ane-
mia mice,” PLoS ONE, vol. 6, no. 10, Article ID e25839, 2011.
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[70] J. Waalen, K. von Löhneysen, P. Lee, X. Xu, and J. S. Friedman,
“Erythropoietin, GDF15, IL6, hepcidin and testosterone levels
in a large cohort of elderly individuals with anaemia of known
and unknown cause,” European Journal of Haematology, vol. 87,
no. 2, pp. 107–116, 2011.

[71] S. Dhindsa, S. Prabhakar, M. Sethi, A. Bandyopadhyay, A.
Chaudhuri, and P. Dandona, “Frequent occurrence of hypogo-
nadotropic hypogonadism in type 2 diabetes,” Journal of Clinical
Endocrinology and Metabolism, vol. 89, no. 11, pp. 5462–5468,
2004.

[72] D. B. Ellegala, T. D. Alden, D. E. Couture, M. L. Vance, N.
F. Maartens, and E. R. Laws Jr., “Anemia, testosterone, and
pituitary adenoma in men,” Journal of Neurosurgery, vol. 98, no.
5, pp. 974–977, 2003.

[73] P. J. Saylor and M. R. Smith, “Adverse effects of androgen
deprivation therapy: defining the problem and promoting
health amongmen with prostate cancer,” Journal of the National
Comprehensive Cancer Network, vol. 8, no. 2, pp. 211–223, 2010.

[74] J. E. Morley, H. M. Perry III, F. E. Kaiser et al., “Effects of
testosterone replacement therapy in old hypogonadal males: a
preliminary study,” Journal of the American Geriatrics Society,
vol. 41, no. 2, pp. 149–152, 1993.
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[201] J. Sap, A. Muñoz, K. Damm et al., “The c-erb-A protein is a
high-affinity receptor for thyroid hormone,”Nature, vol. 324, no.
6098, pp. 635–640, 1986.

[202] C. Angelin-Duclos, C. Domenget, A. Kolbus, H. Beug, P. Jurdic,
and J. Samarut, “Thyroid-hormone T3 acting through the
thyroid hormone 𝛼 receptor is necessary for implementation
of erythropoiesis in the neonatal spleen environment in the
mouse,” Development, vol. 132, no. 5, pp. 925–934, 2005.

[203] T. S. Kendrick, C. J. Payne, M. R. Epis et al., “Erythroid defects
in TR𝛼−/− mice,” Blood, vol. 111, no. 6, pp. 3245–3248, 2008.

[204] J. Fandrey, H. Pagel, S. Frede, M. Wolff, and W. Jelkmann,
“Thyroid hormones enhance hypoxia-induced erythropoietin
production in vitro,” Experimental Hematology, vol. 22, no. 3,
pp. 272–277, 1994.

[205] Y. Ma, P. Freitag, J. Zhou, B. Brüne, S. Frede, and J. Fandrey,
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