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Whether aging alone causes anemia is still controversial. In this study, we show that 28-month-old male C57BL/6 mice, 
maintained in a pathogen-free environment, had significantly lower hemoglobin, hematocrit, and erythrocyte counts than 
young mice. The anemic condition aggravated further from 28 to 30 months. Old mice displayed increased erythropoietic 
activity, evidenced by an increase in reticulocyte counts, serum erythropoietin, and splenic expression of erythropoietic 
genes. An increase in late-stage erythroid progenitors was detected in spleen but not in bone marrow of the old mice. 
However, old mice also had lower serum iron and transferrin saturation, as well as lower erythrocyte iron incorporation rate. 
Testosterone supplementation restored serum iron status in old mice to levels similar to that of young adults, further upregu-
lated splenic expression of erythropoietic genes, increased splenic erythroid progenitors, and significantly improved the red 
cell index. In conclusion, we found that mice can become anemic at very old age without apparent illness. The endogenous 
compensatory erythropoietic activity was insufficient to normalize the red cell index in old mice, either due to impaired iron 
homeostasis, ineffective erythropoiesis, or other unknown factors. Testosterone supplementation normalized the iron status 
and further stimulated splenic erythropoietic activity; both may contribute to improve the anemic condition in the old mice.
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Anemia is a common chronic condition in older 
adults, and its prevalence increases from the sixth to 

the eighth decade of life (1–3). The occurrence of anemia 
has a negative influence on survival and function of older 
adults (4–6). The cause of anemia in the elderly adults is 
often not readily apparent or attributable to a single cause 
since older adults are often burdened with age-associated 
chronic conditions such as cancer and metabolic syndrome. 
About one third of the cases of anemia in the elderly adults 
are classified as “unexplained anemia” (1,7).

In this study, we characterized anemia in an experimen-
tal mouse model of aging. The National Institute of Aging 
colony of aged C57BL/6 mice contains inbred mice that 
have been maintained in a pathogen-free environment, 
which provides a preclinical model for studying anemia 
without confounding environmental influences. As we 
show in this study, hemoglobin (Hb) and hematocrit (Hct) 
are significantly lower in 28-month-old mice in compari-
son to 6-month-young adults. Furthermore, 28-month-old 
mice experience rapid decline in Hb levels and red cell 
counts. We determined whether anemia in these very old 
mice was due to reduced erythropoiesis. Accordingly, we 
characterized several markers of erythropoiesis, including 
reticulocyte count and erythropoietin (EPO) levels. We also 
measured serum iron, transferrin saturation, ferritin, reticu-
locyte Hb ratio, and direct iron incorporation into red cells.

Erythropoiesis in adult mice occurs primarily in bone 
marrow and spleen. In mice, bone marrow erythropoiesis is 
homeostatic, whereas stress erythropoiesis in anemic states 
often takes place in spleen (8). Spleens of both old and 
young mice serve as a major site of regenerative repopu-
lation of hematopoietic progenitors under basal condition 
and after androgen treatment (9). Therefore, we analyzed 
the splenic expression of erythropoietic markers, includ-
ing the master transcription factor GATA binding protein 
1 (GATA-1) and its associated cofactors friend of GATA 
(FOG1), erythroid Krüppel-like factor (EKLF), and nuclear 
factor, erythroid-derived 2 (NF-E2), as well as EPO recep-
tor and transferrin receptor. Finally, we used flow cytometry 
to measure the number of late-stage erythroid progenitors 
in both spleen and bone marrow as additional markers of 
changes in erythropoietic activity.

Previous studies in humans have shown a solid correlation 
between waning testosterone and anemia (10). Although the 
cause-and-result relationship is uncertain, androgens have 
been widely used to treat anemia of chronic disease including 
end-stage renal disease before the advent of recombinant 
EPO (11). To determine whether the anemia in these very 
old mice can be corrected by testosterone supplementation, 
we characterized the erythropoietic response of the old mice 
to testosterone supplementation and compared it to that of 
the younger adults. We characterized the response of red cell 
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index, iron availability, splenic markers of erythropoiesis, 
and late-stage erythroid progenitors in spleen and bone 
marrow to testosterone or placebo administration.

Methods

Animals
Male C57BL/6 mice (6 and 28 months) were purchased 

from National Institute of Aging rodent longevity colony. 
All mice were housed in groups of 2–4 animals per cage 
assigned at birth, maintained in 12/12-hour light/dark cycle 
and 21°C room temperature, with free access to food and 
water. The protocol of animal use was approved by the 
IACUC of Boston University. Testosterone was adminis-
tered by subcutaneous injections (50 mg/kg, in 100 μL of 
sesame oil) twice per week for 3 weeks. The control ani-
mals received injections of 100-μL sesame oil.

Blood Collection and Analysis
After acclimation, 50 μL of blood was taken from facial 

vein to measure the baseline hematological index as described 
previously (12). One week later, the same mice were used for 
measurement of 58Fe incorporation into erythrocytes. Mice 
were allowed to recover for 3 weeks before the first injection 
of testosterone. Final blood was obtained by heart puncture. 
Complete blood counts were performed using an ADVIA 
120 analyzer (Bayer, Tarrytown, NY). Serum iron and total 
iron binding capacity were determined using Iron/TIBC kit 
(ThermoDMA, Arlington, TX). Serum EPO and ferritin were 
measured using commercial assay kits (www.abcam.com).

RNA Isolation and Real-time PCR
Frozen whole spleen was pulverized, and about 25 mg 

was taken for total RNA isolation using RNeasy Mini Kit 
(#74106; Qiagen). Real-time PCR was conducted on the 
ABI 7500 PCR system (Applied Biosystems) using SYBR 
Green qPCR master mix (#A6001; Promega) to measure 
messenger RNA expression levels, which were normalized 
to the expression level of hypoxanthine-guanine phospho-
ribosyl transferase. All PCR primers used were intron-
spanning and designed using web-based software (www.
roche-applied-science.com).

Measurement of 58Fe Incorporation into Red Cells
58Fe was obtained from Oakridge National Laboratory 

(www.ornl.gov). 58Fe/transferrin complex was prepared as 
described (12) and injected into tail vein at 10 ng/g body 
weight. Blood (~50 μL) was drawn from facial vein after 
12 hours, washed with saline, and red cells were digested 
for measurement of 58Fe/56Fe ratio using a multicollector-
inductively coupled plasma mass spectrometer as described 
(12). The amount of iron incorporated into red cells was 

calculated using specific activity of 58Fe in steady-state 
serum iron pool size.

Detection of Erythrocyte Progenitors in Bone Marrow 
and Spleen Using Flow Cytometry

Cells were collected from bone marrow by flushing 
with a 26-gauge needle and from spleen by mechanical 
dissociation before passing through a 70-μm cell strainer. 
Single-cell suspensions were incubated with red blood 
cell (RBC) lysis buffer (Biolegend, San Diego, CA) to 
remove the mature erythrocytes. Cells were stained with 
a fluorescein isothiocyanate–conjugated antibody against 
CD71 (1 μg/mL) and a phycoerythrin-conjugated antibody 
against Ter119 (1 μg/mL; BD Biosciences, San Jose, CA). 
Dead cells were excluded using a live/dead cell vitality kit 
(Invitrogen, Grand Island, NY). Samples were analyzed on 
a LSR II Flow Cytometer (BD Biosciences), and the data 
were analyzed using Flow Jo software (Tree Star, Ashland, 
OR). Cells that stained positive for both CD71 and Ter119 
were gated as late-stage erythroid progenitors (13).

Statistical Analyses
The results are presented as mean ± standard error of 

mean. For experiments that include more than two groups, 
comparison was conducted using one-way analysis of vari-
ance followed by Tukey’s test. Comparisons between con-
trol and testosterone-treated animals of the same age were 
performed using Student’s t test.

Results

Old Male Mice Are Anemic and Have Impaired Ability to 
Incorporate Iron Into Red Cells

Compared with young adults (6 months), the old mice  
(28 months) had lower Hct, Hb, and RBC count 
(Figure 1A–C). The mean corpuscular volume (Figure 1D) 
and mean corpuscular Hb concentration (Figure  1E) did 
not differ significantly between the ages. Because iron 
incorporation into Hb is believed to be the rate-limiting 
factor for erythroid maturation (14), we determined 
whether anemia in the old mice was associated with 
reduced capacity for iron incorporation into red cells. The 
mice were administered a bolus of transferrin-bound 58Fe 
into the tail vein at a dose of 10 ng/g body weight. Twelve 
hours later, the incorporation of 58Fe in red cells was 
measured by multicollector-inductively coupled plasma 
mass spectrometer. The amount of total iron incorporation 
was calculated based on Hct and blood volume estimated 
from body weight and serum iron concentration. As shown 
in Figure 1F, the iron incorporation into the erythrocytes 
was substantially lower in old mice than the young mice. 
These data suggest that limited iron utilization for Hb 
synthesis may contribute to the anemia in the old animals.

http://www.abcam.com
http://www.roche-applied-science.com
http://www.roche-applied-science.com
http://www.ornl.gov
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Testosterone Supplementation Increases Hb, Hct, and 
RBC Count

In randomized clinical trials, testosterone administration 
was shown to increase Hb and Hct in young and older men 
(15). However, the older men recruited for the first-gener-
ation testosterone trials were generally at an early stage of 
aging (61–75 year) and nonanemic (15). To establish an 
animal model that could facilitate studies of the mecha-
nisms by which testosterone stimulates Hb and Hct in very 
old subjects, we treated the young and old mice (29 months 
by now) with either testosterone (50 mg/kg, twice per 
week, subcutaneously) or vehicle for 3 weeks. Within the 2 
months between the initial and the final blood test, Hb, Hct, 
and RBC counts did not change in vehicle-treated young 
mice but were substantially reduced in vehicle-treated old 
mice (Supplementary Figure s1). As shown in Figure  2 

(upper panel), testosterone supplementation increased Hb, 
Hct, and RBC count in comparison to vehicle administra-
tion in both young and old mice. The changes were greater 
in old mice than the young mice (Supplementary Figure s2), 
although testosterone supplementation did not completely 
restore the red cell index to the level found in the untreated 
young animals (Figure 2, upper panel). Testosterone sup-
plementation also increased mean corpuscular volume and 
mean corpuscular Hb in old mice but not in the young mice, 
without affecting mean corpuscular Hb concentration in 
either age group (Figure 2 and Supplementary Figure s2). 
Although mean corpuscular Hb was only marginally lower 
in old control animals than the young animals (p = .12), 
the significant increase after testosterone supplementa-
tion suggests a correction of defects in Hb synthesis (16). 
The reticulocyte Hb ratio increased equally in response to 
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Figure 1.  Twenty-eight-month-old male mice have lower baseline red blood cell (RBC) count (A), hemoglobin (Hb, B), hematocrit (Hct, C), and iron incorpora-
tion into RBCs (F) than 6-month-old mice. The mean corpuscular Hb concentration (MCHC, D) and mean corpuscular volume (MCV, E) did not differ significantly 
between the young and old mice. For iron incorporation studies, transferrin-bound 58Fe (10 ng/g) was injected into the tail vein. Blood was drawn 12 h after injection. 
The ratio of 58Fe/56Fe was analyzed by multichannel collector inductively coupled plasma mass spectrometry, and the net incorporation of iron was calculated as 
described in Methods section. Results shown are mean ± standard error of mean, N = 18 for each group. 
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testosterone administration in both young and old mice 
(Figure 2, lower panel).

Remarkably, the reticulocyte count in the old mice was 
about twofold greater than that in young animals, whether 
expressed as absolute count (million reticulocytes per micro-
liter; Figure 2) or as a percentage of total number of blood 
cells (Supplementary Figure s3, left panel). Even after cor-
rection for the degree of anemia (15), the absolute reticulo-
cyte count remained higher in old animals (Supplementary 
Figure s3, right panel). A  similar increase in reticulocyte 
count with advanced age has been reported by others 
(17). Testosterone supplementation increased the relative 
reticulocyte count in young mice but not in the old mice 
(Figure 2, lower left panel and Supplementary Figure s3,  
left panel). However, after multiplication by Hb, testos-
terone-induced increase of reticulocyte production was 

found to be significant in both age groups (Supplementary 
Figure s3, right panel). Because juvenile erythrocytes are 
larger than the older ones (18), an increase in reticulocytes 
coupled with an increase in mean corpuscular volume sug-
gests that testosterone supplementation was associated with 
increased proportion of juvenile erythrocytes in old mice.

Age and Testosterone Differentially Regulate Serum 
Iron, Transferrin Saturation, EPO, and Hepatic 
Hepcidin Expression

As shown in Figure  3, the lower Hb and Hct levels in 
old mice were associated with lower serum iron and 
lower transferrin saturation in comparison to the young 
mice. Total iron binding capacity was similar between the 
two age groups (Supplementary Figure s4). Testosterone 
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Figure 2.  Erythropoietic response to administration of either vehicle (C, 100 μL) or testosterone (T, 100 μL, 50 mg/kg) weekly for 3 wk. Y, young adult; O, older 
mice. Results are shown as mean ± standard error of mean, N = 9 in each group. Data were analyzed by one-way analysis of variance followed by Tukey’s test. Hct, 
hematocrit; Hb, hemoglobin; RBC, red blood cell count; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemo-
globin concentration; ret-C, reticulocyte count; CHr, reticulocyte hemoglobin ratio; ns, nonsignificance.
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supplementation restored serum iron and transferrin satura-
tion in old mice to levels found in the young mice (Figure 3) 
and increased total iron binding capacity in both age groups 
with a greater change found in old mice (Supplementary 
Figure s4). Serum ferritin concentration did not differ sig-
nificantly between vehicle-treated young and old mice and 
was similarly reduced by testosterone supplementation in 
both age groups (Figure 3).

Because hepcidin is an important regulator of iron home-
ostasis and is known to regulate both dietary iron intake and 
endogenous iron recycled from senescent erythrocytes (19), 
we measured the effect of testosterone supplementation on 
hepatic hepcidin messenger RNA expression. As shown in 
Figure 3 (lower right panel), baseline hepcidin messenger 
RNA expression was significantly lower in old mice than 
the young mice. Testosterone supplementation reduced hep-
cidin messenger RNA expression in young mice as expected 
(12) but had no effect on hepcidin expression in the old mice.

Consistent with prior studies showing a rise in serum EPO 
in anemic older humans (3,20) and animals (21), we found 
that serum EPO levels were strikingly higher in old mice as 
compared with the young mice (Figure 3, lower left panel). 

Testosterone supplementation did not affect serum EPO con-
centration in either age group (Figure 3). This is consistent 
with a recent study that found no correlation between serum 
EPO and the hematopoietic effect of testosterone (22).

Studies in humans have shown that serum EPO levels rise 
with age before the onset of anemia (23). We measured EPO 
concentration in sera collected from young (5–6 months), 
middle (15–16 months), early-old (23–24 months), and late-
old (28–29 months) ages. Serum EPO levels did not differ 
between the young- and middle-age groups (Supplementary 
Figure s5) but were nearly twofold higher in the 23–24-month 
group than the young group (Supplementary Figure s5). The 
28–29-month very old mice had substantially higher EPO 
levels than all other age groups (Supplementary Figure s5).

Age and Testosterone Differentially Regulate Splenic 
Expression of Erythropoietic Markers

Spleen is the primary site of anemia-related stress erythro
poiesis known to be regulated by androgens (8,9). Thus, 
we analyzed splenic expression of selected erythropoietic 
markers, including GATA-1 and its associated transcription 
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Figure 3.  Twenty-eight-month-old mice have lower serum iron concentration and lower transferrin saturation than 6-month-old mice. Testosterone supplementation 
increased serum iron and transferrin saturation in the old mice without a significant effect on the young mice but decreased serum ferritin similarly in both young and old ani-
mals. Baseline serum erythropoietin (EPO) was higher, and hepatic hepcidin messenger RNA (mRNA) expression level was lower in the old mice than that in the young mice. 
Testosterone did not affect serum EPO levels at either age but reduced hepatic hepcidin mRNA expression levels in the young mice. Results are shown as mean ± standard 
error of mean, N = 9 for each group. Data were analyzed by one-way analysis of variance, followed by Tukey’s test. Y, young adult; C, vehicle; T, testosterone; O, older mice. 
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factors FOG1, EKLF, and NF-E2. We found that expression 
level of GATA-1, the master transcription factor that regulates 
erythropoiesis at multiple stages from erythroid lineage 
commitment to red cell maturation (24–26), was increased in 
spleen of old mice compared with the young mice (Figure 4). 
The expression levels of FOG1, which binds GATA-1 to 
ensure erythroid lineage commitment (27), and EKLF, the 
transcription factor that co-operates with GATA-1 to activate 
β-globin transcription (28), were higher in old mice than 
the young mice. NF-E2, the transcription factor that plays 
an important role in globin gene expression (29), was also 
expressed at a higher level in old mice than the young mice. 
As GATA-1 is known to be in control of FOG1, EKLF, and 
NF-E2, and GATA-1 itself can be activated by anemia (30), 
the increased expression of these erythropoietic transcription 
factors in old mice might be reflective of a compensatory 
response to the anemic condition in these animals. Consistently, 
we also found increased splenic expression of receptors 
for EPO and transferrin in old mice than the young mice, 
suggesting an increase of splenic erythroid progenitor cells. In 
addition, expression of β-globin, the adult Hb β-subunit and 
also a direct target of GATA-1/EKLF transcription complex 
(28), was increased in old mice (Figure  4). Finally, splenic 
expression of heme oxygenase, the enzyme that extracts iron 
from degraded Hb after red cell phagocytosis (31), was also 
increased in old mice (Figure 4). Taken together, these results 

suggest that mechanisms for increasing erythropoiesis were 
activated in old mice but were insufficient to reverse the age-
related anemia.

As shown in Figure 4, testosterone supplementation sig-
nificantly upregulated the expression of erythropoietic tran-
scription factors, GATA-1, FOG1, EKLF, and NF-E2; the 
increase in expression levels of these transcription factors 
was generally more pronounced in old mice than the young 
mice. Testosterone supplementation also further increased 
the expression of EPO and transferrin receptors. These 
results together support the hypothesis that testosterone 
supplementation enhances splenic erythropoiesis in these 
anemic old mice.

Age and Testosterone Differentially Regulate Splenic 
Production of Late-stage Erythroid Progenitors

To further test the hypothesis that age and testosterone 
each has a distinct effect on stress erythropoiesis in the ane-
mic old mice, we measured the effect of each on the pro-
portion of late-stage erythroid progenitors in spleen and 
bone marrow. As shown in Figure  5, a greater percentage 
of late-stage erythroid progenitors (stained positive for both 
CD71 and Ter119) (32) was detected in bone marrow than in 
spleen. However, the percentage of bone marrow late-stage 
erythroid progenitors did not differ among age groups with or 
without testosterone supplementation. This is consistent with 
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Figure 4.  Age and testosterone differentially increase splenic messenger RNA expression of key erythropoietic transcription factors and selected erythroid-related 
markers. Results are shown as mean ± standard error of mean, N = 9 for each group. Data were analyzed by one-way analysis of variance followed by Tukey’s test. 
GATA-1, GATA binding protein 1; FOG, friend of GATA; EKLF, erythroid Krüppel-like factor; NF-E2, nuclear factor, erythroid-derived 2; EPOR, erythropoietin 
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previous studies showing that bone marrow erythropoiesis is  
homeostatic and does not decline with aging (33). In contrast, 
although erythroid progenitors account for only about 0.3% of 
cells in spleen of young animals, much less than the 5% found 
in bone marrow, the percentage was nearly double in old 
mice, and further increased twofold after testosterone supple-
mentation (Figure 5, left panel). This finding is in agreement 
with previous studies showing that murine spleen can be the 
primary site for stress erythropoiesis with androgen admin-
istration (9,34) and also in line with the increase of splenic 
erythropoietic gene expression found in this study (Figure 4).

Effect of Age and Testosterone Supplementation on 
Inflammatory Cytokine Expression

Anemia in the elderly population has been postulated to 
be a reflection of increased expression of proinflammatory 

cytokines (5). As shown in Supplementary Figure s6, 
liver expression of tumor necrosis factor α was higher in 
old anemic mice than in the young mice. However, liver 
expression of interleukin 6 was moderately lower in old 
mice than in the young mice. In contrast, splenic tumor 
necrosis factor α expression did not differ between the two 
age groups, and interleukin 6 expression was modestly lower 
in old mice. Testosterone supplementation had no effect on 
expression of tumor necrosis factor α or interleukin 6 in 
either liver or spleen.

Discussion
There is considerable debate whether anemia in older 

individuals is a result of aging or a consequence of comor-
bid conditions often associated with aging. The studies in 
older humans are often confounded by variations in genetic 

Figure 5.  Age and testosterone differentially increase the percentage of late-stage erythroid progenitors (Cd71+Ter119+) in the spleen but not in the bone marrow. 
Upper panel: representative cell distribution patterns in spleen (left) and bone marrow (right) after costaining with anti-CD71 and anti-Ter119. Cells stained positive 
for both CD71 and Ter119 were gated as late-stage erythroid progenitors. Lower panel: the percentage of late-stage erythroid progenitors in spleen (left) and bone 
marrow (right). Results are mean ± standard error of mean, N = 7 for each group. Data were analyzed by one-way analysis of variance followed by Tukey’s test.  
Y, young adults; O, older mice; C, vehicle; T, testosterone; ns, nonsignificance.
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background, lifestyle, and other chronic medical condi-
tions that cluster together. As an experimental model of 
anemia of aging, we studied a genetically homogeneous 
mouse population maintained on a standardized diet and 
living environment. The old mice used in this study were 
within the age range of 40%–25%-survival window (www.
nia.nih.gov/aged-rodent-colonies-handbook). Even when 
maintained under pristine laboratory conditions, the old 
mice displayed clear evidence of anemia with lower Hb, 
Hct, and RBC counts than young mice. Furthermore, the 
vehicle-treated old mice displayed rapid declines in red cell 
index over the 2-month period of observation. Some stud-
ies have suggested that anemia in old mice can be related 
to social stress as singly housed mice or the dominant male 
in a group-housed setting do not become anemic (35,36). 
Because the mice used in this study were group housed, we 
cannot compare our findings with those prior observations. 
However, mice are social animals, in our opinion, findings 
from mice that aged in a group-housed setting (without 
overt social stress) are more reflective of real-life aging than 
those kept in a single-housed setting.

Several important findings have emerged from this study. 
First, the anemic old mice included in this study displayed 
evidence of increased—not decreased—activation of eryth-
ropoiesis as indicated by significantly higher expression of 
splenic EPO and transferrin receptors, and increased per-
centage of late-stage erythroid progenitors in comparison to 
young mice. The circulating levels of EPO and the expres-
sion of key erythropoietic transcription factors were both 
higher in old mice than the young mice. The old mice also 
showed higher reticulocyte counts after correction for ane-
mia, which serves as another marker for increased erythro-
poiesis (16). However, these compensatory erythropoietic 
mechanisms were insufficient to maintain normal Hb and 
RBC counts, suggesting that anemia in these old mice may 
be due to either defective steps in erythroid development 
such as iron incorporation for Hb synthesis or increased 
peripheral destruction of immature erythroid precursors as 
implied by previous studies (17).

Second, several lines of evidence suggest that iron avail-
ability for erythropoiesis may be limited in old mice. Serum 
iron and transferrin saturation was lower in old mice than 
the young mice. Mean reticulocyte Hb concentration, a 
marker of iron availability for Hb synthesis, was reduced in 
old mice. Furthermore, direct measurements of transferrin-
bound iron incorporation into erythrocytes demonstrated 
a reduced rate of iron incorporation in old mice compared 
with the young mice. Considered together, these data sup-
port the proposal that constrained iron availability may con-
tribute to anemia detected in the old mice.

Hepcidin has been recognized as an important regulator 
of iron homeostasis that blocks iron release into circula-
tion by multiple mechanisms and reduces iron bioavaila-
bility. Surprisingly, hepatic hepcidin expression was lower 
in old mice than in the young mice. It is not completely 

clear whether this reflects a compensatory mechanism for 
an anemic state or other age-related mechanisms may con-
tribute to downregulate hepcidin expression. Regardless, 
the observed changes of hepcidin do not explain the altera-
tions in markers of iron status found in the old mice. Indeed, 
others have also suggested that hepcidin may not be a key 
player in age-related anemia (37). 

Aging is known to blunt the responsiveness to pro-eryth-
ropoietic stimuli, such as hypoxia or EPO administration 
(21,38). However, we found that testosterone supplemen-
tation increased Hb and Hcts in both young and old mice 
with even a greater increase in the old mice, although the 
hormone supplementation did not completely restore the 
red cell index to the level found in untreated young animals. 
Testosterone supplementation upregulated the expression 
of several important transcription factors for splenic eryth-
ropoiesis, including GATA-1, FOG1, EKLF, and NF-E2; 
the increments in the expression levels of these transcrip-
tion factors were generally greater in old mice than in the 
young mice. Testosterone supplementation also induced 
greater increments in EPO and transferrin receptors in old 
mice and raised the percentage of late-stage erythroid pro-
genitors in spleen, providing a direct evidence of increased 
splenic erythropoiesis. In addition, testosterone supplemen-
tation restored serum iron and transferrin saturation in old 
mice to those found in the young mice and increased retic-
ulocyte Hb ratio in both young and old animals, indicat-
ing improved iron availability for erythropoiesis. Hepcidin 
does not appear to play an important role in mediating these 
effects in the anemic old mice. Alternative mechanism 
remains to be identified to interpret the elevation of serum 
iron and transferrin saturation in the old animals after tes-
tosterone supplementation.

In summary, very old mice near a 25%-survival time 
window may serve as a useful preclinical model for 
studying the mechanism by which testosterone improves 
red cell index under the anemic condition in late life. In 
this experimental model, anemia is associated with reduced 
serum iron, decreased iron incorporation into erythrocytes, 
and increased (ineffective) splenic erythropoiesis. Our data 
demonstrated that anemia in these old mice is significantly 
improved by testosterone supplementation. Further studies 
are needed to characterize the functional impact of such 
late-age anemia compared with that caused by anemia at 
an earlier life. In addition, as this study was conducted on 
mice from an inbred homogenous genetic background, 
key findings should also be tested in additional animal 
species and strains with mixed genetic backgrounds in 
order to better characterize late-life anemia, the mechanism 
of disease development and its treatment using androgen 
therapy.
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