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Abstract

Anemia s a pathological condition associated with various diseases including
cancer, and is indicated by a reduction in erythrocyte numbers or the amount of
hemoglobin in the peripheral blood. The analysis of changes in hematopoiesis
during anemia is important to develop novel therapies and to understand
hematopoietic ontogeny. We previously reported that injecting animals with
Nitrogen-Containing Bisphosphonate (NBP), which is an inhibitor of osteoclastic
bone resorption, decreased erythropoiesis in Bone Marrow (BM). Moreover, we
induced severe anemia in a mouse model by injecting NBP in combination with
Phenylhydrazine (PHZ), and embryonic type globin mRNA was detected in both
the BM and the liver in this anemia model. In addition, wine-colored capsuled
structures were unexpectedly observed in the abdominal cavity of this anemic
mouse model, and active erythropoiesis was also observed in these structures.
Here, we review recent insights into the pathogenic mechanisms underlying
various forms of anemia that have been gained through our findings.
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Introduction

Anemia is a pathological condition that involves a reduction
in the number of erythrocytes or the amount of hemoglobin in the
peripheral blood, and is caused by various diseases such as cancers
and bone marrow disorders. The pathology of anemia is very complex,
and studies that clarify the mechanism of recovery from anemia and
its pathology are essential to establishing an understanding of the
therapy, and the ontogeny of hematopoiesis and tissue engineering
[1]. Many studies have reported experimental anemia models,
including phlebotomy, schistosome parasite infection and drag-
induction, which are known to be different from the actual disease
state (Table 1) [2]. Phenylhydrazine (PHZ) is used to experimentally
induce hemolytic anemia in laboratory animals [3], by the mechanism
of RBC lipid peroxidation [4,5].

Hematopoiesis occurs in the Bone Marrow (BM) of adult
mammals under normal conditions. BM possesses a specialized
microenvironment called the ‘niche’ that maintains Hematopoietic
Stem Cells (HSCs) [6,7]. The stem cell niche, which is composed of
cellular compartments, produces several cytokines, such as G-CSF,
GM-CSF and SDF-1 [8,9].

Nitrogen-Containing Bisphosphonates (NBPs) have strong anti-
bone resorption effects, and are used as therapeutic agents against
bone resorption disorders such as osteoporosis and metastatic bone

diseases [10-12]. We previously reported that mice injected with
NBP developed decreased erythropoiesis in their BM (Figure 1) [13].
We induced severe anemia in a mouse model by injecting NBP in
combination with Phenylhydrazine (PHZ), and we then analyzed the
erythropoiesis and the levels of different types of hemoglobin in this
model. Here, we review recent insights from the established severely
Table 1: The comparing among the experimental anemic models.

Hb reduction Reticulocytosis Proerythroblast
Bled [2] + + ++
Parasite [2] + + +
PHZ injection [2] + ++ +

+: Significant increase compared with normal. ++: Significant increase compared
other group.
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Figure 1: NBP injection impacts hematopoiesis.

The BM from NBP treated mice become white compared to that of control
mice, and splenomegaly is induced by NBP injection. NBP injection also
caused a reduction in the number of erythroblasts and resident macrophages
in the BM.

Bars = 50um.
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Figure 2: Blood analysis.
A .The hematocrit values of all groups at 5 days after treatment.

No change was observed following treatment with NBP alone, while a
significant reduction was observed following PHZ treatment. Severe anemia
was induced in the animals treated with both NBP and PHZ.

B. The serum EPO concentration. The PHZ and NBP group had significantly
increased EPO concentrations compared to the control.

C. Blood smears stained with May-GriinwaldGiemsa stain in the animals
treated with both NBP and PHZ. Nucleated erythroid cells were easily
detected in the both NBP- and PHZ-treated mice (arrows).

Bar = 10um. *: P<0.05.

anemic mouse model, and provide further understanding of the new
proposed mechanism for recovery from anemia.

Effects of nitrogen-containing bisphosphonate on normal
and splenectomized mice

The use of NBPs results in strong anti-bone resorption effects. In
addition, NBPs have inflammatory side effects including fever, jaw
osteomyelitis, osteonecrosis and extramedullary erythropoiesis [13-
15]. Our previous study reported that a single injection of a relatively
large dose of NBP into mice induced Extramedullary erythropoiesis
by depleting resident BM macrophages and increasing the number of
granulocytes in the peripheral blood [13]. Moreover, the injection of
NBP into splenectomized mice induced extramedullary erythropoiesis
without anemia and caused changes in EPO concentrations in the
liver [16].

A severely anemic mouse model

There are many experimental models of anemia that have been
used to study this disease. We analyzed the changes in hematopoiesis
after induction of anemia by inhibiting erythropoiesis in the BM.
Splenectomized mice were treated with NBP to inhibit erythropoiesis
in the BM, and with PHZ to induce hemolytic anemia. Treating
animals with both NBP and PHZ induced more serious anemia
than administering PHZ alone, and the concentration of EPO in the
serum was also significantly increased (Figure 2A & 2B). Moreover,
numerous nucleated erythrocytes and reticulocytes were observed in
the peripheral blood of mice treated with both NBP and PHZ (Figure
20).

The number of erythroid lineage cells in the BM was significantly
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Figure 3: G-CSF concentration in serum and HPC numbers of severely
anemic mice.

Time-dependent change in serum G-CSF concentration. The serum G-CSF
concentration significantly increased 1-3 days after NBP injection compared
with 0 days after NBP injection. Number of lineage-negative, c-kit-positive
HPCs in the BM significantly decreased 1 and 2 days after NBP injection.
The number of HPCs in the peripheral blood significantly increased 1 day
after NBP injection.

*: P<0.05 (vs. control or 0 day).
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Figure 4: The pathological conditions and mechanisms of newly discovered
structure formation in the severely anemic mouse model.

The increased G-CSF production following NBP injection mediated HSC and/
or HPC mobilization, which colonized the omentum and provided the niche for
hematopoiesis by expressing some hematopoiesis-related factors, including
SDF-1. Moreover, the high EPO level stimulated erythropoiesis, resulting in
the expression of embryonic globins and the formation the new hematopoietic
structures.

decreased following NBP injection. However, the proportion of these
cells in the mice treated with NBP and PHZ was significantly increased
despite the use of NBP [17]. This indicates that splenectomized mice
treated with both NBP and PHZ become critically anemic and display
a significant increase in EPO levels, which enhances erythropoiesis.
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The presence of nucleated erythrocytes in a blood smear suggested
that abnormal erythropoiesis was induced, because nucleated
erythrocytes are not normally observed in the blood in mammals,
except during the early embryonic stages.

Expression of types of embryonic hemoglobin

Mammalian hematopoiesis occurs in two distinct waves,
commonly referred to as the primitive and definitive waves, which
originate in the yolk sac, and in the fetal liver and BM, respectively
[18]. Yolk sac-derived primitive erythroid cells remain nucleated and
enucleated terminally in circulation, whereas definitive erythroid cells
produced in the fetal liver are released into circulation after complete
maturation [5,6,19,20]. The components of the globin tetramer are
encoded by the a- and B-globin gene loci. There are 3 functional
a-globins ({-, al- and a2) and 4 P -globins (Ey-, phl-, p1- and p2-)
in mice [6,21,22]. Primitive erythrocytes express the embryonic
complement of globin chains, which initially consist of {- and ph1-
globins, followed by al- and a2-, and Ey-globins at the primitive
proerythroblast stage [6,21-23]. Definitive erythroid cells complete
their maturation and enucleation at erythropoietic sites, the fetal liver
and BM, where the adult complement of globin chains consisting of
al-, a2-, B1-, and P2- are expressed.

Since we observed nucleated erythrocytes in the peripheral blood
of severely anemic mice in our anemia model, we determined the
expression of embryonic globins. The embryonic globins (-, ph1- and
Ey- and the adult globins a- and  major were expressed in the BM
and the liver in the severely anemic mice. We also identified the cell
clusters that expressed the embryonic globins {-, ph1- and Ey- in the
BM and liver of severely anemic mice [17]. These results suggest that
abnormal erythropoiesis may occur in this critical anemia model, and
that embryonic globins may be activated as a response to hypoxemia.

The factors relating to embryonic globin expression

The expression of globin genes is jointly regulated by elements
in the promoter regions and an upstream enhancer region called the
Locus Control Region (LCR) [6]. A variety of nuclear factors that
are involved in transcriptional regulation are thought to be related
to globin gene expression and switching between them [24,25].
Members of the KLF (Kruppel-like factor) family are essential
transcription factors that bind GC-rich sequences to regulate the
biological dynamic changes in globin expression during development
[26]. KLF1 (EKLF: Erythroid Kruppel-like Factor) plays an essential
role in erythropoiesis and is involved in the expression of P-like
embryonic globin by binding to its promoter region [27,28]. KLF2
regulates biological activity in various tissues and enhances the
expression of -like embryonic globin [29,30].

The expression of several embryonic globin transcription factors
was analyzed in severely anemic model mice. The expression of KIf1,
KIf2 and Gatalwas up-regulated. Moreover, the fhl- and Ey-globin
promoters were bound to KLF1 and KLF2 in the BM and livers of
mice treated with NBP and PHZ. These results indicate that KLF1
and/or KLF2 regulate the transcription of embryonic $-like globins
in the BM and liver.

Induction of newly discovered hematopoietic structures

Erythropoiesis occurs in the bone marrow and the spleen even in
healthy adult mice. Extramedullary erythropoiesis occurs in various

organs, including the lungs, heart, thymus, and hemal nodes, under
abnormal conditions such as acute anemia [31-38].

Unexpectedly, wine-colored structures appeared in the omentum
or pancreas of our severely anemic model mice [39]. Histological
examination identified lymphoid follicle-like cell clusters and well-
developed sinusoids, similar to the spleen, and revealed that some
hematopoietic cells, including mega karyocytes and erythroblasts,
populated these [39]. The lymphoid follicle-like
clusters were filled with erythroblasts, and most of these cells were
proliferating. This suggests that these newly discovered structures in
a severely anemic mouse model could be the site of extramedullary
hematopoiesis.

HSC mobilization & G-CSF

G-CSF is a cytokine related to granulopoiesis and G-SCF
production is enhanced in inflammation and stimulates
granulopoiesis. G-CSF has other functions, namely the suppression
of osteoblast lineage cells and inhibition of the expression of SDF-1,
SCF and VCAM-1, which results in the mobilization of HSCs and
HPCs from the BM to the peripheral tissues [40,41]. We examined
the cell population in the peripheral blood and BM, and the GCSF-
levels in our anemic mouse model.

structures

We first determined the number of lineage-negative and c-kit-
positive HPCs in the BM and peripheral blood in order to detect the
mobilization of HPCs from the BM to the peripheral tissues. The
population of HPCs was significantly decreased in the BM after NBP
injection, whereas it was markedly increased in the peripheral blood
during the same period following treatment. One day after NBP
injection, the G-CSF levels increased precipitously and remained at a
high concentration for up to 3 days after treatment, which correlated
with the decrease in the number of HPCs in the BM. NBP is known
to enhance granulopoiesis and inflammation [13], which might be
mediated by G-CSF stimulation. Our results suggest that G-CSF
production is stimulated by NBP treatment, which then provoked the
mobilization of HPCs from the BM to the peripheral tissue (Figure 3).

Factors relating to extramedullary hematopoiesis

The recruitment of progenitors to the vascular niche involves
signaling through SDF-1 [42]. The vascular niche seems to be
associated with Extramedullary hematopoiesis in the liver and spleen
through the expression of SDF-1, which plays an essential role in the
homing of Hematopoietic Stem Cells (HSCs) and HPCs to the BM
[43,44].

We detected some cytokines that are related to hematopoiesis,
including SCF and SDF-1, in the omentum, even in normal
conditions [39]. In particular, SDF-1 plays an essential role in the
homing of HSCs and HPCs, and is associated with Extramedullary
hematopoiesis [43,44].

The omentum seems to possess a suitable microenvironment for
hematopoiesis because it expresses cytokines, including SDF1, even
under normal conditions. Increased levels of these cytokines might
support the observed mobilization of HPC homing, colonization and
differentiation in the peripheral tissues in this study.

Conclusion

We established a severely anemic mouse model by sequential
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treatment with NBP and PHZ. This model demonstrated the
emergence of nucleated erythrocytes in the peripheral blood, the
expression of embryonic types of hemoglobin at hematopoietic sites,
and the induction of newly discovered hematopoietic structures
(Figure 4). Our results indicate the flexibility of hematopoiesis and
suggest that that yolk sac-derived primitive erythroid cells may
persist into adulthood in mice. Our insights from this severely anemic
mouse model will contribute towards understanding the mechanism
of anemia, and our ability to treat affected patients.
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