ELSEVIER

Available online at www.sciencedirect.com

SCIENCE<C£DIRECT®

Biochemical and Biophysical Research Communications 328 (2005) 318-325

BBRC

www.elsevier.com/locate/ybbrc

Reversal of experimental diabetes by multiple bone
marrow transplantation™

Meenal Banerjee®, Anil Kumar®, Ramesh R. Bhonde™*

& National Centre for Cell Science, Ganeshkhind, Pune, Maharashtra, India
® School of Biotechnology, Devi Ahilya University, Indore, Madhya Pradesh, India

Received 4 December 2004
Available online 7 January 2005

Abstract

Therapeutic utility of bone marrow transplantation in diabetic patients to overcome deficient B-cell population is an attractive
proposal. However, the status of bone marrow stem cells (BMSCs) under hyperglycemia is not known. In the present study, we
investigated the status of BMSCs in experimental-diabetic mice and demonstrated the rescue of experimental diabetes by multiple
diabetic bone marrow transplantation. Our flow-cytometry analysis for CD34", CD45%, flk1", c-kit", and CD347CD45" revealed
that BMSC reserve remains unaffected under sustained hyperglycemia. We found that single injection of diabetic bone marrow
cells (~10°) resulted in reduction and stabilization of moderate hyperglycemia. However, multiple injections at regular intervals
led to restoration of stabilized normoglycemia during a 30 day follow-up. Reversal of diabetes was evidenced by disappearance of
hyperglycemia, normal intra-peritoneal glucose tolerance test, and histology and morphometry of pancreas. The present study
thus demonstrates that diabetic bone marrow retains its stemness and potential to induce pancreatic regeneration on

transplantation.
© 2005 Elsevier Inc. All rights reserved.
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A reduction of B cell mass in the pancreas is a hall-
mark in the development of both typel (IDDM) and
type 2 diabetes (NIDDM) that need to be compensated
for better glycemic control. The regeneration and main-
tenance of pancreatic endocrine tissue after the onset of
islet destruction would have significant therapeutic im-
pact on diabetes mellitus (DM). Regeneration of pancre-
atic endocrine cells/islets has been demonstrated on
several occasions including the work from this labora-
tory [1-6]. Recent animal and clinical studies have sug-
gested that tissue regeneration can occur upon the
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introduction of bone marrow derived stem cells that
have multiple effects. It seems possible that pleuripotent
stem cells derived from the bone marrow contribute to
adult islet neogenesis [7]. Bone marrow harbors cells
that have pleuripotent differentiation capacity since
myoblasts [8], cardiac myoblasts [9], endothelium [10],
hepatic, biliary duct epithelium [11], and neuroectoder-
mal cells [12] of donor origin can be found in recipient
animals upon transplantation of bone marrow or en-
riched hematopoietic stem cells (HSCs). It is possible
that HSCs may also be able to switch lineage and there-
fore, be a convenient source of stem cells for both induc-
ing tolerance and islet cell regeneration [13].

Recently, Tanus et al. [14] have reported that bone
marrow cells can differentiate into functionally compe-
tent pancreatic endocrine B cells and thus represent a
source for cell-based treatment for DM. On other hand,
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studies of Watada and colleagues suggested that bone
marrow derived cells are a distinct cell population from
islet cells and that transdifferentiation from bone mar-
row derived cells to pancreatic B cell is a rare event
[15,16]. While determining the cellular mechanism and
physiological relevance of bone marrow derived stem
cells for the restoration of tissue function after pancre-
atic injury, Hess et al. [17] have introduced a new con-
cept to the field of bone marrow stem cell research.
They have shown that upon transplantation these cells
initiate endogenous pancreatic regeneration by rapid
proliferation of recipient pancreatic cells and neogenesis
of insulin positive cells of recipient origin.

Slack [18] has mentioned that the failure of regenera-
tion following treatment with streptozotocin (STZ) or
alloxan may suggest that these drugs target the potential
stem or transit cells as well as the differentiated B cells.
Contrary to this report, we and other groups have
shown that STZ does not destroy the intra-islet stem cell
reserve in experimental-diabetic subjects [19,6]. Hence,
we were interested in investigating the status of bone
marrow stem cells in STZ-diabetic mice with respect to
their regeneration inducing capacity. Stepanovic et al.
[20] have reported that exogenous non-diabetic bone
marrow derived cells increase vascularization and im-
prove wound healing in Leprdb-diabetic mice whereas
Leprdb derived bone marrow cells inhibit vasculariza-
tion but promote wound healing in Leprdb mice, thus
indicating retention of stemness, despite hyperglycemia.
In recent years, evidence is being accumulated regarding
the role of bone marrow transplantation in induction of
pancreatic regeneration in diabetic animals. However,
the stemness of bone marrow cells under the influence
of sustained hyperglycemia is questionable. Hence, we
isolated bone marrow from STZ-diabetic mice and com-
pared it with that of normal mice with respect to HSCs
as well as endothelial stem cell population. CD34 is an
O-sialylated glycoprotein (105-120 kDa), whose expres-
sion within the hematopoietic system is restricted to
primitive progenitor cells of all lineages [21] and
CD45, a pan-hematopoietic stem cell marker which rep-
resents only hematopoietic stem cell population, neither
mesenchymal nor multipotential adult progenitor stem
cells [22]. Several studies have demonstrated that endo-
dermal interaction with endothelial cells [23] is necessary
for pancreatic organogenesis. In addition, endothelial
cells, another mesodermal derivative, provide organo-
genic stimuli for the pancreas [24]. FlkI encodes a recep-
tor for VEGFs and is expressed in endothelial cells [25].
On assessing the integrity of hematopoietic and endo-
thelial stem cell population in diabetic bone marrow,
we transplanted whole bone marrow of STZ-diabetic
mice into syngenic experimental-diabetic mice and
looked for changes in glycemic status, morphometry,
and histology of pancreatic sections to confirm regener-
ation if any.

Materials and methods

Animals. STZ treated as well as normal Swiss albino mice (6-8
weeks) were maintained in the animal house of National Centre for
Cell Science on normal chow and water. Experimental protocols were
approved by Animal Ethical Committee of the institute.

Antibodies. Normal goat IgG, normal rabbit IgG, CD45 (goat
polyclonal IgG), CD34 (rabbit polyclonal 1gG), c-kit (rabbit poly-
clonal IgG), (Flk-1 goat polyclonal IgG), goat anti-rabbit IgG-FITC,
and donkey anti-goat 1gG-PE, were all purchased from Santa Cruz
Biotechnology, Santa Cruz, CA, USA.

Induction of experimental diabetes by STZ. After overnight fasting
mice were injected with freshly prepared STZ (Sigma, St. Louis, MO,
USA, 200 mg/kg body weight, prepared in chilled citrate buffer, pH
4.5). Diabetic status was confirmed by measurement of blood glucose
(Accutrend sensor comfort blood glucose meter, Roche Diagnostic,
Germany) after one week of STZ injection. Glycosylated hemoglobin
levels of STZ-diabetic mice were also analyzed. Mice exhibiting gly-
cosylated hemoglobin more than 6.6 were taken as donors for trans-
plantation studies.

Bone marrow cell isolation and transplantation. Bone marrow from
STZ-diabetic mice was flushed from the medullary cavities of femurs
using a 25 gauge needle. Viability of cells after isolation was checked
by Trypan blue (Sigma, St. Louis, MO, USA) dye exclusion method.
Recipient mice (diabetic, irradiated/non-irradiated) were transplanted
intravenously through tail vein approximately 10° unfractionated bone
marrow cells either as a single injection or multiple injections (at least
three unless otherwise specified) at a regular interval of 6 days.

Intraperitoneal glucose tolerance test. After fasting overnight all
three groups of mice, i.e., normal, diabetic, and experimental (which
received multiple bone marrow injections) were injected with 2 g/kg
body weight of glucose intraperitoneally. Glucose disposal was ana-
lyzed by measuring random blood glucose (Accutrend sensor comfort
blood glucose meter, Roche Diagnostic, Germany) of mice at different
time points 0, 30, 60, and 120 min.

Total body irradiation. In order to destroy the stem cell niche of
bone marrow of the recipient STZ-diabetic mice, they were subjected
to total body irradiation with a dose of 900 rads from a *°Co source.

Histological and morphometry analysis. Pancreata were excised,
washed once in phosphate-buffered saline (PBS), and then fixed in
formalin (10%). Tissues were then processed for paraffin embedding,
subsequent serial sectioning, and stained with hematoxylin/eosin
(Qualigens Fine Chemicals, Bombay, India) to allow the assessment of
pancreatic islet morphology before and after transplantation. Islets
were observed from every tenth serial section, images were captured
with a Variocam, Germany PCO CCD imaging camera, processed, and
then quantification of islet size was carried out using the Kontron
Image analysis software version 2.04. Values are presented as
means + SE.

Immunostaining of bone marrow hematopoietic as well as endothelial
stem cells for flow cytometry. Whole bone marrow was retrieved from
STZ-diabetic mice after one month of sustained hyperglycemia as well
as from age- and sex-matched normal mice following the protocol
mentioned above. Cells were seeded in 25 cm? tissue culture flasks with
IMDM (Iscove’s modified Dulbecco’s medium, Grand Island, NY,
USA) supplemented with 20% fetal calf serum (Trace Biosciences PTY,
New South Wales, Australia). Flasks were incubated for 2 h at 37 °C in
5% CO, atmosphere. Bone marrow cells isolated from normal as well
as diabetic mice were divided into three groups: unstained, isotype
control, and experimental. Cells were then washed twice with PBS, pH
7.4 and fixed with 2% paraformaldehyde at 4 °C for 10 min (for CD34
and Flkl) or with chilled methanol (CD45 and c-kit staining).
Experimental group of cells was washed with PBS twice and then
incubated with respective primary antibody (5 pg/ml) at 4 °C for 2 h
with occasional shaking. Unstained group of cells was incubated with
only PBS and isotype control cells were incubated with normal goat
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1gG, 5 pg/ml or with normal rabbit IgG, 5 pg/ml. After two washes
with PBS containing 1% BSA (bovine serum albumin), experimental as
well as isotype control cells were incubated with secondary antibody
(donkey anti-goat IgG-PE 5 pg/ml or goat anti-rabbit IgG-FITC 5 pg/
ml) at 4 °C for 1 h with occasional shaking. Cells were washed twice
with PBS containing 1% BSA, once with PBS only and analyzed
immediately on FACS Vantage (Becton-Dickinson, Canada).

Immunostaining for co-expression of CD34 and CD45 of bone
marrow HSCs for flow cytometry. Bone marrow cells were isolated,
cultured, and grouped according to the protocol mentioned above.
After the fixation of cells with paraformaldehyde they were incubated
with CD34 antibody (5 pg/ml) at 4 °C for 2 h with occasional shaking.
Cells were then permeabilized with 0.1% Triton X-100 for 2 min at
4 °C. After two washes with PBS containing 1% BSA, experimental
cells were incubated with CD45 (5 pg/ml) antibody at 4 °C for 2 h
which is followed by secondary antibody incubation at 4 °C for 1 h
(donkey anti-goat IgG-PE 5 pg/ml or goat anti-rabbit IgG-FITC 5 pg/
ml, both added simultaneously). Unstained and isotype control groups
of cells were treated as mentioned earlier. Cells were washed twice with
PBS and analyzed immediately on FACS Vantage (Becton-Dickinson,
Canada).

Statistical analysis. Data have been presented as means + SE.
Statistical differences were determined using a one-way ANOVA
(Tukey test). Analysis was performed with Sigma Stat; Jandel Scien-
tific, Erkrath, Germany. A value of P <0.05 was considered to be
statistically significant.

Results
Comparative analysis of bone marrow HSCs as well as
endothelial stem cells expressing CD34, CD45, c-kit, and

Flkl1

Comparative quantitative analysis for the existence of
bone marrow HSCs isolated from normal as well as
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STZ-diabetic mice was performed by flow cytometry.
Data (Fig. 1) presented here clearly show that there is
no significant difference between percent population of
bone marrow HSCs expressing either CD45 (Fig. 1A)
or CD34 (Fig. 1B), HSC subpopulation expressing c-
kit (Fig. 1C) and endothelial stem cells expressing Flk1
(Fig. 1D) in both normal as well as diabetic groups.

Comparative analysis of bone marrow HSCs
co-expressing CD34 and CD45

Scatter plot (Figs. 2A and B) obtained for normal as
well as diabetic mice bone marrow exhibited no signifi-
cant differences in cell population of normal as well as
diabetic bone marrow. Figs. 2C and D demonstrates
that the co-expression pattern of HSC population
(HSCs co-expressing CD34 and CD45) remains unaf-
fected under severe hyperglycemic shock.

Effect of bone marrow transplantation on hyperglycemic
status of experimental-diabetic mice

The effect of single and multiple injections of bone
marrow at an interval of 6 days has been described in
(Fig. 3). Single bone marrow injection reduced blood
glucose and prevented further rise in blood glucose level
in experimental-diabetic mice however it failed to re-
store normoglycemia. On the other hand, multiple bone
marrow injections led to reduction in hyperglycemia cul-
minating in restoration of normoglycemia which re-
mained steady during the course of experiment
without further relapse.
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Fig. 1. Comparative analysis of normal and diabetic bone marrow stem cells by FACS. CD45" hematopoietic stem cells (A), CD34" hematopoietic
stem cells (B), c-kit positive subpopulation of hematopoietic stem cells (C), and Flk1 positive endothelial stem cells (D) of bone marrow derived from

normal and STZ-diabetic mice.
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Fig. 2. Comparative analysis of CD34 and CD45 dual positive bone marrow stem cells of normal and diabetic mice. Scatter plot of bone marrow
cells of normal mice (A) and diabetic mice (B). Percentage of dual positive (CD34-FL1 and CD45-FL2) bone marrow hematopoietic stem cells of
normal (C) and diabetic mice (D). Number in square boxes are representative of percentage of dual positive cell population.
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Fig. 3. Effect of whole bone marrow transplantation on blood glucose level. Tabular representation of single and multiple injections of normal as
well as diabetic whole bone marrow (A), graphical representation of above (B).
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Effect of bone marrow transplantation in irradiated
recipient-diabetic mice

STZ treated mice were sublethally irradiated and
used as recipients. Experimental group of mice was
transplanted intravenously with bone marrow cells
whereas control mice received intravenous injection of
PBS only. Reduction in hyperglycemia as well as in-
creased survival was found among experimental group
of mice whereas control group of mice remained hyper-
glycemic throughout the experiment and the survival
rate was low, i.e., 50% (data not shown).

Effect of bone marrow transplantation on glucose disposal
capacity of hyperglycemic recipients

The reversal of experimental diabetes in mice with
multiple bone marrow injections was characterized by
intra-peritoneal glucose tolerance test. It was observed

400

that diabetic mice remained glucose intolerant through-
out the experiment whereas experimental mice (which
received multiple bone marrow injections) improved tol-
erance to glucose and showed a glucose tolerance curve
similar to that of control mice (Fig. 4A).

Effect of bone marrow transplantation on the induction of
pancreatic regeneration

Histological examination of the hematoxylin and eo-
sin stained paraffin sections of mouse pancreas sub-
jected to multiple bone marrow injections suggested
that STZ-diabetic mice bone marrow cells initiate
pancreatic regeneration upon transplantation into reci-
pient experimental-diabetic mice. Pancreatic regenera-
tion was evidenced by the appearance of many small
islets (Fig. 4B). Many of these small islets were found
near the duct which is suggestive of new islet
formation.
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Fig. 4. (A) Glucose tolerance test for examination of glucose clearance pattern. Graph represents glucose disposal curves of normal control, diabetic
control, and experimental (multiple bone marrow injected) mice. All three groups of mice overnight fasted and then injected with 2 gm/kg body
weight of glucose intraperitoneally. Blood glucose level was measured at different time intervals of 0, 30, 60, and 120 min after glucose injection.
Values are presented as means + SE when P < 0.001. (B) Histopathological analysis of pancreatic sections. Hematoxylin and eosin stained pancreatic
sections of control and experimental mice. Arrows representing normal mouse pancreatic islets (a), arrows representing many small islets (b), which
are significantly smaller compared to those of control islets in the pancreas of experimental mice (mice subjected to multiple injections of bone

marrow), 200x.
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Islet image analysis

Image analysis of control as well as newly generated
islets has been performed with paraffin sections of pan-
creas. Islet mean area of control islets measured was
16456.1 + 1612.5 ym? whereas the mean area of newly
generated islets was 1440.4 4+ 162.3 pm?. Mean diameter
of control islets measured was 121.9 4 6.1 um whereas
for newly generated islets it was 39.3 2.5 uym. Thus,
the values for islet area as well as diameter of control is-
lets were found to be significantly higher than those of
newly generated islets.

Discussion

The purpose of the present study was to evaluate the
status of bone marrow hematopoietic and endothelial
stem cells under normoglycemic and sustained hypergly-
cemic conditions (glycosylated hemoglobin level >6.6)
and also their capacity to induce pancreatic regeneration
so as to compensate the loss of B cells upon transplanta-
tion in the recipient experimental-diabetic mice. On con-
firming the ability of normal non-diabetic bone marrow
transplantation to restore normoglycemia in experimen-
tal-diabetic mice (Fig. 3), we characterized the stem cell
population within normal and diabetic bone marrow.
For this purpose, we compared by flow cytometry the
percentage of normal as well as diabetic bone marrow
HSC population expressing cell surface markers either
CD34 or CD45 alone and CD34 and CD45 simulta-
neously. Our data (Figs. 1 and 2) showed that the bone
marrow hematopoictic as well as endothelial stem cell
reserve in terms of the percentage of CD34, CD45,
c-kit, and Flkl population remained intact under sus-
tained hyperglycemic status. This is perhaps the first re-
port for the existence of bone marrow stem cell
population within a diabetic subject which is of highly
therapeutic significance. These data prompted us to
investigate whether transplantation of such diabetic
bone marrow into syngenic-diabetic mice leads to resto-
ration of normoglycemia as an intervening step to in-
duce regeneration. To serve this purpose we
transplanted into recipient diabetic mice the whole
unfractionated bone marrow instead of taking only
CD34 and CD45 HSCs or the subpopulation of HSCs
from STZ-diabetic mice so as not to disturb the natu-
rally existing stem cell niche within bone marrow micro-
environment [26]. Injections of conditioned medium
from diabetic bone marrow failed to restore normogly-
cemia in experimental-diabetic mice (unpublished data),
indicating that soluble factors derived from bone mar-
row cells did not show any effect on blood glucose level.
This finding is supported by the work of Li et al. [27].

Our results demonstrate that single injection of bone
marrow although helping to reduce blood glucose level

and preventing further blood glucose hike is however
insufficient to restore normoglycemia. On the other
hand, multiple injections (at least three) of bone marrow
could achieve normoglycemia over a long period of time
without requiring further injections, irrespective of the
source of donor bone marrow. The success in restora-
tion of stable normoglycemia which has not been re-
ported earlier [17] goes to multiple doses of bone
marrow transplantations that might have led to infusion
of desired number of HSC population sufficient to com-
pensate the loss or dysfunction of B cell mass occurring
during diabetes. Although single injection of bone mar-
row failed to achieve normoglycemia, it certainly led to
reduction of hyperglycemia which remained stable in
subsequent follow-up (Fig. 3). This finding is equally
important as it can permit long-term survival of experi-
mental-diabetic animals without mortality which are
warranted to undertake long-term studies. Mortality of
drug/virus induced diabetic animals [28-30] has always
been an obstacle to study complications of chronic
hyperglycemia as it is difficult to control tailor-made loss
of B cells. Our present study suggests an alternative ap-
proach for the modulation of experimental diabetes
depending on the number of bone marrow injections
to serve the purpose. This is perhaps the first report
demonstrating modulation of experimental diabetes un-
der controlled conditions with respect to the number of
cells infused to suit the convenience of researchers to
achieve the desired goal.

Our data provide sufficient evidence through glyce-
mic status, glucose tolerance test, and histopathology
and morphometry analysis for pancreatic regeneration
caused in recipient mice due to repeated bone marrow
transplantations. Glucose tolerance test confirmed nor-
malization of blood glucose level in bone marrow trans-
planted mice (Fig. 4A). These mice remained
normoglycemic, even after a 30 day follow-up without
remission indicating complete reversal of experimental
diabetes. Bone marrow transplantation into sublethally
irradiated experimental-diabetic mice revealed that the
donor bone marrow alone is contributing to reduction
of blood glucose level of recipient mice (data not
shown). Our histological (Fig. 4B) and morphometry
analysis of pancreas of experimental mice has shown
the appearance of many small islets throughout the sec-
tions [31]. Their mean diameter and area analysis re-
vealed that they are significantly smaller compared to
control islets depicting islet neogenesis. Thus, we claim
that whole bone marrow derived from experimental-di-
abetic mice retain their potential to induce pancreatic
regeneration upon transplantation in syngenic recipi-
ent-diabetic mice. Recently, few bone marrow trans-
plantation studies in experimental-diabetic mice have
established the fact that cells or factors derived from
bone marrow play important supportive role either in
inducing pancreatic regeneration [17] or in modifying
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the viability of endocrine islet cells [27] indicating the
possible mechanism. Recent studies of Tang et al. [32]
have provided direct evidence supporting a notion that
transdifferentiation of adult bone marrow stem cells to
functional insulin producing cells may represent a viable
therapeutic option for type 1 diabetes. Latest studies by
Ende et al. [33] demonstrate potential human umbilical
cord blood mononuclear cells in lowering the blood glu-
cose level in non-obese diabetic (NOD) mice upon 1i.v.
administration, further supporting our present data.

Though the exact fate of transplanted-diabetic bone
marrow as well as the functionality of diabetic bone
marrow stem cells in vitro remains to be seen, our find-
ing is of clinical significance to advocate use of bone
marrow transplantation as an alternative therapy to
treat diabetes.
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