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Abstract
Background—Autologous bone marrow mononuclear cell (BMMC) therapy has shown promise
for improving cardiac function post myocardial infarction. However, the efficiency of such
therapy for diabetic patients remains unknown.

Methods—BMMCs were harvested from type II diabetic male BKS.Cg-m+/+Leprdb/J mice or
C57BLKS/J (non-diabetic control) mice and were isolated using Ficoll-based separation as seen in
clinical trials. Cell characterization was performed by flow cytometry. Cell viability was
determined by apoptosis and proliferation assays. Female BKS.Cg-m+/+Leprdb/J mice underwent
left anterior descending (LAD) artery ligation and were randomized into 3 groups receiving
2.5×106 diabetic BMMCs (n=8), 2.5×106 control BMMCs (n=8), or PBS (n=6), respectively.
Echocardiography and invasive hemodynamic measurements were used to assess cardiac function
at week 5. Post-mortem cell survival was quantified by Taqman RT-PCR for male Sry gene.

Results—BKS.Cg-m+/+Leprdb/J BMMCs showed a significantly lower mononuclear fraction
(using flow cytometry) and a significantly lower proliferation rate compared with C57BLKS/J
BMMCs. Echocardiography and invasive hemodynamic measurements showed significant in vivo
improvement in fractional shorting (40.1±1.2% vs. 30.3±1.9%; P=0.001) and cardiac output
(4,166±393 vs. 2,246±462 μl/min; P=0.016) for mice treated with control BMMCs injection
compared to those treated with diabetic BMMCs, respectively. This difference could not be
attributed to difference in cell engraftment as Taqman RT-PCR showed no significant difference
in cell survival in infarcted hearts between the two groups.

Conclusions—Diabetic BMMCs are significantly impaired in their ability to improve cardiac
function following myocardial infarction as compared to control BMMCs. The findings here could
have significant clinical implication regarding autologous BMMC therapy in diabetic patients.
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BACKGROUND
Cardiovascular disease remains the number one cause of morbidity and mortality in the
Western world (1). Myocardial infarction (MI) is, by nature, an irreversible injury (2). In
recent years, numerous animal studies on cell therapy as potential treatment for MI have
been conducted. In particular, bone marrow mononuclear cells (BMMCs) show promising
results (3–6). In fact, translation of such therapy to clinical trails has been made, although
these studies have produced mixed outcomes (7–9).

Approximately 17 million patients are diagnosed with diabetes mellitus (DM) in the US and
the number of patients is still rising (10). As a consequence, patients often develop diabetic
vasculopathy, which is a systemic disease characterized by severe impairment of the
development of collateral vessels (11, 12). Therefore, diabetic patients are two to four times
more likely to develop cardiovascular disease (13). Different mechanisms have been
suggested to explain this disorder, including endothelial dysfunction (14), down regulation
of VEGF by hyperglycemias (15), and dysfunction in endothelial progenitor cells (EPCs)
(16–19) that impairs ischemia-induced angiogenesis (19).

Previous studies have shown that in animal models of hind-limb ischemia, autologous
BMMCs from diabetic animals have impaired capacity to improve ischemia-induced
angiogenesis. Despite inconsistent results in animal studies (20–22), translation to the clinic
has been made (23, 24). However, the efficiency of autologous BMMC transplantation for
treatment of myocardial infarction in patients with DM remains unknown. In this study, we
investigated the therapeutic efficacy of autologous BMMC transplantation for treatment of
acute myocardial infarction in a mouse model of type II DM.

METHODS
Animals

10 to 12 weeks old male BKS.Cg-m+/+Leprdb/J (db/db; Jackson Lab, Bar Harbor, ME) mice
(diabetes mellitus type 2) or male C57BLKS/J mice (healthy litter mate control; Jackson
Lab, Bar Harbor, ME) were used as BMMC donors. In the db/db mice elevations of plasma
insulin begin at 10 to 14 days and elevations of blood sugar at four weeks. These
homozygous mutant mice are polyphagic, polydipsic, and polyuric. Delayed wound healing,
increased metabolic efficiency, peripheral neuropathy and myocardial disease are seen in
C57BLKS-Leprdb homozygotes. Blood glucose levels were measured with FreeStyle
glucose meters and FreeStyle test strips (Abbott Laboratories, Abbott Park, IL) before
surgery or harvesting BMMCs. In db/db mice, diabetes was confirmed when the blood
glucose level after 4 hours of fasting was > 240 mg/dl. Female BKS.Cg-m+/+Leprdb/J mice
were used as recipients for all in vivo experiments. Diabetes was confirmed as described
above. Animal care was provided in accordance with the Stanford University School of
Medicine guidelines and policies for the use of laboratory animals.

Preparation of BMMCs
Bone marrow cells were harvested from the long bones of 10- to 12-week male BKS.Cg-m+/
+Leprdb/J mice (db/db BMMCs) or age matched C57BLKS/J mice (control BMMCs) by
flushing with PBS using a 25-gauge needle. After passing through a 70 μm strainer, the
isolate was centrifuged at 1200 rpm for 5 minutes, washed, and resuspended into 5 ml of
saline. To acquire the mononuclear fraction, the bone marrow isolate was centrifuged for 35
minutes at 1900 rpm using a 14 ml tube with 5mL Ficoll-Paque Plus (GE Healthcare,
Piscataway, NJ) gradient and 5 cell/saline suspension. BMMCs were washed again and
counted using a Hemacytometer (Fischer Scientific, Pittsburgh, PA). BMMCs were prepared
freshly for application.
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Flow cytometry analysis
The BMMCs’ identity was investigated by fluorescent-activated cell sorting (FACS) with
antibodies recognizing Sca-1 (progenitor cells), Mac-1 (macrophages), GR-1 (granulocytes),
CD45 (hematopoietic cells), CD34 (EPCs), and CD133 (EPCs; Becton, Dickinson and
Company. San Jose, CA). BMMCs (1 × 106) were incubated in 2% fetal bovine serum/PBS
at 4°C for 30 minutes with 1 μl of monoclonal fluorescein isothiocyanate (FITC)-conjugated
antibodies and processed through a FACSCalibur system with CellQuest software (Becton,
Dickinson and Company, San Jose, CA) according to the manufacturer’s protocol. For each
antibody, the experiment was repeated independently three times.

Apoptosis assay
Quantification of apoptotic cells was performed using an Annexin-V-FITC Apoptosis
Detection Kit (CD106 (Becton, Dickinson and Company, San Jose, CA) according to the
manufacturer’s instructions. 1×106 BMMCs cells from both db/db and control mice were
plated in 2 ml of medium (IDIM with 10% FBS and 1% P/S-L-G, all from Invitrogen
Corporation (Gibco), Carlsbad, CA) into a 6-well plate. They were then incubated at 37°C
under normoxia conditions (78% CO2/21% O2) and hypoxia conditions (95% CO2/5% O2),
using Nillups-Rothenberg Modular Incubator Chamber (Del Mar, CA). Afterwards, cells
were collected, washed, and resuspended in 500 μl of binding buffer, and 5 μl of Annexin-
V-FITC with 10 μl of propidium iodide (PI) was added and incubated at room temperature
for 10 minutes. Analyses were performed with FACSCalibur and CellQuest software
(Becton, Dickinson and Company, San Jose, Ca) according to manufacturer’s protocol. The
cells in the FITC-positive and PI-negative fraction were regarded as apoptotic cells. This
experiment was repeated three times.

Cell proliferation assay
Proliferation was determined by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. 1×105 BMMCs cells from both db/db (n=2) and control (n=2) mice
were plated in 100 μl medium (IDIM with 10% FBS en 1% P/S-L-G (all from Invitrogen,
Carlsbad, CA) into a 96-well plate and were incubated under normoxia and hypoxia
conditions as described above for 32 hours. 20 μl of MTT was added to each well, and the
plate was further incubated for another 4 hours in same conditions. Absorbance was
determined with a multi-well absorbance reader (Genios, Tecan Systems Inc., San Jose, CA)
at 490 nm with included manufacture software (Magellon v6.2). Experiments were carried
out as quadruplicates. Absorbance values were expressed as percentages.

Surgical model for myocardial infarction
10- to 12-week old female diabetic db/db mice were randomized into three groups receiving
either 2.5×106 db/db BMMCs (n=8, db/db group), 2.5×106 control BMMCs (n=8, control
group), or phosphate buffered saline (n=6, PBS group). Animals were intubated with a 20-
gauge angiocath (Ethicon Endo-Surgery, Inc., Cincinnati, OH) and placed under general
anesthesia with 2–3% mixture of isoflurane and 100% O2 using a rodent ventilator (Harvard
Apparatus, Holliston, MA). Myocardial infarction (MI) was created by ligation of the left
anterior descending (LAD) artery with 8-0 ethilon suture through a left anterolateral
thoracotomy as described before (25). Two doses were injected into the infarcted area via
the lateral and medial infarct zones using a Hamilton syringe with a 29-gauge needle. A total
volume of 50 μl was injected containing 2.5×106 cells or PBS alone, depending on group
randomization. Surgery was performed by a single experienced micro-surgeon (G.H.).
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Echocardiographic determination of left ventricular contractility
Echocardiography was performed at postoperative days 7, 14, and 35. Animals received
continuous inhaled anesthetic (1.5–2% isoflurane) for the duration of the imaging session.
Two-dimensional transversal-targeted M-mode traces were obtained at the level of the
papillary muscles using a 14.7-MHz transducer on a Sequoia C512 Echocardiography
system (Siemens, Malvern PA). Analysis of the M-mode images was performed using
DicomWorks 1.3.5 (http://dicom.online.fr) analysis software. Left ventricular end-diastolic
diameter (EDD) and end-systolic diameter (ESD) were measured by a blinded investigator
(R.J.S.) and used to calculate fractional shortening (FS) by the following formula: FS =
(EDD−ESD)/EDD as described (26).

Measurements of hemodynamics with pressure-volume loops
Invasive, steady-state hemodynamics measurements were conducted by closed-chest
pressure-volume loop analysis prior to sacrifice at week 5. The animal was placed under
general anesthesia as described above. After midline neck incision, a 1.4-F conductance
catheter (Millar Instruments, Houston TX) was advanced retrogradely through the right
carotid artery into the left ventricle. Surgery was performed by a single blinded micro-
surgeon (G.H.) with over 6 years of experience with this model. The measurements of
segmental conductance were recorded, allowing extrapolation of the left ventricular volume,
which was coupled with pressure. These data were analyzed by a blinded investigator
(K.E.A.v.d.B.) using PVAN 3.4 Software (Millar Instruments, Houston, TX) and Chart/
Scope Software (AD Instruments, Colorado Springs, CO).

TaqMan PCR for male specific Sry gene
At week 5, animals were sacrificed and hearts were explanted, minced, homogenized in 2 ml
DNAzol (Invitrogen, Carlsbad, CA) and 500 ng DNA was processed for Taqman PCR using
primers (TaqMan Gene Expression Assays, Alied Biosystems, Foster City, CA) specific for
the Sry locus. RT-PCR reactions were conducted in iCylcer IQ Real-Time Detection System
(Bio-Rad, Hercules, CA). Detection levels were compared to a standard curve to assess the
number of viable cell per sample. Each sample was carried out in sextuplicate and the
average was used for the analysis.

Statistical analysis
Unless otherwise stated, data are presented as mean ± SEM. Comparisons between groups
were done by independent sample t-tests or analysis of variance (ANOVA) least significant
difference post hoc tests, where appropriate. Differences were considered significant for P-
values <0.05. Statistical analysis was performed using SPSS statistical software for
Windows.

RESULTS
Functional characterization of db/db BMMCs vs. control BMMCs in vitro

To understand the characteristics of BMMCs isolated from the db/db and the wild-type
control mice, we first analyzed their surface markers. After bone marrow purification using
Ficoll gradient, the mononuclear fraction in the db/db group was significantly lower (32.64±
8.75%) than that in the control group (53.06± 4.03%) (Fig 1a–b, left panels). This resulted
in a significantly lower percentage of Sca-1+ progenitor cells in the db/db group
(6.73±0.99%) compared to the control group (11.05±0.09%) (Fig 1a–b, middle panels). In
the db/db group, there is a significantly higher percentage of Mac-1+Gr-1+ granulocytes
(65.43± 8.79%) than in the control group (41.03± 7.39%) (Fig 1a–b, right panels). We
found that the total number of CD45negCD34+ or CD45negCD133+ endothelial progenitor
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cells was low in both db/db and control mice (0.6 – 1.2% of total BMMCs), and did not find
significant difference between the two groups. Apoptosis of BMMCs was measured after 24
hours of incubation in either normoxic conditions or hypoxic conditions (Fig 2a). In
normoxic conditions, we found no difference (P=0.916) between control BMMCs
(8.51±2.58%) and db/db BMMCs (8.87±1.99%). According to Ohnishi et al., hypoxia
induces mesenchymal stem cells to upregulate genes encoding for cell survival (27).
Therefore, we also examined whether BMMCs would show a similar robustness during
hypoxia and if there would be a difference between db/db BMMCs and the control BMMCs.
Both groups showed slight decrease in apoptosis compared to a normoxic environment, but
again there was no statistical difference (P=0.985) between the control BMMCs
(6.79±3.03%), and db/db BMMCs (6.73±1.59%) Previous reports have demonstrated
impaired proliferation of EPCs in the setting of hyperglycemia (18, 19). Therefore, we
investigated the proliferation potency of db/db vs. control BMMCs in vitro. After 36 hours
in culture, db/db BMMCs showed a significantly impaired proliferation rate as compared to
control BMMCs (Fig 2b) under both normoxic conditions (117.79±7.69% vs.
168.13±8.67%; P<0.05) and hypoxic conditions (217.38±15.26% vs. 305.87±18.50%;
P<0.05).

Functional effects of BMMC transplantation into db/db mice following MI
Several animal studies have shown the therapeutic efficiency of BMMC transplantation after
myocardial infarction (3–5, 28). However, less well known is the efficacy of BMMC
transplantation in the setting of DM. Therefore, we investigated the therapeutic efficacy of
autologous BMMCs transplantation for treatment of acute myocardial infarction in a mouse
diabetic model. Echocardiographic measurements of cardiac performance were conducted at
days 7, 14, and 35 after cell transplantation (Fig 3a). At day 35, left ventricular fractional
shortening (LVFS) for animals treated with control BMMCs was significantly higher
(40.1±1.2%) than that for animals treated with db/db BMMCs (30.3±1.9%, P=0.001) and
PBS control (32.0±2.6%, P=0.01). LVFS between db/db BMMCs and PBS treated groups
was not significantly different (Fig 3b).

Validation of non-invasive measurements of left ventricular dimensions
To confirm echocardiographic findings of improved cardiac contractility, we next performed
invasive hemodynamic measurements (Fig 4). As expected, the cardiac output was
significantly better in animals treated with control BMMCs (4166±393 μl/min) compared
with animals treated with db/db BMMCs (2246±462 μl/min; P=0.016) and PBS control
(2232±320 μl/min; P=0.019). Moreover, the arterial elastance was significantly decreased in
control BMMC-treated animals (6.49±0.98 mmHg/μl) compared with PBS (11.85±1.47
mmHg/μl; P=0.04). No significant changes in arterial elastance were detected vis-à-vis db/
db BMMC-treated group. This trend persisted for the other hemodynamic measurements
performed, though they did not achieve statistical significant difference (Fig 4 and
Supplemental Table 1).

Quantification of BMMC survival
In our protocol, transplanted BMMCs were derived from male mice and transplanted into
female recipients, which facilitates quantification of male cells in the explanted female
hearts by tracking the Sry locus found on the Y chromosome. Earlier findings by Müller-
Ehmsen et al. (29) have confirmed the validity and robustness of this quantification
technique. In both groups, cell survival was <1% of total injected cell number at day 35
(12,912±7238 in the db/db group vs. 15,174±2428 in the control group; P=0.81). This poor
long-term survival rate is consistent with findings from previous studies (6, 30). Taken
together, these data show that there is no difference in cell survival at day 35 between
control BMMCs and db/db BMMCs (Fig 5).
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DISCUSSION
Bone-marrow derived cell therapy in the setting of diabetes has shown impaired therapeutic
efficacy in endothelialization, ischemic hind-limb, or wound-healing models (17–19, 22).
We now present additional evidence that in the setting of myocardial infarction,
transplantation of diabetic BMMCs has severe limitations in its therapeutic efficacy. Our
data can be summarized as follows: (a) autologous diabetic (db/db) BMMCs transplantation
does not lead to a significant preservation of cardiac function after myocardial infarction
compared to healthy (control) BMMC injection (as shown by echocardiography and
pressure volume loops); (b) this lack of preservation could be as a result of a significantly
lower mononuclear fraction of the db/db BMMCs injection (as shown by flow cytometry
analysis) and/or as a result of significant lower proliferation rate of the db/db BMMCs (as
shown by the proliferation assay); and (c) this lack of preservation does not, however, seem
to be related to a lower survival rate of db/db cells as there were no differences in either in
vitro apoptosis assay or ex vivo TaqMan Sry quantitation between the two groups. Clinical
trials such as ASTAMI, TOPCARE-CHD and REPAIR-AMI (7–9) contain large
subpopulations of patients suffering diabetes (10 to 29 % of BMMC treated group).
Therefore, this animal model gives us a clear view of cell transplantation in diabetic mice
after MI and may shed additional insights into these outcomes.

One limitation of our study is that we used murine cells rather than human cells. Although
we could have transplanted human cells into mice, our aim was to mimic the clinical
environment by creating an autologous transplantation model instead of a xenotranplantation
model, which would have likely further influenced cell survival. In contrast to previous
studies (18, 31), we did not select BMMC sub-populations in order to promote a higher rate
of therapeutic angiogenesis. Although the most efficient BMMC sub-population able to
induce beneficial effects for angiogenesis is not yet known, some evidence indicates that
circulating EPCs could increase functional activity to improve neovascularization after
ischemia (31, 32). Unfortunately, animal (17, 33) and human (18) studies have shown that
EPCs from diabetic donors have a disabled function for endothelial regeneration.

In our study, we did not find an absolute lower number of EPCs in the db/db mice as
compared to healthy controls, however an impaired function of these cells may have
attributed to the poor cardiac functional recovery of mice transplanted with db/db BMMCs.
Another explanation for the dysfunction of the transplanted db/db BMMCs could be that the
lower mononuclear fraction results in a significantly lower percentage of Sca-1+ progenitor
cells (as shown in Fig 1a). In addition, in db/db mice, there is a significantly higher
percentage of contaminating Mac-1+Gr-1+ granulocytes following BMMC isolation. Co-
transplantation of these inflammatory cells into the infarcted myocardium may interfere with
the therapeutic potential of progenitor cells. Van den Akker et al. reported similar
granulocyte contamination of mononuclear cell fractions after Ficoll-based separation in
septic patients (34), due to the induced stress response. It is possible that db/db animals have
a form of chronic stress response due to their diseased diabetic state; however, further
investigation is needed to support this hypothesis. One could also argue that the isolation of
the db/db BMMCs was not optimal before transplantation and if we could further purify the
progenitor cells, the cardiac function could be significantly improved. Nevertheless, for our
study, we adopted a similar protocol (Ficoll-based separation) that was used in previous
clinical trials (7–9). The results of this study suggest that diabetic patients enrolled in
BMMN cell trials were transplanted with lower amounts of progenitor cells compared to
non-diabetic patients because of lower yields and higher granulocytes contamination.

The poor proliferation capacity could also contribute to the dysfunction of the transplanted
diabetic BMMCs. In our study, we have demonstrated that diabetic BMMCs have a
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significantly lower proliferation rate under both normal oxygen and hypoxic circumstances.
It is unclear whether these db/db BMMCs have an absolute lower proliferation capacity or
for some other reasons just proliferate less robustly compared to healthy BMMCs. One way
to address this issue in the future may be to image BMMCs tagged with molecular beacons
that would allow non-invasive monitoring as shown previously (28). Nevertheless, the
significant difference in cell proliferation after 36 hours in vitro indicates that the diabetic
BMMCs have an inferior capacity to expand compared to the healthy BMMCs.

In summary, this study demonstrated that db/db BMMCs have no favorable effect on cardiac
function after infarction compared to control BMMCs. Therefore, our findings question the
effectiveness of the autologous BMMC therapy as a treatment for MI in patients with co-
existing diabetic disease. However promising cell therapy may be, this data should be an
impetus for further research on the mechanism of action of diabetic BMMCs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of bone marrow mononuclear cells. (A) The identity of BMMC
subpopulation was investigated by fluorescent-activated cell sorting (FACS) with antibodies
recognizing Sca-1, Mac-1, GR-1, CD45, CD34, and CD133. (B) After Ficoll gradient (an
isolation procedure as seen in clinical trials), the db/db group has significantly lower
mononuclear (MN) cell fraction and Sca-1 population but higher Mac-11+/Gr-1+ fraction.
This indicates that the db/db BMMC injections used have a significantly lower fraction of
MN cells than the control BMMC injections. Moreover, within the db/db group there is a
higher contamination of granulocytes. No significant differences in CD45negCD34+ or
CD45negCD133+ were found (data not shown). Graphs represent 3 independent
experiments. Abbreviations: BMMCs, bone marrow mononuclear cells.
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Figure 2.
In vitro cell viability and proliferation assays. (A) Apoptosis measured after 24 hours of
incubation in either normoxic conditions or hypoxic conditions. BMMCs from control or db/
db donors showed the same trend in normoxia. (B) For proliferation capacity, BMMCs were
cultured for 36 hours under normoxic and hypoxic conditions and cell quantitation was
performed with the MTT assay. After 36 hours, db/db BMMCs showed a significantly
impaired proliferation rate as compared to control BMMCs under both normoxic conditions
and hypoxic conditions. Data are expressed as percentage relative to 100% at t=0 (*P
<0.05). Abbreviations: MTT assay, (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay.
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Figure 3.
Left ventricular function following BMMC therapy. (A) Representative M-mode images of
heart at 5 weeks after LAD ligation with administration of control BMMCs (left), db/db
BMMCs (middle), or PBS control (right). (B) Quantification of left ventricular fractional
shortening (LVFS) demonstrated a significant improvement at 5 weeks post-MI in animals
receiving control BMMCs compared to db/db BMMCs or PBS (*P < 0.05). Abbreviations:
M-mode, motion mode; PBS, phosphate-buffered saline; LAD, left anterior descending.
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Figure 4.
Invasive hemodynamic measurements using pressure-volume loops. (A) At day 35, cardiac
output was significantly increased in hearts receiving control BMMCs compared to hearts
receiving db/db BMMCs or PBS (*P<0.05). (B) Moreover, arterial elastance was
significantly decreased in hearts receiving control BMMCs compared with hearts receiving
PBS (*P<0.05). (C–F) At day 35, there was a trend toward improved functional recovery in
animals receiving control BMMCs compared with animals receiving db/db BMMCs or PBS.
This trend did not achieve statistical significance compared with db/db BMMCs.
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Figure 5.
Real-time polymerase chain reaction quantification of surviving male transplanted BMMCs
within female heart. Ex vivo Taqman analysis of hearts undergoing LAD ligation following
injection of db/db BMMCs versus control BMMCs revealed no significant difference in
survival of transplanted cells. In both hearts cell, survival at day 35 after surgery was <1%
(n=3 in control and n=5 in db/db group).
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