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Abstract
Several studies have shown that transplantation of embryonic stem cells into diabetic animals either improved or normalized
blood glucose levels. In this study, we examined the dose-dependent eﬀect of early (prediabetic stage) intravenous administration
of human umbilical cord blood (HUCB) mononuclear cells on blood glucose levels, survival, and insulitis in nonobese diabetic
(NOD) mice with autoimmune type 1 diabetes. The results show that mice treated with HUCB cells signiﬁcantly lowered their blood
glucose levels and increased their lifespan, as compared with untreated mice. Also, a signiﬁcant reduction in insulitis was observed in
treated than in untreated mice. The mice that received the highest dosage (200 · 106) of cells had greater reduction in blood glucose
levels and the degree of insulitis than the mice that received lower dosage (100–150 · 106) of cells. Prolonged lifespan in the former
group of mice seems to be related to better control of blood glucose levels. Thus, administration of HUCB cells in the prediabetic
stage without any immunosuppression improves type 1 diabetes by protecting the islets from insulitis in NOD mice.
 2004 Elsevier Inc. All rights reserved.
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Embryonic stem (ES) cell therapy for diabetes mellitus has received considerable attention in recent years
[1–3]. These ES cells from multiple sources diﬀerentiate
into insulin-producing cells [4–13] and improve glycemia
in animal models of diabetes. Soria et al. [14] initially
implanted one million mouse ES-derived insulin-secreting cells into the spleen of streptozotocin diabetic mice,
and found normalization of blood glucose levels within
a week. Subsequently, several other investigators [15–19]
reported improvement or reversal of hyperglycemia by
stem cell therapy. In addition, Stepanovic et al. [20]
demonstrated wound healing in type 2 diabetic mice following mouse bone marrow cells injected under skin
wounds. Thus, ES cells from diﬀerent sources can improve glycemia as well as wound healing in diabetes.

In addition to ES cells, mononuclear cells derived from
human umbilical cord blood (HUCB) were also found to
diﬀerentiate into cells that improve a variety of disease
conditions in animals [21]. In a preliminary study, transplantation of HUCB mononuclear cells into type 1 and
type 2 diabetic mice improved not only their glycemia
but also survival [22,23]. In these studies, we used a ﬁxed
dose of mononuclear cells. Furthermore, the mechanism
by which these cells improve glycemia is unknown. We,
therefore, extended our study to demonstrate that
improvement in glycemia is dose-dependent and related
to improvement in insulitis of the pancreatic islets in nonobese diabetic (NOD) mice. These mice develop type 1
diabetes later in life due to autoimmunity.

Materials and methods
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Animals. Fifty-ﬁve female NOD mice, obtained from the Jackson
laboratory, were used for the study. These mice are characterized by
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insulitis and marked decrease in pancreatic insulin content, which
occurs around 12 weeks of age in females. The onset of diabetes is
marked by glucosuria and nonfasting glucose levels >250 mg/dl. The
mice were divided into three groups. One group of 25 mice received
100–150 · 106 HUCB mononuclear cells retro-orbitally into the venous plexus. Another group of ﬁve mice received 200 · 106 cells in a
similar fashion. The third group (N = 25 mice) did not receive any cells
and served as controls (untreated group). The age of mice on injection
varied from 7 to 9 weeks depending on the availability of the cord
blood. Urine glucose was tested with Diastix reagent strips (Bayer,
Elkhart, IN) weekly, and blood for glucose was obtained from the
orbital plexus at the time of death and sacriﬁce. Glucose levels were
determined by the glucose oxidase method using the reagents supplied
by Sigma Chemical (St. Louis, MO). The mice were followed for a
mean of 148 days. Treated mice did not receive any immunosuppression. All mice were fed Purina rodent chow 5001 ad libitum and allowed to drink tap water. Procedure for the collection and use of
HUCB for this study was approved by the Institutional Review Board
of New Jersey Medical School, Newark, NJ. The mice were housed in
an AAALAC-1 approved animal facility, and the project was approved by the Institutional Animal Review Committee.
Collection and preparation of human cord blood cells. HUCB samples were obtained from placentas of healthy full-term neonates. Each
cord blood sample was collected into a 50 ml sterile polypropylene test
tube containing 5 ml of citrate phosphate dextrose as an anticoagulant.
The volume collected varied from 20 to 40 ml, and the samples were
kept at room temperature until they were sent to the blood bank for
storage. The samples were then transferred into a polyoleﬁn blood
collection bag (Cryocyte Freezing Container, Baxter Healthcare,
Deerﬁeld, IL) that allows gaseous transfer and were stored at 4 C in a
blood bank refrigerator. Donor specimens were combined according to
their blood type (ABO). After storage for 10–13 days, units were
placed in a 15 ml disposable centrifuge tube and the mononuclear cells
were separated from the whole cord blood by Ficoll–Hypaque (Sigma,
St. Louis, MO) density gradient centrifugation. The cells were then
washed twice with phosphate-buﬀered saline (PBS) and centrifuged for
10 min at 1000 rpm. One milliliter of PBS was added to the pellet for
counting. After the viability and counting were determined, the
mononuclear cells were centrifuged for 10 min at 1000 rpm, then 0.2 ml
of PBS solution was added for ﬁnal dilution and injection into the
mouse (retro-orbital). This process was repeated the next day to bring
the total number of mononuclear cells given to the mice up to the
desired number of either 100–150 · 106 or 200 · 106.
Analysis of human growth hormone expression by RT-PCR. In
order to identify the distribution of HUCB cells in transplanted
mice, total RNA was isolated from blood, heart, lungs, brain, liver,
spleen, pancreas, kidney, and bone marrow tissues of control and
treated mice as well as from HUCB cells by guanidine isothiocyanate method [24]. The extracted RNAs were puriﬁed by RNAeasy
columns (Qiagen, Valencia, CA). cDNA synthesis was performed by
reverse transcription using Superscript (Invitrogen) or MMLV or
AMV (Promega) reverse transcriptase enzyme. HGH gene was
ampliﬁed by PCR (Perkin–Elmer, Foster city, CA) using 5 0 -TGT
CTT CCC ACC AT TCC TCC CTT A-3 0 and 5 0 -CCA CTC ACG
GAT TTC TGT TGT GTT TC-3 0 primers to produce 434 bp
fragment. Similarly HPRT housekeeping gene was ampliﬁed using
HPRT speciﬁc primers as positive control for PCR ampliﬁcation.
The PCRs were carried out in GeneAmp 9600 PCR system (Applied
Biosystems) with initial denaturation at 95 C for 15 s, 60 C for
30 s, and 72 C for 5 min. PCR products were run on 1.5% agarose
gels on a horizontal electrophoresis apparatus and visualized with
ethidium bromide on a ﬂourimager (Molecular Dynamics, Sunnyvale, CA). Band densities were analyzed using Image Quant
software.
Grading of insulitis. On death or sacriﬁce (under O2/CO2 anesthesia), portions of the pancreas were ﬁxed from all animals in 10%
buﬀered formalin, 3 lm thick sections were prepared and stained with

hematoxylin and eosin for light microscopy. Since the number of islets
varied in diﬀerent portions of the pancreas and insulitis was not uniform in all the animals, we counted and graded all the islets (65 in
untreated; 73 and 30 in low and high dose recipients, respectively)
found on the histologic sections. The islets were graded from 1+ to 4+
according to the inﬁltration of mononuclear cells in and surrounding
the islets. An islet graded 1+ was either normal (no inﬁltration) or had
only rare inﬁltration with mononuclear cells. A grade of 4+ had a large
cuﬀ of mononuclear cells surrounding or obliterating the islet.
Gradings of 2+ and 3+ were considered intermediate grades.
Statistical analysis. All data were analyzed by one-way analysis of
variance. Results are expressed as means ± SD; a P value <0.05 was
considered signiﬁcant. Survival curves were plotted using the Kaplan–
Meier method.

Results
Before injection of HUCB cells, the blood glucose
levels were 112 ± 46 mg/dl in all mice. Fig. 1 shows
the blood glucose levels in untreated and HUCB-treated
groups at time of death and sacriﬁce. As evident, the
glucose levels were signiﬁcantly lower in treated than
in untreated mice. Among treated mice, the glucose levels were signiﬁcantly much lower in those mice that received the highest dosage of HUCB cells (untreated:
440 ± 68; treated (100–150 · 106): 310 ± 82; and treated
(200 · 106): 170 ± 42 mg/dl).
Fig. 2 shows Kaplan–Meier survival curves in
untreated and treated mice. As shown, the survival of
untreated mice was greatly reduced compared to that
of treated mice. Among treated mice, only those that received the highest dose (200 · 106) of HUCB cells did
not die prior to sacriﬁce.
Table 1 demonstrates the histologic grading of islet
cells for the presence of insulitis in untreated and treated
mice. About 58% of islets from untreated mice showed
3+ and 4+ insulitis compared to 32% and 3% in treated
mice that received 100–150 · 106 and 200 · 106 HUCB
cells, respectively. About 97% of the islets of mice that
received 200 · 106 HUCB cells had either no or <1+
insulitis.

Fig. 1. Blood glucose levels (mg/dl) at time of death or sacriﬁce in
untreated diabetic mice and diabetic mice that received various dosages
of HUCB mononuclear cells. Data shown are means ± SD. Numbers
in bars represent number of animals.
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Fig. 2. Kaplan–Meier survival curves for untreated diabetic mice and
diabetic mice that received various dosages of HUCB mononuclear
cells. Numbers in parentheses represent number of animals. P < 0.01–
0.001 between untreated and treated diabetic mice.

Table 1
Histologic grading of islets for insulitis in untreated and human
umbilical cord blood (HUCB) cell-treated diabetic mice
Group

Insulitis grading (%)
1–2+
b

Untreated
HUCB cells (100–150 · 106)
HUCB cells (200 · 106)

3–4+
a

42 (23)
68 (42)
97 (29)

58 (42)
32 (31)
3 (1)

a

Number in parentheses represents number of islets examined.
Untreated vs HUCB cells (100–150 · 106): P < 0.05; untreated vs
HUCB cells (200 · 106): P < 0.01.
b

No evidence of total RNA for HGH was found in
any organ of the treated mice that died prior to the termination of the study. However, total RNA was detected in the spleen of two surviving mice that received
200 · 106 cells and another mouse that received 100–
150 · 106 cells. The survival rate in these mice was much
higher than those that did not demonstrate HGH
mRNA.

Discussion
This study demonstrates for the ﬁrst time a dose-dependent decrease in blood glucose levels in NOD mice
that received HUCB mononuclear cells. This blood glucose-lowering eﬀect of HUCB cells seems to be due to
improvement in insulitis in these mice. Reversal of autoimmune diabetes has also been reported in NOD mice
by stem cell therapy [15,16,19]. Thus, HUCB cells exert
their glucose-lowering eﬀect similar to those of other
stem cells in streptozotocin-induced as well as autoimmune diabetes in animals [3,14,17,18].
Type 1 diabetes is an autoimmune disease [25], and
the NOD mouse represents an animal model of this type
of diabetes. Immunotherapy has been shown to prevent
the development of diabetes if treatment is started in the
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prediabetic stage or early after the diagnosis of diabetes
[26,27]. This prevention of diabetes seems to be due to
preservation of b cell function via possible abolition of
insulitis. In our study, the mice that received the highest
dose (200 · 106) of HUCB cells prior to the development
of hyperglycemia had better control of their blood glucose levels because of preservation of b cell function
via prevention of insulitis. In these mice, the appearance
of glucosuria was also signiﬁcantly delayed compared to
untreated mice (data not shown).
The survival of untreated mice was much shorter
than those of both groups of treated mice. Among treated mice, the survival was dose-dependent. None of the
mice receiving the highest dose died, which may be
attributed to better control of glycemia. Although insulin levels were not measured in any of the mice, we assume recovery of b cell function as shown by less
insulitis. Thus, transplantation of high doses of HUCB
cells into NOD mice normalizes survival.
The mechanisms for improvement in both blood glucose levels and insulitis in NOD mice are not apparent
from the current study. However, it is possible that
administration of HUCB cells may have directly modulated the immune response causing insulitis. It is of
interest to demonstrate whether or not some of the
HUCB cells would transform into insulin-producing
cells in addition to abolition of autoimmunity. Such
demonstration will have a major impact in the management of type 1 diabetes.
Transplantation of HUCB mononuclear cells into
mice was found to improve not only glycemia [22,23]
but also the clinical condition of mice with lupus
[28], amyotrophic lateral sclerosis [29,30], as well as
stroke [31] and brain injury [32] in rats. In these studies, the pluripotential capacity of the HUCB cell or
cells was not identiﬁed. However, a recent study
showed that the CD45-negative population of the
HUCB cells has the potential to diﬀerentiate into osteoblasts, chondroblasts, adipocytes, and hematopoietic
and neural cells including astrocytes and neurons that
express neuroﬁlament, Na+ channel protein, and
various neurotransmitter phenotypes [33]. These
CD45-negative cells were also found to diﬀerentiate
into albumin-producing hepatocytes and cardiomyocytes when transplanted into fetal sheep [33]. Thus,
HUCB mononuclear cells can be used as another
modality of stem cell therapy to prevent a variety of
disease states, including diabetes.
It is also interesting to note that the transplanted
mice did not demonstrate any clinical or histologic evidence of either acute or chronic graft-vs-host disease.
Also, no other evidence of adverse eﬀects was noted in
transplanted mice.
In conclusion, transplantation of HUCB mononuclear cells into NOD mice with autoimmune type 1diabetes improves blood glucose levels and survival in a
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dose-dependent fashion without any evidence of graftvs-host disease. This improvement in glycemia is related
to improvement in insulitis. Further work is needed to
examine the mechanisms by which insulitis is prevented
by transplantation of HUCB mononuclear cells in NOD
mice.
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