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Therapeutic utility of bone marrow transplantation in diabetes is an attractive approach. However, the
oxidative stress generated by hyperglycemia may hinder β-cell regeneration. The present study was
undertaken to investigate the therapeutic potential of curcumin, a dietary spicewith antioxidant activity, bone
marrow transplantation, and their combined effects in the reversal of experimental diabetes. Diabetes was
induced in mice by multiple low doses of streptozotocin. After the onset of diabetes, mice were treated with
curcumin (10 mM; 100 μl/mouse, i.p., for 28 days) or received a single bone marrow transplantation (106 un-
fractionated bone morrow cells), or both. Parameters of diabetes, integrity of pancreatic islets, pancreatic
oxidative stress markers, and serum pro-inflammatory cytokines, were evaluated. Treatment with either
curcumin or bone marrow transplantation significantly reversed streptozotocin-induced hyperglycemia/
glucose intolerance, hypoinsulinemia, and damage of pancreatic islets. Interestingly, combination of curcumin
and bone marrow transplantation elicited the most profound alleviation of such streptozotocin-evoked
anomalies; including islet regeneration/insulin secretion. On the other hand, curcumin, either alone or
combined with bone marrow transplantation, blunted the pancreatic lipid-peroxidation, up-regulated
activities of the antioxidant enzymes, and suppressed serum levels of TNF-α and IL-1β. Curcumin and single
bone marrow transplantation proved their therapeutic potential in reversing diabetes when used in
combination. Curcumin, via its antioxidant and anti-inflammatory effects, evidently enhanced the ability of
bonemarrow transplantation to regenerate functional pancreatic islets. Hence, the use of natural antioxidants
combined with other therapeutic regimens to induce pancreatic regeneration is a promising strategy in the
management of diabetes.
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1. Introduction

Diabetes mellitus is a serious chronic metabolic disease that
predisposes to ill health and multiple-organ dysfunction (Kim et al.,
2006). A reduction ofβ-cellmass in the pancreas is a pathophysiological
hallmark in the development of both type 1- and type 2-diabetes
(Rosenberg, 1995). Therefore, regeneration of pancreatic islets is
certainly a worthwhile therapeutic goal that would substantially
ameliorate diabetes and lessen its complications (Risbud and Bhonde,
2002).

Recent animal and clinical studies have suggested that tissue
regeneration can occur upon the introduction of bone marrow
derived stem cells that have multiple effects (Colman, 2004). It was
hypothesized that such pleuripotent stem cells may be able to grow
as adult pancreatic islet cells (Lechner andHabener, 2003); however,
its value in diabetes is controversial. Early studies by Slack (1995)
indicated the failure of islet regeneration following treatment with
streptozotocin or alloxan and suggested that these drugs target, in
addition to the differentiated β-cells, the potential stem or transit
cells. Contrary to this report, more recent studies have shown that
streptozotocin does not destroy the intra-islet stem cell reserve in
experimentally-diabetic animals (Banerjee and Bhonde, 2003). In
support, Ianus et al. (2003) demonstrated that bone marrow cells
can differentiate into functionally competent pancreatic β-cells;
thereby rationalizing for the cell-based approach in treatment of
diabetes.

Streptozotocin, a monofunctional nitrosourea derivative, is one
of the most commonly used agents to induce diabetes in experi-
mental animals (Szkudelski, 2001). Several lines of evidence suggest
that the diabetogenic capacity of streptozotocin relies on its ability
to damage β-cells and induce oxidative stress, along with up-
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regulation of iNOS and nuclear factor kappa B (NF-κB) (Ohkuwa
et al., 1995; Stosić-Grujicić et al., 2001).

Natural products have been proven effective against many
diseases; like cancer, arthritis, Alzheimer disease, and diabetes
(Kanitkar et al., 2008; El-Azab et al., 2009; El-Mowafy et al., 2010;
Moon et al., 2010; Zhang et al., 2010). Curcumin, the naturally
occurring yellow pigment isolated from the rhizomes of the plant
Curcuma longa, has been shown to possess antioxidant, anti-tumor,
and anti-inflammatory properties (Fujisawa et al., 2004; El-Azab et al.,
2009). At the cellular and molecular levels, such effects for curcumin
are mediated by free-radical scavenging, up-regulation of defense
proteins; such as heme oxygenase-1 and reduced glutathione, and
suppression of pro-inflammatory/pro-apoptotic cytokines/transcrip-
tion factors; like TNF-α and NF-κB (Motterlini et al., 2000; Weber
et al., 2006). The potential of curcumin as a hypoglycemic agent has
been studied in animals (Hussain, 2002; Pari andMurugan, 2005); yet
with conflicting results. Although many aspects of curcumin cytopro-
tection had been revealed, there has been a gap of knowledge regard-
ing its therapeutic potential in reversing the effects of experimental
streptozotocin-induced diabetes.

Currently, in multiple low doses of streptozotocin-induced
diabetes, we probed the individual and combined effects of curcumin
and bone marrow transplantation on key elements of glycemic
control, pancreatic islet integrity and function, pancreatic oxidative
stress level, and levels of serum pro-inflammatory cytokines (TNF-α
and IL-1β). This would ultimately improve our knowledge as to
whether abrogation of oxidative stress and cytokine-mediated
inflammation would boost the transformation of bone marrow cells
into functional, insulin secreting pancreatic β-cells.

2. Materials and Methods

2.1. Chemicals and Reagents

Streptozotocin was obtained from MP Biomedicals, LLC. (France).
Curcumin was purchased from Bio Basic Inc. (Canada). Commercially
available kits (Bio-Diagnostic, Egypt) were used for determining the
enzymes superoxide-dismutase, catalase, glutathione peroxidase, and
the lipid-peroxide marker malondialdehyde. Serum insulin levels
were determined using Ultra Sensitive Mouse Insulin Enzyme Linked
Immunosorbent Assay (ELISA) Kit (Crystal Chem Inc., USA). Mouse
tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β)
Immunoassay kits [Quantikine, ELISA] were purchased from R&D
systems (Minneapolis, USA). All other chemicals were obtained
from Sigma (St. Louis, MO, USA).

2.2. Animals

All animal procedures and the experimental protocols were
carried out in accordance with the Guide for the Care and Use of
Laboratory Animals. Swiss albino mice weighing 20 to 25 g were
obtained from the Egyptian Organization for Biological Products and
Vaccines (Vacsera, Egypt) and housed under controlled temperature
(25±1 °C) on a 12 h light/dark cycle. Food andwater were allowed ad
libitum during the study period.

2.3. Induction of Diabetes

The animals were acclimatized for one week before initiation of the
experiment. After overnight fasting, diabetes was induced by multiple
intraperitoneal injections of freshly prepared streptozotocin (40 mg/kg
of bodyweight) dissolved in 0.1 M chilled citrate buffer (pH 4.5) for 5
consecutive days. The control group received the vehicle alone. The
animals were allowed to drink 5% glucose solution overnight to prevent
initial streptozotocin-induced hypoglycemic mortality. Forty eight
hours after last streptozotocin dose, fasting blood glucose levels were
monitored and animals with blood glucose levels N200 mg/dl were
considered diabetic and assigned for different treatment regimens.

2.4. Bone Marrow Cell Isolation and Transplantation

Bone marrow from normal mice was flushed from the medullary
cavities of femurs using a 25 gauge needle and suspended in
phosphate-buffered saline. Cells after isolation were checked for
viability by Trypan blue dye exclusion method and counted using
hemocytometer. Recipient diabetic mice (non-irradiated) were
transplanted intravenously through tail vein approximately 106 un-
fractionated bone marrow cells, as a single injection (Banerjee et al.,
2005).

2.5. Pharmacological Treatment

Forty diabetic mice were randomly assigned to 4 groups, 10 mice
each, and were treated as follows. The first group received vehicle
injection and served as diabetic control. A second group received
intravenous, single bone marrow transplantation. A third group was
treated with curcumin (10 mM; 100 μl/mouse, i.p.) for 28 days. It
was freshly dissolved in DMSO to a final concentration of 1 M, and
then further diluted in phosphate-buffered saline (Gururaj et al.,
2002; El-Azab et al., 2011). A fourth group received a combination of
single bone marrow transplantation and curcumin. Additional eight
normal mice received vehicle injection and served as normal control.
All treatments started two days after the last dose of streptozotocin,
i.e. after the onset of diabetes. At the end of experiment, seven
surviving mice from each group were randomly selected for further
analysis.

2.6. Intraperitoneal Glucose Tolerance Test

After fasting overnight, all groups of mice were injected with 2 g/kg
bodyweight of glucose intraperitoneally. Glucosedisposalwas analyzed
by measuring random blood glucose of mice at different time points 0,
30, 60, and90 min. Intraperitoneal glucose tolerance testwasperformed
the day before scarifying.

2.7. Blood Glucose Estimation

At the end of experiment; i.e. 30 days after last dose of
streptozotocin, blood samples were obtained by tail prick and glucose
was measured by Accu-check go blood glucose meter (Roche
Diagnostic, Germany) in all groups.

2.8. Collection of Serum and Tissue Samples

Blood sampleswere collected through the orbital sinus, under light
ether anesthesia, centrifuged at 1000×g for 15 min, serum samples
were separated and stored at−20 °C for the determination of insulin,
TNF-α, and IL-1β levels. After cervical dislocation, pancreata were
excised and divided into 2 portions. One portion was rinsed in cold
saline, plotted dry, weighted, and frozen immediately at −80 °C for
homogenization. The other portion was fixed in 10% neutral buffered
formalin for histological examination.

2.9. Insulin Levels

Serum insulin levels were determined using ELISA following the
protocol given by the manufacturer (Crystal Chem Inc.). In brief, to a
96-well microplate pre-coated with polyclonal antibody specific for
mouse insulin, 95 μl sample diluent and 5 μl samples were added.
Recombinant mouse insulin was used to set up the standard curve.
After incubation for 2 h at 4 °C, the wells were washed and polyclonal
anti-mouse insulin antibodies conjugated to horseradish peroxidase
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Fig. 1.Differential and combined effects of curcumin (CUR, 10 mM; 100 μl/mouse, i.p.) and
single bone marrow transplantation (BMT, 106 un-fractionated cells) on initial and final
bodyweights inmultiple low doses of streptozotocin (STZ)-induced diabetic mice. Values
are expressed as mean±S.E.M. Data were analyzed using student t-test. *P≤0.05 with
respect to corresponding initial body weight. Each group consisted of 7 mice.
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were added. Incubation was continued for 30 min at room temper-
ature, plates were washed; substrate solution was added to each well
and incubated for 40 min. The enzyme reaction yielded a blue product
that turned yellow when the stop solution was added. The O.D at
450 nm (correction wavelength set at 630 nm) was measured using
microplate reader (Metertech, M960). Intra- and inter-assay precision
CVs are ≤10.0%.

2.10. Antioxidant Enzyme Activities in Pancreas

The frozen individual tissue samples were homogenized in 50 mM
phosphate buffer (10% W/V), pH 7.4, using Glas-Col tissue homogeniz-
ing system (Cole-Parmer, Vernon Hills, USA). Supernatants obtained
upon centrifugation at 8000×g at 4 °C were used for measuring the
activity of the antioxidant enzymes superoxide-dismutase, catalase, and
glutathione peroxidase using standard spectrophotometric assays.
Briefly, superoxide-dismutase activity in the tissue homogenate was
determined by generating superoxide radicals by the photochemical
reduction of phenazine methosulphate, which reduces nitroblue
tetrazolium into a blue-colored compound, formazone. Superoxide-
dismutase quenches free oxygen radicals and inhibits reduction of
nitroblue tetrazolium, whichwasmeasured at 560 nm (Nishikimi et al.,
1972). Catalase assay was carried out by checking the rate of hydrogen
peroxide degradation at 510 nm in the presence of the homogenate
(Aebi, 1984). Glutathione peroxidase catalyzes the reduction of
hydrogen peroxide with reduced glutathione as hydrogen donor. The
reaction was monitored spectrophotometrically at 340 nm (Lawrence
and Burk, 1976).

2.11. Lipid Peroxidation Level in Pancreas

Lipid peroxidation is a good way of evaluating oxidative stress-
induced damage to tissues. Hence levels of malondialdehyde as
thiobarbituric acid-reactive substances were measured in tissue
homogenate by the method of Ohkawa et al. (1979). Briefly,
thiobarbituric acid reacts with malondialdehyde in acidic medium at
temperature of 95 °C for 30 min to form colored substances. The
resultant pink color representative of thiobarbituric acid-reactive
substances was measured at 534 nm.

2.12. Serum Cytokine Levels

Levels of the pro-inflammatory mediators, TNF-α and IL-1β, in
serum were determined using ELISA following the manufacturer's
protocol (R&D systems). In brief, to a 96-well microplate pre-
coated with polyclonal antibody specific for mouse TNF-α or IL-1β,
50 μl assay diluent and 50 μl samples were added. Recombinant
mouse TNF-α or IL-1β was used to set up the corresponding
standard curve, respectively. After incubation for 2 h at room
temperature, the wells were washed and corresponding polyclonal
antibodies conjugated to horseradish peroxidase were added.
Incubation was continued for 2 h, plates were washed; substrate
solution was added to each well and incubated for 30 min. The
enzyme reaction yielded a blue product that turned yellow when
the stop solution was added. The O.D at 450 nm (correction
wavelength set at 570 nm) was measured using microplate reader
(Metertech, M960). Intra- and inter-assay precision CVs for TNF-α
were 4.3–9% and 6.1–9.2%, respectively. For IL-1β, intra- and inter-
assay precision CVs were 1.5–4.4% and 2.8–6.1%, respectively.

2.13. Histological and Morphometric Analysis

Pancreata were excised, and then fixed in 10% neutral buffered
formalin. Tissues were then processed for paraffin embedding,
subsequent serial sectioning, and stained with hematoxylin/eosin
(H&E) to allow the assessment of pancreatic islet morphology in
different treatment groups. Islets were observed from every tenth
serial section, morphometric measurements were performed using
“Laica Qwin 500” image analyzer computer system (Cambridge,
England).

2.14. Statistical Analysis

All data were expressed as mean±S.E.M. Distribution of the data
was verified to be normal using Tests of Normality (SPSS package).
Statistical significance was tested by one way analysis of variance
(ANOVA) followed by Bonferroni post hoc analysis.

3. Results

3.1. Body Weight

Initial and final body weights are represented in Fig. 1. Comparing
animals' body weights at the end of the study with the corresponding
starting weights showed that individual treatment with curcumin or
bone marrow transplantation had no marked effect on body weight.
Curcumin administration or single bone marrow transplantation only
slightly (PN0.05) reversed the weight loss observed in streptozotocin
group. Conversely, however; animals co-treated with curcumin and
bone marrow transplantation showed significantly increased final
body weight (P≤0.05), as compared to their initial value.

3.2. Intraperitoneal Glucose Tolerance Test

The intraperitoneal glucose tolerance test of diabetic mice treated
with both curcumin and bone marrow transplantation showed
comparable values to that of the normal animals, whereas all other
diabetic groups exhibited an abnormal pattern, consonant with
persistent hyperglycemia (Fig. 2). Thus, a rise in blood glucose levels
30 min after glucose administration was observed in all groups.
However, further glucose clearance was observed only in normal and
curcumin/bone marrow transplantation-treated mice, while the
untreated mice exhibited delayed glucose clearance, along with
consistent hyperglycemia. Individual treatment with either curcumin
or bone marrow transplantation significantly enhanced glucose
clearance as compared with untreated diabetic group; however,
they failed to normalize it.

3.3. Blood Glucose Level

Fig. 3 shows the initial and final fasting blood glucose levels in
untreated and treated diabetic mice. The group treated with only
multiple low doses of streptozotocin exhibited sustained hypergly-
cemia at the end of the study period. Although single treatment with
curcumin or MBT showed a significant (P≤0.001) reduction in blood
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Fig. 2.Differential and combined effects of curcumin (CUR, 10 mM; 100 μl/mouse, i.p.)
and single bone marrow transplantation (BMT, 106 un-fractionated cells) on glucose
tolerance test inmultiple low doses of streptozotocin (STZ)-induced diabeticmice. All
groups of mice were fasted overnight then injected with 2 g/kg body weight of
glucose intraperitoneally. Glucose disposal was analyzed bymeasuring random blood
glucose of mice at different time points 0, 30, 60, and 90 min. Values are expressed as
mean±S.E.M. Data were analyzed and compared at each single time point using
ANOVA followed by Bonferroni post hoc test. •P≤0.05 with respect to normal,
⁎P≤0.05 with respect to STZ, #P≤0.05 with respect to STZ+CUR, ¶P≤0.05 with
respect to STZ+BMT at corresponding time point. Each group consisted of 7 mice.
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and single bone marrow transplantation (BMT, 106 un-fractionated cells, i.v.) on serum
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glucose levels as compared to untreated diabetic group, they failed to
return blood glucose to normal levels. The combined treatment with
curcumin and bone marrow transplantation significantly (P≤0.001)
reduced blood glucose levels to approach normal values at the end of
the study.
)

3.4. Serum Insulin Level

To gain insights into the insulin secretory capacity of pancreatic
islets and its relationship with blood glucose/glucose tolerance, we
monitored serum insulin levels before and after single and combined
treatments with curcumin and bone marrow transplantation (Fig. 4).
Exposure to multiple low doses of streptozotocin significantly
(P≤0.001) reduced the serum insulin concentrations; consonant
with destruction of pancreatic β-cells. Individual treatment of diabetic
mice with curcumin or bone marrow transplantation significantly
enhanced insulin secretion (P≤0.001), yet still to a lower extent than
the normal levels (P≤0.001), implying partial recovery of the β-cell
secretory capacity. Intriguingly, however; combined treatment with
both curcumin and bone marrow transplantation substantially
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Fig. 3. Differential and combined effects of curcumin (CUR, 10 mM; 100 μl/mouse, i.p.)
and single bone marrow transplantation (BMT, 106 un-fractionated cells, i.v.) on initial
and final blood glucose levels in multiple low doses of streptozotocin (STZ)-induced
diabetic mice. Values are expressed as mean±S.E.M. All data were analyzed using
ANOVA followed by Bonferroni post hoc test. •P≤0.001 with respect to corresponding
normal, ⁎P≤0.001 with respect to corresponding STZ, #P≤0.001 with respect to
corresponding STZ+CUR, ¶P≤0.001 with respect to corresponding STZ+BMT. Each
group consisted of 7 mice.
elevated serum insulin concentrations to near normal levels. This
indicates that the combination regimen used (curcumin with bone
marrow transplantation) strikingly promoted β-cell regeneration to
restore normal insulin production.
3.5. Pancreatic Lipid Peroxidation and Antioxidant Enzymes

To study the differential and combined effects of curcumin and
bone marrow transplantation on oxidative stress induced by multiple
low doses of streptozotocin, the concentration of malondialdehyde
and activities of antioxidant enzymes (superoxide-dismutase, cata-
lase, and glutathione peroxidase) in pancreas were measured. A
significant (P≤0.001) rise in pancreatic malondialdehyde levels was
detected in untreated diabetic group as well as in diabetic group that
had received only bone marrow transplantation, indicating increased
lipid peroxidation that also remained unresponsive to bone marrow
transplantation. The administration of curcumin for 28 days, either
alone or in combination with bone marrow transplantation, blunted
the mounting malondialdehyde levels in the pancreas (P≤0.001)
(Fig. 5). On the other hand, antioxidant enzyme activities were found
to be significantly decreased in the pancreas of untreated diabetic
mice (P≤0.05), indicating breakdown of antioxidative defense
(Table 1). Bone marrow transplantation managed to significantly
enhance superoxide-dismutase and catalase activities, as compared to
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Fig. 5. Differential and combined effects of curcumin (CUR, 10 mM; 100 μl/mouse, i.p.)
and single bone marrow transplantation (BMT, 106 un-fractionated cells, i.v.) on lipid
peroxidation in multiple low doses of streptozotocin (STZ)-induced diabetic mice.
Tissue levels of malondialdehyde as thiobarbituric acid-reactive substances were
measured spectrophotometrically at 534 nm. Values are expressed as mean±S.E.M. All
data were analyzed using ANOVA followed by Bonferroni post hoc test. •P≤0.001 with
respect to normal, ⁎P≤0.001 with respect to STZ, #P≤0.001 with respect to STZ+BMT.
Each group consisted of 7 mice.
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the streptozotocin group (P≤0.05), yet to a level that remained lower
than those of normalmice (P≤0.01), implying partial up-regulation of
these enzymes. Bone marrow transplantation didn't change the
activity of glutathione peroxidase which was found lower than
normal value. On the other hand, treatment of diabetic mice with
curcumin, either alone or in combination with bone marrow
transplantation, normalized the activities of superoxide-dismutase,
catalase and glutathione peroxidase, indicating the crucial role of
curcumin in restoration of the pancreatic antioxidative machinery.

3.6. Serum Cytokine Levels

Inflammation and necrosis of the pancreas are indicators of early
stages of diabetogenesis (Steer et al., 2006) and hence we have
evaluated serum levels of the pro-inflammatory mediators, TNF-α and
IL-1β. Mice treated with multiple low doses of streptozotocin showed
increased serum levels of TNF-α and IL-1β, by 10.2- and 9-fold;
respectively, compared to the normal group (Fig. 6). Diabetic mice that
had received only bone marrow transplantation showed no significant
difference from the cytokine levels of the diabetic animals, implying the
persistence of inflammatory response to streptozotocin. By contrast, the
treatment of diabetic mice with curcumin, either alone or in
combination with bone marrow transplantation, significantly lowered
serum levels of TNF-α and IL-1β (P≤0.001 vs. streptozotocin and/or
bone marrow transplantation diabetic groups) down to near normal
group levels.

3.7. Histological Evaluation of Pancreas

Histological examination of the H&E-stained paraffin sections of
mouse pancreas subjected to multiple low doses of streptozotocin
showed severe reduction in the mass of the islets of Langerhans in
addition to necrosis and inflammation. Bone marrow transplantation
into recipient streptozotocin-diabetic mice significantly, yet incom-
pletely, induced pancreatic regeneration (P≤0.05). Pancreatic regen-
eration after bone marrow transplantation was evidenced by the
appearance of small islets (Fig. 7); many of which existed near the
duct, consonant with new islet formation. Similar observation was
detected in the mice treated with curcumin/bone marrow transplan-
tation, however, with higher number of small islets and the lack of
necrosis and inflammation.

3.8. Image Analysis

Image analysis of normal and newly generated islets in different
treatment groups has been performed on H&E-stained paraffin sections
of pancreas. Islet mean area and mean diameter of normal group were
found to be 6305.45±226.54 μm2 and 87.58±5.30 μm, respectively
(Fig. 7).Mice treatedwithmultiple lowdoses of streptozotocin showed a
Table 1
Differential and combined effects of curcumin (CUR) and single bone marrow
transplantation (BMT) on pancreatic activity of antioxidant enzymes in multiple low
doses of streptozotocin (STZ)-induced diabetic mice.

Superoxide
dismutase

Catalase Glutathione
peroxidase

Normal 37.79±2.10 23.78±1.06 3.26±0.11
STZ 24.28±0.78a 13.27±0.73a 1.85±0.10a

STZ+CUR 36.51±1.13b, c 25.02±0.94b, c 3.34±0.15b, c

STZ+BMT 30.54±0.70a, b 19.38±0.63a, b 2.13±0.08a

STZ+CUR+BMT 34.13±1.35b, c 24.35±0.70b, c 2.93±0.09b, c

Activities of antioxidant enzymes inpancreatic tissueswere evaluatedspectrophotometrically
and expressed as U/g tissue. Values are mean±S.E.M. All data were analyzed using
ANOVA followed by Bonferroni post hoc test. a: Significantly different from corresponding
normal, b: significantly different from corresponding STZ, c: significantly different from
corresponding STZ+BMT. P≤0.05 was selected as the level of significance. Each group
consisted of 7 mice.
significant (P≤0.001) drastic reduction in both area and diameter to
become 331.74±46.23 μm2 and 20.92±2.18 μm, respectively. The
treatment with curcumin or bone marrow transplantation resulted in
a significant (P≤0.05) increase in islets mean area as well as diameter.
The combination therapy of curcumin andbonemarrow transplantation
resulted in further significant (P≤0.001) increments in islet mean area
andmeandiameter to reach 5235.41±165.72 μm2and78.89±2.91 μm,
respectively (Fig. 7).
4. Discussion

Diabetes mellitus, the most common endocrine disease, is a group
of disorders of varying etiology and pathogenesis. Effective manage-
ment of diabetes is a pivotal global need that is yet to be established.
Modern drugs, including insulin and other hypoglycemic agents,
control the blood glucose level only when they are regularly
administered, but these treatments are tedious and tend to pose
several clinical challenges (Jin et al., 2008). However, medicinal herbs
may offer a similar degree of efficacy without so many troublesome
side effects.

Curcumin has been known as an antioxidant, anti-inflammatory,
anti-proliferative and cytoprotective agent (Phan et al., 2001;
Grandjean-Laquerriere et al., 2002; Fujisawa et al., 2004; Kanitkar
et al., 2008). Likewise, its efficacy as an antidiabetic agent has been
widely targeted (Babu and Srinivasan, 1995; Srinivasan et al., 2003).
Albeit, all such studies merely sought the potential of curcumin in
preventing diabetes or its complications; rather than an actual
“remedy” after diabetes had already occurred.

The pancreas has been reported as the organwith the lowest levels
of antioxidant enzymes; consequently, pancreatic β-cells are excep-
tionally vulnerable to detrimental actions of oxidative stress (Tiedge
et al., 1997). The cytotoxic, diabetogenic action of streptozotocin is
mediated mostly by reactive oxygen species (Lei et al., 2005). It has
been also reported that destruction of β-cells by streptozotocin
remains such incomplete that the resulting mice are hyperglycemic
but do not die (Colman, 2004). This view goes well with the currently
observed minimal insulin secretion in untreated diabetic mice.
Alternatively, after streptozotocin treatment; endogenous β-cell
regeneration and/or transdifferentiation of liver cells into pancreatic
ones have been postulated (Fernandes et al., 1997; Kim et al., 2007).
Interestingly, the latter routes for insulin production can be promoted
by antioxidants (Alvarez et al., 2004). These envisions prompted us to
further evaluate the palliative role of curcumin, when used alone and



Fig. 7. Differential and combined effects of curcumin (CUR, 10 mM; 100 μl/mouse, i.p.) and single bone marrow transplantation (BMT, 106 un-fractionated cells, i.v.) on
histopathological and morphometric analysis of pancreatic sections in multiple low doses of streptozotocin (STZ)-induced diabetic mice. Photomicrographs are representative to
H&E stained pancreatic sections in different groups at ×200 magnification (A). Morphometric measurements were performed using “Laica Qwin 500” image analyzer to determine
islet mean area (upper panel) and islet mean diameter (lower panel) in different groups (B). Values are expressed as mean±S.E.M. All data were analyzed using ANOVA followed by
Bonferroni post hoc test. •P≤0.001 with respect to normal, ⁎P≤0.05 with respect to STZ, #P≤0.001 with respect to STZ+CUR+BMT. Arrows indicate newly generated islets. Each
group consisted of 7 mice.
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in combination with a single bone marrow transplantation, against
diabetes induced by multiple low doses of streptozotocin.

Our results demonstrate that single injection of bone marrow,
although managed to reduce blood glucose level, remains insufficient
to restore normoglycemia. This agrees with the findings of Banerjee
et al. (2005) that only multiple injections (at least three) of bone
marrow could achieve normoglycemia over a long period of time.
Similarly, in the current study, curcumin treatment, though did not
normalize hyperglycemia, it reduced it to a better extent than the
single bone marrow transplantation regimen. Unlike their individual
responses, the combined regimen of curcumin with single bone
marrow transplantation virtually normalized blood glucose concen-
trations. Underpinnings of such synergistic response appear to involve
enhanced β-cell regeneration (islet neogenesis) and insulin secretion;
as clearly revealed by current histological and hormonal results.

In reversing the sequelae of diabetes, the molecular triggers
whereby curcumin confers synergy with bone marrow transplanta-
tion appear to be multi-factorial. First, curcumin abates oxidative
stress due to reactive oxygen species and lipid-peroxidation by
reducing hyperglycemia, and enhancing endogenous antioxidant
machinery (glutathione peroxidase, catalase, superoxide-dismutase,
and reduced glutathione, and GSH). This certainly protects residual
pancreatic islets and newly bone marrow transplantation-generated
ones against cellular damage evoked by reactive oxygen species or
advanced-glycation end products (Saxena et al., 1993; Donnini et al.,
1996; Feillet-Coudray et al., 1999; Venkateswaran and Pari, 2002;
Ugochukwu et al., 2004). We have clearly revealed that pancreatic
oxidative stress was most sensitive to co-treatment with curcumin/
bone marrow transplantation in diabetic mice. Second, curcumin
obliterates inflammation and immune response; as evident by its
ability to suppress production of the cytokines, tumor necrosis factor
(TNF)-α and interleukin (IL)-1β. This certainly creates a favorable
systemic and pancreatic environment to foster bone marrow
transplantation and islet neogenesis.

It is worthwhile evaluating the utility of this combined curcumin/
bone marrow transplantation regimen in the management of insulin-
dependent (type-1) diabetes. This is an autoimmune disease that is
characterized by selective destruction of insulin-producing β-cells
found in the pancreatic islets of Langerhans (Bach, 1994). The
development of diabetes is initiated with insulitis, in which
leukocytes migrate to and invade the islets. This is followed by an
overt, insulin deficient diabetes phase that is distinguished by
destruction of the majority of β-cells (Mathis et al., 2001).
Interestingly, adult mice given multiple low doses of streptozotocin
develop insulin-dependent diabetes that is quite similar to the
autoimmune forms of type-1 diabetes (Rees and Alcolado, 2005).

Cytokines produced by inflammatory cells are believed to
contribute to the dysfunction of β-cell during the development of
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autoimmune-driven diabetes (Rabinovitch and Suarez-Pinzon, 1998).
Thus, IL-1 inhibits insulin secretion and blunts islet cell viability
(Mandrup-Poulsen et al., 1985). Further; alone or jointly with
interferon-γ and TNF, IL-1 can induce the β-cell nitric oxide synthase
and hence nitric oxide production, along with other reactive oxygen
species; to disrupt glucose utilization by β-cells. Therefore, the
existence in type-1 diabetes of such surge of inflammatory and
immune-stimulatory players pose an ample threat that would hamper
the recruitment of newly introduced BM-cells into pancreatic islets
(Grandjean-Laquerriere et al., 2002; Gautam et al., 2007; Sharma et al.,
2007; Kanitkar et al., 2008; Shirley et al., 2008; Weisberg et al., 2008).
Accordingly, combining curcumin; as an established anti-inflammatory
and immune modulatory drug; with bone marrow transplantation
would likely boost and preserve the process of islet regeneration;which
was evidently proven true in this study.

On the other hand, caveats that can stand as a potential barrier
against the clinical use of curcumin in type-1 diabetes can relate
mostly to its limited bioavailability. However, phase I clinical trials
have shown that curcumin is safe even at high doses (12 g/day) in
humans. Furthermore, myriad of approaches; such as liposomal prep-
arations, use of adjuvants, new congeners, or nanoparticles have been
fruitfully undertaken to overcome limited solubility and bioavail-
ability of curcumin (Anand et al., 2007). Accomplishing this in the
near future may well bring this agent to the forefront of natural drugs
in the treatment of diabetes.

5. Conclusions

Current data show for the first time that either bone marrow
transplantation or curcumin can significantly ameliorate experi-
mental diabetes induced by multiple low doses of streptozotocin,
and restore the power of pancreatic antioxidant machinery.
Curcumin also reduced elevated levels of both lipid peroxidation
and serum pro-inflammatory cytokines. A strikingly novel finding of
this study is that co-administration of curcumin with single bone
marrow transplantation elicited virtually complete reversal of islet
destruction and its consequences; thus indicating the superiority of
combined treatment to individual regimens. Further, this observed
synergy in the effects of curcumin and bone marrow transplantation
opens new, unconventional therapeutic avenues in the management
of diabetes.
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