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Abstract

Background: Myocardial infarction can be associated with irreversal myocardial ischemia and the necrosis of the affected site of
the heart. Curcumin has a protective effect on Myocardial Ischemia.
Objectives: Our study aimed to combine a regenerative medicine with a traditional antioxidant effects as an adjuvant for the treat-
ment of isoproterenol-induced MI.
Methods: This experimental study conducted on 36 adult male Wistar rats in an university-affiliated animal lab, Urmia, Iran, in
2016. Male rats were divided into six groups of six rats, including control, MI (ISO 100 mg/kg), curcumin (80 mg/kg by oral gavage),
Bone Marrow Mesenchymal Stem Cells (BMSCs; 4 × intravenous injection), and Cur-BMSCs. The efficiency of these methods was
evaluated by histopathological examination, immunohistochemistry, measurement of heart rate, heart to body weight ratio, size
of infarction, and serum levels of CK-MB, LDH, MDA, and SOD.
Results: The benefit of curcumin was apparent in two recipient groups. The rats that received curcumin or were treated with BMSCs
showed significant reductions in heart to body weight ratio (P < 0.001). The elevation of serum levels of CPK, LDH, MDA, and SOD (P
< 0.001) was done in curcumin treatment groups. Decreases in the number of apoptotic cells were significant in cur (P < 0.001) and
cur-BMSCs (P = 0.023) groups; histopathological injuries were recognized significantly in cur (P < 0.001) and cur-BMSCs (P = 0.012)
groups, and infarct size was significant in both curcumin groups (P < 0.001).
Conclusions: Curcumin pretreatment of Bone Marrow Mesenchymal Stem Cells helps in stem cells transplantation and acts as a
synergist.
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1. Background

Myocardial infarction (MI) includes the permanent
and irreversible death of the part of the heart muscle due
to the loss of balance between the demand and supply of
blood flow and the occurrence of ischemia (1). Although
much progress has been made in the treatment of MI, it
remains the leading cause of death and morbidity in the
world (2). It is determined by hemodynamic, biochemical,
and histopathological impairment, declined endogenous
antioxidants, the release of heart damage factor enzymes,
and lipid peroxidation (3).

Curcumin is a natural antioxidant that attracts the
attention of researchers with its anti-inflammatory, anti-
apoptosis, and anti-oxidant activities. Curcumin can im-
prove the area of infarction by changing biochemical
biomarkers, reducing inflammation and fibrosis, and in-

creasing angiogenesis (4).

Bone Marrow Mesenchymal Stem Cells (BMSCs) may
play their protective role by releasing growth factors, cy-
tockines and lipid microvesicles in intracellular space.
They can release these vesicles even in hypoxic conditions
to repair the ischemic area and promote heart function (5).
BMSCs were first used for the treatment of isoproterenol-
induced MI two years ago (6). Some research has exam-
ined the effect of MSCs combined with growth factors (7),
nanoparticles (8), and silk fibroin- hyaluronic acid (9).

The high-dose consumption of Isoproterenol induces
severe stress in heart muscle cells, promotes the release of
free radicals, makes ischemia, and ultimately causes necro-
sis in the heart. In fact, high isoproterenol doses are used
only to produce myocardial necrosis (10).

A new approach in regenerative medicine is the pre-
treatment of stem cells with antioxidants to reinforce the
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cells to increase their reparative property. Antioxidants
suppress the formation of ROS and shift the balance to-
ward antioxidants from pro-oxidants to protect myocytes
(11). Treating cells by curcumin safeguards them against
hydrogen peroxide exposure, which causes cell death and
amplifies the differentiation of MSCs to osteoblasts (12).
The pretreatment of MSCs with curcumin protects them
against oxidative stress and enhances the efficacy of MSCs
therapy (13). A recent study in a rat model of spinal in-
jury revealed that co-therapy with curcumin and MSCs (60
mg/kg weekly for four weeks) showed additional improve-
ment in behavioral and locomotor recovery and a decrease
in the inflammatory response (14). It has been demon-
strated that curcumin can regulate the effect of BMSCs on
collagen deposition and epidermal regeneration in cuta-
neous wound (15). BMSCs and curcumin treatment could
improve the recovery of spinal injury synergically (16).

2. Objectives

In the present study, we aimed to examine the potency
of curcumin-pretreated MSCs to improve MI by histopatho-
logical examination, serum biomarkers, and immunohis-
tochemistry methods in rat model of MI. This investigation
provides evidence that BMSCs treated with curcumin were
more beneficial than cells without curcumin pretreatment
in the treatment of myocardial ischemia.

3. Methods

3.1. Animals

We examined 36 adult male Wistar rats (17). The an-
imals were fed ad libitum. They were kept at the Animal
House of Urmia University of Medical Sciences in a stan-
dard controlled environment. The present study followed
the guide for the care and use of laboratory animals of the
Urmia University of Medical Sciences, Urmia, Iran, and re-
ceived the ethical code of IR.umsu.Rec.1395.541.

3.2. Induction of Experimental MI

Isoproterenol hydrochloride 100 mg/kg (Sigma Chem-
ical, USA) was injected to rats behind the neck subcuta-
neously on two consecutive days. The animals were euth-
anized 12 days after MI induction.

3.3. Extraction of Stem Cells

The marrow was extracted from the femurs of donor
animals by the flushing method. The cells were cen-
trifuged, and the supernatant was removed. The cell pel-
let was resuspended in a plastic flask containing DMEM-
LG (Gibco, Invitrogen) with 10% FBS and 1% antibiotic-
antimycotic solution (Gibco, Invitrogen). When cells

reached 80% confluence; then, adherent cells were de-
tached via 0.05% trypsin (Invitrogen) for 2 min. After the
third passage, the cells reached the required dose and were
seeded.

Curcumin (Cur; Sigma, USA) was dissolved in Dimethyl
Sulphoxide (DMSO) (Sigma, USA) and added at a concentra-
tion of 10 µM/L into cell flasks for 48 h (18). Live-injected
cells were detectable in the presence of red CM-DiI fluores-
cent stain (Invitrogen, USA).

3.4. Animals

We divided 36 Wistar rats into six groups of six rats. Two
normal groups were injected with normal saline subcuta-
neously and four MI groups received Isoproterenol (ISO)
100 mg/kg in the same route. Group I (Normal 1) was
treated with ethanol (curcumin solvent) orally for 12 days.
Group II (Normal 2) was treated with infused DMEM via
the tail vein. Group III (Iso/diseased control) was treated
with ethanol orally for 12 days, and DMEM was infused via
the tail vein. Group IV (Iso + curcumin) was treated with
curcumin 80 mg/kg orally for 12 days. Group V (Iso + BM-
SCs) was treated with infused BMSCs 4 × via the tail vein.
Groups VI (Iso + Cur-BMSCs) was treated with infused BM-
SCs 4 × (Cur pretreatment) via the tail vein. All animals
were euthanized 12 days after treatment with curcumin or
MSCs.

3.5. Assessment of Myocardial Damage Markers

Creatinine kinase-MB (CK-MB) and lactate dehydroge-
nase (LDH) were measured in serum samples by the stan-
dard kit (Pars Azemon Co., Iran) to determine the cardiac
marker enzymes.

3.6. Assessment of Antioxidant Enzymes

The analysis of serum malondialdehyde (MDA) was
performed by the spectrophotometry method to indicate
lipid peroxidation. The superoxide dismutases (SOD) level
was assessed by the photo-oxidation of o-dianisidine.

3.7. Histopathological Examination

Rats were euthanized and the apical parts of hearts
were fixed in formalin and embedded in paraffin. Sections
were stained with Hematoxylin and Eosin (H&E) for the his-
tological study and Masson’s trichrome for detecting car-
diac fibrosis. The features were graded, as follows: 1 = low,
2 = moderate, 3 = high, and 4 = severe.
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3.8. Measurement of MI Size

To evaluate the infarct size, five consecutive slices were
cut and then immersed in 5- triphenyl tetrazolium chlo-
ride 2% (TTC; Sigma, USA) for 20 min at room temperature.
The slices were fixed in formalin 10% for one day and the
color of infarcted areas changed to yellow-white. The in-
farcted myocardium in each slice was measured by ImageJ
software (Version 1.46, National Institutes of Health, USA)
as the ratio of ischemic area to the total slice.

3.9. Immunohistochemistry Staining

To determine the myocardial injury and death, tissues
were deparaffinized and rehydrated to be assessed by a ter-
minal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling assay (TUNEL) apoptosis kit (Roche) ac-
cording to the manufacturer’s instruction. TUNEL-positive
cells presented brown nuclei in the MI groups.

3.10. Statistical Analysis

Data were presented as mean ± SEM. The one-way
ANOVA was used to compare the groups. If the ANOVA in-
dicated significant differences, the Tukey post hoc test was
performed to compare the treatment and control groups
in terms of the mean values. P < 0.05 showed significant
differences between the groups.

4. Results

4.1. Weight Parameters

The effects of curcumin and curcumin-pretreated BM-
SCs on heart weight, body weight, and the ratio of heart
weight to body weight are shown in Table 1. All the parame-
ters except for body weight were significantly higher in the
ISO group than in controls. The heart weight and the ratio
of heart weight to body weight were significantly lower in
ISO + Cur, ISO + BMSCs, and ISO + Cur-BMSCs-treated groups
than in the ISO group. The ratio of heart weight to body
weight was significantly higher in the ISO + Cur and ISO +
Cur-BMSCS-treated groups than in the BMSCs group.

4.2. Effect of Curcumin and Curcumin-Pretreated BMSCs on
Serum Enzyme Biomarkers

The ischemic group showed a notable increase in the
levels of CPK and LDH and the normal, ISO + Cur, ISO + BM-
SCs, and ISO + Cur-BMSCs-treated groups showed signifi-
cantly lower levels of CPK and LDH than the ISO-treated
group (Table 2). The levels of CPK and LDH were signifi-
cantly lower in the ISO + Cur and, ISO + Cur-BMSCs treated
groups than in the cell-treated group. Significantly higher
levels of these biochemical markers were observed in the
ISO group than in the control group (P < 0.01).

Table 1. Effect of Curcumin and Curcumin-pretreated BMSCs on Weight Parametersa

Treatment Body wt. (g) Heart wt. (g) Heart wt./Body wt.
Ratio

Normal 1 284.6 ± 6.62 0.913 ± 0.03 3.19 ± 0.06

Normal 2 281.6 ± 5.66 0.916 ± 0.02 3.24 ± 0.03

ISO 253 ± 3.24 1.033 ± 0.02a 4.08 ± 0.07b

ISO + Cur 278.83 ± 3.57 0.968 ± 0.01b 3.46 ± 0.02c , d

ISO + BMSCs 271.17 ± 6.73 1.033 ± 0.01 3.80 ± 0.07c

ISO + Cur-BMSCs 283.82 ± 5.29 1.005 ± 0.02 3.54 ± 0.05c , d

Abbreviation: BMSCs, Bone Marrow Mesenchymal Stem Cells.
aValues are expressed as mean ± SEM.
bP values < 0.05 compared to normal.
cP values < 0.05 compared to ISO.
dP values < 0.05 compared to ISO + BMSCs.

Table 2. Effect of Curcumin and Curcumin-Pretreated BMSCs on CK and LDH Enzyme
Activities in Treated Ratsa

Treatment LDH CPK

Normal 1 243 ± 4.3 233.33 ± 6.6

Normal 2 251.50 ± 4.6 222.50 ± 6.3

ISO 387.75 ± 13.1b 395.25 ± 2.0b

ISO + Cur 268.50 ± 6.1c , d 260.25 ± 4.7c , d

ISO + BMSCs 329.67 ± 15.0c 317.67 ± 17.6c

ISO +Cur-BMSCs 287.67 ± 7.8c , d 258.75 ± 9.0c , d

aValues are expressed as mean ± SEM.
bP values < 0.01 compared to normal.
cP values < 0.01 compared to ISO.
dP values < 0.01 compared to ISO + BMSCs.

4.3. Effect of Curcumin and Curcumin-Pretreated BMSCs on
Serum Oxidant Status

The effects of curcumin on lipid peroxidation and an-
tioxidant enzymes are shown in Table 3. The activities of
serum MDA and SOD were significantly higher (P < 0.001)
in the ISO group than in normal rats. The activities of these
enzymes were significantly lower (P < 0.001) in Cur and
Cur-BMSCs groups than in BMSCs rats.

4.4. Histopathological Examination of Cardiac Tissue

The histological observations rated based on the inten-
sity of damage are shown in Figure 1. There was no evi-
dence of necrosis, edema, and inflammation in the normal
group. Ischemic hearts showed myocardial necrosis with
cell infiltration, edema, and increased connective tissue
between cardiac muscle fibers whereas rats treated with
Cur, BMSCs, and Cur-BMSCs after MI induction demon-
strated less myonecrosis and edema with minimal inflam-
mation. The observed protection was more with Cur and
Cur-BMSCs than with BMSCs against myocardial necrosis.
Effects of curcumin and Curcumin-pretreated BMSCs on
cardiomyocyte fibrosis.
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Figure 1. A, photomicrographs of the sections of rat’s cardiac apexes. Heart tissue of rat treated with isoproterenol (ISO) shows intensive cardiomyocyte necrosis and increased
edematous intramuscular space. Acute treatment with curcumin (Cur), bone marrow stem cells (BMSCs), and Cur-pretreated BMSCs (Cur-BMSCs) demonstrated a marked
improvement. (H&E staining at 400 magnification). B, grading of histopathological changes in rat’s cardiac apex tissue. Grades 1, 2, 3, and 4 show low, moderate, high, and
intensive pathological changes, respectively. ISO, isoproterenol; Cur, curcumin; BMSCs, bone marrow stem cells; Cur-BMSCs, Cur-pretreated BMSCs. Values are mean± SEM (n
= 6). P values < 0.001 compared to (a) normal, (b) ISO, and (c) ISO + BMSCs.

The arrangement of cardiac muscle fibers was regu-
lar with obvious boundary in the normal group after Mas-
son Trichrome staining (Figure 2). No apparent degener-
ation or fibrosis was observed in the normal group. A se-
vere grade of fibrosis was recognized as blue-colored areas
in the microscopic slides of ischemic hearts. Cur and BM-
SCs and Cur-BMSCs decreased inflammatory reactions and
cardiac fibrosis. It was noticed that Cur, BMSCs, and Cur-
BMSCs could reduce isoproterenol-induced fibrosis.

4.5. Effects of Curcumin and Curcumin-Pretreated BMSCs on In-
farct Size

The TTC staining of heart tissues in ISO + Cur,
ISO+BMSCs, and ISO + Cur-BMSCs groups showed the
reduced infarct size following MI induction (Figure 3).
Analysis of measurements revealed that the infarct size
was remarkably smaller in ISO + Cur, ISO+BMSCs, and ISO +
Cur-BMSCs than in the ISO group. The infarct size was also
significantly smaller in the ISO + Cur and ISO + Cur-BMSCs
groups than in the BMSCs group.
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Figure 2. Photomicrographs of Masson Trichrome stained sections of rat’s cardiac apexes. Fibrotic tissues were stained blue and cardiomyocytes were stained red. The
myocardial fibers were arranged regularly with clear striations in the normal control groups. No apparent degeneration or fibrosis was observed in the normal control group.
Isoproterenol-treated hearts showed a severe grade of fibrosis recognized as blue-colored parts 63% (P < 0.001). It was observed that treatment with Cur 36% and BMSCs 52%
and Cur-BMSCs 38% the fibrosis (P < 0.01). Collagen deposition was quantified by an automated ImageJ analyzer and expressed as the percentage of tissue area. The data are
expressed as means± SEM (n = 6 for each group). ISO: isoproterenol; Cur, curcumin; BMSCs, bone marrow stem cells; Cur-BMSCs, Cur-pretreated BMSCs. (400 magnification).

Table 3. Effect of Curcumin and Curcumin-Pretreated BMSCs on Oxidative Status in
Treated Ratsa

Treatment SOD (u/mL) MDA (nmol/mL)

Normal 1 54.0 ± 1.00 6.31 ±.13

Normal 2 56.3± 0.95 6.30 ±.14

ISO 98.5 ± 0.99b 14.30 ±.12b

ISO + Cur 69.7 ± 4.38c , d 7.81 ± .35c , d

ISO + BMSCs 82.2 ± 1.60c 10.43 ± .38c

ISO + Cur- BMSCs 67.4 ± 1.28c , d 7.68± .37c , d

aValues are expressed as mean ± SEM.
bP values < 0.001 compared to normal.
cP values < 0.001 compared to ISO.
dP values < 0.001 compared to ISO + BMSCs.

4.6. Tunnel Positive Myocardium

Cardiac muscles with tan nuclei were considered
tunnel-positive cells. The nuclei of myocardial cells of rats
in the normal group (Figure 4) were blue with almost no
evidence of apoptosis. However, 12 days after MI induc-
tion, the cells surrounding the damaged area were mostly
tunnel-positive in the ISO group, with a statistically signif-
icant difference from the normal group. The number of
apoptotic cells was significantly lower in three treatment
groups than in the ISO group (Table 4) and in the Cur and

Table 4. Effect of Curcumin and Curcumin-Pretreated BMSCs on Apoptosis Indexa

Treatment Apoptosis Index (%)

Normal 1 6.51 ± 0.17

Normal 2 7.30 ± 0.18

ISO 48.57 ± 0.92b

ISO + Cur 28.81 ± 0.55c , d

ISO + BMSCs 37.43 ± 0.78c

ISO + Cur-BMSCs 30.68 ± 0.67c , d

aValues are expressed as mean ± SEM.
bP values < 0.001 compared to normal.
cP values < 0.001 compared to ISO.
dP values < 0.001 compared to ISO + BMSCs.

Cur-BMSCs groups than in the BMSCs group. The difference
was not significant between the Cur and Cur-BMSCs groups
(P < 0.001).

5. Discussion

Myocardial infarction is the main cause of mortality
worldwide. MSCs are the best candidates for the regener-
ation of myocardium after the decreased number of car-
diomyocytes in the ischemic heart. Many reports have
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Figure 3. Effect of Cur, BMSCs, and Cur-pretreated BMSCs on infarct size. Representative TTC staining images by quantitative analysis at 12 days after myocardial infarction
showed the decreased heart infarct size. The values are mean ± SEM; P values < 0.05 compared to (a) normal, (b) ISO, and (c) ISO+BMSCs.

demonstrated that MSCs with their ability to differenti-
ate into cardiomyocyte-shaped cells can improve heart
function and significantly repair fibrous tissue (19). Intra-
venous injection of MSCs is the most available method,
while the migration of infused cells to the site of the dis-
ease has been shown in myocardial ischemic models (20).
This route is safe with a minimum invasion that requires
no expensive lab instruments with MSCs successful hom-
ing (21). Curcumin is a herbal food additive with antiox-
idant and anti-inflammatory activities. The cardioprotec-
tive influence of curcumin has been documented in pa-
tients and animal models (22).

We found only one report of reduced apoptosis and in-
creased angiogenesis by pretreating adipose-derived stem

cells with curcumin (11). Our study disclosed that cur-
cumin alone and its combination with MSCs exerted signif-
icant beneficial effects against MI. Our results also demon-
strated that isoproterenol 100 mg/kg for two days could
increase the heart weight, inflammation, and interfiber
space, which were characteristic to typical MI. Similar re-
sults were observed in other reports after the induction of
MI (17). Oral gavage of curcumin 80 mg/kg for 12 days and
curcumin-pretreated MSCs could regenerate myocardial
injury, edematous, and major fibrosis in treatment groups.
Curcumin compensates for free radical injuries and pro-
tects heart fibers against oxidative stress (23). Stem cells
are exposed to some stressors during their lives and lose
their survival when experiencing the aging process. An im-
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Figure 4. Photomicrographs of TUNEL stained sections of rat’s cardiac apexes. The apoptotic cells were predominant in the ISO group compared to the normal group. The
number of apoptotic cells was lower in the curcumin and BMSCs groups than in the ISO group. The Cur and Cur-BMSCs groups were significantly different from the BMSCs
group. The data are expressed as means ± SEM (n = 6 for each group). ISO, isoproterenol; Cur, curcumin; BMSCs, bone marrow stem cells; Cur-BMSCs, Cur-pretreated BMSCs
(400 magnification).

portant indicator of oxidative stress is the increased ROS
generation that, in turn, leads to the impairment of thera-
peutic potency of stem cells (24). It has been reported that
curcumin protects the survival and differentiation of hu-
man adipose-derived stem cells against oxidative damage
by increasing Wnt/β-Catemin signaling (12).

The intravenous injection of pretreated MSCs and oral
administration of curcumin strongly reduced the infarct
size. Our result is in line with a recently published paper
that showed a significant reduction in the infarct size fol-
lowing the administration of curcumin 30 mg/kg in rats
(25). In addition, our study confirms an earlier report of
the reduced myocardial infarct size following the intra-
venous infusion of BMSCs (21). This reduction is related to
the decreased level of some markers of myocardial injury
such as LDH and CK-MB as the typical biomarkers of mor-
tality (25).

The significant increase in lactate dehydrogenase
(LDH) and Creatine Kinase (CK-MB) demonstrated the
presence of MI in the ISO-treated group. These results
accord with previous studies that used the induction of MI
with isoproterenol (26). The myocardium contains cardiac
enzymes such as CK-MB and LDH. After the induction of
myocardial ischemia and increased oxygen demand, the
cell membrane is damaged, and cardiac enzymes leakage

into the blood. CK-MB is a remarkable cardiac enzyme, and
its increase is a valuable diagnostic marker for MI (27).

It is believed that after intravenous injection of MSCs
to damaged heart, only a small percentage of injected cells
are differentiated to cardiomyocytes. Many trophic factors,
including proteins and lipids, as well as anti-inflammatory
factors, can secrete from MSCs and their paracrine activi-
ties may be responsible for the regeneration of damaged
tissue (28). An increase in oxidative stress markers follow-
ing MI has been reported by many researchers (29) and
this may damage lipids and proteins of cardiomyocytes.
It has been reported that curcumin has a regulatory ef-
fect on cardiac parameters, myocardial injury, and mito-
chondrial glutathione, due to its antioxidants effects (30).
Pretreatment of MSCs with curcumin resulted in a signifi-
cant reduction in apoptosis in the myocardium. A recent
study revealed that treated rats with curcumin 150 mg/kg
showed reduced apoptotic and inflammatory cells and de-
creased fibrous tissue in the infarcted area. It has been in-
dicated that curcumin significantly increases BCL-2 that,
in turn, suppresses the initiation of apoptosis (31). The
permanent decrease in the number of heart myocytes in
the ISO group was apparent and regenerative treatment
through cell therapy was effective for MI treatment (32).

It has been shown that curcumin attenuates MI-
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induced oxidative stress, but all these changes were dose-
dependent and were pronounced at higher doses (25). Evi-
dence supports the ability of engrafted MSCs in the treat-
ment of ischemic heart disease, regulation of cell sur-
vival, growth, proliferation, differentiation, and migration
to the damaged area of the heart. The possible mecha-
nism is related to increased glucose metabolism in the my-
ocardium and protein synthesis through the secretion of
cytokines by MSCs (33). Both MSCs and curcumin have
shown beneficial effects on the treatment of MI and im-
prove cardiac function but our study, for the first time,
provides evidence that the pretreatment of BMSCs has the
reparative influence on the heart morphology and func-
tion.
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