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Abstract

The present study was aimed to evaluate the antioxidant defense system of cinnamaldehyde in normal, diabetic rats and its
possible protection of pancreatic -cells against its gradual loss under diabetic conditions. In vitro free radical scavenging effect
of cinnamaldehyde was determined using DPPH (1,1-diphenyl-2-dipicrylhydrazyl), superoxide radical, and nitric oxide radical.
Streptozotocin (STZ) diabetic rats were orally administered with cinnamaldehyde at concentrations of 5, 10 and 20 mg/kg body
weight for 45 days. At the end of the experiment, the levels of plasma lipid peroxides and antioxidants such as vitamin C, vitamin
E, ceruloplasmin, catalase, superoxide dismutase, reduced glutathione and glutathione peroxidase were determined. A significant
increase in the levels of plasma glucose, vitamin E, ceruloplasmin, and lipid peroxides and significant decrease in the levels of
plasma insulin and reduced glutathione were observed in the diabetic rats. Also the activities of pancreatic antioxidant enzymes
were altered in the STZ-induced diabetic rats. The altered enzyme activities were reverted to near-normal levels after treatment
with cinnamaldehyde and glibenclamide. Histopathological studies also revealed a protective effect of cinnamaldehyde on pancre-
atic pB-cells. Cinnamaldehyde enhances the antioxidant defense against reactive oxygen species produced under hyperglycemic
conditions and thus protects pancreatic -cells against their loss and exhibits antidiabetic properties.
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INTRODUCTION the production of high levels of ROS and eventual oxidative
stress (Rajarajeswari and Pari, 2011). The increased genera-
Diabetes have been estimated to affect 180 million people tion of free radicals and the subsequent impairment of antioxi-
worldwide in 2000, and this number is expected to double by dant defense capabilities indicate that these processes play
2030 (WHO, 2008). Diabetes is associated with an increased a central role in the onset, progression and complications of
generation of reactive oxygen species (ROS) or impaired an- diabetes (Rolo and Palmeira, 2006). Hyperglycemia increases
tioxidant defense systems which results in oxidative damage oxidative stress via the overproduction of ROS (Nogueira et
leading to ROS-mediated diabetic pathogenesis (Pitozzi et al., al., 2005). The concentrations of ROS have been modulated
2003). Moreover, it has been reported that an enhancement by nonenzymatic and enzymic antioxidants (Saxena et al.,
of lipid peroxidation, an alteration in antioxidant enzymes, and 1993). Alterations in the activities of antioxidant enzymes such
impaired glutathione metabolism may cause disturbances to as superoxide dismutase (SOD), catalase (CAT) and glutathi-
the antioxidant systems in diabetes (Bagri et al., 2009). Chron- one peroxidase (GPx) which are the three primary antioxidant
ic hyperglycemia is the key clinical manifestation of diabetes enzymes have been demonstrated in different tissues of dia-
and leads to a series of biochemical events those results in betic animals (Kakkar et al., 1995).
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Free radicals are continuously produced in the body as a
result of normal metabolic processes and interactions with en-
vironmental stimuli. Oxidative stress results from an imbalance
between radical-generating and radical-scavenging systems
due to increased free radical production, reduced antioxidant
defense activity or both. The implication of oxidative stress
in the pathogenesis of diabetes is suggested not only by the
generation of oxygen free radicals but also by non-enzymatic
protein glycation, the auto-oxidation of glucose (Mullarkey
et al., 1990), impaired glutathione metabolism, alterations in
antioxidant enzymes, the formation of lipid peroxides and a
decrease in ascorbic acid levels (Ravi et al., 2004). In addi-
tion to reduced glutathione (GSH), there are other defense
mechanisms that may play a major role in protecting against
free radicals by eliminating superoxide anion radicals (O,*),
hydrogen peroxide (H,0,), hydroxyl radicals (*OH) and singlet
oxygen ('0,) (Soto et al., 2003).

Recent investigations demonstrated that the antioxidant
properties of plants can be correlated with the defense mech-
anism against oxidative stress and different human diseases
including cancer, and arteriosclerosis and aging processes
(Rolo and Palmeira, 2006). Antioxidants can interfere with the
oxidative process by reacting with free radicals, chelating free
catalytic metals and acting as oxygen scavengers. Phenolic
antioxidants function as free radical terminators and some-
times as metal chelators (Sanchez-Moreno et al., 1999). Thus,
antioxidant defense systems have been co-evolved with aero-
bic metabolism to counteract oxidative damage from ROS.

We have isolated the potential antidiabetic compound cin-
namaldehyde from the bark of Cinnamonum zeylanicum (Sub-
ash-Babu et al., 2007). It has been well established that cin-
namaldehyde possesses a wide variety of bioactive properties
(Lee, 2002; Lee et al., 2003; Qin et al., 2003). However, no
information is available regarding the determination of the an-
tioxidant defense system using cinnamaldehyde treatment in
streptozotocin (STZ) diabetic rats. We investigated the antioxi-
dant properties of cinnamaldehyde to evaluate its medicinal
value and to characterize its natural antioxidant effect which
could be used as a food supplement to the diabetic people.
In this study, we evaluated the antioxidant defense system of
cinnamaldehyde (20 mg/kg body weight [bw]) in normal and
diabetic rats and determined its possible protection of pancre-
atic B-cell against their gradual loss under diabetic conditions.

MATERIALS AND METHODS

Chemicals
STZ was purchased from Sigma Chemicals Co., St. Louis,
MO, USA. All other chemicals used were of analytical grade.

Plant material

Cinnamonum zeylanicum Blume. (Lauraceae) bark was
collected from the Kanyakumari district, Tamil Nadu, India,
and dried in the shade. The species was identified and au-
thenticated by Dr. D. Narasimhan, Taxonomist, Department
of Botany, Madras Christian College, Chennai, and a voucher
specimen (MPC-301) was deposited at the Ethnopharmacolo-
gy Research Unit, Loyola College, Chennai, Tamil nadu, India.

Isolation and identification of the active compounds
Based on a bioassay-guided fractionation, the active com-
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pound was isolated and identified; this compound was shown
to decrease plasma glucose levels. The active isolate was pu-
rified by repeat of column chromatography, and the structure
of cinnamaldehyde was determined on the basis of a spectral
analysis (Subash-Babu et al., 2007).

In vitro free radical scavenging assay

In vitro DPPH assay: The hydrogen-donating ability of cin-
namaldehyde was examined in the presence of a DPPH sta-
ble radical using the method of Blois with a slight modification
(Blois, 1958). The reaction mixture contained 1.0 ml of 0.1 mM
DPPH-ethanol solution, 1.0 ml of ethanol, 0.95 ml of 0.05 M
Tris-HCI buffer (pH 7.4), and 50 pl of cinnamaldehyde in differ-
ent concentrations (2.5, 5, 10, 20 and 40 pg). Reduction of the
DPPH free radical was measured by reading the absorbance
at 517 nm at exactly 30 sec after adding different concentra-
tions of cinnamaldehyde. Vitamin C was used as a positive
control. The inhibition percentage (%) of the radical scaveng-
ing activity was calculated using the following equation:

Inhibition (%) = (A-AJ/A,)%x100, where A_ is the absorbance
of the control, and As is the absorbance of the sample at 515 nm.

From the inhibition (%), the amount of the sample (ug) re-
ducing the absorbance by 50% was determined (IC, ).

Superoxide anion scavenging activity

The superoxide anion scavenging activity of cinnamalde-
hyde was determined according to the method of Nishimiki et
al. (1972) with slight modifications. Briefly, generation of su-
peroxide anion was measured in a reaction mixture containing
160 mM NADH, 40 mM Nitro blue tetrazolium (NBT) and 8 mM
phenazine methosulphate (PMS) in phosphate buffered saline
(PBS) at pH 7.4. The reduction of NBT was followed by mea-
suring the change in absorbance at 560 nm for 2 min, a period
in which the absorbance increased linearly. Different doses of
cinnamaldehyde were prepared in dimethylsulfoxide (DMSOQO)
and added to the reaction mixture to give a final concentration
of 0.7% DMSO. The activity of the test compound was deter-
mined in comparison with the control sample.

Scavenging of NO radical

Nitric oxide was generated from sodium nitropruside and
measured by Griess’ reaction as described by Green et al.
(1982). Sodium nitropruside (5 mM) in standard phosphate
buffer saline solution (0.025 M, pH: 7.4) was incubated with
different concentrations (2-200 pg/ml) of cinnamaldehyde
dissolved in phosphate buffer saline (0.025 M, pH: 7.4) and
the tubes were incubated at 27°C for 5 hr. A control without
the test compound but with an equivalent amount of meth-
anol was taken. After incubation 5 ml of incubation mixture
was removed and diluted with 0.5 ml of Griess’ reagent (1%
sulphanilamide, 2% O-phosparic acid and 0.1% naphthyleth-
ylenediamine dihydrochloride). The absence of chromophore
formed during diazotization of nitrite with sulphanilamide and
is subsequent coupling with napthyl ethylene diamine was
read at 546 nm against blank. The experiment was repeated
in triplicate.

In vivo biochemical assays

Estimation of thiobarbituric acid reactive substances (TB-
ARS) and hydroperoxides (HP): Plasma thiobarbituric acid
reactive substances (TBARS) and hydroperoxides (HP) were
determined by the methods of Yagi (1976) and Jiang et al.
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(1992) respectively. Briefly, 0.1 ml of Plasma/ tissue homog-
enate was treated with 2 ml of (1:1:1 ratio) TBA-TCA-HCL
(TBA 0.37%, 0.25 N HCL and 15% TCA) reagent and placed
in water bath for 15 mints, cooled and centrifuged and then
clear supernatant was measured at 535 nm against reference
blank.

Hydroperoxides was expressed as mM/dl. 0.1 ml of Plas-
ma/ tissue homogenate was treated with 0.9 ml of Fox reagent
(88 mg BHT, 7.6 mg xylenol orange and 0.8 mg ammonium
iron sulphate were added to 90 ml of methanol and 10 ml of
250 mM sulphuric acid) and incubated at 37°C for 30 mint. The
colour developed was read at 560 nm.

Determination of non-enzymatic antioxidants

Reduced glutathione (GSH) was determined by the method
of Ellman (1959). 1 ml of plasma/ tissue homogenate was
taken and 0.5 ml of Ellmans’s reagent (0.0198% DTNB in 1%
sodium citrate) and 3 ml of phosphate buffer (pH-8.0) were
added. The colour developed was read at 412 nm.

Ascorbic acid (vitamin C) concentration was measured by
Omaye et al. (1979) method. To 0.5 ml of plasmal/ tissue ho-
mogenate 1.5 ml of 6% TCA was added and centrifuged (3,500
g, 20 min). To 0.5 ml of supernatant, 0.5 ml of DNPH reagent
(2% DNPH and 4% thiourea in 9N sulphuric acid) was added
and incubated for 3 hours at room temperature. After incuba-
tion 2.5 ml of 85% sulphuric acid was added and colour devel-
oped was read at 530 nm after 30 min.

Vitamin E was estimated by the method of Desai (1984).
Vitamin E was extracted from plasma/ tissue homogenate by
addition of 1.6 ml ethanol and 2.0 ml petroleum ether to 0.5 ml
plasma and centrifuged. The supernatant was separated and
evaporated. To the residue, 0.2 ml of 0.2% 2,2'-dipyridyl, 0.2
ml of 0.5% Ferric chloride was added and kept in dark for 5
min. An intense red colored layer obtained on addition of 4 ml
butanol was read at 520 nm. And plasma ceruloplasmin was
determined according to the methods of Ravin (1961).

Determination of enzymic antioxidants

Superoxide dismutase (SOD) activity was determined by
the modified method of NADH-Phenazinemethosulphate-ni-
troblue tetrazolium formazon inhibition reaction spectropho-
tometrically at 560 nm (Misra and Fridovich, 1972). A single
unit of enzyme was expressed as 50% inhibition of NBT (Ni-
troblue tetrazolium) reduction/min/mg protein. Catalase (CAT)
was assayed colorimetrically as described by Takahara et al.
(1960) using dichromate-acetic acid reagent (5% potassium
dichromate and glacial acetic acid were mixed in 1:3 ratio).
The intensity was measured at 620 nm and the amount of
hydrogen peroxide hydrolyzed was calculated for the catalase
activity.

Glutathione peroxidase (GPx) activity was measured by
the method described by Rotruck et al. (1973). The activity
was expressed based on inhibition of GSH. Protein was de-
termined by the method of Lowry et al. (1951) using Bovine
Serum Albumin (BSA) as standard, at 660 nm.

Histopathological study

A portion of pancreatic tissue was fixed in 10% buffered
neutral formal saline for histological studies. After fixation, tis-
sues were embedded in paraffin; solid sections were cut at 5
um and stained with aldehyde. The sections were examined
under light microscope and photomicrographs were taken.
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Statistical Analysis

Statistical analysis was performed using the SPSS software
package, version 6.0. The values were analyzed by one-way
analysis of variance (ANOVA) followed by Duncan’s multiple
range test (DMRT) (Duncan, 1957). All the results were ex-
pressed as the mean + SD for six rats in each group. p values
less than 0.05 were considered significant.
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Fig. 1. Comparison of abilities to scavenge DPPH (A), superoxide
(B) and nitric oxide (C) radicals in vitro between cinnamaldehyde
and ascorbic acid.
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Fig. 2. Effect of cinnamaldehyde on plasma glucose levels (mg/
dl) in streptozotocin-induced diabetic male Wistar rats. Group
1: Normal; Group 2: Normal+Cinnamaldehyde (20 mg/Kg bw);
Group 3: Diabetic control; Group 4: Diabetic+Cinnamaldehyde (5
mg/kg bw); Group 5: Diabetic+Cinnamaldehyde (10 mg/kg bw);
Group 6: Diabetic+tCinnamaldehyde (20 mg/kg bw); Group 7:
Diabetic+Glibenclamide (0.6 mg/kg bw). Each value is mean + SD
for 6 rats in each group. Values not sharing a common superscript
differ significantly at p<0.05 (DMRT).
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Fig. 3. Effect of cinnamaldehyde on plasma insulin levels (uU/
ml) in streptozotocin-induced diabetic male Wistar rats. Group1:
Normal; Group 2: Normal+Cinnamaldehyde (20 mg/Kg bw); Group
3: Diabetic control; Group 4: Diabetic+Cinnamaldehyde (20 mg/kg
bw); Group 5: Diabetic+Glibenclamide (0.6 mg/kg bw). Each value
is mean * SD for 6 rats in each group. Values not sharing a com-
mon superscript differ significantly at p<0.05 (DMRT).

Table 1. Effect of cinnamaldehyde on plasma levels of TBARS, hydroperoxides, and non-ezymatic antioxidants in male Wistar rats with and without dia-

betes
Normal + cinnamaldehyde Diabetic Diabetic + cinnamaldehyde Diabetic + glibenclamide
Groups Normal
(20 mg/kg bw) control (20 mg/kg bw) (0.6 mg/kg bw)

TBARS 2.02 +£0.12° 2.18 £ 0.05*° 4.98 +0.15° 2.24 +0.08° 2.65 +0.09°

(nMoles/ml)
Hydroperoxides 7.23+£0.28% 7.84 £0.61*° 14.97 + 0.74° 8.10 £ 0.25° 9.18 £ 0.29°

(valuex10® mMoles/dl)
GSH (mg/dl) 28.81+1.19° 30.10 + 1.27%° 17.92 +0.77° 26.37 +0.82° 24.16 + 0.57°
Vitamin C (mg/dl) 1.71 £0.14° 1.83 +0.10° 0.85 + 0.04° 1.67 £0.03° 1.59 + 0.08°°
Vitamin E (mg/dl) 1.82 +0.25% 1.78 £ 0.42° 3.42+0.37° 1.68 + 0.40° 1.70 £ 0.39%
Ceruloplasmin (mg/dl) 18.23 + 1.75° 22.94 + 1.19*° 32.18+2.01° 20.63 + 1.41*° 22.11+1.26°

Each value is mean + SD for 6 rats in each group.

Values not sharing a common superscript differ significantly at p<0.05 (DMRT).

RESULTS

In vitro free radical scavenging effect of cinnamaldehyde

The free radical scavenging effects of cinnamaldehyde on
DPPH, superoxide radical, and NO radical were determined.
The results are shown in Fig. 1. On a comparative basis, cin-
namaldehyde exhibited better free radical scavenging activity
in quenching DPPH, with an IC, value of 8.2 ug/ml, and the
superoxide radical, with an IC,; value of 13.3 ug/ml. Cinnam-
aldehyde also exhibited a better response in quenching NO
radicals, with an IC,; value of 12.1 ug/ml. The results were
compared with ascorbic acid as a positive control, indicating
the potential antioxidant properties of cinnamaldehyde.

Effect of cinnamaldehyde on plasma glucose levels

Fig. 2 shows the plasma glucose levels in the normal and
experimental rats. The STZ-diabetic rats showed a significant
increase in the levels of plasma glucose compared with nor-
mal rats. Oral administration of cinnamaldehyde at a dose of
20 mg/kg bw resulted in a highly significant (p<0.05) effect
compared with 5 and 10 mg/kg bw doses. Therefore, cinnam-
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aldehyde was selected for further biochemical studies.

Effect of cinnamaldehyde on plasma insulin levels

Fig. 3 shows the plasma insulin levels of normal and experi-
mental rats. Plasma insulin level was significantly (p<0.05) de-
creased in diabetic rats when compared to the normal levels.
Oral administration of cinnamaldehyde significantly (p<0.05)
increased the plasma insulin levels compared with the levels
observed in the untreated diabetic rats. The results were com-
pared with glibenclamide, a standard reference drug.

In vivo antioxidant effect of cinnamaldehyde

Table 1 shows the levels of TBARS and HP and nonenzy-
mic antioxidants such as GSH, vitamin C, vitamin E and ceru-
loplasmin in the plasma of normal and STZ-diabetic rats. The
rats treated with cinnamaldehyde alone showed increased lev-
els of TBARS, HP and ceruloplasmin levels when compared
with normal rats, but the differences were not significant. The
diabetic rats showed a significant (p<0.05) increase in plasma
TBARS, hydroperoxides, vitamin E and ceruloplasmin levels,
whereas the diabetic rats showed a significantly (p<0.05) de-
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Table 2. Effect of cinnamaldehyde on pancreatic levels of TBARS, hydroperoxides, GSH, and enzymatic antioxidants in male Wistar rats with and without
diabetes

Normal + cinnamaldehyde Diabetic + cinnamaldehyde Diabetic + glibenclamide

Groups Normal (20 mglkg bw) Diabetic control (20 mglkg bw) (0.6 mg/kg bw)
TBARS 32.40 + 2.20° 31.75 + 2.30° 67.28 + 3.90° 38.91+3.10° 36.27 + 2.90*°
Hydroperoxides 12.65 + 0.56° 12.66 + 1.18° 22.16 +0.87° 12.24 £ 0.51° 13.03 + 0.35°
GSH 19.34 + 0.62° 20.46 + 1.14"° 11.67 +1.18° 21.43 +0.80° 20.94 + 0.61°
GPx 28.31 +1.08° 25.081.65° 17.13 + 0.56° 26.44 + 1.54"° 25.95 + 1.44"°
SOD 4.05+0.17° 4.930.22° 2.53 +0.34° 3.96+0.23° 3.67 +0.22°
CAT 17.90 + 0.54° 16.090.47° 7.81+0.29° 15.17 £ 0.58° 14.40 + 0.42°

Units: TBARS- nmols/100 g tissue; HP- nmols/100 g tissue; GSH- m moles/ g wet tissue; GPy - ng GSH consumed/ min/ mg protein; SOD-
Enzyme concentration required to inhibit the O.D at 560nm of chromogen production by 50% in one min / mg protein; CAT- pmoles of H,O,
consumed/ min/ protein.

Each value is mean + SD for 6 rats in each group.

Values not sharing a common superscript differ significantly at p<0.05 (DMRT).

Fig. 4. Histopathological studies of normal and experimental diabetic rat pancreas (A-E). (A) Normal rat pancreas. Pancreas showing
pB-islets. (B) Normal+Cinnamaldehyde treated rat pancreas. Normal acini with islet cells. (C) Diabetic rat pancreas. Pancreatic acini with
destroyed islet cells. (D) Diabetic+Cinnamaldehyde treated rats pancreas. Regenerating islet cells. (E) Diabetic+glibenclamide treated rat
pancreas. Normal islets cells with mild fatty change.

creased levels of vitamin C compared with normal rats. The and the activities of enzymic antioxidants such as GPx, SOD
altered levels of lipid peroxides and non-enzymic antioxidants and CAT in the pancreas of normal and diabetic rats. In dia-
in diabetic rats have been significantly (p<0.05) restored to betic rats, we observed significantly (p<0.05) increased levels
near control levels by the administration of cinnamaldehyde of TBARS and HP and diminished levels of GSH, SOD, CAT
and glibenclamide. and GPx compared with the normal rats. We also observed

Table 2 shows the concentration of TBARS, HP and GSH decreased activities of GPx and CAT in the rats treated with
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cinnamaldehyde alone compared with the normal rats. The
oral administration of cinnamaldehyde and glibenclamide sig-
nificantly (p<0.05) decreased the levels of lipid peroxides and
increased the enzymic antioxidant activities and the GSH lev-
els in the pancreas of diabetic rats compared with the diabetic
control rats.

Histopathological observation of the pancreas

The histopathological examination revealed a preventive
effect of cinnamaldehyde administration on extensive altera-
tion in the pancreas of STZ-induced diabetic rats (Fig. 4). Fig.
4A depicts the pancreas of a normal rat, showing a normal
architecture of the islets. Fig. 4B depicts the pancreas of a
normal rat treated with cinnamaldehyde. The pancreas ap-
peared to have normal islets. Fig. 4C depicts the pancreas
of a diabetic rat, showing pancreatic acini and shrunken islet
cells. Fig. 4D depicts the pancreas of a diabetic rat treated
with cinnamaldehyde, showing regenerated pancreatic islets.
Fig. 4E depicts the pancreas of a diabetic rat treated with glib-
enclamide, showing the regeneration of the pancreatic islets.

DISCUSSION

Diabetes is one of the pathological processes known to be
related to an unbalanced production of ROS, such as hydroxyl
radicals (*OH), superoxide anions (O,), and H,O,. Therefore,
cells must be protected from this oxidative injury by antioxi-
dant enzymes (Mullarkey et al., 1990). Antioxidants may offer
resistance against oxidative stress by scavenging free radi-
cals, inhibiting lipid peroxidation by many other mechanisms
and preventing disease (Qujeq and Rezvani, 2007). DPPH is
a stable free radical that is often used to evaluate the antioxi-
dant activity of several natural compounds (Miller and Rice-
Evans, 1997). Antioxidants interact with DPPH and thus neu-
tralize its free-radical character.

SOD catalyzes the dismutation of the highly reactive su-
peroxide anion to form oxygen and hydrogen peroxide (Raja-
rajeswari and Pari, 2011). The superoxide anion is the first re-
duction product of oxygen, which is measured in terms of the
inhibition of generation of O,*. NO is a free radical produced
in mammalian cells and is involved in the regulation of various
physiological processes. However, an excessive production
of NO is associated with several diseases (Yokozawa et al.,
1998). NO is a very unstable species under aerobic condi-
tions. NO reacts with O, to produce the products nitrate and
nitrite via the intermediates NO,, N,O, and N,O,. The level
of NO is estimated using Griess’ reagent. NO produced by a
solution of sodium nitroprusside was scavenged by the pres-
ence of cinnamaldehyde, and the production of nitrous acid
has been scavenged by the presence of cinnamaldehyde.
This result may be due to the antioxidant principle whereby
cinnamaldehyde competes with oxygen to react with nitric ox-
ide (Ray and Husain, 2002).

STZ-diabetes resulted an increase in lipid peroxidation,
which occurs indirectly by the intensified free radical produc-
tion (lalenti et al., 1993). Most of the tissue damage is consid-
ered to be mediated by free radicals, which attack the mem-
brane via the peroxidation of unsaturated fatty acids (Maritim
et al., 2003). Increased levels of peroxides are observed in the
plasma due to the consequence of the increased free radical
production, and the lipid peroxides are liberated into circula-
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tion due to pathological changes. A marked increase in the
levels of TBARS may be due to an increased susceptibility
of pancreas to lipid peroxidation (Mullarkey et al., 1990). The
oral administration of cinnamaldehyde significantly protects
against the formation of lipid peroxides. This result suggests
that the protective role of cinnamaldehyde could be due to
the antioxidative effect of cinnamaldehyde. In addition, oral
administration of glibenclamide also significantly decreased
TBARS and HP levels in the pancreas of diabetic rats. The
alterations in lipid peroxide and antioxidant levels in the rats
treated with cinnamaldehyde alone were not significant, which
may be due to the counter-defense mechanism between the
native and developed antioxidant defense systems.

The plasma protein ceruloplasmin is a powerful free radical
scavenger that inhibits lipid peroxidation by binding to copper
(Cao et al., 1997). Ceruloplasmin levels increased under con-
ditions leading to the generation of oxygen products such as
the superoxide radical and hydrogen peroxide. The observed
rise in the plasma ceruloplasmin levels in the diabetic rats may
be due to the increased levels of lipid peroxides (Halliwell and
Gutteridge, 1990).

GSH, the most important biomolecule protecting against
chemically induced toxicity, can participate in the elimination
of reactive intermediates via reduction of hydroperoxides in
the presence of GPx (Rajarajeswari and Pari, 2011). The ob-
served decrease in the GSH level in diabetic rats represents
an increased utilization of GSH due to oxidative stress (Dor-
mandy, 1980). It appears that generation of oxygen radicals
by increased levels of glucose causes utilization of GSH and
thus lowers GSH levels in plasma and pancreas. Oral admin-
istration of cinnamaldehyde and glibenclamide increased the
glutathione content in the diabetic animals.

Vitamin C, or L-ascorbic acid, is considered to be the most
important antioxidant in extracellular fluids, and it has many
cellular activities of an antioxidant nature (Stocker and Frei,
1991). Vitamin C functions as a free radical scavenger of
active and stable oxy radicals. The marked decrease in the
plasma levels of ascorbic acid levels might be due to its in-
creased utilization in antioxidant defense against increased
levels of ROS or to a decrease in the GSH levels because
GSH is required for the recycling of vitamin C (Moser and
Bendich, 1991). Ascorbic acid can also protect membranes
against peroxidation by enhancing the activity of a tocopherol,
the chief lipid-soluble, chain breaking antioxidant (Wefers and
Sies, 1988). a-Tocopherol interrupts the chain reaction of lipid
peroxidation by reacting with lipid peroxy radicals and pro-
tects cell membranes against damage by lipid hydroperoxides
(Bhatia and Jain, 2003). The elevated levels of a-tocopherol
observed in diabetic rats play a protective role against in-
creased lipid peroxidation in diabetes mellitus (Kinalski et al.,
2000). In our study, oral administration of cinnamaldehyde and
glibenclamide gradually decreased the a-tocopherol level in a
manner that was directly proportional to the production of free
radicals by STZ.

Pancreatic islet cells possess very low levels of free radical
scavenging enzymes, including SOD, CAT and GPx and are
vulnerable to free radical toxicity (Subash Babu and Prince,
2004). Pancreatic p-cells are considered to be exceptionally
vulnerable to the cytotoxic actions of oxygen free radicals be-
cause of their low levels of antioxidant enzymes (Simmons,
2006). STZ-induced cytotoxicity of islets is reduced by anti-
oxidant enzymes. SOD in particular is considered to be the
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first cellular defense against superoxide radical toxicity (Bhat-
tacharya et al., 1997). The antioxidant activity of cinnamalde-
hyde may be due to the inhibition of the glycation of the anti-
oxidant enzymes SOD, CAT and GPx. Glucose, which forms a
Schiff base with proteins, has been reported to have a high af-
finity for proteins, especially those containing transition metal
ions. Increased glycation of Cu-Zn-SOD has been reported in
diabetes. Many reports have shown that curcumin inhibits the
formation of advanced glycation end products in STZ-induced
diabetic rats (Jia et al., 2009). In our previous study, we ob-
served the decreased glycosylation of hemoglobin (HbA1 )
in cinnamaldehyde-treated diabetic rats (Subash-Babu et al.,
2007). In the present study, we concluded that the increased
activities of CAT and GPx in the cinnamaldehyde-treated STZ-
diabetic rats might be due to the prevention of glycation.

An increase in the activities of the enzymes SOD and CAT
may protect B-cells against damage from ROS. In this con-
text, treatment with the antioxidant N-acetyl cysteine in dia-
betic mice was shown to suppress apoptosis in p-cells and
decrease blood glucose levels (Subash-Babu et al., 2009). A
histopathological observation also revealed that an alteration
occurred in the architecture of the pancreatic islets in STZ-
diabetic rats.

Reduction of B-cell mass is critical in the pathogenesis of
diabetes mellitus. The discovery of agents that induce re-
generation of pancreatic p-cells would be useful to develop
a new therapeutic approach to treat diabetes. After 45 days
of oral administration of cinnamaldehyde, blood glucose re-
turned to normal levels, and the islets of Langerhans showed
an improvement in the p-cell granulation. The plasma glucose
lowering activity was compared with glibenclamide a standard
hypoglycemic drug. Glibenclamide has been used for many
years to treat diabetes by stimulating insulin secretion from
pancreatic B-cells. Sharma et al. (2003) have also reported
an improvement of the islet after one month of oral feeding of
E. jambolana seed powder and some alkaloids. Our results
are consistent with previous reports suggesting that the re-
generation of islet cells by dietary components and the stimu-
lation of insulin secretion by different plant extracts have been
achieved (Sharma et al., 2003).

In conclusion, the present study demonstrates that cinnam-
aldehyde decreased the levels of lipid peroxidation products
and increased the activities of antioxidant enzymes. The re-
sults of the present study indicated the glucose lowering effect
of cinnamaldehyde due to the insulin release from pancreatic
B-cells of the islets of Langerhans. Cinnamaldehyde augment-
ed the release of insulin many folds probably by protecting
B-cells from free radicals through its antioxidant activity and
stimulation of B-cells resembling direct insulin secretagogue
effect. Histological assessment also showed that the damage
caused by STZ in pancreatic p-cells was markedly reduced,
and that the damaged pancreatic -cells were regenerated by
the administration of cinnamaldehyde. Thus, it is suggested
that cinnamaldehyde plays an antioxidant role in addition to its
antidiabetic activity.
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