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It has long been believed that an intake of cinnamon
(Cinnamomum zeylanicum) alleviates diabetic patholog-
ical conditions. However, it is still controversial whether
the beneficial effect is insulin-dependent or insulin-
mimetic. This study was aimed at determining the
insulin-independent effect of cinnamon. Streptozotocin-
induced diabetic rats were divided into four groups and
orally administered with an aqueous cinnamon extract
(CE) for 22 d. The diabetic rats that had taken CE at a
dose of more than 30 mg/kg/d were rescued from their
hyperglycemia and nephropathy, and these rats were
found to have upregulation of uncoupling protein-1
(UCP-1) and glucose transporter 4 (GLUT4) in their
brown adipose tissues as well as in their muscles. This
was verified by using 3T3-L1 adipocytes in which CE
upregulates GLUT4 translocation and increases the
glucose uptake. CE exhibited its anti-diabetic effect
independently from insulin by at least two mechanisms:
i) upregulation of mitochondrial UCP-1, and ii) en-
hanced translocation of GLUT4 in the muscle and
adipose tissues.
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Type 1 diabetes mellitus is one of the serious
endocrine diseases of childhood and adolescence.!?
The incidence of this type of disease varies between
countries and different ethnic groups with a range from
0.1 to 37.4/100,000 among children from O to 14 years
old.! The administration of insulin is the only and best
therapeutic way of achieving metabolic balance and
ensuring the well being of patients. Evidence shows that
an improved blood glucose level reduces the risk of such
chronic complications as microvascular, neurological,
and macrovascular abnormalities.>> The daily manage-
ment of type 1 diabetes mellitus with the antidiabetic
drug is, however, burdensome, and there are incidences
of metabolic decompensation and long-term complica-
tions, including retinopathy, nephropathy, and cardio-

vascular diseases, leading to their increased morbidity
and mortality.*> Preventing or ameliorating these
complications through daily eating habits is the major
objective of this research.

Cinnamon is one of the oldest herbal treatments that
has been mentioned in Chinese medicine since as long
as 4000 years ago.® There have been several recent
studies on cinnamon, focusing on improving the serum
glucose and lipid levels in type 2 diabetic subjects.”® It
is known from in vitro studies that a cinnamon extract
potentiated the action of insulin in isolated adipocytes
and an adipocyte cell line.” ! Cinnamon has also
increased endogenous insulin production, and amelio-
rated the nephropathy occurring sometimes at the early
stage of diabetes.'>'¥ Most of the studies on cinnamon
have therefore confirmed its diabetic effect to be insulin-
potentiating, although the effects independent from
insulin have not yet been elucidated. Altschuler et al.
have performed a prospective, double-blind, placebo-
controlled study on cinnamon using adolescent type 1
diabetic subjects, and no significant effect on suppress-
ing hemoglobin Alc was found.'> Even their study itself
could not prove the antidiabetic effect of cinnamon,
since they studied subjects under insulin control.

It is thus necessary to demonstrate the antidiabetic
effect of cinnamon on the insulin-uncontrolled type 1
diabetic model. The objective of this present study was
to determine the effect of a hot water extract of
cinnamon on streptozotocin (STZ)-induced type 1
diabetic model rats, and to elucidate the detailed
mechanism by which cinnamon exhibits its antidiabetic
activity independently from insulin.

Materials and Methods

Preparation of the cinnamon extract. Cinnamon (Cinnamomum
zeylanicum) was provided in stick form by House Foods Corporation
(Tokyo, Japan). The sticks (250 g) were soaked into 2,500 ml of water
for 24 h at room temperature and then heated for 30 min at 100 °C. The
cinnamon extract was lyophilized and stored at —20°C until needed.
The dried cinnamon extract was reconstituted with water and diluted to
meet the needs of being given every 2-3 d. We termed this solution as
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the aqueous cinnamon extract (CE). CE was analyzed by high-
performance liquid chromatography (HPLC) in an MG-II C18 column
(S5um, ¢ 4.6 x 250 mm; Shiseido, Tokyo, Japan), using an LC-10A
pump (Shimadzu, Kyoto, Japan) and a Chromato-Pro integrator (Run
Time, Kanagawa, Japan). The solvent was a combined solution of
water and acetonitrile (2:3), and CE applied to the column was eluted
isocratically at a flow rate of 0.5 ml/min, the substances being optically
detected at 254 nm.

Animals and diets. Six-week-old male Wistar rats weighing 120—
140 g were purchased from Japan SLC (Hamamatsu, Shizuoka, Japan)
and housed individually in stainless steel wire-bottomed cages in
a temperature-controlled room at 22-23 °C with a 12-h photoperiod.
The rats were acclimatized for 1 week with a CE-2 diet (Clea Japan,
Tokyo, Japan) and then treated with streptozotocin (STZ, Wako Pure
Chemicals, Osaka, Japan) by a single intraperitoneal injection of
55mg/kg of body weight. These rats formed the STZ-diabetic group
(n = 20). Control rats were injected with the same volume of a sodium
citrate buffer, the solvent for STZ, and formed the normal healthy
animal group (n = 10). The diet was then changed to AIN-93G
(Oriental Yeast, Tokyo, Japan), and water was supplied ad libitum
throughout the experimental period for 10d before giving CE. The rats
were identified to be diabetic 10d after the STZ injection based on a
fasting blood glucose level higher than 220 mg/dl. The rats were then
assigned to six groups: i) the normal rat group without cinnamon (N);
ii) the normal, but with cinnamon group (NCE), cinnamon being
administered via a catheter at a dose of 30 mg/kg, since they did not
take enough water to provide the required daily dose; iii) the STZ-
diabetic rat group without cinnamon (CEO); and iv)-vi) the STZ-
diabetic rat groups dosed with varying amounts of cinnamon: 3 mg/kg
(CE3), 30mg/kg (CE30), and 100mg/kg (CE100). To these CE-
administered groups, cinnamon was given through water bottles
containing the required daily dose, these being replaced with new
water bottles to provide sufficient water. The CE administration was
continued for 22d, and every group of rats was sacrificed under
anesthesia with sodium pentobarbital (Tokyo Kasei, Tokyo, Japan).
Blood was withdrawn by cardiac puncture, and the gastrocnemius
muscle from the hind legs and interscapular brown adipose tissue
(BAT) were harvested and stored at —80 °C until needed. All animal
experiments were performed in accordance with the Guidelines for
Animal Experiments of the College of Bioresource Sciences at Nihon
University.

Measurement of glucose and insulin. Blood glucose was measured
by a Dexter-Z II (Bayer Medical, Leverkusen, Germany), using tail
blood. Insulin was assayed by an ELISA kit (Shibayagi, Gunma, Japan)
which enabled rat insulin to be measured in a concentration range of
0.156-10ng/ml. The plasma total cholesterol (TC), triglyceride (TG),
non-esterified fatty acid (NEFA), HDL-cholesterol and creatinine
concentrations were determined by using commercially available assay
kits (Wako Pure Chemicals).

Fractionation of BAT into the mitochondrial plasma membrane and
cytosol fractions. The adipose tissue was fractionated essentially
according to the methods of Chappell and Hansford'® and Cunning-
ham et al.'” Interscapular BAT was homogenized with a Dounce
homogenizer in an ice-cold sucrose-Tris-ethylene glycol (STE) buffer
(pH 7.4) containing 250 mM sucrose, SmM Tris—HCI, 2mMm ethylene
glycol tetraacetic acid (EGTA), and a protease inhibitor mixture
(Sigma). The homogenate was centrifuged at 800 x g for 3 min at
4°C to remove the tissue debris, and the resulting supernatant was
recentrifuged at 12,000 x ¢ for 10min at 4°C to produce a
mitochondrial pellet. This pellet was resuspended in the STE buffer
and subjected to western blotting to determine the UCP-1 and
cytochrome c¢ proteins. The supernatant above the pellet was then
centrifuged at 35,000 x g for 60min at 4°C, and the resulting
precipitate and supernatant were respectively obtained as the adipose
tissue plasma membrane and cytosol for assaying the GLUT4 protein
contents.

Isolation of the plasma membrane from muscle. The gastro-
cnemius muscle was homogenized by the Dounce homogenizer in an

ice-cold HES buffer at pH 7.4, which had been prepared from 0.02M
HEPES, 0.25M sucrose and 2mM EGTA, and then centrifuged at
700 x g for 10 min. The resulting pellet was resuspended in an HES
buffer containing a protease inhibitor mixture (Sigma), before being
sonicated for 5min at 3kHz/130W (UCD-130TM, Cosmo Bio,
Tokyo, Japan), and centrifuged at 760 x g for 5 min. The supernatant
was recentrifuged at 35,000 x g for 60 min, and the resulting pellet
was used as the plasma membrane from the muscle. The supernatant
was used as the muscle cytosol fraction.'® These membrane and
cytosol fractions were subjected to western blotting for GLUT4. The
amounts of protein in the cytosol fraction and membrane pellet were
quantified by a Protein Assay Dye reagent (Bio-Rad Laboratories,
PA, USA).

Western blot analysis. The mitochondrial plasma membrane and
cytosol fractions obtained from both BAT and muscle were subjected
to SDS-PAGE, and the proteins that migrated were electrically
transferred to a cellulose nitrate membrane (Advantec Toyo Kaisha,
Tokyo, Japan) for western blotting. The membrane was incubated with
anti-UCP-1 (1:1000; Abnova, Taiwan), mouse anti-cytochrome c
(1:1000; Cell Signaling Technology, MA, USA), and the anti-GLUT4
antibody (1:1000; EMD Chemicals, NJ, USA) at 4°C for 18 h. After
this incubation, an anti-mouse IgG horseradish peroxidase conjugate
(HRP, 1:2000 for UCP-1) or anti-rabbit IgG HRP (1:2000 for
cytochrome ¢ and GLUT4; DakoCytomation, Glostrup, Denmark)
was added, and the culture allowed to stand for 30min at room
temperature. The antigenic proteins on the membrane were visualized
by chemiluminescence, using a Lumi-LightPLUS (Roche Diagnostics,
Basel, Switzerland), and the images were analyzed by an LAS-4000
image analyzer (Fujifilm, Tokyo, Japan).

Histochemical analysis. Tissue samples obtained from the kidney
were immediately fixed in 4% paraformaldehyde in phosphate buffered
saline (PBS) at pH 7.4. Kidney sections (2 um thick) were stained with
haematoxylin and eosin (H-E), and digital images of the glomeruli and
interstitial areas microscopically obtained (x400 magnification) were
analyzed. The glomerular cross-sectional area (Ag) was measured in
six glomerular profiles per rat kidney by using the Java image
processing program (National Institutes of Health, MD, USA). The
glomerular volume (V) was then calculated from the A value by the
equation, Vg = /K| [Ag]*’?, where B = 1.38, the size distribution
coefficient, and K = 1.1, the shape coefficient for glomeruli idealized
as spheres.'”

Cell culture. The 3T3-L1 fibroblasts were cultured and differenti-
ation induced into adipocytes by the method described previously.??
To determine the effect of CE on GLUT4 translocation, differentiated
3T3-L1 cells were serum-starved for 16 h, and washed three times with
PBS at pH 7.4. The medium was replaced by DMEM alone, or by
DMEM containing either insulin (10 or 100 nm) or CE (10 or 30 ug/ml)
or by a combination of insulin and CE. After treating with these
stimulants for 30 min, the cells were sonicated to isolate the plasma
membranes by the method already described. Lipid droplets appearing
in the matured adipocytes were colorimetrically quantified after being
fixed with formaldehyde and stained with 0.5% Oil-Red O according to
the method of Nagasawa et al.?

Measurement of glucose uptake. The glucose uptake was measured
by the method described by Ragolia et al?? Briefly, 3T3-L1
adipocytes were serum-starved in DMEM for 16h, before the cells
were washed three times with PBS at pH 7.4 and then incubated for
30min in DMEM alone, DMEM containing either 100nM insulin or
30pg/ml of CE, or both. A 0.5mM amount of 2-deoxy-D-[2,6-
*H]glucose (1.5uCi/well, GE Healthcare, Tokyo, Japan) was then
added to the cells which were incubated for 15min. The cells were
then washed four times with PBS containing 0.3 mM phloretin and
lysed with 1 ml of 1 N NaOH for scintillation counting.

Statistical analysis. Each result is expressed as the mean & SE. The
statistical comparison between groups was carried out by ANOVA
with Dr. SPSS II 2002 software (SPSS Japan, Tokyo). Differences
were considered significant at p < 0.05.
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Fig. 1. Major Components of the Aqueous Cinnamon Extract (CE)
Used in This Study.
The HPLC pattern shows two well-separated peaks coinciding
with authentic cinnamaldehyde and cinnamyl alcohol in their
retention times.

Results

Effect of administering the aqueous cinnamon aque-
ous extract on the body weight and fasting blood glucose
level of STZ-induced diabetic rats

The aqueous cinnamon extract prepared from cinna-
mon sticks was determined to contain 8.5mg/ml
(64 mm) of cinnamaldehyde and 3.6 mg/ml (27 mm) of
cinnamyl alcohol by referring to the authentic com-
pounds which have been reported as antidiabetic
principles in cinnamon (Fig. 1).2%

The effect of CE administration on the body weight
and fasting blood glucose level was studied. After being
treated with STZ, the rats were raised for 10d to
complete their diabetic state. The CE administration was
then started through their drinking water for 22d (see
Fig. 2 for the grouping and treatment of the rats). The
body weight of the CE-administered normal rats
(30 mg/kg, NCE in Table 1) increased at a rate similar
to that of the CE-free normal rats in 22d, i.e., both
groups of rats gained about 120% of the initial weight in
this period. CE had no effect on the growth of the
normal rats even after feeding for 22 d. In contrast, the
STZ-diabetic rats lost from 153.2+5.2g to 134.8 +
4.3 g of body weight during feeding for 22 d. However,
this weight loss was attenuated by higher doses of CE
of 30mg and 100 mg/kg/d (the body weight at day 22
in Table 1). No significant difference was apparent in
food consumption between the type 1 diabetic animal
group CEO and the CE3, CE30, or CE100 group (data
not shown).

The fasting blood glucose level of the CE-adminis-
tered normal rats (120.5 & 7.9 mg/dl) was determined
to be in the same range as that of the CE-free normal
rats (105.8 &= 4.4mg/dl). The blood glucose level of
the STZ-diabetic rats was 3-fold more than that of the
normal rats 10d after STZ administration (the blood
glucose at day O in Table 1). The high blood glucose
level in these STZ-diabetic rats increased further in the
succeeding experimental period for 22 d; however, the
administration of CE to these rats for the same period

Normal rats’
-10 0 Day 22
-CE (N)
+ CE (NCE)
STZ-diabetic rats?
STZ
- CE (CEO)
+ CE (CE3)
_____ + CE (CE30)
_____ + CE (CE100)

Fig.2. STZ Treatment and CE Administration Schedule.

'Normal rat groups: N, normal rats not taking CE; and NCE,
normal rats taking CE at a dose of 30 mg/kg of body weight/d.
2STZ-treated diabetic rat groups: CEO, not taking CE; CE3, taking
3 mg of CE; CE30, taking 30 mg of CE; and CE100, taking 100 mg
of CE/kg/d. The administration of CE lasted for 22d either via
drinking water for the diabetic group of rats or via a catheter for the
normal rats.

Table 1. Effect of CE Administration on Body Weight and Blood
Glucose in STZ-Diabetic Rats

Body weight (g)! Blood glucose (mg/dl)!

Group?

Day 0 Day 22 Day 0 Day 22
N 1913£50 243.6+7.8 983+4.6 105.8+44
NCE 202.8+3.1 249.0+6.6 1143+25 120.5+79

CEO 1532+£52 1348+43 30534273 580.5+69.3
CE3 1579£52 141.1+£3.1 331.84+27.1 433.0£11.3
CE30 157.5+£2.1 153.4+3.4* 3383+66.8 351.8+£31.5"
CEI00 1663 +39 1649+3.3* 30734437 378.0+12.8*

"Values are the mean + SE, n = 4, *significantly different from CE0 value
on day 22, p < 0.05

2The STZ-treated rats were grouped into 4 on the groups at 10th day to give
similar levels of blood glucose, and the administration was started of
different amounts of CE, 0-100 mg/kg b.w/day, for 22d (see Fig. 2).

dose-dependently attenuated their hyperglycemia. There
was a marked difference between the CE-free rats (CEQ)
and CE-administered rats (CE3—CE100). In particular,
the blood glucose level in the CE30 and CE100 rat
groups was significantly lower than that in the CEO rats.

The aqueous cinnamon extract attenuated the organ
weight loss in STZ-diabetic rats

The STZ-treated rats had mostly smaller organs than
those of the untreated normal rats. Among the organs
in the STZ-treated rats, the kidneys were unchanged in
weight, but BAT was decreased by approximately 80%
of that in the normal rats. The administration of CE to
these diabetic rats increased not only their body weight
but also their organ weights (Table 2). The weights of
the liver, spleen, BAT and gastrocnemial muscles of the
CE-administered rats (CE100) were significantly more
than those of the CE-free animals (CEQ). In particular,
the respective weights of BAT and the spleen of the
CE100 rats were as much as 200% and 170% higher
than those the CEQ rats.

The aqueous cinnamon extract ameliorated the
diabetic parameters that were deteriorated by the STZ
treatment

The plasma insulin concentration of the normal rats
was 7.5 £ 2.7ng/ml, and this level was unchanged by
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Table 2. Effect of CE Administration on the Organ Weights of STZ-Diabetic Rats

Organ weight (g)!

Group?
Liver Pancreas Spleen Kidney BAT Muscle?
N 7.28 £0.42 0.86 +0.05 0.53 +£0.03 1.63 +0.06 0.45+0.03 2.88 +0.06
NCE 7.07 £0.22 0.93 £0.02 0.58 £0.02 1.67 £0.05 0.43+£0.03 2.92 +£0.07
CEO 5.05+0.58 0.62 +0.07 0.23 £0.07 1.79 £ 0.24 0.075 £ 0.02 1.20+0.41
CE3 5.12+0.09 0.72+£0.04 0.30£0.02 1.68 £0.06 0.102 £ 0.01 1.45+0.05
CE30 5.64 +0.22* 0.64 +0.04 0.31+£0.03 1.69 £ 0.07 0.139 + 0.02* 1.61 +0.08
CE100 6.16 £ 0.20* 0.70 £ 0.05 0.38 £ 0.00* 1.86 £ 0.04 0.146 £0.01* 1.82 £ 0.06*
'Values are the mean & SE, n = 4, *significantly different from the value for CEO, p < 0.05
2The grouping of rats and CE administration were performed as described under Fig. 2.
3The muscle sample was the gastrocnemius collected from the bilateral hind legs.
Table 3. Effect of CE Administration on the Diabetic Parameters of STZ-Treated Rat Plasma
] NEFA HDL TC TG Creatinine Protein Insulin
Group (mEq/1) (mg/dl) (mg/dI) (mg/dl) (mg/dl) (g/dD (ng/ml)
N 1.71 +£0.13 67.88 £9.12 79.91 £ 15.68 105.95 £ 46.61 0.856 £0.34 7.85+0.47 7.51 £2.68
CEO 0.524+0.12 51.06 +7.20 77.90 £ 11.46 92.08 + 38.09 1.31+£0.10 5.79 £0.47 ND
CE3 0.70 £0.10 56.44 +7.94 95.20 £9.89 83.33 £ 17.46 0.949 £ 0.06 6.18 £ 0.82 ND
CE30 0.83 +0.02* 60.38 +4.23 95.27 £9.86 102.88 £ 14.81 0.937 £ 0.06* 6.50 £+ 0.46 ND
CE100 0.84 £ 0.16* 62.96 £7.57 87.07 + 13.64 97.78 £29.76 0.977 £0.23 7.42+£0.81* ND

I'The rat groups are termed as shown in Fig. 2. The NCE group was not analyzed except for the insulin assay. NEFA, non-esterified fatty acid; HDL, high-density

lipoprotein; TC, total cholesterol; TG, total glyceride; Protein, plasma protein. Each value is the mean + SE, n = 4, *p < 0.05.

the CE administration (6.3 & 1.0ng/ml; not shown in
the figure). On the other hand, plasma insulin in the
STZ-treated rats was undetectable. Since the minimum
detection limit for insulin by the method was 0.156
ng/ml, these rats lost 98% or more insulin in 32d from
the first day of toxification, and thus, all the STZ-treated
rats were likely to be exhausted in most of the diabetic
parameters tested. However, the administration of CE
had a beneficial effect on these rats (Table 3). The
concentrations of non-esterified fatty acids (NEFA) and
protein were significantly increased by a high dose of
CE (CE30 and/or CE100). The other lipid parameters,
HDL, TC and TG, tended to be improved. The decrease
in creatinine level by CE administration may reflect the
improvement of diabetes in these rats.

The aqueous cinnamon extract ameliorated the
histological abnormality of the glomerulus in the
kidneys of STZ-diabetic rats

Histological observation of the kidney sections
showed that the STZ-diabetic rats had hypertrophic
glomeruli with increased tubular and interstitial volumes
as shown in Fig. 3A and B. CE administration to the
diabetic rats clearly ameliorated such hypertrophy in the
glomerulus and tubular surroundings (Fig. 3C-E). Since
this amelioration seemed likely to be dose dependent, we
performed a morphometric analysis on the kidney speci-
mens to evaluate the change in glomerular volume, Vg,
as described in the Materials and Methods section. Vg in
the STZ-treated diabetic rats was about 3-times more
than that in the normal rats. However, the administration
of CE of 30 and 100 mg/kg/d significantly reduced Vg
to a level that was nearly normal (Fig. 3F).

The aqueous cinnamon extract increased UCP-1
expression and GLUT4 translocation in BAT of STZ-
diabetic rats

The UCP-1 protein level in BAT of normal rats was in
the low range and not increased by taking CE (N and

NCE in Fig. 4A and B). However, UCP-1 protein was
above the normal level in the STZ-diabetic rats (N vs.
CEO in Fig. 4), and the administration of CE to these
rats elevated its level far above normal. There was
significant elevation of UCP-1 (Fig. 4), especially at the
highest dose of CE (CE100).

The GLUT4 protein level in BAT of normal rats was
highly expressed in both the plasma membrane and
cytosolic fractions of this tissue (N in Fig. 5). The STZ
treatment markedly suppressed the GLUT4 level, and its
level in the plasma membrane became around 1/2 of
that in the normal rats (CEO vs. N). The administration
of CE to normal rats did not affect the GLUT4 level
(NCE); however, administration to the STZ-diabetic rats
significantly increased the GLUT4 level which was
accompanied by a decrease in GLUT4 in the cytosolic
fraction, demonstrating that CE could stimulate GLUT4
translocation (see Fig. 5B and C, CE100). It has been
reported that the stimulation by insulin of GLUT4
translocation to the plasma membrane did not affect the
amount of total cellular GLUT4.2Y Although we were
not able to determine the total cellular GLUT4 protein
content due to the limitation of BAT samples, it was
clearly demonstrated that CE significantly stimulated
the translocation of GLUT4 to the plasma membrane
of BAT.

The aqueous cinnamon extract stimulated GLUT4
translocation in the muscle

We next measured the amount of GLUT4 protein in
the muscle of CE-administered rats. Since muscle is the
largest organ in the animal body, it incorporates more
than 80% of the glucose taken.”> If CE stimulated the
GLUT#4 translocation, it would be extremely beneficial
to ameliorate diabetic hyperglycemia. To verify the
translocation of GLUT4 from the cytosol to membrane,
we also fractionated the gastrocnemial muscle into its
plasma membrane and cytosolic fractions, and deter-
mined the amounts of GLUT4 protein in both these
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Fig. 3. Representative Micrographs of Kidney Tissues Stained with
Haematoxylin and Eosin, and Glomerular Volume (V) Measured
Morphometrically.

Panels: A, normal rat kidney; B, STZ-treated CE-free rat kidney;
C-E, STZ-treated and CE-administered rat kidney specimens:
C, CE3; D, CE30 and E, CE100 (see Fig. 1 for the group names).
All the specimens were prepared from the kidneys on day 22 after
administering CE. The scale bar in each panel is 8.5 um; F, Vi value
measured by the morphometric analysis of 10 glomeruli in each
specimen. Error bars represent the mean 4 SE. The significant
difference between the bars with a and b is p < 0.01.

fractions (Fig. 6A). It was apparent that CE stimulated
GLUTH4 translocation to the membrane (Fig. 6B). On the
other hand, the GLUT4 content in the cytosol was also
significantly increased in the diabetic animals took the
highest amount of CE, suggesting CE also enhanced
GLUT#4 production in the muscle (Fig. 6C). In fact, the
total GLUT4 protein content in the lysate of the
gastrocnemial muscle was significantly higher in the
CE100 group than in the CEO group (data not shown).
We obtained here striking results that the GLUT4-
elevating effect of cinnamon was demonstrated only on
the STZ-diabetic rats, and had almost no effect on
normal rats.

The aqueous cinnamon extract up-regulated GLUT4
expression and stimulated glucose uptake by differ-
entiated 3T3-L1 adipocytes

An adipocyte phenotype differentiated from the
mouse 3T3-L1 fibroblastic cell line (see Fig. 7A) was
serum-starved for 16 h in DMEM, and then challenged
for 30 min by either insulin or CE or both to assess the

A STZ

N NCE CEO CE3 CE30 CE100

S

CHIOC | o m c w—

BAT mitochondrial UCP-1

N NCE CEO CE3

CE30 CE100
STZ

Fig.4. The Aqueous Cinnamon Extract Elevated Mitochondrial
UCP-1.

A, western blotting of UCP-1 and cytochrome c¢ in the protein
extracts from BAT obtained from CE-administered normal and
STZ-diabetic rats. A representative western blot is shown. The rat
groups are termed as already described. B, densitometric analysis of
the blots on three separate gel samples. The values obtained were
normalized to those of cytochrome ¢, and are presented as the
mean £ SE, n = 3, *p < 0.05.
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Fig.5. The Aqueous Cinnamon Extract Stimulated GLUT4 Trans-
location in BAT of the STZ-Diabetic Rats.

A, the amounts of GLUT4 protein in the plasma membrane and
cytosolic fractions of BAT were analyzed by western blotting. B and
C, relative blot intensity analyzed as above for GLUT4 protein from
the plasma membrane (B) and that from the cytosolic fraction (C).
Each value is the mean + SE, n = 3, *p < 0.05.



Antidiabetic Effect of Cinnamon on Type 1 Diabetic Rats 2423

A Plasma membrane

GLUT4->| -

Cytosol
GLUT4'>‘ - ‘
N NCE CEO0O CE3 CE30 CE100
STZ
B 3r
E S A
3 " 2 *
G 8 9
o Z
€ o
ES |
£

N NCE CEO0O CE3 CE30CE100

STZ

c 2.5¢ .

——

0
- N
=)

cyto. GLUT4
o
o o o o

(Ratio, N as 1.0)

N NCE CEO0 CE3 CE30CE100
STZ

Fig. 6. CE Administration Increased the Expression of GLUT4, and
Stimulated Its Translocation to the Plasma Membrane in Gastro-
cnemius Muscle.

The gastrocnemius muscle of the CE-administered rats was
analyzed after fractionation into the cytosolic and plasma membrane
fractions as described in the Materials and Methods section. A,
western blotting of GLUT4 in the plasma membrane fraction (the
upper gel samples), and that of GLUT4 in the cytosolic fraction (the
lower gel). B and C, calculated values for GLUT4 expression from
the gel samples analyzed for the plasma membrane fraction (B), and
the cytosolic fraction (C) from three rats in each group. Each value
is expressed as the mean £ SE, n = 3. There is significant difference
between the bars tied with a line, *p < 0.05.

stimulative activity of these compounds for GLUT4
expression and glucose uptake. As shown in Fig. 7B, the
addition of CE to the cells caused dose-dependent
elevation of GLUT4 in the plasma membrane, and this
mode of elevation was comparable to the addition of
insulin to the same cells. When comparing the stimulat-
ing power between CE and insulin on a weight basis,
30ug/ml of CE was roughly equivalent to 100 nM (or
0.58 ug/ml) of insulin; i.e., CE had approximately 1/50
the power of insulin in the translocation of this protein.
As expected, the uptake of 2-deoxy-p-[2,6->H] glucose
by the cells was stimulated by 100nM insulin, and by
30ug/ml of CE. The effect of combining the use of
insulin and CE was nearly additive, although no
statistical significance was apparent between the ab-
sorption in combination and that with insulin alone
(Fig. 7C).

Discussion

Cinnamon is a commercially available form obtained
as the inner bark of a tree (Cinnamomum zeylanicum)
grown in India, China and Ceylon. The utilization of this
aromatic material is diverse, from a flavor for candy or
cakes to a physiologically functional spice. Its antimi-
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Fig.7. Lipid-Accumulated 3T3-L1 Adipocytes and Their Glucose
Uptake in the Presence of CE or Insulin.

A, oil red O-stained 3T3-L1 adipocytes. The two pictures show
different fields of the differentiated cells. B, GLUT4 expression
on the adipocytes stimulated with either insulin or CE. The values
were obtained by western blots of the plasma membrane proteins.
C, uptake of 2-deoxy-p-[2,6-°H] glucose by the adipocytes. The
cultured cell groups are as follows: DMEM, cells starved in the
medium without containing FBS; + Insulin, cells in the medium
containing 100nMm insulin; 4+ CE, cells in the medium containing
30 pg/ml of CE; + Insulin and CE, cells in the medium containing
both insulin and CE at identical concentrations to each alone. Bars
show the mean 4+ SE of five different experiments. There is
significant difference between the bars tied with a line (B) and the
bars with different characters (C), *p < 0.05.

crobial function has been well accepted world wide as
one of the latter uses.’®?” Although there have been
several studies on cinnamon or its ingredients against
diabetes mellitus,”?® the mechanism by which cinna-
mon could prevent the hyperglycemic state has re-
mained to be clarified. The fact that cinnamon is
effective against STZ-induced type-1 diabetes prompted
us to investigate its activities other than insulin-related
activity. We prepared in our present investigation an
aqueous cinnamon extract (CE for short) at first which is
known to contain effective principles of cinnamaldehyde
and cinnamic alcohol.>*”) We were able to confirm that
hot water efficiently extracted both compounds from
cinnamon powder. We employed STZ-induced type-1
diabetic rats as an animal model, since these rats would
demonstrate the effects of cinnamon itself independently
from those of insulin.

The effect of CE administration was precisely
confirmed by alterations in the body weight, fasting
blood glucose level and renal histology, which is known
as nephropathy, a characteristic complication with
diabetes.>” We also measured the UCP-1 expression
and GLUT4 translocation in the adipose tissue and
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muscle to verify any function of cinnamon as a catabolic
stimulant.

Treatment with STZ resulted in the rats falling into
type 1 diabetes with a marked body weight loss by as
much as 35% of the healthy animal, a 3-fold elevation
of the fasting blood glucose level, and characteristic
nephropathy with glomerular hypertrophy. The admin-
istration of CE composed mainly of cinnamaldehyde
surprisingly attenuated any further increases in these
disease conditions. Although the body weight of the
diabetic rats did not increase over the initial weight
by CE administration, its further loss was significantly
impeded. The increases in organ weights of the CE-fed
rats were above our expectations; i.e., as compared with
the initial weight in the diabetic rats, the average weight
of the liver became 120%, spleen 165% and muscle
150%. The most prominent organ was intrascapular
BAT which nearly doubled (195%) in its weight.
Restoration of the hypertrophic renal histology in
diabetic rats to that of normal healthy rats was apparent
as a comprehensive result of the effect of cinnamon
against this disease. The approximately 130% increase
in plasma protein concentration of the diabetic rats as a
result of CE administration for 22 d seems to have been
due to the amelioration of renal malfunction, although
we did not perform a urinalysis in this study.

We and other investigators have found that, by using a
pancreatic islet cell line, cinnamon or its extract played
the role of a stimulant for insulin secretion from the
cells.!*3D Although we could not prove this effect on the
insulin-producing S-cells that had deteriorated due to
STZ-induced type 1 diabetes, we are able to provide
evidence that cinnamon prevented diabetes by enhanc-
ing the catabolism of glucose through up-regulation of
the UCP-1 protein in BAT and, at the same time,
translocation of GLUT4 to the plasma membranes in
both BAT and muscle.

Interestingly, the upregulation of UCP-1 by CE was
confined to BAT in the STZ-diabetic rats, and it had
almost no effect on BAT in the normal healthy rats. We
cannot yet explain why CE exhibited such different
modes of action between rats with and without diabetes.
We do however suggest that these two animal groups
had quite different sensitivity to the spicy substance,
cinnamon, and that the diabetic animals were hyper-
sensitive to the spice, which is known to evoke the
neuroterminal nociceptor, TRPA1, leading to thermo-
genesis involving the mitochondrial activity in BAT.??

The adrenergic agent stimulates the uptake of 2-
deoxy-D-glucose by BAT; however, this stimulation has
not been apparent in UCP-1-deficient mice,® suggest-
ing that UCP-1 would play an important role in the
adrenergic-stimulated glucose uptake by BAT. We
observed in this study the increase by CE of GLUT4
translocation to the plasma membrane of BAT. This
might have been due to the stimulation of adrenaline
secretion by CE*¥ as well as to the stimulation of
GLUT4 translocation by CE.

We found in the STZ-diabetic rats that the abundance
of GLUT4 in the plasma membrane was decreased by
about 50% in BAT, whereas there was no significant
change in muscle GLUT4 in comparison with that in the
normal rats. However, it was noted that the adminis-
tration of CE to the diabetic rats elevated the GLUT4

level in both tissues in a dose-dependent fashion. Since
this elevation in the plasma membrane of BAT was
accompanied by its depression in the cytosolic fraction,
it is most likely that CE stimulated the translocation of
GLUTH4 from the cytosol to cell membrane. The fact that
CE administration elevated GLUT4 in the muscle
membrane of the diabetic rats by 4.5-fold or more than
that of the control rats (see Fig. 6B, bars CE100 and
CEO) demonstrates the possible use of cinnamon to treat
this type of diabetes. We also found for the first time
the up-regulation by CE of GLUT4 production in the
gastrocnemial muscle. We also verified the function of
CE in vitro by using 3T3-L1 adipocytes that CE
increased glucose absorption by stimulating GLUT4
translocation with a comparable mode of action to that
of insulin. We have not yet determined the detailed
mechanism by which CE up-regulated GLUT4 produc-
tion in the muscle, although Cao er al. have reported
that cinnamon polyphenol increased the production of
GLUT4 in 3T3-L1 adipocytes; however, the mechanism
for this still remains to be clarified.>® Of the events
connecting the administration of CE and the observed
phenomena, we are about to verify details of the
mechanism related to excitation of the central nervous
system and AMPK activity.3%37

In conclusion, CE had two major functions: i) it
up-regulated mitochondrial UCP-1, and ii) enhanced the
production and translocation of GLUT4 in the muscle
and, at least, the translocation of GLUT4 in adipose
tissues. These activities may allow cinnamon to be used
in the daily care of diabetes mellitus by its dietary or
supplementary use, and in alleviating the long-term
complications, including cardiovascular disease, chronic
renal failure and retinal damage.
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