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Abstract

Aim: In the present study we have investigated the changes in the total muscarinic and muscarinic M1 receptor ([*H]JQNB) binding and gene
expression in the cerebral cortex of streptozotocin (STZ) induced diabetic, insulin and aqueous extract of Aegle marmelose leaf treated diabetic
rats.

Materials and Methods: Diabetes was induced in rats by intrafemoral injection of streptozotocin. Aegle marmelose leaves was given orally to one
group of rats at a dosage of 1 g/lkg body weight per day for fourteen days. Blood glucose and plasma insulin level were measured. Muscarinic
and Muscarinic M1 receptor binding studies were done in the cerebral cortex of experimental rats. Muscarinic M1 receptor gene expression was
studied using real-time PCR.

Results: Scatchard analysis for total muscarinic receptors in cerebral cortex showed that the B,y,,, Was decreased significantly (p <0.001) in diabetic
rats with a significant decrease (p <0.01) in the K4 when compared to control group. Binding analysis of Muscarinic M1 receptors showed that
Biax Was decreased significantly (p <0.001) in diabetic group when compared to control group. The Ky also decreased significantly (p <0.01)
when compared to control group. The binding parameters were reversed to near control by the treatment of diabetic rats with Aegle marmelose.
Real-Time PCR analysis also showed a similar change in the mRNA levels of muscarinic M1 receptors.

Conclusion: The results showed that there is decrease in total muscarinic and muscarinic M1 receptors during diabetes which is up regulated by
insulin and Aegle marmelose leaf extract treatment. This has clinical significance in therapeutic management of diabetes.

© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Diabetes mellitus is a major global health problem that affects
more than 185 million people around the world (Amos et al.,
1997; Zimmet, 1999; Zimmet et al., 2001). The number of
diabetic patients is expected to reach 300 million by the year
2025. (Adeghate et al., 2006). The brain neurotransmitters recep-
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tor activity and hormonal pathways control many physiological
functions in the body. Earlier studies from our laboratory have
established the central neurotransmitter receptor subtypes func-
tional regulation during diabetes, pancreatic regeneration and
cell proliferation (Paulose et al., 1988; Sudha and Paulose, 1988;
Abraham and Paulose, 1999; Paulose et al., 1999; Biju et al.,
2001; Renuka et al., 2004; Mohanan et al., 2005a, b; Kaimal et
al., 2007). The central nervous system through parasympathetic
and sympathetic pathways regulates insulin secretion from pan-
creatic islets and maintains glucose homeostasis (Ahrén, 2000).
Acetylcholine (ACh), the major parasympathetic neurotransmit-
ter stimulates the glucose-induced insulin secretion (Gilon and
Henquin, 2001). It has been demonstrated that the cholinergi-
cally induced insulinotropic action is mediated by the muscarinic
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receptors (Henquin and Nenquin, 1988). It has been proposed
that neuronal afferent signals delivered to the pancreatic 8 cell
through the vagus are responsible for the cephalic phase of
insulin secretion. These effects are mediated by ACh, which is
released from nerve terminals and acts upon muscarinic cholin-
ergic receptors in the 3 cell plasma membrane (Sharp et al.,
1974; Berthoud et al., 1980; Mathias et al., 1985; Ahrén, 2000).

Plants still remain a major source for drug discovery in spite
of the great development of synthetic molecules. Consequently,
the uses of traditional plant extract in the treatment of various
diseases have been flourished (Fabricant and Farnsworth, 2001).
The plant Aegle marmelose (L.) Corr. belongs to the family
Rutaceae and is known as ‘Koovalam’ in Malayalam and bael
in Hindi is indigenous to India. Leaves, fruits, stem and roots of
Aegle marmelose have been used in ethno medicine for several
medicinal properties: astringent, antidiarrheal, antidysenteric,
demulcent, antipyretic, antiscourbutic, haemostatic, aphrodisiac
and as an antidote to snake venom (Kirtikar and Basu, 1935;
Nandkarni, 1976). Aegle marmelose is also known as herbal
medicine for the treatment of diabetes mellitus (Alam et al.,
1990; Prakash, 1992). Ponnachan et al. (1993) have observed
that the crude aqueous leaf extract (1 g/kg) exhibit hypoglycemic
effect in alloxan-induced diabetic rats. Aqueous leaf extract
reversed the increase in Ky, values of liver malate dehydrogenase
enzyme (Seema et al., 1996) and improved histopathological
alterations in the pancreatic and kidney tissues of strepto-
zotocin (STZ)-induced diabetic rats (Das et al., 1996). The
aqueous extracts of fruits have also been reported to possess
hypoglycemic activity (Kamalakkannan and Prince, 2005). The
present study was performed to understand the alterations of
total muscarinic and muscarinic M1 receptor gene expression in
the cerebral cortex during diabetes, insulin and Aegle marmelose
leaf extract treated diabetic rats.

2. Materials and methods
2.1. Chemicals

Tris—HCI, pirenzepine and carbachol were purchased from
Sigma Chemical Co., St. Louis, USA. Quinuclidinyl benzilate,
L-[benzilic-4,4’-*H], (*H]QNB)(specific activity 42 Ci/mmol)
was purchased from NEN life sciences products Inc., Boston,
USA. Radioimmunoassay kits for insulin were purchased from
Bhabha Atomic Research Centre (BARC), Mumbai, India. Real-
time PCR Tagman probe assays on demand were purchased from
Applied Biosystems, Foster City, CA, USA.

2.2. Plant material

Fresh leaves of Aegle marmelose were collected from Cochin
University area. The plants were taxonomically identified and
authenticated by Mr. K.P. Joseph, Head of the Dept. of Botany
(Retd), St. Peter’s College, Kolenchery. The voucher specimens
are deposited at the herbarium of the Centre for Neuroscience,
Department of Biotechnology, Cochin University of Science and
Technology, Cochin, Kerala and the voucher number is MNCB
No. 2.

2.3. Preparation of aqueous extract of Aegle marmelose
leaves

Fresh leaves of Aegle marmelose were air dried in shade and
powdered. 10 g of leaf powder was mixed with 100 ml of distilled
water and stirred for 2h. It was kept overnight at 4 °C. The
supernatant was collected and evaporated to dryness followed
by lyophylization in Yamato, Neocool, Japan lyophilizer. This
was used as the crude leaf extract to study the antihyperglycemic
effect in streptozotocin-induced diabetes.

2.4. Selection of animal

Male adult Wistar rats of 180-240 g body weight were used
for all experiments. They were housed in separate cages under
12 hlight and 12 h dark periods. Rats have free access to standard
food and water ad libitum. The experimental protocol has been
approved by our Institutional Ethics Committee.

2.5. Diabetes induction

Diabetes was induced in rats by intrafemoral injection of
streptozotocin freshly dissolved in 0.1 M citrate buffer, pH 4.5,
under anesthesia (Junod et al., 1969). Rats were anesthetize by
in diethyl ether (Gillespie and Muir, 1967).Streptozotocin was
given at a dose of 55 mg/kg body weight (Arison et al., 1967;
Hohenegger and Rudas, 1971).

2.6. Experimental design

Twenty rats were divided into four equal groups as follows:

(a) Group 1. Control: rats of this group received single
intrafemoral injection of 0.1 M citrate buffer, pH 4.5.

(b) Group 2. Diabetic: rats were made diabetic by single
intrafemoral injection of streptozotocin freshly dissolved in
0.1 M citrate buffer, pH 4.5, under anesthesia.

(c) Group 3. Diabetic rats treated with insulin: this group
received subcutaneous injections (1 unit/kg body weight)
of insulin daily during the entire period of the experiment.
The last injection was given 24 h before sacrificing the rats.

(d) Group 4. Diabetic rats treated with aqueous extract of Aegle
marmelose leaves: aqueous extract of Aegle marmelose
leaves was given orally to this group of diabetic rats in the
dosage of 1 g/kg body weight (Ponnachan et al., 1993) at
24 h intervals during the entire period of the experiment.

The animals were considered as diabetic, if their blood glu-
cose values were above 250 mg/dl on the third day after STZ
injection. The treatment was started on the third after STZ injec-
tion and continued for 14 days.

2.7. Sacrifice of experimental rats

The animals were then sacrificed on 15th day by decapitation.
The blood samples were collected and plasma was separated
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by centrifugation. The tissue samples and plasma were kept at
—70°C until assay.

2.8. Estimation of blood glucose

Blood glucose was estimated by the spectrophotometric
method using glucose oxidase—peroxidase reactions. Blood sam-
ples were collected from the tail vein at 0 h (Before the start of
the experiment), 3rd day, 6th day, 10th day and 14th day and the
glucose levels were estimated. Blood samples were collected
3 h after the administration of morning dose. The results were
expressed in terms of milligram per deciliter of blood.

2.9. Estimation of circulating insulin by radioimmunoassay

Circulating insulin was measured according to the proce-
dure of BARC radioimmunoassay kit. The radioimmunoassay
method is based on the competition of unlabelled insulin in
the standard or samples and [1251] insulin for the limited bind-
ing sites on a specific antibody. At the end of incubation,
the antibody bound and free insulin were separated by the
second antibody-polyethylene glycol (PEG) aided separation
method. Measuring the radioactivity associated with bound frac-
tion of sample and standards quantitates insulin concentration of
samples.

2.10. Total muscarinic and muscarinic M1 receptor
binding studies in the cerebral cortex

[*HIQNB binding assay in cerebral cortex (CC) was
done according to the modified procedure of Yamamura and
Synder (1981). Cerebral cortex was homogenised in a poly-
tron homogeniser with 20 volumes of cold 50 mM Tris—HCI
buffer, containing 1 mM EDTA, pH 7.4. The supernatant was
then centrifuged at 30,000 x g for 30min and the pellets
were resuspended in appropriate volume of Tris—HCI-EDTA
buffer.

Total muscarinic receptor binding parameter assays were
done using different concentrations, i.e., 0.1-2.5nM of
[*H]QNB in the incubation buffer, pH 7.4 in a total incubation
volume of 250 ul containing appropriate protein concentra-
tions (200-250 p.g). Non-specific binding was determined using
100 uM Atropine. Tubes were incubated at 22 °C for 60 min
and filtered rapidly through GF/C filters (Whatman). The fil-
ters were washed quickly by three successive washing with
5.0ml of ice cold 50mM Tris—HCl buffer, pH 7.4. Bound
radioactivity was counted with cocktail-T in a Wallac 1409 lig-
uid scintillation counter. The non-specific binding determined
showed 10% in all our experiments. Protein was measured by
the method of Lowry et al. (1951) using bovine serum albumin as
standard.

Muscarinic M1 receptor binding assays were done using
different concentrations, i.e., 0.1-2.5nM of [3H]QNB in the
incubation buffer, pH 7.4 in a total incubation volume of 250 ul
containing appropriate protein concentrations (200-250 pg).
Non-specific binding was determined using 100 uM piren-
zepine. Tubes were incubated at 22 °C for 60 min and filtered

rapidly through GF/C filters (Whatman). The filters were washed
quickly by three successive washing with 5.0ml of ice cold
50mM Tris—HCI buffer, pH 7.4. Bound radioactivity was
counted with cocktail-T in a Wallac 1409 liquid scintillation
counter. The non-specific binding determined showed 10% in
all our experiments.

2.11. Protein determination

Protein was measured by the method of Lowry et al. (1951)
using bovine serum albumin as standard. The intensity of the
purple blue colour formed was proportional to the amount of
protein, which was read in a spectrophotometer at 660 nm.

2.12. Receptor data analysis

The receptor binding parameters were determined using
Scatchard analysis (Scatchard, 1949). The specific binding
was determined by subtracting non-specific binding from the
total. The binding parameters, maximal binding (Bpax) and
equilibrium dissociation constant (Kq), were derived by linear
regression analysis by plotting the specific binding of the radi-
oligand on X-axis and bound/free on Y-axis using Sigma Plot
Software (Version 2.0, Jandel GmbH, Erkrath, Germany). The
maximal binding is a measure of the total number of receptors
present in the tissue and the equilibrium dissociation constant is
the measure of the affinity of the receptors for the radioligand.
The Ky is inversely related to receptor affinity.

2.13. Displacement curve analysis

The displacement data were analysed by nonlinear regres-
sion using Graph Pad PRISM™ Software, Graph Pad Inc., San
Diego, USA. The concentration of the competing drug that com-
petes for half the specific binding was defined as EC5p which
is same as ICsp (Unnerstall, 1990). The affinity of the recep-
tor for the competing drug is designated as K;j and is defined
as the concentration of the competing ligand that will bind to
half the binding sites at equilibrium in the absence of radi-
oligand or other competitors (Chen and Prusoff, 1973). The
Hill slope was used to indicate a one or two-sited model of
curve-fitting.

2.14. Analysis of gene expression by real-time PCR

RNA was isolated from the cerebral cortex of experimental
rats using the Tri reagent (MRC, USA). Total cDNA synthesis
was performed using ABI PRISM cDNA archive kit in 0.2 ml
microfuge tubes. The reaction mixture of 20 .l contained 0.2 p.g
total RNA, 10x RT buffer, 25x dNTP mixture, 10x random
primers, MultiScribe RT (50 U/ul) and RNase free water. The
cDNA synthesis reactions were carried out at 25 °C for 10 min
and 37 °C for 2 h using an Eppendorf Personal Cycler. Real-time
PCR assays were performed in 96-well plates in ABI 7300 Real-
Time PCR instrument (Applied Biosystems). The primers and
probes were purchased from Applied Biosystems, Foster City,
CA, USA. The TagMan reaction mixture of 20 ul contained
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25ng of total RNA-derived cDNAs, 200nM each of the for-
ward primer, reverse primer, and TagMan probe for Muscarinic
MI receptor gene and endogenous control ((3-actin) and 12.5 pl
of Tagman 2x Universal PCR Master Mix (Applied Biosys-
tems) and the volume was made up with RNAse free water.
The following thermal cycling profile is used for 40 cycles:
50°C for 2 min, 95 °C for 10 min, 95 °C for 15 s and 60 °C for
01 min.

Fluorescence signals measured during amplification were
considered positive if the fluorescence intensity was 20-fold
greater than the standard deviation of the baseline fluorescence.
The A ACT method of relative quantification was used to deter-
mine the fold change in expression. This was done by first
normalizing the resulting threshold cycle (CT) values of the tar-
get mRNAs to the CT values of the internal control $-actin in
the same samples (ACTi’ﬁ‘ <CTrarget — CTp-actin)- It was fur-
ther normalized with the control (AACT = ACT — CTcontrol)-
The fold change in expression was then obtained (2~22€T) and
the graph was plotted using log of (2~2ACT),

2.15. Statistics

Statistical evaluations were done by ANOVA, expressed as
mean + S.E.M. using InStat (Ver.2.04a) computer programme.

3. Results

3.1. Effect of Aegle marmelose leaf extract on blood
glucose level of experimental rats

Blood glucose level of all rats before streptozotocin
administration was within the normal range. Streptozotocin
administration led to a significant increase (p <0.001) in blood
glucose level of diabetic group when compared to control
group. Insulin treatment and aqueous extract of Aegle marmelose
leaves treatment was able to significantly reduce (p <0.001) the
increased blood glucose level to near the control value when
compared to diabetic group (Table 1).

3.2. Effect of Aegle marmelose leaf extract on plasma
insulin level of experimental rats

There was a significant decrease in the plasma insulin level of
the diabetic group when compared to control group (p <0.001).
Insulin treatment and aqueous extract of Aegle marmelose leaves

Circulating insulin level in the plasma of experimental rats

Insulin Content (pU/mL)

Control

Diabetic D+1 D+A

Values are mean = S.E.M of 4-6 separate experiments
**% P<(),001 when compared to control,
¥W¥ P<(.001 when compared to diabetic group

Fig. 1. Values are mean=+S.E.M. of four to six separate experiments.
##%p <0.001 when compared to control and ¥¥¥p <0.001 when compared to
diabetic group.

supplementation for 14 days significantly increased (p <0.001)
the plasma insulin level to near control level when compared to
diabetic group (Fig. 1).

3.3. Scatchard analysis for [PHJQNB binding against
atropine in the cerebral cortex of experimental rats

Scatchard analysis for cerebral cortex total muscarinic recep-
tors showed that the Byy,x was decreased significantly (p <0.001)
in diabetic rats with a significant decrease (p <0.01) in the Ky
when compared to control group. In insulin treated diabetic
rats Bmax was significantly (p<0.001) reversed to near con-
trol when compared to diabetic group. Ky also significantly
(»<0.01) reversed to near control value when compared to
diabetic group. Aqueous extract of Aegle marmelose leaves treat-
ment significantly reverse the Byax (p <0.001) and K4 (p <0.01)
to near control when compared to diabetic group (Table 2 and
Fig. 2).

3.4. Displacement analysis of [ZH]QNB using atropine

The competition curve for atropine against [PH]QNB fit-
ted for one sited model in all groups. The log(ECsp) did not

Table 1

Blood glucose (mg/dl) level in experimental rats

Animal status 0 day (before STZ injection) 3rd day (initial) 6th day 10th day 14th day (final)
Control 853 £ 2.1 942+ 14 90.2 £ 0.6 99.1 £ 1.8 98.1 £ 1.4
Diabetic 86.7 + 1.7 2673 £ 04 300.1 £ 0.6 310.7 £ 0.8 3109 £ 1.0%
Diabetic +insulin (D +1) 84.1 £ 0.9 2522 £09 303.4 £ 0.6 182.8 £ 1.3 138.0 + 1.15¢
Diabetic + Aegle marmelose (D + A) 853 £ 1.1 2643 £ 0.3 303.8 £ 1.0 190.3 £ 1.8 118.0 £ 2.8%¢

Values are mean & S.E.M. of four to six rats in each group.
4 p<0.001 when compared to control.
> p<0.001 when compared to diabetic group.
¢ p<0.001 when compared with initial reading.
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Table 2

Scatchard analysis of [PH]JQNB binding against atropine in the cerebral cortex
of control, diabetic, diabetic +insulin treated and diabetic + Aegle marmelose
treated group rats

Animal status Bmax (fmol/mg protein)  Kq (nM)
Control 710.00 £ 5.77 0.90 £ 0.10
Diabetic 290.00 + 5.77° 0.27 £ 0.02¢
Diabetic + insulin treated 656.66 & 29.064 0.93 £ 0.06°
Diabetic + Aegle marmelose treated  680.00 & 62.454 1.15 £ 0.18¢
Values are mean £ S.E.M. of four to six separate experiments.

% p<0.01 when compared to diabetic group.

% p<0.001 when compared to control.

¢ p<0.01 when compared to diabetic group.

4 p<0.001 when compared to diabetic group.
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Fig. 2. Scatchard analysis of [P’H]QNB binding against atropine in the cere-
bral cortex of control, diabetic, diabetic + insulin treated and diabetic + Aegle
marmelose treated group rats. Graph showing Scatchard analysis of [PH]QNB
binding against atropine in the cerebral cortex of control, diabetic, dia-
betic +insulin and diabetic + Aegle marmelose treated rat groups. Total
muscarinic receptor binding parameter assays were done using different con-
centrations, i.e., 0.1-2.5nM of [PH]QNB. Non-specific binding was determined
using 100 wM atropine.

change in all the experimental groups. The Kj decreased in dia-
betic condition and reversed to near control value in insulin and
Aegle marmelose leaf extract treated diabetic rats (Table 3 and
Fig. 3).

Table 3

Binding parameters of [’H]QNB against atropine in the cerebral cortex of con-
trol, diabetic, diabetic + insulin treated and diabetic + Aegle marmelose treated
group rats

Experimental group Best-fit model Log(ECsg) K; Hill slope

Control One-site —6.403 1.31 x 10720.9807
Diabetic One-site —6.552 9.35x 10720.9731
Insulin treated diabetic ~ One-site —6.485 1.09 x 10720.9918
Aegle marmelose One-site —6.136 2.43 x 10720.9981

treated diabetic

Values are mean of four to six separate experiments.

1294 = Control
- + Diabetic
(=
2 100 * Insulin treated
g L + Aegle marmelose treated
=
o
a
2 50 1
B
S
O T : T T 1
-7.5 -5.0 25 0.0

log of atropine concentration(M)

Fig. 3. Graph showing displacement analysis of [’HJQNB binding against
atropine in the cerebral cortex of control, diabetic, diabetic +insulin and dia-
betic +Aegle marmelose treated rat groups. Competition studies were carried
out with 1 nM [*’H]QNB in each tube with atropine concentrations varying from
1079 to 10~* M. Data were fitted with iterative nonlinear regression software
(Prism, Graph Pad, San Diego, CA). K; is the affinity of the receptor for the
competing drug. ECs is the concentration of the competitor that competes for
half the specific binding.

3.5. Scatchard analysis for [P’H]QNB binding against
pirenzepine in the cerebral cortex of experimental rats

Binding analysis of muscarinic M1 receptors was done using
[H]QNB and M1 subtype specific antagonist pirenzepine. The
Bmax was decreased significantly (p <0.001) in diabetic group
when compared to control group. The Kq also decreased signif-
icantly when compared to control group (p <0.01). In insulin
treated diabetic rats Bpax Was significantly (p <0.001) reversed
to near control when compared to diabetic group. Ky also sig-
nificantly (p <0.01) reversed to near control when compared to
diabetic group. Aqueous extract of Aegle marmelose leaves treat-
ment significantly reverse the Bpax (p <0.001) and Ky (p <0.01)
to near control value when compared to diabetic group (Table 4
and Fig. 4).

3.6. Displacement analysis of [ZH]QNB using pirenzepine

The competition curve for pirenzepine against [’H]QNB fit-
ted for one sited model in all groups. The log(ECsg) did not
change in all the experimental groups. The Kj decreased in dia-
betic condition and reversed to near control value in insulin and
Aegle marmelose treated diabetic rats (Table 5 and Fig. 5).

Table 4

Scatchard analysis of [PHJQNB binding against pirenzepine in the cerebral cor-
tex of control, diabetic, diabetic + insulin treated and diabetic + Aegle marmelose
treated group rats

Animal status Bmax (fmol/mg protein) Ky (nM)

Control 2126.60 £+ 14.50 2.62 + 0.06
Diabetic 1433.30 + 28.40° 1.35 + 0.14*
Diabetic + insulin treated 2023.30 &+ 14.504 2.30 £+ 0.18¢
Diabetic + Aegle marmelose treated 2110.0 £ 30.504 2.39 + 0.25¢

Values are mean & S.E.M. of four to six separate experiments.
? p<0.01 when compared to diabetic group.
5 p<0.001 when compared to control.
¢ p<0.01 when compared to diabetic group.
4 p<0.001 when compared to diabetic group.
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Table 5
Binding parameters of [PH]JQNB against pirenzepine in the cerebral cortex of control, diabetic, diabetic + insulin treated and diabetic + Aegle marmelose treated
group rats
Experimental group Best-fit model Log(ECsp) Ki Hill slope
Control One-site —5.053 3.93x 1076 —0.9904
Diabetic One-site —4.989 4.55x107° —0.9928
Insulin treated diabetic One-site —5.205 277 x 107° —0.9664
Aegle marmelose One-site —5.122 3.35%x 1076 —0.9914

treated diabetic
Values are mean of four to six separate experiments.

Table 6

Bound/ Free (fmole/mg ptn)

0 500 1000 1500 2000 2500
Bound (fmoles/mg protein)

Control

Diabetic

Insulin treated

Aegle marmelose treated

44080

Fig. 4. Scatchard analysis of [P’H]QNB binding against pirenzepine in the cere-
bral cortex of control, diabetic, diabetic + insulin treated and diabetic + Aegle
marmelose treated group rats. Graph showing Scatchard analysis of [P’H]QNB
binding against pirenzepine in the cerebral cortex of control, diabetic,
diabetic + insulin and diabetic + Aegle marmelose treated rat groups. Total
muscarinic receptor binding parameter assays were done using different con-
centrations, i.e., 0.1-2.5 nM of [3H]QNB. Non-specific binding was determined
using 100 wM pirenzepine.

150 4
* Control

+ Diabetic
T Insulin treated

+ Aegle marmelose treated

% of specific bound

T T T 1
-7.5 -5.0 2.5 0.0
log of pirenzepine concentration (M)

Fig. 5. Graph showing displacement analysis of [PHJQNB binding against
pirenzepine in the cerebral cortex of control, diabetic, diabetic +insulin and
diabetic + Aegle marmelose treated rat groups. Competition studies were carried
out with 1 nM [PH]QNB in each tube with pirenzepine concentrations varying
from 109 to 10~* M. Data were fitted with iterative nonlinear regression soft-
ware (Prism, Graph Pad, San Diego, CA). K; is the affinity of the receptor for
the competing drug. ECs is the concentration of the competitor that competes
for half the specific binding.

Real Time amplification of mRNA from the cerebral cortex of Control, diabetic,
diabetic + insulin and diabetic + Aegle marmelose treated rats

Experimental group RQ value
Control 0

Diabetic —2.61+-0.15%
Diabetic +insulin treated —0.09+—-0.21°
Diabetic + Aegle marmelose treated —0.23+0.01°

Values are mean £ S.D. of four to six separate experiments. Relative quantifica-
tion values and standard deviations are shown in the table. The relative ratios of
mRNA levels were calculated using the A ACT method normalized with -actin
CT value as the internal control and control CT value as the calibrator.

2 p<0.001 when compared with control.

> p<0.001 when compared with diabetic group.

3.7. Real-time PCR analysis of muscarinic M1 receptor
mRNA from cerebral cortex of experimental rats

Real-time PCR analysis showed that the muscarinic
M1 receptor mRNA expression was decreased significantly
(p<0.001) in diabetic rats while it reversed to control in insulin
treated and Aegle marmelose treated diabetic rats when com-
pared to diabetic group (p <0.001) (Table 6 and Fig. 6).

0.5

-0.5 — Wy

-1.6

-2

-2.5 +

-3 F*kk
1 2 3 4
Sample Names

1 — Control

2 — Diabetic

3 — Diabetic + Insulin treated

4 — Diabetic + Aegle marmelose treated

Fig. 6. Real-time amplification of mRNA from the cerebral cortex of control,
diabetic, diabetic + insulin and diabetic + Aegle marmelose treated rats. (1) Con-
trol; (2) diabetic; (3) diabetic + insulin treated; (4) diabetic + Aegle marmelose
treated.
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4. Discussion

Diabetes mellitus is a heterogeneous metabolic disorder as
old as mankind and its incidence is considered to be high (4-5%)
all over the world (Pickup and William, 1997). Aegle marmelose
leaf extract has previously been shown to be antihyperglycemic
when orally administered to rats (Ponnachan et al., 1993; Das et
al., 1996; Seema et al., 1996). Reports shows that the extract
of the leaves of Aegle marmelose is non-toxic via intraperi-
toneal route in rats, at least up to maximum doses of 1000 mg/kg
body weight acutely and 100 mg/kg body weight subacutely
(Veerappan et al., 2007).

The present paper discusses the alterations of total muscarinic
and muscarinic M1 receptors in the cerebral cortex during dia-
betes and the regulatory activity of Aegle marmelose on glucose
homeostasis. Neurotransmitters are reported to have a key role
in glucose-induced insulin secretion in the pancreatic islets and
glucose homeostasis. In vitro and in vivo studies revealed the
importance of muscarinic receptors in insulin secretion (Ahrén
etal., 1999). Acetylcholine stimulated insulin secretion is inhib-
ited by atropine, a general muscarinic antagonist, confirming
the role of muscarinic receptors and cholinergic involvement
in insulin secretion (Gilon and Henquin, 2001). The M1 mus-
carinic receptor is one of five known muscarinic subtypes in
the cholinergic nervous system (Bonner et al., 1987; Hulme
et al., 1990). M1 receptors are predominantly expressed in the
forebrain, including the cerebral cortex, hippocampus and cor-
pus striatum, where this sub-type contributes by 50-60% to
the total of the muscarinic receptors (Hamilton et al., 1997;
Gerber et al., 2001; Miyakawa et al., 2001). Our results showed
that administration of Aegle marmelose leaf extract to STZ dia-
betic rats normalizes blood glucose level. The glucose lowering
activity of Aegle marmelose leaf extract confirmed the previ-
ous reports (Ponnachan et al., 1993). Recent reports showed
that Scopoletin (7-hydroxy-6-methoxy coumarin), isolated from
the leaves of Aegle marmelose has potential to regulate hyper-
glycemia in levo-thyroxine-induced hyperthyroid rats (Panda
and Kar, 2006). There was a significant decrease in the circu-
lating insulin level of diabetic rats when compared to control
group. The increase in insulin level in Aegle marmelose leaf
extract treated diabetic rats attribute to the stimulation of the
surviving beta cells by the extract, which in turn exerts an
antihyperglycemic action. Reports are available to show that
antidiabetic plants are known to increase circulating insulin
levels (Lamela et al., 1985). Thus, it can be suggested that
the Aegle marmelose leaf extract induce the synthesis and
release of insulin thereby potentiating its effect. This data again
confirmed the antihyperglycemic activity of Aegle marmelose
leaf extract. Our results showed that Muscarinic M1 recep-
tors are decreased in diabetic rats with decrease in affinity
when compared to control group in the cerebral cortex. In
insulin treated and Aegle marmelose leaf extracts treated dia-
betic rats, binding parameters were reversed to near control
level.

Earlier studies from our laboratory have established the cen-
tral neurotransmitter receptor subtypes functional regulation
during diabetes, pancreatic regeneration, cell proliferation and

insulin secretion (Paulose et al., 1988; Sudha and Paulose, 1988;
Abraham and Paulose, 1999; Biju et al., 2001; Renuka et al.,
2004; Mohanan et al., 2005a, b; Kaimal et al., 2007). Also it
was established that muscarinic M1 receptors are involved in the
glucose-induced insulin secretion (Renuka et al., 2006). Insulin
receptors are widely distributed in the brain, with the highest
concentrations in the olfactory bulb, hypothalamus, cerebral cor-
tex, cerebellum, and hippocampus (Havrankova et al., 1978;
Van Houten et al., 1979). When the duration of noninsulin-
dependent diabetes increases, both parasympathetic function
(Nilsson et al., 1995) and B cell function deteriorate (Clauson
et al., 1994). Hence, it might be speculated that the muscarinic
binding parameters and gene expression changes observed dur-
ing diabetes are directly associated with the decrease in 3 cell
function. The mechanism by which insulin reverses the bind-
ing parameters and gene expression between insulin receptors
and muscarinic receptors is through the direct interaction. In
our study insulin and Aegle marmelose leaf extract reverses
the changed binding parameters and gene expiration of mus-
carinic receptors in the cerebral cortex of the diabetic rats.
This indicates the ability of the plant extract to increase mus-
carinic receptors in the cerebral cortex of the diabetic rats.
Insulin receptors have been demonstrated to have influence on
cholinergic neurons in the central nervous system (Araujo et
al., 1989; Holdengreber et al., 1998) and on autonomic neu-
rons in the periphery (Reinhardt et al., 1993; Karagiannis et al.,
1997). Studies from our laboratory also concluded that mus-
carinic M1 receptors decrease in the hypothalamus, brainstem,
and pancreatic islets of diabetic rats and the insulin treatment
reversed these altered parameters near to control level (Gireesh
et al., 2007). Our results showed that insulin treatment and
also the Aegle marmelose leaf extract treatment reverses the
decreased general and muscarinic M1 receptors near to con-
trol level in the cerebral cortex of the experimental rats. The
central muscarinic M1 and M3 receptor subtypes functional bal-
ance regulate sympathetic and parasympathetic systems which
in turn control the islet cell proliferation and glucose homeosta-
sis (Renuka et al., 2004). Earlier work indicated that muscarinic
brain networks can modulate vagus nerve functions such as
brain regulation of glycogen synthesis in the liver, exocrine
pancreatic secretion (Shimazu et al., 1976; Saito et al., 1994;
Li et al., 2003; Wu et al., 2004). Intracerebral administration
of muscarinic agonists also stimulates vagus nerve signaling
a result that couples the activation of muscarinic brain net-
work to increased vagus nerve activity in the periphery (Pavlov,
2006) and the acetylcholine mediates insulin release through
vagal stimulation. Muscarinic receptors decreased significantly
during diabetes in the cerebral cortex resulted in decreased
vagal nerve stimulation and decreased acetylcholine mediated
insulin secretion from the pancreas. Aegle marmelose reverses
the decreased general and M1 muscarinic receptors in dia-
betes and increase the vagal nerve stimulation and thereby the
insulin secretion. Thus our study suggest that decreased mus-
carinic and muscarinic M1 receptors during hyperglycemia and
the regulatory activity of Aegle marmelose leaf extract on glu-
cose homeostasis has clinical significance in management of
diabetes.



G. Gireesh et al. / Journal of Ethnopharmacology 116 (2008) 296-304 303

Acknowledgements

This work was supported by a research grant from KSCSTE,
Govt. of Kerala, DST, and ICMR, Govt. of India to Dr. C.S.
Paulose. G. Gireesh thanks KSCSTE for JRF.

References

Abraham, A., Paulose, C.S., 1999. Age related alterations in noradrenergic
function in brain stem of streptozotocin-diabetic rats. The Journal of Bio-
chemistry Molecular Biology and Biophysics 3, 171-176.

Adeghate, E., Schattner, P., Dunn, E., 2006. An update on the etiology and
epidemiology of diabetes mellitus. Proceedings of the National Academic
of Science United States of America 1084, 1-29.

Ahrén, B., Sauerberg, P., Thomsen, C., 1999. Increased insulin secretion and
normalization of glucose tolerance by cholinergic agonism in high fat-fed
mice. American Journal of Physiology 277, 93—-102.

Ahrén, B., 2000. Autonomic regulation of islet hormone secretion—implications
for health and disease. Diabetologia 43, 393—410.

Alam, M.M,, Siddiqui, M.B., Husain, W., 1990. Treatment of diabetes through
herbal drug in rural India. Fitoterapia 61, 240-242.

Amos, A.F., Mc Carty, D.J., Zimmet, P., 1997. The rising global burden of
diabetes and its complications: estimates and projections to the year 2010.
Diabetic Medicine 14, S7-S85.

Araujo, D.M., Lapchak, P.A., Collier, B., Chabot, J.G., Quirion, R., 1989.
Insulin-like growth factor-1 (somatomedin-C) receptors in the rat brain:
distribution interaction with the hippocampal cholinergic system. Brain
Research 484, 130-138.

Arison, R.N., Ciaccio, E.L., Glitzer, M.S., Cassaro, A.V., Pruss, M., 1967. Light
and electron microscopy of lesions in rats rendered diabetic with streptozo-
tocin. Diabetes 16, 51-56.

Berthoud, H.R., Trimble, E.R., Siegel, E.G., Bereiter, D.A., Jeanrenaud, B.,
1980. Cephalic-phase insulin secretion in normal and pancreatic islet trans-
planted rats. American Journal of Physiology 238, E336-E340.

Biju, M.P,, Pyroja, S., Rajesh, N.V., Paulose, C.S.,2001. Hepatic GABA4 recep-
tor functional regulation during liver cell proliferation. Hepatology Research
21, 136-146.

Bonner, T.I., Buckley, N.J., Young, A.C., Brann, M.R., 1987. Identification of a
family of muscarinic acetylcholine receptor genes. Science 237, 527-532.

Chen, Y., Prusoff, W.H., 1973. Relationship between the inhibition constant
(K;) and the concentration of an inhibitor that causes a 50% inhibition of an
enzymatic reaction. Biochemical Pharmacology 22, 3099-3108.

Clauson, R., Linnarsson, R., Gottsfiter, A., Sundkvist, G., Grill, V., 1994. Rela-
tionships between diabetes duration, metabolic control and p-cell function
in a representative population of type 2 diabetic patients in Sweden. Diabetic
Medicine 11, 794-801.

Das, A.V., Padayatti, P.S., Paulose, C.S., 1996. Effect of leaf extract of Aegle
marmelose (L.) Correa ex Roxb. on histological and ultrastructural changes
in tissues of streptozotocin induced diabetic rats. Indian Journal of Experi-
mental Biology 34, 341-345.

Fabricant, D.S., Farnsworth, N.R., 2001. The value of plants used in traditional
medicine for drug discovery. Environmental Health Perspective 109, 69—
75.

Gerber, D.J., Sotnikova, T.D., Gainetdinov, R.R., Huang, S.Y., Caron, M.G.,
Tonegawa, S., 2001. Hyperactivity, elevated dopaminergic transmission, and
response to amphetamine in M1 muscarinic acetylcholine receptor-deficient
mice. Proceedings of the National Academic of Science United States of
America 98, 15312-15317.

Gillespie, J.S., Muir, T.C., 1967. A method of stimulating the complete sympa-
thetic outflow from the spinal cord to blood vessels in the pithed rat. British
Journal of Clinical Pharmacology 30, 78-87.

Gilon, P., Henquin, J.C., 2001. Mechanisms and physiological significance of
the cholinergic control of pancreatic beta cell function. Endocrine Reviews
22, 565-604.

Gireesh, G., Balarama Kaimal, S., Peeyush Kumar, T., Paulose, C.S., 2007.
Decreased muscarinic M1 receptor gene expression in the hypothalamus,

brainstem and pancreatic islets of streptozotocin-induced diabetic rats. Jour-
nal of Neuroscience Research 86, 947-953.

Hamilton, S.E., Loose, M.D., Qi, M., Levey, A.IL, Hille, B., McKnight, G.S.,
1997. Disruption of the M1 receptor gene ablates muscarinic receptor-
dependent M current regulation and seizure activity in mice. Proceedings
of the National Academic of Science United States of America 94,
13311-13316.

Havrankova, J., Roth, J., Brownstein, M., 1978. Insulin receptors are widely
distributed in the central nervous system of the rat. Nature 272, 827-829,
16.

Henquin, J.C., Nenquin, M., 1988. The muscarinic receptor subtype in mouse
pancreatic B-cells. Federation of European Biochemical Societies Letters
15, 89-92.

Hohenegger, M., Rudas, 1971. Kidney functions in experimental diabetic keto-
sis. Diabetology 17, 334-338.

Holdengreber, V., Ren, Y., Ben Shaul, Y., Hausman, R.E., 1998. Colocalizationof
the insulin receptor, jun protein and choline acetyl transferase in embryonic
chick retina. Experimental Eye Research 66, 307-313.

Hulme, E.C., Birdsall, N.J.M., Buckley, N.J., 1990. Muscarinic receptor
subtypes. The Annual Reviews of Pharmacology and Toxicology 30,
633-673.

Junod, A., Lambert, A.E., Staufferacher, W., Renold, A.E., 1969. Diabetogenic
action of streptozotocin: relationship of dose to metabolic response. The
Journal of Clinical Investigation 48, 2129-2139.

Kaimal, S.B., Gireesh, G., Paulose, C.S., 2007. Decreased GABA receptor
function in the brain stem during pancreatic regeneration in rats. Neuro-
chemical Research 32, 1813-1822.

Kamalakkannan, N., Prince, P.S., 2005. The effect of Aegle marmelos fruit
extract in streptozotocin diabetes: a histopathological study. Journal of
Herbal Pharmacotherapy 5, 87-96.

Karagiannis, S.N., King, R.H., Thomas, P.K., 1997. Colocalisation of insulin
and IGF-1 receptors in cultured rat sensory and sympathetic ganglion cells.
Journal of Anatomy 191, 431-440.

Kirtikar, K.R., Basu, B.D., 1935. Indian Medicinal Plant. Lalit Mohan Publica-
tion, Calcutta, p. 499.

Lamela, M., Cadavid, I., Gato, A., Calleja, J.M., 1985. Effect of Lythrum saricara
in normoglycemic rats. Journal of Ethnopharmacology 41, 83-91.

Li, Y., Wu, X, Zhu, J., Yan, J., Owyang, C., 2003. Hypothalamic regulation of
pancreatic secretion is mediated by central cholinergic pathways in the rat.
Journal of Physiology 552, 571-587.

Lowry, O.H., Roserbrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein mea-
surement with folin phenol reagent. Journal of Biological Chemistry 193,
265-275.

Mathias, P.C., Best, L., Malaisse, W.J., 1985. Stimulation by glucose and car-
bamylcholine of phospholipase C in pancreatic islets. Journal of Cellular
Biochemistry 3, 173-177.

Miyakawa, T., Yamada, M., Duttaroy, A., Wess, J., 2001. Hyperactivity and
intact hippocampus-dependent learning in mice lacking the M1 muscarinic
acetylcholine receptor. Journal of Neuroscience Research 21, 5239-5250.

Mohanan, V.V., Finla, C., Paulose, C.S., 2005a. Decreased 5-HT,c receptor
binding in the cerebral cortex and brain stem during pancreatic regeneration
in rats. Molecular and Cellular Biochemistry 272, 165-170.

Mohanan, V.V., Kaimal, S.B., Paulose, C.S., 2005b. Decreased 5-HT A receptor
gene expression and SHT1 4 receptor protein in the cerebral cortex and brain
stem during pancreatic regeneration in rats. Neurochemical Research 30,
25-32.

Nandkarni, A.K., 1976. Indian Materia Medica, vol. L., third ed. Popular Prak-
shan, Bombay, pp. 45-49.

Nilsson, H., Bergstrom, B., Lilja, B., Juul-Moller, S., Carlsson, J., Sundkvist,
G., 1995. Prospective study of autonomic nerve function in type 1 and type 2
diabetic patients: 24 h heart rate variation and plasma motilin levels disturbed
in parasympathetic neuropathy. Diabetic Medicine 12, 1015-1021.

Panda, S., Kar, A., 2006. Evaluation of the antithyroid, antioxidative and
antihyperglycemic activity of scopoletin from Aegle marmelose leaves in
hyperthyroid rats. Phytotherapy Research 20, 1103-1105.

Paulose, C.S., Daksinamurti, K., Packer, S., Stephens, L.N., 1988. Sympathetic
stimulation and hypertension in pyridoxine deficient adult rat. Hypertension
11, 387-391.



304 G. Gireesh et al. / Journal of Ethnopharmacology 116 (2008) 296-304

Paulose, C.S., Padayaty, P.S., Sudha, B., 1999. Neurotransmitter hormonal regu-
lation of diabetes and liver regeneration. In: Joy, K.P., Krishna, C.A., Haldar
(Eds.), Comparative Endocrinology and Reproduction. Narosa Publishing
House, New Delhi, India, pp. 559-568.

Pavlov, V.A., 2006. Central muscarinic cholinergic regulation of the systemic
inflammatory response during endotoxemia. Proceedings of the National
Academic of Science United States of America 103, 5219-5223.

Pickup, J.C., William, G., 1997. Epidemiology of diabetes mellitus. Textbook
of Diabetes, vol. I., second ed. Blackwell, Oxford, pp. 3.1-3.28.

Ponnachan, P.T.C., Paulose, C.S., Panikkar, K.R., 1993. Effect of leaf extract of
Aegle marmelos in diabetic rats. Indian Journal of Experimental Biology 31,
345-347.

Prakash, V., 1992. Diabetes Management—Some Useful Herbs, vol. 4. Jeevaniya
Shishir, p. 10.

Reinhardt, R.R., Chin, E., Zhang, B., Roth, R.A., Bondy, C.A., 1993. Insulin
receptor-related receptor messenger ribonucleic acid is focally expressed in
sympathetic and sensory neurons and renal distal tubule cells. Endocrinology
133, 3-10.

Renuka, T.R., Ani, D.V., Paulose, C.S., 2004. Alteratins in the muscarinic M1 and
M3 receptor gene expression in the brain stem during pancreatic regeneration
and insulin secretion in weanling rat. Life Science 75, 2269-2280.

Renuka, T.R., Remya, R., Paulose, C.S., 2006. Increased insulin secretion by
muscarinic M1 and M3 receptor function from rat pancreatic islets in vitro.
Neurochemical Research 31, 313-320.

Saito, K., Yoshioka, M., Kohya, T., Kitabatake, A., 1994. Involvement of
muscarinic M1 receptor in the central pathway of the serotonin-induced
Bezold-Jarischreflex in rats. Journal of Autonomic Nerve System 49, 61-68.

Scatchard, 1949. The attraction of proteins for small molecules and ions. Annals
of the New York Academy of Sciences 51, 660-672.

Seema, P.V., Sudha, B., Padayatti, P.S., 1996. Kinetic studies of purified malate
dehydrogenase in liver of streptozotocin-diabetic rats and the effect of leaf

extract of Aegle marmelos (L.) Correa ex Roxb. Indian Journal of Experi-
mental Biology 34, 600-602.

Sharp, R., Culbert, S., Cook, J., Jennings, A., Burr, LM., 1974. Cholinergic
modification of glucose-induced biphasic insulin release in vitro. The Journal
of Clinical Investigation 53, 710-716.

Shimazu, T., Matsushita, H., Ishikawa, K., 1976. Cholinergic stimulation of the
rat hypothalamus: effects of liver glycogen synthesis. Science 194, 535-
536.

Sudha, B., Paulose, C.S., 1988. Induction of DNA synthesis in primary culture of
rat hepatocyte by serotonin: possible involvement of serotonin S2 receptor.
Hepatology 27, 62-66.

Unnerstall, J.R., 1990. Computer analysis of binding data. In: Yamamura, H.,
Enna, S., Kuhar, M. (Eds.), Methods in Neurotransmitter Receptor Analysis.
Raven Press, pp. 247-255.

Van Houten, M., Posner, B.I., Kopriwa, B.M., Brawer, J.R., 1979.
Insulin-binding sites in the rat brain: in vivo localization to the circum ven-
tricular organs by quantitative radioautography. Endocrinology 105, 666—
673.

Veerappan, A., Miyazakib, s., kadarkaraisamyc, M., Rangnathan, D., 2007.
Acqute and sub acute toxicity studies of Aegle marmelose Corr., an Indian
medicinal plant. Phytomedicine 14 (2-3), 209-215.

Wu, X., Gao, J., Yan, J., Owyang, C., Li, Y., 2004. Hypothalamus-brain stem
circuitry responsible for vagal efferent signaling to the pancreas evoked by
hypoglycemia in rat. Journal of Neurophysiology 9, 1734—1747.

Yamamura, H.I., Synder, G., 1981. Binding of [3H]QNB in rat brain. Proceed-
ings of the National Academic of Science United States of America 71,
1725-1729.

Zimmet, PZ., 1999. Diabetes epidemiology as a tool to trigger diabetes research
and care. Diabetologia 42, 499-518.

Zimmet, P., Alberti, K.G.M.M., Shaw, J., 2001. Global and societal implications
of the diabetes epidemic. Nature 414, 782-787.



	Decreased muscarinic M1 receptor gene expression in the cerebral cortex of streptozotocin-induced diabetic rats and Aegle marmelose leaf extracts therapeutic function
	Introduction
	Materials and methods
	Chemicals
	Plant material
	Preparation of aqueous extract of Aegle marmelose leaves
	Selection of animal
	Diabetes induction
	Experimental design
	Sacrifice of experimental rats
	Estimation of blood glucose
	Estimation of circulating insulin by radioimmunoassay
	Total muscarinic and muscarinic M1 receptor binding studies in the cerebral cortex
	Protein determination
	Receptor data analysis
	Displacement curve analysis
	Analysis of gene expression by real-time PCR
	Statistics

	Results
	Effect of Aegle marmelose leaf extract on blood glucose level of experimental rats
	Effect of Aegle marmelose leaf extract on plasma insulin level of experimental rats
	Scatchard analysis for [3H]QNB binding against atropine in the cerebral cortex of experimental rats
	Displacement analysis of [3H]QNB using atropine
	Scatchard analysis for [3H]QNB binding against pirenzepine in the cerebral cortex of experimental rats
	Displacement analysis of [3H]QNB using pirenzepine
	Real-time PCR analysis of muscarinic M1 receptor mRNA from cerebral cortex of experimental rats

	Discussion
	Acknowledgements
	References


