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ABSTRACT 

p-Methoxycinnamic acid (p-MCA) is a cinnamic acid derivative that shows

various pharmacologic actions such as neuroprotective and hepatoprotective activities. 

To examine the insulinotropic activity of p-MCA, the perfused rat pancreas and a 

pancreatic ,B-cell line, INS-1 were used in the studies. p-MCA increased insulin 

secretion from the perfused rat pancreas and I NS-1 cells in a concentration-dependent 

manner. In addition, p-MCA increased intracellular Ca2+ 
concentration ([Ca2+

V in INS-1

cells. The p-MCA-induced insulin secretion and rise in [Ca2+
]

i 
were markedly inhibited in

� ' � the absence of extracellular Ca or In the presence of an L-type Ca channel blocker, 

nimodipine. These results suggested that p-MCA increased Ca2+ influx via the L-type 

Ca2+ 
channels. Diazoxide, an ATP-sensitive K

+ 
channel opener, did not alter p-MCA­

induced insulin secretion, nor [Ca2+] i response. In addition, p-MCA enhanced glucose­

and glyburide-induced insulin secretion and it also potentiated the increase in insulin 

secretion and a rise of [Ca2+
] i induced by KCI- and Bay K 8644, an L-type Ca2+ 

channel.

Furthermore, p-MCA increased cyclic AMP content of INS-1 cells and enhanced the 

increase of cyclic AMP content induced by an adenylyl cyclase activator forskolin; 

however, p-MCA failed to enhance the effect of a phosphodiesterase inhibitor 3-

isobutyl-1-methylxanthine. Taken together, our results suggested that p-MCA stimulated 

insulin secretion from pancreatic ,B-cells by increasing Ca2+ influx via the L-type Ca2+ 

channels, but not through the closure of ATP-sensitive K
+ 

channels. In addition, p-MCA

may increase cyclic AMP content by inhibiting phosphodiesterase. p-MCA was a potent 

competitive inhibitor against yeast a-glucosidase However, it had no inhibitory activities 

on mammalian a-glucosidases and a-amylase. 

In the acute toxicity test, oral administration of p-MCA (100-2000 mg/kg) 

produced neither mortality nor significant differences in blood chemistry analysis when 

compared to the control group, which was fed with sunflower oil. In addition, neither 

gross abnormalities nor histopathological changes of brain, pancreas, heart and lung 

were observed. 
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ABBREVIATIONS 

IDDM = Insulin-Dependent Diabetes Mellitus 

NIDDM = Noninsulin-Dependent Diabetes mellitus 

FBP = fasting plasma glucose 

PPG = postprandial plasma glucose 

p-MCA = p-methoxycinnamic acid

STZ = streptozotocin 

oC = degree celsius 

mmol/1 = milimolar 

M = molar 

µM = micromolar 

g = gram 

kg = kilogram 

mg = miligram 

ml = milliliter 

µI = microlitre 

di = deciliter 

PEPCK = phosphoenolpyruvate carboxykinase 

SUR = sulfonylurea receptor 

NMDA = N-methyl-D-aspartate

NB-DNJ = N-butyldeoxynojirimycin

KRB = Krebs-Ringer bicarbonate buffer 
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INTRODUCTION 

Insulin secretion from ,B-cells is principally regulated by plasma glucose 

concentrations. After being transported into the cell, glucose is metabolized via 

glycolysis, tricarboxylic acid cycle, and oxidative phosphorylation, resulting in an 

increase in ATP production. The rise of cytosolic ATP/ADP ratio in the ,8-cells leads to 

the closure of the ATP-sensitive K
+ 

channels (K
ATP 

channels), evoking membrane 

depolarization, and subsequent activation of the voltage-dependent Ca
2+ 

channels 

(VDCCs). This permits the opening of VDCCs and an increase in [Ca
2+

];i which triggers 

the fusion of insulin-containing secretory vesicles to the plasma membrane, and 

exocytosis of insulin follows rapidly (Ashcroft. 2005). Sulfonylureas are the compounds 

that directly stimulate insulin secretion from pancreatic ,8-cells (Rajan et al., 1990); they 

are used to treat patients with type 2 diabetes. However, sulfonylureas can produce 

hypoglycemia, and secondary failure of insulin secretion (Jackson and Bressler, 1981; 

Ferner and Neil, 1988; Gerich, 1989; Jennings et al., 1989), which may be due to ,B-cells 

exhaustion resulting from over-stimulation. Great efforts have been put forth to search 

for insulinotropic agents for the control of type 2 diabetes. 

Cinnamic acid and its derivatives possess a variety of pharmacologic properties, 

including hepatoprotective (Perez-Alvarez et al., 2001 ), anti-malarial (Wiesner et al., 

2001 ), antioxidant (Natella et al., 1999), and antihyperglycemic activities (Liu et al., 

1999). In addition, 4-hydroxy-3-methoxycinnamic acid (ferulic acid) and amides 

compounds derived from ferulic acid increase insulin secretion in RIN-5F cells (Nomura 

et al., 2003). 

p-Methoxycinnamic acid (p-MCA), a cinnamic acid derivative, was isolated from

the roots of Scrophularia buergeriana (Kim et al., 2003) and the leaves with stems of 

Aqui/egia vulgaris (Bylka, 2004). The compound has attracted considerable interest in 

recent years due to its various pharmacologic activities. For examples, p-MCA has 

hepatoprotective activity in CCl
4
-induced toxicity in rat hepatocytes (Lee et al., 2002). It 

also exerts protective effect against glutamate-induced degeneration in cortical neurons 

(Kim et al., 2002). Our previous study demonstrated that p-MCA was a non-competitive 

a-glucosidase inhibitor and exhibited the most potent inhibitory activity among the
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cinnamic acid derivatives studied (Adisakwattana et al., 2004). We have recently 

reported the antihyperglycemic activity of p-MCA in normal and streptozotocin-induced 

diabetic rats (Adisakwattana et al., 2005). In that study, p-MCA markedly reduced 

hyperglycemia in diabetic rats by increasing activity of glycolytic enzymes and inhibiting 

gluconeogenetic enzymes. However, insulinotropic properties of p-MCA have not been 

reported. The aim of the present study was to determine whether p-MCA stimulates 

insulin secretion. In addition, the study was undertaken to elucidate the mechanisms 

underlying p-MCA-induced insulin secretion. 

MATERIALS AND METHODS 

1. The pancreatic perfusion

Male rats were anesthetized with pentobarbital sodium (60 mg/kg ip) and were 

maintained at 37°C on a hot plate during the experiment. The celiac arteries were 

cannulated with polyvinyl tubing, and then the pancreata were immediately perfused 

with the Krebs-Ringer Bicarbonate buffer (KRB) supplemented with 20 mM HEPES, 

5.5 mM glucose, 1 % dextran, and 0.2% bovine serum albumin (BSA) as a basal 

medium. The KRB was continuously aerated with 95% 0
2
-5% CO

2 
at pH 7.4. The 

perfusion rate was 1 ml/min, and the effluent fluid from the portal vein, which was 

cannulated with a vinyl tubing, was ~1 ml/min. The rats were euthanized immediately 

after the placement of cannulas and the beginning of the flow. The perfused pancreas 

was equilibrated for 20 min before the onset of the experiment. The pancreatic 

perfusions were performed in three different experiments. For the first study, after the 

baseline period of 10 min, the perfusate containing p-MCA ( 10 µM or 100 µM) was 

administered for 30 min followed by a washout period with the basal medium for 10 min. 

The perfusate containing glucose (10 mM) was administered as a positive control for 

10 min at the end of the experiments. For the second study, after the baseline period of 

10 min, the perfusate containing 10 mM glucose was administered for 20 min and 

followed by glucose with or without 10 µM p-MCA for 20 min. For the third study, after 
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the baseline period of 10 min, the perfusate containing 1 µM Bay K 8644 (L-type Ca
2
+ 

channel agonist) with or without 10 µM p-MCA was administered for 30 min. (Yibchok­

anun et al., 1998). 

2. Cell culture 

INS-1 cells, an insulin-secreting cell line derived from rat pancreatic /]-cells were 

cultured in RPMI 1640 medium containing 11 mM glucose and supplemented with 10% 

fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate and 50 µM 2-

mercaptoethanol in an atmosphere of 5% CO2 in air at 37°C. 

3. Insulin Secretion Studies 

INS-1 Cells were plated onto 24-well plates at a density of 1 x 10
5 

cells per well 

and grown for 48 h. For static secretion studies, cells were preincubated for 15 min in 

KRB containing 4 mM glucose and 0.1 % BSA. Cells were then incubated for 30 min in 

KRB containing test agents. 

Experiment 1. Dose dependency study: The cells were incubated with 

various concentrations of p-MCA (1 - 300 µM). 

Experiment 2. The cells were incubated with 100 µM p-MCA in Ca
2
+ free 

KRB or 1 µM Nimodipine (L-type Ca
2
+ channel blocker). 

Experiment 3. The cells were incubated with 100 µM p-MCA in 

presence of 400 µM diazoxide(KATP channel opener). 10 µM glyburide was used as a 

positive control for this study. 

Experiment 4. The cells were incubated with 10 mM glucose for 15 min 

and then p-MCA (10 or 100 µM) was added to the cells for 15 min. 
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Experiment 5. The cells were incubated with p-MCA (10 or 100 µM) in 

presence of 15 mM KCI. 

Experiment 6. The cells were incubated with p-MCA (10 or 100 µM) in 

presence of 1 µM Bay K 8644 (L-type Ca
2

+ channel agonist). 

Experiment 7. The cells were incubated with p-MCA (10 or 100 µM) in 

presence of 10 µM glyburide. 

Experiment 8. The cells were incubated with p-MCA (10 or 100 µM) in 

presence of 1 µM forskolin (adenylyl cyclase activator). After incubation, the cell were 

determined for the cAMP contents. 

Experiment 9. The cells were incubated with p-MCA (10 or 100 µM) in 

presence of 100 µM IBMX (phosphodiesterase inhibitor). After incubation the cell were 

determined for the cAMP contents. 

After incubation, the buffer was kept at 4°C and subsequently assayed 

for insulin. p-MCA was dissolved in dimethyl sulfoxide (DMSO) to obtain desired 

concentrations (final concentration, 0.2%). 

2+ 4. Measurement of [Ca ]1 

Cells were grown in culture flasks for 5 days until 80-90% confluence had been 

reached. Thereafter, the cells were harvested by treatment with trypsin/EDTA and 

prepared for experiments. Measurement of [Ca
2+l was accomplished by loading cells 

with 2 µM fura 2-AM(Fura-2 acetoxymethylester) for 30min at 37°C in KRB The loaded 

cells were centrifuged at 300xg for 2 min and resuspended with KRB. The 3401380nm 

fluorescence ratios were monitored using a spectrofluorometer (USA.). The [Ca
2
+], was 

calibrated as described previously (Cheng et al., 2005). 

Experiment 1. Dose dependency study: Baseline was run for 60 

second, then the various concentrations of p-MCA (1 - 300 µM) were added to the cells. 
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Experiment 2. Experiments in Ca
2
+ -free medium were done by 

centrifugation at 300g for 60s followed by resuspension of the cells in Ca2+-free KRB 

containing 100 µM EGTA. In presence of Ca
2
+ free KRB, baseline was run for 60 

seconds, then 100 µM p-MCA was added to the cells. After 120 seconds, 1 µM 

thapsigargin was added to the cells. 

Experiment 3. Baseline was run for 60 seconds, then 1 µM Nimodipine 

was added to the cells. After 120 seconds, 100 µM p-MCA was added to the cells. 

Finally, 1 µM Bay K 8644 was added to the cells after 120 seconds of adding p-MCA 

Experiment 4. Baseline was run for 60 seconds, then 400 µM diazoxide 

was added to the cells. 100 µM p-MCA was added to the cells after 120 seconds 

adding of diazoxide. 

Experiment 5. Baseline was run for 60 seconds, then 10 mM glucose 

was added to the cells. 10 or 100 µM p-MCA was added to the cells after 120 seconds 

adding of glucose. 

Experiment 6. Baseline was run for 60 seconds, then 15 mM KCI was 

added to the cells. 10 or 100 µM p-MCA was added to the cells after 120 seconds 

adding of KCI. 

Experiment 7. Baseline was run for 60 seconds, then 1 µM Bay K 8644 

was added to the cells. 10 or 100 µM p-MCA was added to the cells after 120 seconds 

adding of Bay K 8644. 

Experiment 8. Baseline was run for 60 seconds, then 1 0 µM glyburide 

was added to the cells. 10 or 100 µM p-MCA was added to the cells after 120 seconds 

adding of glyburide. 

5. cAMP determination 

Cells were incubated with p-MCA (10 or 100 µM) in presence of 1 µM forskolin 

or 100 µM IBMX for 30 min. After remove the KRB solution, the cells were homoginized 

with 0.1 M HCI and the cells were scraped off. The cells were incubated in the water at 
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70°C. After incubation, the cell were centrifuged at 2,000g at 4 °C for 1 O min and the 

supernatant was neutralized with 0.1 M NaOH. The solution was added the acetylating 

reagent (0.5 ml of acetic anhydride and 1 ml of triethylamine) and determined the cAMP 

level by using radioimmunoassay as previously described (Prapong et al., 2001 ). 

6. Microbial and mammalian a,-glucosidase inhibition 

Briefly, a-glucosidase from baker's yeast was assayed using 0.1 M phosphate 

buffer at pH 6.9, and 1 mM p-nitrophenyl-a-D-glucopyranoside (PNP-G) was used as a 

substrate. The concentration of the enzymes were 1 U/ml in each experiment. Forty 

microlitre of a-glucosidase was incubated in the absence or presence of various 

concentrations of p-MCA (10 µI) at 37°C. The preincubation time was specified at 10 

min and PNP-G solution (950 µI) was added to the mixture. The reaction was carried 

out at 37 °C for 20 min, and then 1 ml of 1 M Na2CO3 was added to terminate the 

reaction. Enzymatic activity was quantified by measuring the absorbance at 405 nm. 

One unit of a-glucosidase is defined as the amount of enzyme liberating 1.0 µmol of 

PNP per minute under the conditions specified. 1-Deoxynorjirimycin was used as the 

positive control in this study. In order to evaluate the type of inhibition using the 

Lineweaver-Burk plot, the enzyme reaction was performed according to the above 

reaction with various concentrations of p-MCA and PNP-G (Mutsui et al., 1996). The IC50 

values was expressed as mean ± SE; n=3. 

a-glucosidase from intestinal mammalian was assayed according to the method 

of Toda (2000). Briefly, rat intestinal acetone powder (100 mg) was homogenized in 3 ml 

of 0.9% NaCl solution. After centrifugation at 12,000xg for 30 min, 10 µI of the 

supernatant was incubated with 70 µI of substrate solution ( 37 mM maltose, 56 mM 

sucrose), and 20 µI of p-MCA at various concentrations in 0.01 M phosphate buffer 

saline pH 6.9 at 37 °C for 30 min (maltase assay) and 60 min (sucrase assay). The 

concentrations of glucose released from the reaction mixtures were determined by using 

glucose oxidase method. Acarbose was used as the positive control in this study The 

IC50 values were expressed as mean + SE; n=3. 
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70QC. After incubation, the cell were centrifuged at 2,000g at 4 QC for 10 min and the 

supernatant was neutralized with 0.1 M NaOH. The solution was added the acetylating 

reagent (0.5 ml of acetic anhydride and 1 ml of triethylamine) and determined the cAMP 

level by using radioimmunoassay as previously described (Prapong et al., 2001 ). 

6. Microbial and mammalian a.-glucosidase inhibition 

Briefly, a.-glucosidase from baker's yeast was assayed using 0.1 M phosphate 

buffer at pH 6.9, and 1 mM p-nitrophenyl-a.-D-glucopyranoside (PNP-G) was used as a 

substrate. The concentration of the enzymes were 1 U/ml in each experiment. Forty 

microlitre of a.-glucosidase was incubated in the absence or presence of various 

concentrations of p-MCA ( 10 µI) at 37QC. The preincubation time was specified at 10 

min and PNP-G solution (950 µI) was added to the mixture. The reaction was carried 

out at 37 QC for 20 min, and then 1 ml of 1 M Na2CO3 was added to terminate the 

reaction. Enzymatic activity was quantified by measuring the absorbance at 405 nm. 

One unit of a.-glucosidase is defined as the amount of enzyme liberating 1.0 µmol of 

PNP per minute under the conditions specified. 1-Deoxynorjirimycin was used as the 

positive control in this study. In order to evaluate the type of inhibition using the 

Lineweaver-Burk plot, the enzyme reaction was performed according to the above 

reaction with various concentrations of p-MCA and PNP-G (Mutsui et al., 1996). The IC50 

values was expressed as mean ± SE; n=3. 

a.-glucosidase from intestinal mammalian was assayed according to the method 

of Toda (2000). Briefly, rat intestinal acetone powder (100 mg) was homogenized in 3 ml 

of 0.9% NaCl solution. After centrifugation at 12,000xg for 30 min, 10 µI of the 

supernatant was incubated with 70 µI of substrate solution ( 37 mM maltose, 56 mM 

sucrose), and 20 µI of p-MCA at various concentrations in 0.01 M phosphate buffer 

saline pH 6.9 at 37 QC for 30 min (maltase assay) and 60 min (sucrase assay). The 

concentrations of glucose released from the reaction mixtures were determined by using 

glucose oxidase method. Acarbose was used as the positive control in this study The 

IC50 values were expressed as mean + SE; n=3. 
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7. a-amylase inhibition 

Pancreatic porcine a-amylase was dissolved in 0.1 M phosphate buffer saline, 

pH 6.9. p-MCA was added to solution containing in 1 g/I starch and phosphate buffer. 

The reaction was initiated by adding amylase (1 U/ml) to the incubation medium to a final 

volume of 150 µI. After 10 min the reaction was stopped by adding 1 ml dinitrosalicylic 

(DNS) reagent (1 % 3,5-dinitrosalicylic acid, 0.2% phenol, 0.05% Na2SO3, and 1 % NaOH 

in aqueous solution) to the reaction mixture. The capped test tubes were heated at 

100 °C for 15 min to develop the yellow-brown colour. After then 300 µI of a 40% 

potassium sodium tartarate (Rochelle salt) solution was added to the test tubes to 

stabilize the color. After cooling to room temperature in a cold water bath, absorbance 

was recorded at 540 nm using spectrophotometer (Kanda et al., 2005). Acarbose was 

used as the positive control in this study. The IC50 values were expressed as mean ± SE; 

n=3. 

Calculation of the percent inhibition and IC50 values 

% Inhibitory activity= 
( Ac - At) _______ x100 

Ac 

Ac = Absorbance of control 

At = Absorbance of test samples 

IC50 values were determined from plots of concentration vs percent inhibition 

cuNes using Sigma Plot 8.0. 

8. Acute toxicity test 

Normal mice were randomly divided into 6 groups of five animals per sex. Group 

1 orally received distilled water. Group 2 received sunflower oil (vehicle). Group 3-5 

received p-MCA at 100, 1,000 and 2,000 mg/kg. Signs of toxicity and mortality were 

obseNed after the administration at the first, second, fourth and sixth hour and once 

daily for 14 days. On the day 15, all rats were fasted for 16-18 h, then sacrificed for 
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necropsy examination. The internal organs were excised and weighed. The gross 

pathological observations of the tissues were performed. All mice were fasted overnight 

and blood samples were collected at 9 a.m. for determination of fasting plasma glucose, 

blood nitrogen urea (BUN), alanine aminotransferase (ALT), asparate aminotransferase 

(AST), cholesterol, triglycerides and high-density lipoprotein (HDL) cholesterol and 

complete blood count (CBC). 

9. Histological studies 

Mice were sacrificed, and then pancreas, kidney, and liver were removed and 

immediately immersed in 10% formalin. After embedding, thick sections were prepared 

and stained with hematoxylin and eosin. All tissues were serially sectioned and the 

sections were determined under light microscope. The liver and kidney samples were 

stained with Periodic acid-Schiff reaction (PAS) for demonstration of the 

polysaccharides. 

9. Data analysis 

Data are expressed as means ± S.E.M. Area under the curve (AUC) 

values are reported as total areas and are calculated using a modification of the 

trapzodial rule. In animal models, statistical analysis was performed by 1) one-way 

analysis of variance (ANOVA) in the dose-response experiments, and 2) two-way 

ANOVA with a factorial design (diabetes x treatment). In the data from perfusion 

experiments, areas under the curve (AUCs) for the treatment period were calculated 

using Transforms and Regressions (SigmaPlot 8.0; SPSS, Chicago, IL) and expressed 

as a percentage of the area of the basal control group. The Least Significant Difference 

test was used for mean comparisons; P<0.05 was considered to be statistically 

significant. 
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RESULTS 

1. Effects of p-MCA on insulin secretion

The results in Fig 1 show the profile of p-MCA on insulin secreted from 

perfused rat pancreata and INS-1 cells. p-MCA (10 and 100 µM) increased insulin 

secretion from the perfused rat pancreata to 1.4 and 3.1 times of the basal control 

group, respectively (Fig 1 ). The effluent insulin concentrations returned to the baseline 

during the washout period, and increased to 6 times of the baseline value upon 

administration of 10 mM glucose. By calculating the percentage of AUC of the control 

group, p-MCA significantly increased insulin secretion when compared with the 

corresponding the control group (control = 100%; 1 0 µM p-MCA = 142.4 ± 22.1 %; 100 

µM p-MCA = 314.6 ± 15.6%). p-MCA (30 - 300 µM) also increased insulin secretion 

from INS-1 cells in a concentration-dependent manner (Fig 2). From cytotoxicity testing 

by MTT assay demonstrated that p-MCA (100 µMJ did not affect cell viability of INS-1 

cells, suggesting that p-MCA is not acutely toxic to this ,B-cell line. 

2+ 
2. Effects of p-MCA on [Ca ]

i 
of INS-1 Cells

Since Ca2

+ is an important intracellular signal, and it mediates the effect 

of many insulin secretagogues, the experiments were next performed to determine the 

effect of p-MCA on [Ca
2+

l in INS-1 cells, and the results of these experiments are shown 

in Fig 3. p-MCA (10-100 µM) increased [Ca2+

]
i 
in a concentration-dependent manner. p­

MCA-induced [Ca2+

l increase reached maximum within 60 s of administration, which 

was followed by a small sustained phase. At 10 and 30 µM p-MCA, the Ii [Ca2+

l

increases were 23 ± 1 nM and 40 ± 2 nM above the basal level, respectively. Exposure 

of cells to 100 µM p-MCA induced a larger increase in /i[Ca2+]
1 
of 63 ± 3 nM over the 

basal level. The results suggested that p-MCA-stimulated insulin secretion was 

associated with a rise in [Ca2+

]
1 
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Figure 1 Effect of p-MCA (10 and 100 µM) on insulin secretion from perfused rat 

pancreas. In these experiments, a 20-min equilibration period preceded time 0. p-MCA 

was administered for 30 min. Values are means± S.E.M.; n = 3, pancreata. Range of 

baseline insulin concentrations of effluents was 1. 7 - 3.6 ng/ml. 
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Figure 2. Effect of p-MCA on insulin secretion in INS-1 cells. The cells were 

preincubated for 15 min in KRB containing 4 mM glucose and 0.1 % BSA Cells were 

then incubated for 30 min in various concentrations of p-MCA. The control group had 

3.54 + 1.19 ng/well/ 30 min. Data are expressed as means + S. E. M.; n= 3 independent 

experiments with quadruplicates in each experiment. * P < 0.05 vs. control group. 
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Figure 3. Concentration-dependent effect of p-MCA on [Ca
2+

]; increase in INS-1 cells; 

(A) control group (B) 10 µM p-MCA, (C) 33 µM p-MCA, and (D) 100 µM p-MCA

Traces are representative of 4 independent experiments with 20 cells/experiment. 
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3. Effect of p-MCA-induced insulin secretions and [Ca
2
+]i responses under a Ca2+-free 

condition or in the presence of an L-type Ca
2
+ channel antagonist. 

The roles of extracellular Ca
2
+ and VDCC in p-MCA-stimulated insulin 

secretion were examined using extracellular Ca
2
+ -free solution containing 0.1 mM EGTA, 

or an L-type Ca
2
+ channel blocker (nimodipine) in the presence of extracellular Ca2+ (Fig 

4). In the Ca
2
+ containing KRB, p-MCA (100 µM) significantly increased insulin 

secretion by 60% in INS-1 cells over the basal control. The extracellular Ca2+-free 

condition decreased basal insulin secretion when compared with Ca
2
+ -containing KRB. 

The results showed that p-MCA failed to increase insulin secretion in the absence of 

extracellular ca2+, and 1 µM nimodipine significantly blocked the secretory response to 

p-MCA. In the ,B-cells that were under the Ca
2
+-free condition (Fig SA.), basal [Ca2+l 

were lower than those in Ca
2
+-containing KRB. Under this circumstances, p-MCA failed 

to increase [Ca
2
+l, whereas 1 µM thapsigargin, an endoplasmic reticulum Ca

2
+-ATPase 

inhibitor, caused the rise in [Ca
2
+l_ Figure 5B shows that [Ca

2
+]i response to p-MCA was 

abolished by 1 µM nimodipine, which also blocked Bay K 8644-stimulated [Ca
2
+]i 

elevation. In addition, 1 µM nimodipine alone did not significantly change the basal 

[Ca
2
+]i or insulin secretion. These findings are consistent with those of insulin secretion 

studies. 

4. Effects of p-MCA on insulin secretion and [Ca
2
+t response in the presence of a KATP 

channel opener 

To determine whether p-MCA increases insulin secretion by closing KArP 

channels, p-MCA was incubated with diazoxide, a KATP channel opener. As shown in 

Fig. 6, diazoxide (400 µM) did not affect the basal insulin concentration in the presence 

of 4 mM glucose. Glyburide (10 µM), a KArP channel antagonist, significantly increased 

insulin secretion by ~2.0-fold, whereas its stimulatory effect was virtually abolished in the 

presence of diazoxide. In contrast, diazoxide did not block the effect of p-MCA-induced 

insulin secretion. The p-MCA-induced increase in [Ca
2
+]i in the presence of diazoxide is 

shown in Fig. 7 It was found that diazoxide did not change the basal [Ca
2
+]1 in INS-1 

cells. Meanwhile, diazoxide failed to inhibit p-MCA-induced [Ca
2
+]i increase. These 
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findings are consistent with the effect of p-MCA on insulin secretion in the presence of 

diazoxide in INS-1 cells. 

5. Enhancement of glucose-stimulated insulin release and [Ca2+]i increase by p-MCA 

The experiments were further determined the interaction between p-MCA 

and glucose on insulin secretion and [Ca
2
+]i in INS-1 cells. Increasing glucose 

concentration from 5.5 mM to 10 mM caused a rapid and marked increase in insulin 

secretion from perfused rat pancreata (Fig 8). The first transient phase secretion peak 

was about 5-fold of the baseline level, which was followed a second phase that was 

observed after 10 min administration p-MCA ( 10 µM) alone caused a small increase in 

insulin secretion, and potentiated glucose-induced insulin secretion, when added to 

perfusion medium 20 min after the start of glucose administration. By expressing the 

data as percentage of control in AUC during 20-min treatments, there was a significant 

difference between glucose + p-MCA group and glucose alone group (glucose alone = 

559.1 ± 18.0%; glucose + p-MCA = 750.3 ± 49.3%). When comparing those treatments 

with p-MCA alone and control groups (control = 100.0%; p-MCA 10 µM = 129.4 ± 

8.8%), p-MCA markedly enhanced glucose-induced insulin secretion. 

The effect of of p-MCA on glucose-induced insulin secretion was next 

performed in INS-1 cells using static incubation (Fig 9a and 9b). In these cells, 10 mM 

glucose increased insulin concentration by 65% over the control group that had 4 mM 

glucose. Both 10 and 100 µM of p-MCA enhanced glucose-stimulated insulin secretions 

from INS-1 cells, which were consistent with the results in the pancreatic perfusion 

experiments. 

[Ca
2
+]i responses to glucose were further investigated in INS-1 cells. A 

rise in glucose concentrations (Fig 10) from 4 to 10 mM increased [Ca
2+l in a small 

transient peak (120 ± 4 nM). Addition of p-MCA in the continued presence of glucose 

further potentiated the increase in [ca2\ (10 µMp-MCA= 147± 4 nM; 100 µMp-MCA, 

174±5 nM). 
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6. Interaction between p-MCA and others secretagogues on insulin secretion and [Ca
2
+]1 

response 

The experiments were examined the effect of p-MCA on insulin secretion 

stimulated by various secretagogues, which were through different mechanisms to 

cause ultimate opening of the L-type Ca
2
+ channels, e.g., glyburide, which blocks KATP 

channels; KCI, which is a membrane depolarizing agent; Bay K 8644, which directly 

activates the L-type Ca
2
+ channels. Figure 11 shows the effect of p-MCA on insulin 

secretion in INS-1 cells stimulated by glyburide. Glyburide (10 µM) significantly 

increased insulin secretion by 80% over the control group. The results revealed that p­

MCA at 100 µM, but not 10 µM, markedly enhanced the glyburide-induced insulin 

secretion. The effect of glyburide on [Ca
2
+l response is shown in Fig. 12. When the cells 

was first stimulated with glyburide, the [Ca
2
+l response was 178±8 nM (an initial peak) 

and being followed by a more sustained phase ( 133 ± 12 nM), the subsequent addition 

of p-MCA further increased [Ca
2
+l(10 µMp-MCA= 170 ± 10 nM;100 µM p-MCA=245 ± 

18 nM). 

The next experiments were investigated the effect of p-MCA on insulin 

secretion and [Ca
2
+]1 response in the presence of either of 2 secretagougues, KCI and 

Bay K 8644. As shown in Fig 13, KCI (15 mM) caused 3.6-fold increase in insulin 

secretion over the basal levels, whereas p-MCA ( 10 and 100 µM p-MCA) significantly 

potentiated insulin secretion by 4.8- and 5.6-fold in presence the of KCI, respectively. In 

[Ca2+l experiments, KCI (15 mM) evoked a transient Ca
2
+ increase, which reached the 

peak (250±1 0 nM) within 10 s, and followed by the sustained phase (148±12 nM). 

Addition of p-MCA potentiated KCl-induced increase in [Ca
2
+]1 (Fig 14). The mean 

amplitude of [Ca
2
+l response to 10 and 100 µM p-MCA were 212±5 nM and 228±9 nM, 

respectively. 

The effect of p-MCA on Bay K 8644-stimulated insulin secretion was 

determined using static incubation in INS-1 cells and the pancreatic perfusion. Bay K 

8644 (1 µM) increased insulin secretion in INS-1 cells by 4-fold over the basal level (Fig 

15). 10 µMp-MCA and 100 µMp-MCA in the presence of Bay K 8644 potentiated 

insulin secretion by causing 5.4- and 8.0-fold increase, respectively. This potentiation 
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was confirmed by experiments in the perfused rat pancreata (Fig 16). Bay K 8644 (1 

µM) increased insulin secretion from the perfused rat pancreata to 2.5 times of the basal 

control group. The potentiation by p-MCA of Bay K 8644-induced insulin secretion was 

also obseNed during 30-min administration. By expressing the data as the percentage 

of control in AUC for Bay K 8644 and p-MCA as well as comparing them with those of 

Bay K 8644 alone, there was a significant increase in insulin secretion (control = 100 

%;10 µMp-MCA= 142.4 ± 22.1%; Bay K 8644 = 251.2 ± 16.6%; Bay K 8644 + p-MCA 

= 628.5 ± 23.7%). The effects of Bay K 8644 on [Ca
2+l response were also examined in 

INS-1 cells (Fig. 17). When Bay K 8644 (1 µM) was applied to INS-1 cells, it caused 

rapid and persistent increase in [Ca
2+l from 89 ± 4 nM to 129 ± 6 nM. p-MCA 

potentiated Bay K 8644-induced increase in [Ca
2
+]i (10 µMp-MCA= 189 ± 12 nM;100 

µM p-MCA=225 ± 9 nM). 

7. Effects of p-MCA insulin secretion and cAMP contents in the presence of forskolin and IBMX in 

INS-1 cells 

Since an increase in cyclic AMP content may mediate the effect of some 

of the insulin secretagogues, the experiments were determined if p-MCA increases the 

level of this signal in INS-1 cells. As shown in Table 1, 100 µMp-MCA, but not 10 µM 

p-MCA, increased cyclic AMP content by 46% in INS-1 cells. The interactions of p­

MCA with an adenylyl cyclase activator forskolin and a phosphodiesterase inhibitor 

IBMX were studied as well. Forskolin (1 µM) and IBMX (100 µM) also increased cyclic 

AMP content. p-MCA (100 µM) enhanced forskolin-induced, but not IBMX-induced, 

increase in cyclic AMP contents. The further experiments were investigated the effects 

of forskolin and IBMX on p-MCA-induced increase in insulin secretion. The results of 

these experiments are shown in Fig 18 and 19. Forskolin and I BMX increased insulin 

secretion by 70% and 50%, respectively. p-MCA enhanced forskolin-induced insulin 

secretion (Fig. 18). In contrast, p-MCA failed to enhance IBMX-induced insulin secretion 

(Fig 19). 
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Figure 11 Effect of p-MCA on insulin secretion in INS-1 cells in presence of 100 µM 

glyburide. Values are means± S.E.M.; n = 3 (quadruplicate) independent experiments 
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response. Data shown are

representative of 4 independent experiments with 20 cells/experiment. 
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Figure 18 Effect of p-MCA on insulin secretion in INS-1 cells in the presence of 1 µM 

forskolin(fors). Values are means± S.E.M.; n = 3 independent experiments with 

quadruplicates. *P<0.05 compared with control, #P<0.05 compared with forskolin alone. 
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Figure 19 Effect of p-MCA on insulin secretion in INS-1 cells in the presence of 100 µM 

IBMX. Values are means± S.E.M.; n = 3 independent experiments with quadruplicates. 

*P<0.05 compared with control.
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8. Effect of p-MCA on a-glucosidases and a-amylase inhibition

Effect of p-MCA on a-glucosidases and a-amylase inhibition was shown 

in Table 2. p-MCA showed had more potent yeast a-glucosidase inhibiting activity (IC
50 

= 0.04 ± 0.01 mM) than that of 1-deoxynorjirimycin (IC
50 

= 5.60 ± 0.42 mM). However, p­

MCA had no the inhibitory effect on mammalian a-glucosidase such as sucrase and 

maltase. Lineweaver-burk plot of a-glucosidase kinetics was shown in Figure 20. The 

kinetic result demonstrated that the mechanism of a-glucosidase inhibition of p-MCA 

was a non-competitive inhibition with Ki value of 0.060 ± 0.01 mM. Moreover, p-MCA 

had no inhibitory activity against pancreatic a-amylase. 
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Figure 20 Lineweaver-burk plot analysis of the inhibition kinetics of a-glucosidase inhibitory 

effects by p-MCA 
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8. Acute toxicity of p-MCA in mice

In acute toxicity study, p-MCA (100-2000 mg/kg) caused neither visible signs of toxicity 

nor mortality. Generally, the reduction in body weight gain and internal organ weights is a 

simple and sensitive index of toxicity after exposure to toxic substance. In the present study, p­

MCA did not produce any statistically significant difference among these three groups in both 

parameters. In mice treated with p-MCA, asparate aminotransferase (AST), alanine 

aminotransferase (ALT), blood urea nitrogen (BUN), serum creatinine, cholesterol, triglycerides, 

HDL and LDL were not significant different when compared with mice treated with sunflower oil. 

The status of bone marrow activity and intravascular effects were monitored by hematological 

examination. In addition, the number in total white blood cells (WBC), red blood cells (RBC), 

platelets, lymphocytes, granulocytes and monocytes were not significant different, compared 

between those in p-MCA-treated group and control group. 

9. Histopathological findings of the p-MCA

Pathological examination of mouse tissues (liver, kidneys, lung, heart, pancreas and 

brain) collected at the end of the study period (14 days) grossly revealed no pathological 

changes in the tissues. Using histopathology, there were no significant differences among the 

control and the treated groups on the heart, pancreas, lung and brain tissue. 

Kidneys 

There was mild degree of fat accumulation in the renal tubules of the kidneys in group 2 

(sunflower oil) (Fig 21 ). Renal tubules of the group 5 (p-MCA 2,000 mg) had moderate degree 

of swelling and glycogen degeneration, which were demonstrated by the PAS staining and 

some animals (2/8 mice) found the hyaline droplets in the cytoplasm of the renal tubules (Fig 

22). The other group had no remarkable lesion. 

Liver 

There was mild degree of fatty degeneration of the liver in group 3 (p-MCA 100 mg) 

(Fig. 23) and 4 (p-MCA 1,000 mg) with swollen hepatocytes. Moderate diffuse panlobular 



glycogen degeneration was significantly found in all of either sex (male and female) in the 

group 5 (Fig. 24). The glycogen and fatty degeneration were evaluated by the PAS staining. 

Figure 21 Mild degree of fat accumulation in the renal tubules of the kidneys in group 2. 

47 



48 

Figure 22 Moderate glycogen degeneration with the presence of hyaline droplets in the 

cytoplasm of the renal tubules in group 5. 

Figure 23 Mild degree of fatty degeneration in the liver of the group 3. 



49 

Figure 24 Moderate diffuse pan lobular glycogen degeneration of the liver in the group 5. 
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DISCUSSION 

The insulinotropic activity of p-MCA was determined by using the perfused rat 

pancreas. In agreement with the results obtained from the perfused rat pancreas, this 

stimulatory effect of p-MCA was also found in clonal ,B-cells INS-1, suggesting a direct effects 

on ,B-cells. The insulinoma cell line INS-1 has become a useful model for studying the 

molecular mechanism of Ca2+

-dependent and Ca2+

-independent insulin secretion (Wollheim, 

2000). It has been shown to respond to glucose at physiological concentrations (Asfari et al., 

1992). Thus, this cell line was used to study the mechanisms underlying p-MCA-induced insulin 

secretion. Moreover, the results indicated that p-MCA-induced [Ca2+

]
i 

increase is linked to 

insulin secretion in INS-1 cells. 

We hypothesized that p-MCA stimulates insulin secretion by increasing Ca2+ 

influx through L-type Ca2+ 

channels. These findings supported this hypothesis by 

demonstrating that the effects of p-MCA-induced insulin secretion were abolished under Ca2+ 

free condition and in the presence of a L-Ca2+ channel blocker. Such a good correlation 

between data obtained from insulin secretion and [Ca2+

]
i 
response strongly suggests that the 

effects of p-MCA on insulin secretion from ,B-cells is mediated by Ca2+ influx through the L-type 

Ca2+ 

channels. The question arises as to whether the insulinotropic effect of p-MCA is mediated 

via the same mechanism as sulfonylureas. The main mechanism responsible for the insulin 

releasing capacity of hypoglycemic sulfonylureas implicates the closure of KArr channels, 

heteromultimers composed of sulfonylurea receptor (SUR) and Kir 6.2 units, leading to cell 

depolarization, Ca2+ 

entry and exocytosis of secretory granules (Ammala et al., 1996). In 

contrast, diazoxide behaves in the opposite manner by opening K
A
rr channels, which leads to 

hyperpolarization of ,B-cells, thereby inhibiting insulin secretion. It is known that binding of 

diazoxide to its receptor partially suppresses the binding of a sulfonylurea to SUR1, and 

disturbs the effects of the sulfonylurea on both electrical activity and ion fluxes (Ashcroft and 

Ashcroft, 1992). This study showed that glyburide stimulated insulin secretion from INS-1 cells, 

which was partially inhibited by diazoxide. These results are consistent with previous findings 
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in pancreatic islets and ,B-cell lines (Ammala et al., 1996; Park et al., 2002). In contrast, 

diazoxide did not antagonize the stimulatory effect of p-MCA on insulin secretion and rise of 

[Ca
2+

] 1, suggesting that p-MCA does not evoke membrane depolarization by closing of KATP 

channels. 

Recently, cinnamic acid derivatives have been reported to exert their activities 

on cation channels. For examples, the transient receptor potential (TRP) family of ion channels 

now comprises more than 30 cation channels, most of which are permeable to ca
2+ 

(Pedersen 

et al., 2005). Cinnamaldehyde and cinnamic alcohol activate TRPA 1 to increase Ca
2+ 

influx 

(Bandel! et al., 2004). It is well known that VDCC plays a very important role in the regulation of 

[Ca
2+

]
1 
in pancreatic ,B-cells. From the studies of cinnamic acid derivatives, we speculate that 

p-MCA may directly bind to L-type Ca
2+ 

channels and activate them. Further study is needed to

characterize the binding affinity of p-MCA on L-type Ca
2+ 

channels and to determine the effect 

of p-MCA on these channels. 

Our results showed that the direct exposure of pancreatic ,8-cells to p-MCA in 

the presence of glucose amplified the insulin secretion. In STZ-induced diabetic rats, p-MCA 

(40 mg/kg) decreased plasma glucose concentration and increased insulin concentration after 

glucose loading. Therefore, p-MCA improves glucose intolerance in diabetic rats. Our findings 

suggested that p-MCA may be beneficial to patients with diabetes mellitus who have defects in 

the response of insulin secretion to glucose stimulation. 

The experiments were further investigated whether p-MCA potentiates the 

effects of other secretagogues than glucose. Glyburide is an antidiabetic agent, which has 

been used in those patients with maturity onset or type 2 diabetes. In this study, glyburide (10 

µM) produced the maximum effective concentration on insulin secretion in INS-1 cells (data not 

shown). p-MCA at 100 µM exerted the additive effect of glyburide on insulin secretion. These 

findings suggested that p-MCA may benefit the use of glyburide in the control of type 2 

diabetes. 
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The depolarization of membrane by a rise of extracellular KCI and the 

opening of L-type Ca
2

+ channel by Bay K 8644 could potentiate the effect of p-MCA-induced

insulin secretion. Bay K 8644 is a dihydropyridine (DHP) compound, which increases the mean 

open time and opens probability of the L-type Ca
2+ 

channels in a variety of cells (Striessnig et 

al., 1991), including cardiac cells (Skasa et al., 2001) and ,8-cells (Larsson-Nyren and Sehlin, 

1996). L-type Ca
2

+ channels are complex proteins that consist of a pore-forming a,
1 

subunit, 

disulfide-linked transmembrane complex of a
2 

and 8 subunits (a/ 8), intracellular /3 subunit, 

and y subunit. a,
1 

Subunits are further divided into five major subtypes based on biophysical 

and pharmacological characteristics (Hofmann et al., 1999). DHP compounds bind to L-type 

Ca
2+ 

channel a,
1 

subunits with high affinity. Interestingly, DHP at high concentrations or 

administered at depolarized membrane potentials can close these channels(Usowicz et al., 

1995). Similarly, a benzoylpyrrole derivative, FPL-64176,a classical Ca
2

+ channel agonist, 

increase in [Ca
2+

]
i 

and subsequent insulin release from J3TC3-cells (Springborg et al.,1997). 

These compounds act at the same region but bind to the different amino acid residue within 

IIIS5 and IIIS6 transmembrane segments of L-type Ca
2+ 

channel a,
1
c subunit (Rampe and 

Lacerda, 1991; Zheng et al.,1991). Thus, we speculate that p-MCA potentiates Bay K 8644-

induced insulin secretion by activating of the different binding site or subunit of the L-type Ca
2+ 

channel. Further work is needed to prove this speculation. 

Since, p-MCA (100 µM) enhanced forskolin-induced insulin secretion and cAMP 

content but it failed to increase IBMX-induced insulin secretion and cAMP content. These 

results suggested that the agent may increase insulin secretion and cAMP content by inhibiting 

PDE. Several studies have reported the presence of both PDE3 and PDE4 in pancreatic islets 

(Beavo, 1995), but only the inhibitors specific for PDE3 actually potentiate insulin secretion 

(Shafiee-Nick et al., 1995;Parker et al., 1995). It is likely p-MCA inhibits PDE3 to increase cAMP 

content in ,B-cells. Further studies are needed to determine which PDE isoform is inhibited by 

p-MCA in ,B-cells. On the other hand, the p-MCA (100 µM)-induced increase in cAMP level was

much less than those induced IBMX (100 µM) or forskolin (1 µM). Interestingly, forskolin 

increased cAMP levels by ~20 fold, but the increase in insulin secretion was only 1.6 fold of the 



basal control group. Thus, p-MCA-induced increase in cAMP probably plays a minor role in 

its insulinotropic effect. 
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As the results of a.-glucosidase inhibition, was the potent yeast a.-glucosidase 

inhibitor which is the competitive inhibition. Acarbose showed a potent mammalian a.­

glucosidase and a-amylase inhibitor, whereas p-MCA had no any inhibitory activity on these 

enzymes activity. These findings suggested that p-MCA has more specific inhibition on yeast 

than mammalian a.-glucosidase. 

Recent years have apparent evidence of the inhibitory a.-glucosidase activities 

through interference with biosynthesis of glycoprotein processing on the surface of the viral cell 

wall, which have exhibited promising activities as anti-viral agents. N-linked oligosaccharides 

play roles in the fate and functions of glycoproteins. One function is to assist in the folding of 

proteins by mediating interactions of the lectin-like chaperone proteins calnexin and calreticulin 

with nascent of the a.-glucosidases. This causes some proteins to be misfolded and retained 

within the endoplasmic reticulum. HIV-1, the causative agent of acquired immunodeficiency 

syndrome (AIDS), encodes two essential envelope glycoprotiens (gp120 and gp41) through the 

endoprolytic cleavage of the precursor protein within cis-golgi apparatus by a,-glucosidases 

activities (Robina et al., 2004). Treatment of HIV-1 infected cells with N-butyldeoxynojirimycin 

(NB-DNJ), an inhibitor of the a.-glucosidases, inhibits syncytium formation and the formation of 

infectious virus (Fischer et al., 1995). Thus, p-MCA may lead to be a new anti-HIV agent in the 

future. 

The regulation of carbohydrate absorption via inhibition of these luminal a,­

glucosidases effectively reduces postprandial hyperglycemia, and thus, improves glycemic 

control in patients with type 2 diabetes mellitus. The main digestible carbohydrates in human 

diet are starch and sucrose. Starch granules constitute a mixture of two different plant 

polysaccharides, amylase, a linear [4-O-a.-D-glucopyranosyl-D-glucose]
n 

polymer, and 

amylopectin, with additional 6-O-a.-D-glucopyranosyl-D-glucose links in the branched structure. 

In view of nutritional information, dietary starches are a mixture of 25% amylase with 75% 

amylopectin (Nichols et al., 2003). The processing of starch digestion begins in the intestinal 
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lumen by a-amylase, which is found in salivary and pancreatic secretions, producing linear 

malto-oligosaccharides and a-limit dextrins containing both a-(1 ➔4) linkages and one or more 

a-( 1 ➔6) branching links. Both families of malto-oligosaccharides are not absorbable without 

further processing to glucose by hydrolysis at the nonreducing ends of 1-4 and 1-6 oligomers 

by a-glucosidase enzymes (Nichols et ., 1998). a-Glucosidase enzymes (sucrase, isomaltase, 

maltase, glycoamylase and trehalase) break down non-absorbable complex carbohydrate into 

absorbable monosaccharides at the brush border membrane of enterocyte in small intestine 

before transportation of glucose across intestinal microvilli to circulation (Bischoff, 1995). The 

antidiabetic drugs of the family of a-glucosidase inhibitors comprise three compounds: 

acarbose, which is the best studied, and most widely used agent. 

Additional structure-activity relationship studies on yeast a-glucosidase 

inhibition, p-MCA showed the highest potent inhibitory activity among those of seventeen 

cinnamic acid derivatives. Additional studies on structure-activity relationship, the presence of 

substituents at para-position in cinnamic acid altered the a-glucosidase inhibitory activity. The 

increase of bulkiness and the chain length of para -alkoxy substituents as well as the increasing 

of the electron withdrawing group have been shown to decrease the inhibitory activity. 

The acute toxicity of p-MCA (100-2000 mg/kg) was examined in mice. The result showed 

that p-MCA produced neither mortality nor significant differences in blood chemistry profiles when compared 

to those in the control group. Neither gross abnormalities nor histopathological changes of brain, pancreas, 

heart and lung were observed. However, in the liver, histopathological examinations revealed mild degree of 

fatty degeneration in both p-MCA (100 mg)- and (p-MCA 1,000 mg)-treated groups. In addition, moderate 

diffuse panlobular glycogen degeneration in liver and renal tubules were found in (p-MCA 2,000 mg)-treated 

groups. It is possible that p-MCA decreases the activity of glucose-6-phosphatase (Adisakwattana et al., 

2005), which Is a crucial enzyme for the final step of glycogenolysls, therefore, the excessive amounts of 

glycogen were accumulated in liver and renal tubules. Further studies in subacute and chronic toxicity tests 

are warranted to confirm the safety profile of p-MCA. 
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