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n anti-diabetic condensed tannin
extracted from Wendlandia glabrata, reduces
elevated G-6-Pase and mRNA levels in diabetic
mice and increases glucose uptake in CC1
hepatocytes and C1C12 myoblast cells†

Yunush Sheikh,b Maibam Beebina Chanu,b Gopinath Mondal,b Prasenjit Manna,c

Asamanja Chattoraj,‡b Dibakar Chandra Deka,d Narayan Chandra Talukdara

and Jagat Chandra Borah *a

To reduce the global burden of diabetes in an affordable way great attention has been paid to the search for

functional foods and herbal remedies. One of themost popularly used functional foods in the North Eastern

region of India is tender shoots ofWendlandia glabrata DC. In the current study identification of active anti-

diabetic constituent of the tender shoots of W. glabrata was guided through a-glucosidase inhibition and

procyanidin A2 was identified with IC50 0.27 � 0.01 mg mL�1 making it potential source for postprandial

management of DM type 2. The study has also demonstrated procyanidin A2 as a potent anti-diabetic

agent that exhibits significant glucose-6-phosphatase inhibitory activities and downregulated mRNA level

in diabetic mice as well as increases glucose uptake in hepatocytes and myoblast cells. This study

revealed that easily available tender shoots of W. glabrata could be used to make specific dietary

recommendations for consumption for affordable management of diabetes.
Introduction

IDF Diabetes Atlas 2017 reveals an alarming 425 million
people with diabetes worldwide, which is expected to reach
629 million by 2045. The number is 82 million for South-East
Asia and expected to reach 151 million by 2045 (IDF Diabetes
Atlas, 2017).1 Type 2 diabetes is the leading cause of prema-
ture death due to related complications such as cardiovas-
cular and chronic renal failure.2 At present there is urgent
need for more concerted action to reduce the epidemic
prevalence of diabetes. Indeed an intensied search is going
on worldwide for local herbs, functional foods and ethno-
medicines to combat diabetes.3

Dietary polysaccharides are important sources of blood
glucose. One very vital enzyme that catalyses the conversion of
try, Life Sciences Division, Institute of

Guwahati-781035, Assam, India. E-mail:

63; Tel: +91-361-2273061

Development, Imphal-795001, Manipur,

chnology, Jorhat-785006, Assam, India

ity, Guwahati-781014, India

tion (ESI) available. See DOI:

e, Kazi Nazrul University, Asansol, West

hemistry 2019
polysaccharides into monosaccharides is a-glucosidase (Ghani
2015).4 Therefore, it is highly imperative to develop food and/or
herbal remedies and inhibitors that could slow down the
activity of a-glucosidase to control postprandial blood glucose
levels. Also another potential target for treatment of diabetes
type 2 is glucose-6-phosphatase (G-6-Pase) which catalyses the
terminal step in gluconeogenesis and glycogenolysis to produce
glucose. Reduction of blood glucose level by decreasing hepatic
glucose production through down-regulation of G-6-Pase has
been reported.5 Also increased protein content (G-6-Pase) and
mRNA levels are reported in diabetic animals and contribute to
the prevailing hyperglycemia.6–8 G-6-Pase inhibitors are
considered as potential agents to reduce hepatic glucose
production making it an attractive therapeutic target for the
treatment of diabetes type 2.

The tender shoots of Wendlandia glabrata DC have been
used as functional foods in the North Eastern Region of
India. W. glabrata, a owering plant of the Rubiaceae family,
is used as an ingredient of the indigenous salad Singju;
people believe that it reduces obesity and controls blood
sugar. It is also used for the treatment of dysentery and as an
expectorant.9,10 In our previous study it is revealed the a-
glucosidase inhibitory potency and anti-hyperglycemic
effects of the methanol extract of W. glabrata on STZ
induced diabetes in albino rats.11 But phytochemical inves-
tigation and intensive study for treatment of diabetes are
RSC Adv., 2019, 9, 17211–17219 | 17211
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Table 2 13C, 1H and HMBC NMR data of PCA2 (500 MHz, CD3OD,
d ppm)

Position 13C 1H (HMQC) HMBC (C/H)

a unit
2 80.24 4.9 2 2.96, 7.00, 7.14
3 65.47 4.23 2.74
4 28.39 2.96 & 2.74
5 155.09
6 94.95 6.08
7 152.73
8 105.69 6.08
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scarce in the literature. The facts encouraged us to take up
further phytochemical investigation on the active anti-
diabetic constituent(s) of the tender shoots of W. glabrata
and to study the inhibitory effects of the extractives on G-6-
Pase and glucose uptake by hepatocytes and myoblast cells.
This led to the demonstration of procyanidin A2 (PCA2) as
a potent anti-diabetic agent that exhibits signicant a-
glucosidase inhibition, reduces increased level of protein
content (G-6-Pase) and mRNA level in diabetic mice and also
increases glucose uptake in both CC1 hepatocytes and C2C12
myoblast cells.
9 150.79
10 100.89 2.96
10 129.69 4.92
20 118.84 7.00 4.92, 7.14
30 114.51 6.81 7.00
40 145.25 7.00
50 144.47 6.81
60 114.13 7.14

b unit
2 98.65 7.14
3 66.56 4.05 4.40
4 27.73 4.40
5 155.49
6 96.76 6.00
7 156.61
8 95.09 6.06
9 150.63
10 102.73 4.05
10 130.93 6.81
20 118.26 7.00 7.14
30 114.09 7.14
40 144.78 7.00
50 144.14
60 114.40 6.81
Results and discussion

The a-glucosidase inhibitory activities of the methanol
extract of shoots of W. glabrata, subsequent EA, n-Bu, water
fractions, EA SFr5 sub-fraction and isolated molecule PCA2
are presented in Table 1. Methanol extract and EA fraction
exhibited potential inhibition with IC50 1.67 � 0.33 mg mL�1

and 0.90 � 0.02 mg mL�1 respectively. The most potent sub
fraction EA SFr 5 yielded PCA2 having signicantly higher
inhibitory potency with IC50 0.46 � 0.01 mM. The increasing
incidence of type 2 diabetes has fueled intensied search for
natural a-glucosidase inhibitors for future lead molecules or
herbal preparations useful for treatment of diabetes.12,13

Signicant a-glucosidase inhibition by the methanol extract
and compound PCA2 isolated thereof revealed the promising
potential of the source for postprandial management of DM
type 2.

PCA2 was isolated as a whitish brown powder. HRMS
analysis showed protonated molecular ion peak at m/z
577.1311 [M + H]+. NMR data are presented in Table 2. 1H
NMR showed signals at d 4.05 (1H, d, J ¼ 3.5, H-3b) and 4.40
(1H, d, J ¼ 3.0, H-4b), F-ring protons of A-type procyanidins.
Two meta coupled signals at d 6.00 (1H, d, J ¼ 2.5 Hz, H-6b)
and 6.06 (1H, d, J¼ 2.5 Hz, H-8b), and a singlet at 6.08 (1H, H-
6a) as well as two ABX coupling systems around d 6.81–7.14
testied to a dimeric avanol. 2b-O-8 Ether linkage is also
supported by the location of one acetal carbon peak at
d 98.65. The observed HMBC and HMQC correlations (Table
2) are in good agreement for procyanidin A2 (PCA2) as re-
ported in the literature.
Table 1 Half maximum inhibitory concentration (IC50) against a-
Glucosidasea

S. no. Samples IC50 (mg mL�1)

1 MeOH extract 1.67 � 0.33
2 Ethyl acetate fraction 0.90 � 0.02
3 n-Butanol fraction 2.87 � 0.02
4 Water fraction 5.67 � 0.29
5 EA SFr5 0.74 � 0.04
6 PCA2 0.27 � 0.01, (0.46 � 0.01)
7 Acarbose 378.73 � 0.08

a Each value is themean� SD (n¼ 3). Data in parentheses are expressed
in mM.

17212 | RSC Adv., 2019, 9, 17211–17219
Effects of PCA2 on STZ induced diabetic Swiss albino mice at
different dose and time intervals are presented in the Table 3.
Diabetic mice were treated with three different doses (10, 25 and
50 mg kg�1 b.w.) of PCA2. The molecule showed dramatic
glucose lowering effect (115.0 � 19.08 mg dL�1) when tested at
50 mg kg�1 b.w. dose level for 14 days; the gure was signi-
cantly higher in diabetic mice (379.7 � 60.87 mg dL�1). The
corresponding gure for the standard drug metformin (50 mg
Table 3 Effect of PCA2 on blood glucose levels on STZ-induced
diabetic micea

Group (mg kg�1)

Blood glucose (mg dL�1)

1st day 7th day 14th day

Normal control 89.20 � 12.01 103 � 21.70 98.00 � 26.66
Diabetic control 306.8 � 67.90 350.0 � 45.31 379.7 � 60.87
Metformin (50) 351.8 � 58.27 191.0 � 11.14** 107.7 � 16.44***
PCA2 (10) 336.0 � 95.24 195.7 � 50.29** 190.7 � 76.12**
PCA2 (25) 297.0 � 76.92 222.0 � 54.95* 153.7 � 22.14***
PCA2 (50) 308.6 � 51.08 236.3 � 22.03* 115.0 � 19.08***

a Each value is the mean � SD (n ¼ 6). *p < 0.05 vs. diabetic control.

This journal is © The Royal Society of Chemistry 2019
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Table 4 Effect of PCA2 on biochemical parameters on STZ-induced diabetic micea

Groups Normal control Diabetic control Metformin 50 mg kg�1 PCA2 10 mg kg�1 PCA2 25 mg kg�1 PCA2 50 mg kg�1

SGOT (IU L�1) 44.72 � 3.23 146.0 � 14.14 61.40 � 2.54** 87.50 � 9.19** 96.50 � 17.68* 55.14 � 2.06***
SGPT (IU L�1) 29.68 � 0.53 165.0 � 17.85 50.07 � 1.08*** 72.50 � 0.70** 68.95 � 5.02** 68.11 � 21.3**
Triglyceriges (mg dL�1) 76.31 � 7.81 295.9 � 84.71 133.0 � 18.31 102.1 � 24.42* 149.2 � 61.59 157.3 � 14.14
Total cholesterol (mg dL�1) 116.0 � 19.80 296.5 � 19.09 147.8 � 20.12* 158.0 � 45.25* 119.0 � 33.94** 124.2 � 1.697**
Uric acid (mg dL�1) 7.840 � 0.26 17.43 � 0.52 8.955 � 0.92** 11.62 � 0.91* 11.70 � 1.55* 14.12 � 2.10
Creatinine (mg dL�1) 0.93 � 0.183 2.54 � 0.42 0.98 � 0.01** 1.18 � 0.13* 1.19 � 0.41* 1.27 � 0.04*
HbA1c% 5.38 � 0.47 14.29 � 2.01 6.22 � 0.24** 7.18 � 0.17* 7.51 � 2.66* 6.01 � 0.056**

a Each value is the mean � SD (n ¼ 6). *p < 0.05 statistically signicant vs. diabetic control.

Fig. 1 Procyanidin A2.
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kg�1 b.w.) was 107.7 � 16.44 mg dL�1. Thus glucose lowering
effect of PCA2 in diabetic mice has been found to be as signif-
icant as that of metformin (p < 0.001).

The results obtained with the serum of mice having STZ
induced diabetes are shown in Table 4. Upon treatment with
STZ, higher level of HbA1c is observed compared to normal
mice. No desired decrease of HbA1c to normal level was
Fig. 2 Histopathology of pancreas; (1) normal control (2) diabetic contr
25 mg kg�1 and (6) PCA2 50 mg kg�1.

This journal is © The Royal Society of Chemistry 2019
observed when mice were treated with 50 mg kg�1 b.w. of
PCA2, this is probably due to study period (14 days) is not
adequate to measure HbA1c.

STZ induces hepatocellular damage to liver which causes
leakage of the hepatocellular enzymes, viz. SGOT and SGPT
into the blood. In the current study signicant increase in
SGOT (146.0 � 14.14 U L�1) and SGPT (165.0 � 17.85 U L�1)
were observed in diabetic mice which were substantially
reduced (p < 0.001) when treated with PCA2 at 50 mg kg�1

b.w.
Diabetes is also associated with elevated levels of total

cholesterol and triglycerides which are the primary factors
involved in the intensication of coronary heart disease and
atherosclerosis, the secondary complications involved in
diabetes. Dyslipidemia was observed with diabetic control
animals compared to normal control group. Both TG and TC
in diabetic control group were signicantly higher. Signi-
cant reductions in TG and TC were observed with all the three
doses (10, 25 and 50 mg kg�1) of PCA2. Compared with dia-
betic control, elevated levels of uric acid and creatinine were
reduced substantially aer treatment with PCA2 (Fig. 1).
ol (STZ) (3) positive control (metformin) (4) PCA2 10 mg kg�1 (5) PCA2

RSC Adv., 2019, 9, 17211–17219 | 17213
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Fig. 3 Histopathology of liver; (1) normal control (2) diabetic control (STZ) (3) positive control (metformin) (4) PCA2 10 mg kg�1 (5) PCA2 25 mg
kg�1 and (6) PCA2 50 mg kg�1.

Fig. 4 Expression level of G-6-Pase in the hepatic tissue of mouse in
various experimental groups. Different letters represent significant
difference as determined by ANOVA followed by Tukey's post hoc test
(P-value < 0.05).

Fig. 5 Immunoblots of (a) G-6-Pase and (b) b-actin proteins detected
in the liver homogenate of mice (n ¼ 6) under different experimental
conditions. (c) Diagrammatic presentation of relative densitometric
value of G6pase with reference to b-actin expression. Different letters
represent significant difference as determined by ANOVA followed by
Tukey's post hoc test (P-value < 0.05).
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The changes in histopathology of pancreas are showed in
Fig. 2. The acinar cells around the islets of STZ treated
pancreas (2) do not appear classical. The surrounding
capsules of pancreatic b cells are damaged, with reduction in
the size of islets, and b cells are largely occupied by inam-
matory cells and eosinophilic material. Inltration of
lymphocytes is also seen. The acinar cells look normal with
reduced inammation when treated with metformin (3).
PCA2 caused restoration of the necrotic cells and increase in
the number and size of the pancreatic b cells, with consid-
erable reduction in lesions (4, 5 and 6).

The results of histopathological examinations of liver are
presented in Fig. 3. Normal hepatic architecture was
17214 | RSC Adv., 2019, 9, 17211–17219
observed in control mice. Stern pathological changes such as
necrotic damage of central and portal veins and shrinkage in
hepatic arteries are seen in STZ treated mice (2). These
histopathological changes are signicantly alleviated when
treated with different doses of PCA2 and the architecture was
similar to that of metformin treated and normal mice.
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Effect of PCA2 on cellular glucose uptake in myotubes (upper
panel) and hepatocytes (lower panel). Cells were pre-treated with
PCA2 for 2 hours followed by high glucose (HG, 25 mM) exposure for
next 24 hours. Values aremean� SD (n¼ 4). Different letters represent
significant difference as determined by ANOVA followed by Tukey's
post hoc test (P-value < 0.05).
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qRT-PCR analysis and Western-blot data demonstrated
a basal level expression of hepatic G-6-Pase in untreated mice
at the level of mRNA and protein respectively (Fig. 4 and 5). G-
6-Pase was higher in mice exposed to streptozotocin as
compared to control animals both at transcriptional as well
as translational levels. On the other hand, animals treated
with metformin displayed decreased mRNA and protein
levels as compared with the streptozotocin treated group.
Furthermore, G-6-Pase expression was also reduced at the
levels of both mRNA and protein, when treated with PCA2.
Interestingly, mRNA expression of G-6-Pase came to a basal
level when animals were treated with PCA2 and metformin
(Fig. 4). However, lowest expression of G-6-Pase protein was
observed with 25 mg dose of PCA2, which was signicantly
lower than that of metformin treatment (Fig. 5). It was also
noted that further increase in the dose of the compound did
not result in a dose-dependent reduction in the protein
expression (Fig. 5). At 25 mg, the molecule PCA2 was found to
Table 5 List of primer used for real-time qPCRa

Genes Primer sequence

G6pase F: TGGTAGCCCTGTCTTTCTTTG
R: TTCCAGCATTCACACTTTCCT

Rplp0 F: GCAGGTGTTTGACAACGGCAG
R: GATGATGGAGTGTGGCACCGA

a Primer sequences for real-time quantitative RT-PCR assays of target and r
the National Centre for Biotechnology Information, Bethesda, MD, USA. R

This journal is © The Royal Society of Chemistry 2019
be more effective than metformin at protein level. The results
revealed that one of the possible modes of action may be the
lowering of hepatic glucose by inhibition of G-6-Pase.

Interestingly, the ESI Fig. 1† reveals that change in enzyme
activity aer the treatment of metformin and various
concentration of the PCA2 are statistically equivalent.
Moreover, comparative analysis of Fig. 4, 5, Table 3 and ESI
Fig. 1† supports the ndings that the specic enzymatic
activity is dependent on the chemical properties of the
enzyme and the concentration of enzyme is directly affected
by degradation.14 Genetic mutations, epigenetic modica-
tions, transcriptional and translational regulation, post
transcriptional and post-translational modication, and
protein degradation leads to differential enzyme activity and
thus, maintain the cellular heterogeneity.

Fig. 6 demonstrates the effect of PCA2 on cellular glucose
uptake in hepatocyte and myotube cells against HG exposure.
HG exposure caused a decrease in glucose uptake in both
cells. Treatment with PCA2 at a dose of 0.2 mg mL�1 signif-
icantly increased glucose uptake in both cells compared to
those seen in HG-treated cells. Interestingly, treatment of
control cells with PCA2 also enhanced the cellular glucose
uptake at a dose of 0.2 mg mL�1 compared to untreated cells.
This study suggests a benecial role of PCA2 on intracellular
glucose metabolism. The cell proliferation assay was per-
formed by using alamar blue reduction bioassay (Himedia,
India) and the results showed that different treatments did
not cause any signicant change in cell proliferation
compared to those seen in untreated group (data not given).

There is substantial evidence that elevated hepatic glucose
production is responsible for type 2 diabetes. The liver both
stores and manufactures glucose depending upon the body's
need. It makes sugar through gluconeogenesis and glyco-
genolysis, two important metabolic pathways. In both the
processes the terminal step, which is catalyzed by the enzyme
G-6-Pase primarily located in the liver, involves conversion of
glucose-6-phosphate (G-6-P) to glucose and inorganic phos-
phate.15–17 Increased level of G-6-Pase content and mRNA
levels has been revealed in diabetic animals causing hyper-
glycaemia. In the current study, PCA2 substantially reduced
the elevated G-6-Pase protein content and mRNA level,
making it a potential G-6-Pase inhibitor to reduce hepatic
glucose production.

One of the major causes associated with chronic hyper-
glycemia is the failure of peripheral tissues to properly utilize
Amplicon
size Accession number

90 NM_008061.4

157 NM_007475.5

eference genes. F, forward; R, reverse. *Accession number is provided by
eferences have been given in the text.
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glucose. In our study, signicantly increased glucose uptake
has been observed in both the cells when treated with PCA2
compared to untreated and HG treated hepatocyte and
myotube cells.
Conclusions

This study indicated the role of young shoots ofW. glabrata and
PCA2 isolated thereof in the management of diabetes and this
may be used to make specic dietary recommendations
regarding consumption. Anti-hyperglycemic effect of PCA2
combined with our observations at protein and mRNA level
suggests that reduction in glucose level may be due to lowering
of hepatic glucose production and/or stimulated insulin release
followed by uptake by liver and muscle cells leading to decrease
plasma glucose concentration. The ndings assume particular
signicance as proanthocyanidin A type phenolics are reported
to possess a broad spectrum of health benets,18–21 foods con-
taining proanthocyanidins reduce the risk of cardiovascular
diseases, cancer, blood clotting, and protect against urinary
tract infections.22–26 For the rst time phyto-chemical investi-
gations of the tender shoots of W. glabrata revealed active
constituent PCA2 and support its use as traditional medicine for
management of diabetes by the suggested lowering hepatic
glucose production.
Experimental
Chemicals and instruments

Combiash Rf 200i (Teledyne ISCO) tted with glass column
and silica gel 60 RP-18 (40–63 mm) were used for purication of
fractions. Shimadzu HPLC, LC 20AD with PDA detector tted
with either an analytical column (Discovery RP Amide C-16
Supelco 5 mm 250 � 4.6 mm) or semi-preparative (Discovery
Amide C-16 Supelco 5 mm 250 � 10 mm) were used for analysis
and purication of compounds. Column chromatography was
carried out with Merck silica gel (100–200 mesh size). Thin layer
chromatography (TLC) was done on TLC plates pre-coated with
silica gel 60F254 (0.25 mm normal phase Merck). a-Glucosidase
(Maltase EC 3.2.1.20) and p-nitro phenyl-a-D-glucopyranoside
were purchased from Sisco Research Laboratory (SRL). Strep-
tozotocin was purchased from Sisco Research Laboratories,
Mumbai and metformin from Sigma Aldrich USA. 6-NBDG was
procured from Invitrogen. NMR spectra were recorded on
a Bruker Avance 500 MHz instrument with TMS as internal
standard. Chemical shis are expressed in d values. Agilent
6520 Accurate mass Q-TOF/LC-MS was used to determine
molecular weight. Absorbance was measured by Thermo
Scientic Multiskan spectrometer. All other chemicals and
reagents were of analytical grade.
Plant material

Fresh tender shoots of Wendlandia glabrata DC were collected
from Kangla Shiphai, Imphal, Manipur, India in the month of
April and the identication was authenticated in the Institute of
Bioresources and Sustainable Development, Imphal, India. A
17216 | RSC Adv., 2019, 9, 17211–17219
voucher Specimen was deposited in the Herbarium and number
is IBSD/M-199.

Extraction and isolation

The shade dried shoots (4.4 kg) of W. glabrata were ground into
powder of mesh size 50. The dried powder was extracted at
room temperature with MeOH three times at 24 h intervals and
the extracts were combined to yield 400 g of crude MeOH
extract. A part of the extract (100 g) was suspended in water (400
mL) and fractionated using ethyl acetate (800 mL � 2) and n-
butanol (800 mL � 2). All the fractions were dried in rotary
evaporator to obtain 18.53 g of ethyl acetate fraction (EAFr),
40.63 g of n-butanol fraction (BuFr) and 35.83 g of water fraction
(WFr). Further purication of the fractions was guided by a-
glucosidase inhibition potential. The most potent fraction EAFr
(15 g) was further fractionated using a silica gel column into ve
sub-fractions with the increasing polarities using 3 : 1 PE : CHL
(800 mL, EA SFr 1), 1 : 1 PE : CHL (1000 mL, EA SFr 2), CHL
(1000 mL, EA SFr 3), 9 : 1 CHL : MeOH (1500 mL, EA SFr4), and
4 : 1 CHL : MeOH (1500 mL, EA SFr 5). The most active sub-
fraction 5 (EA SFr 5, 4.25 g) was subjected to further purica-
tion using semi-preparative HPLC to obtain PCA2.

a-Glucosidase inhibitory assay

a-Glucosidase inhibition assay was performed in 96-well corn-
ing at bottom plate model following previously reported
method.27 The test sample was dissolved in DMSO and diluted
in 0.1 M phosphate buffer (pH 6.8) to get the desired test
concentration per well. A solution (0.5 U mL�1) of a-glucosidase
in 0.1 M phosphate buffer (pH 6.8, 25 mL) was added to it and
incubated at 37 �C for 10 min. A solution of p-nitrophenyl-a-D-
glucopyranoside (PNPG) in 0.1 M phosphate buffer (pH 6.8, 25
mL), which acted as substrate, was added aer 10 min incuba-
tion and further incubated at 37 �C. Aer 30 min incubation the
enzyme reaction was stopped by the addition of sodium
carbonate (0.1 M) and the amount of p-nitrophenol released was
monitored at 405 nm. Blanks comprised of buffer and substrate
was employed. DMSO was used as control, maintaining the nal
concentration at 2% v/v. Acarbose was used as positive control.
All the experiments were performed in triplicate in three inde-
pendent experiments. The % inhibition of a-glucosidase was
calculated by the following formula:

% inhibition ¼ (absorbancecontrol � absorbancetreatment)

/absorbancecontrol � 100.

Experimental animals

Swiss albino mice of both sexes (20–30 g) were procured from
Regional Institute of Medical Sciences (RIMS), Manipur, India.
Ethical clearance was obtained from the Institutional Animals
Ethical Committee (approval no.-IBSD/IAEC/Inst./NPC/22).
Animals were kept in standard polypropylene cages (six mice/
cage) lined with husk under standard environmental condi-
tion with 12/12 h light/dark cycle. They were fed standard diet
This journal is © The Royal Society of Chemistry 2019
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(Nutrilab, Provimi, Bangalore, India) and kept for one week
acclimatization before conducting the experiments, also
provided water ad libitum for the duration of experiment.

Acute toxicity test

Acute toxicity study was performed as per OECD guideline no.
423 (Annexure-2c) adopted by CPCSEA, Government of India.
Fasted three mice in a group initially given oral dose of 2000 mg
kg�1 b.w. of PCA2 and observed periodically for 24 h. Other
common side effects such as weight lose, mild diarrhoea and
depression were monitored for 14 days.

Anti-hyperglycemic assay

Diabetes was induced in overnight fasted mice by single intra-
peritoneal (i.p.) injection of 150 mg kg�1 of streptozotocin
(freshly dissolved in 0.1 M citrate buffer, pH 4.5). Aer 1 h, the
animals were provided with 5% glucose solution (p.o.) for the
next 2 h to protect from hypoglycaemic shock. Animals showing
marked hyperglycemia (fasting blood glucose $ 200 mg dL�1)
48 h aer STZ treatment were considered diabetic and selected
for the study. Experimental mice were divided into six groups of
six animals each. Group 1 treated with 0.5% v/v Tween 80 served
as normal control, Group 2 served as diabetic control, and
Group 3 treated with metformin (50 mg kg�1) as positive
control; Groups 4, 5 and 6 were treated with PCA2 at three
different doses of 10, 25 and 50 mg kg�1 b.w. respectively
(administration by oral gavage). Fasting blood glucose levels
were monitored (tail prick) weekly using ACCU-CHEK Active
(Roche Diagnostics GmbH, Germany). At the end of 14th day
blood was collected through retro orbital and cardiac puncture
for biochemical parameter analysis. Pancreas and liver were
dissected out for further study and histopathological examina-
tion. Glucose-6-phosphatase expression was studied by western
blotting and mRNA expression in qRT-PCR.

Biochemical parameters analysis

Serum was separated by centrifugation at 3500 � g for 10 min.
All biochemical tests were carried out using commercial kits
obtained from Erba diagnostic, Mannheim Gmbh, Germany
using Erba Mannheim semi automatic biochemistry analyser.
HbA1c was analysed using whole blood, while SGOT, SGPT,
triglyceride and total cholesterol were analysed using serum.

Glycated haemoglobin (HbA1c)

HbA1c was determined according to the manufactures' guide-
lines by using commercial kits from Erba diagnostic Mannheim
Gmbh, Germany using Erba Mannheim semi automatic
biochemistry analyser. Whole blood was haemolysed andmixed
with a weak binding cation-exchange resin, continuously for
5 min. Non-glycosylated haemoglobin bound to the resin and
the supernatant containing glycohaemoglobin was separated
with a lter. Glycosylated haemoglobin (%) was determined by
measuring the ratio (R) of absorbances of glycohaemoglobin
fraction and the total haemoglobin fraction at 415 nm using the
following equation:
This journal is © The Royal Society of Chemistry 2019
% glycohaemoglobin of unknown ¼ Ru

Rc

� value of calibrator

Ru ¼ absorbance of calibrator ðglycoÞ
absorbance of calibrator ðtotalÞ

Rc ¼ absorbance of unknown ðglycoÞ
absorbance of unknown ðtotalÞ

Liver function analysis

Liver function test enzymes, viz. serum glutamic oxaloacetic
transaminase (SGOT) and serum glutamic-pyruvic trans-
aminase (SGPT) were determined by using commercial kits
from Erba diagnostic Mannheim Gmbh. An aliquot (100 mL) of
test serum was mixed well with 1000 mL of respective reagent
[reagent aer reconstitution with aqua contained 2-oxogluta-
rate, L-Aspartate, MDH, LDH, NADH (yeast), Tris buffer and
EDTA (for SGOT and L-alanine), NADH (Yeast), LDH, 2-oxoglu-
tarate and Tris buffer for SGPT] and absorbance was measured.

Serum lipid prole

Serum cholesterol and triglycerides were determined by using
commercial kits from Erba diagnostic Mannheim Gmbh, Ger-
many. The test serum (20 mL) was mixed with 1000 mL of the
respective working reagent (reagent aer reconstitution with
aqua contained cholesterol esterase, cholesterol oxidase,
peroxidase, sodium phenolate, 4-aminoantipyrine, phosphate
buffer for cholesterol and ATP, Mg2+, 4-aminoantipyrine, 3,5
DHBS, glycerol kinase, GPO, lipoprotein lipase, and buffer for
triglycerides), incubated for 10 min, and the absorbance was
measured. In both the cases, the nal product aer a number of
reactions is quinoneimine, whose level is proportional to the
concentration of cholesterol and triglycerides.

Histopathological study

Whole pancreas and liver were removed immediately from all
the animals and kept in 10% formalin solution for histopath-
ological work.28

RNA extraction and cDNA synthesis

Sample for quantitative reverse transcriptase-polymerase chain
reaction (qRT-PCR) were taken in RNAlater (Life technology,
USA), and in�80 �C. The collection of control samples was done
simultaneously with the experimental one. Total RNA was iso-
lated from homogenized liver of mouse with Trizol reagent (Life
technologies, USA) following the manufacturer's protocol. RNA
pellets were eluted in RNase-free water (DEPC water, Sigma-
Aldrich, USA). RNA quality and quantity were measured by
using a Nano Spectra (Shimadzu, Japan). Aerwards, 5 mg of
total RNA was treated with DNA-free™ Kit (Ambion) to remove
genomic DNA contamination. RNA integrity was checked by
staining 28S and 18S RNA bands with GelRed™ (Biotium, USA)
RSC Adv., 2019, 9, 17211–17219 | 17217
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nucleic acid stain on 0.8% agarose gel. DNase treated total RNA
(1 mg) was reverse transcribed into cDNA using “High Capacity
cDNA Reverse Transcription Kit” (Applied Biosystems) accord-
ing to manufacturer's instruction. cDNA synthesis was carried
out in “ProFlex™ PCR System” (Applied Biosystems) following
the manufacturer's protocol. Briey, the reaction mixture con-
tained 2 mL 10� RT buffer, 0.8 mL 10mMdNTPmix, 2 mL 10� RT
primer, 1 mLMultiScribe Reverse Transcriptase (50 U mL�1), 1 mL
RNase Inhibitor (20 U mL�1), and 10 mL DNase treated RNA
(liver), and the nal volume was made up to 20 mL by nuclease
free water. The conditions for PCR cycling for cDNA synthesis
were 25 �C for 10 min, followed by 37 �C for 2 h, 85 �C for 5 min
and nal incubation at 4 �C.

Real-time quantitative PCR (qRT-PCR)

Expression level of the gene was measured by qRT-PCR using
Jumpstart SYBR Green/ROX qPCR Master Mix (Sigma-Aldrich,
USA). Real time PCR was carried out on an StepOnePlus Real
time PCR system (Applied Biosystems, Inc, ABI, USA). Primers
(Table 5) were synthesized from IDT, India as per the published
data.29 The PCR reaction condition includes an initial dena-
turation step at 95 �C for 10 min, followed by 40 cycles of 15 s at
95 �C, annealing at 60 �C for 30 s, and extension at 72 �C for 30 s.
Melting curve analysis (Tm) was performed to conrm single
gene amplication by designated primers. Amplication was
performed in 10 mL reaction volume containing forward and
reverse primers, qPCR Master Mix and cDNA. Technical tripli-
cates were used for each sample. The relative expression of the
gene was calculated by 2[�Delta Delta C(T)] method using Rplp0
gene as ref. 30 and 31.

Western blot analysis

At the time of sampling, mouse liver was removed and stored in
RIPA buffer with protease inhibitor (Promega, USA) at�80 �C. It
was then thawed on ice, sonicated with 10–15 short bursts on
a sonicator (SONICS, Vibra cell, USA), and centrifuged (Centri-
fuge 5430R, Eppendorf, Germany) at 30 000 � g for 20 min in
microfuge at 4 �C. The resulting supernatant was carefully
collected in 1.5 mL microfuge tube and protein was estimated
(RC DC protein assay, Bio-Rad Laboratories). The sample (60 mg
of protein) was mixed with 2X SDS sample buffer at a 1 : 1 ratio,
boiled at 95 �C, cooled on ice for 5min, separated on a 12% SDS-
PAGE gel, and further transferred on to a 0.45 mm PVDF
(Immobilion, Millipore, India) membrane. Membrane blocking
was performed at 4 �C in blocking solution (5% non-fat milk in
TBST buffer: 50 mM Tris, 100 mMNaCl, 0.1% Tween 20, pH 7.4)
overnight.32 The membranes were then washed with TBST
buffer and incubated with primary antibodies: G6PASE (Santa
Cruz, sc-25840, 1 : 1000 dilution) and b-actin (Ambion-AM4302,
1 : 5000 dilution) in the blocking solution overnight. They were
then washed with TBST buffer and incubated for 1 h at room
temperature with alkaline phosphatase conjugated secondary
antibody (Sigma, 1 : 5000 dilution, goat anti-rabbit for G6PASE
detection and goat anti-mouse antibody for b-actin). Finally,
they were washed ve times for 5 min each with TBST, and
developed with BCIP/NBT (GeNei™). Beta actin (Ambion-
17218 | RSC Adv., 2019, 9, 17211–17219
AM4302) was used as the loading control. The intensity of
individual band of each immunoblot was quantied by densi-
tometry using Image J soware.
CC1 hepatocytes cell culture

The hepatocyte cells (CC-1), purchased from Sigma, were
cultured and maintained in DMEM complete medium con-
taining 10% (v/v) fetal bovine serum, 100 UmL�1 penicillin, and
100 mg mL�1 streptomycin.
C2C12 myoblast cell culture and differentiation

The skeletal muscle cell line (C2C12) was obtained from Sigma.
The cells were cultured in DMEMmedium and differentiated to
myotubes following the method as mentioned earlier.33
Treatment of cells with PCA2 and high glucose (HG)

Both the hepatocyte and myotube cells were treated with
different concentrations of PCA2 (0.02, 0.05, 0.1, and 0.2 mg
mL�1) for 2 h followed by high glucose (HG, 25 mM) exposure
for the next 20 h.
Glucose uptake study

Glucose uptake assay was performed by using 6-[N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (6-NBDG; Invi-
trogen), a uorescent analogue of 2-deoxyglucose, following
a reported method.34 Briey, aer treatment with PCA2 and HG,
cells were incubated with serum-free low-glucose medium
containing 6-NBDG (20 mM) for 30 min. Aer incubation, cells
were washed with PBS, lysed with PBS containing 1% TritonX-
100, and kept in dark for 10 min. Then these were homoge-
nized by pipetting up and down, and the plate read immediately
using spectrouorometer at excitation/emission wave lengths of
466/540 nm. The results were expressed as percentage over
control.
Statistical analysis

The values are presented as mean � SD (standard deviation)
where n¼ 6 or 3. Comparisons between groups were carried out
by one-way ANOVA supplemented with Dunnet's multiple
comparison tests using Graphpad statistical soware. Values at
P < 0.05 were considered as statistically signicant.
Ethical statement

All animal procedures were performed in accordance with the
Guidelines of “Committee for the Purpose of Control and
Supervision of Experiments on Animals” (CPCSEA), Govern-
ment of India for Care and Use of Laboratory Animals and
protocol is approved by the Institutional Animal Ethical
Committee (IAEC) vide approval no. IBSD/IAEC/Inst./NPC/22.
The committee comprises Director of the Institute, CPCSEA
main nominee, CPCSEA link nominee, Expert Scientist from
outside the Institute, Veterinarian, Socially aware nominee, two
members from the host institute.
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