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a b s t r a c t
Aim of the study: The present study was designed to investigate the effect of bark of Pterocarpus santalinus, an ethnomedicinal plant, on blood glucose, plasma insulin, serum lipids and the activities of hepatic
glucose metabolizing enzymes in streptozotocin-induced diabetic rats.
Materials and methods: Streptozotocin-induced diabetic rats were treated (acute/short-term and longterm) with ethyl acetate:methanol fractions of ethanolic extract of the bark of P. santalinus. Fasting blood
glucose, HbA1C, plasma insulin and protein were estimated before and after the treatment, along with
hepatic glycogen, and activities of hexokinase, glucose-6-phosphatase, fructose-1,6-bisphosphatase and
glucose-6-phosphate dehydrogenase. Further anti-hyperlipidemic activity was studied by measuring
the levels of serum lipids and lipoproteins.
Results: Phytochemical analysis of active fraction showed the presence of ﬂavonoids, glycosides and phenols. Biological testing of the active fraction demonstrated a signiﬁcant antidiabetic activity by reducing
the elevated blood glucose levels and glycosylated hemoglobin, improving hyperlipidemia and restoring
the insulin levels in treated experimental induced diabetic rats. Further elucidation of mechanism of
action showed improvement in the hepatic carbohydrate metabolizing enzymes after the treatment.
Our present investigation suggests that active fraction of ethanolic extract of bark of P. santalinus
decreases streptozotocin induced hyperglycemia by increasing glycolysis and decreasing
gluconeogenesis.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Diabetes mellitus (DM) is a serious and progressive endocrine
disorder affecting approximately 5% of the world’s population.
Even after availability of various types of antidiabetic drugs, due
to associated side effects and/or diminution response after prolonged use of these drugs, there is continuous search for new therapeutic agents (Kameswara Rao et al., 2006; Mukherjee et al.,
2006). Many plants are reputed in the indigenous system of medicine for their antidiabetic activities (Kameswara Rao et al., 2006;
Mukherjee et al., 2006), but remains to be scientiﬁcally established

Abbreviations: bw, body weight; DM, diabetes mellitus; G-6-PDH, glucose-6phosphate dehydrogenase; HbA1C, glycosylated haemoglobin; HK, hexokinase; PS,
Pterocarpus santalinus; STZ, streptozotocin.
* Corresponding author. Tel.: +91 877 2289495 (Ofﬁce), +91 877 2242065
(Residence).
E-mail address: chippadar@yahoo.com (C.A. Rao).
0278-6915/$ - see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.fct.2010.02.023

(Jayakar and Suresh, 2003). Ethno-botanical reports list several
plants used for treatment of diabetes. Pterocarpus santalinus is
one of such plants used for treatment of diabetes (Kameswara
Rao et al., 2006; Mukherjee et al., 2006).
P. santalinus L. (PS) belongs to the family Fabaceae. Ethnobotanical reports indicate that PS is being used to treat diabetes
mellitus and related symptoms along with use for many other
curative properties including bilious affections, skin diseases, as
antihelmintic, aphrodisiac, alexiteric and also useful in vomiting,
thirst, eye diseases, ulcers and diseases of the blood (Chopra
et al., 1956; Kirtikar and Basu, 2001; Latheef et al., 2008). Infusion
of the decoction of the fruit is used as an astringent tonic in chronic
dysentery. Drinking water in PS wooden cups twice a day is used
for the treatment of diabetes (Latheef et al., 2008; Nagaraju and
Rao, 1989; Thammanna et al., 1990).
Earlier, in our preliminary study, we have reported the blood
glucose lowering activity of bark of PS in alloxan induced diabetic
rats (Rao et al., 2001). However, detailed anti-hyperglycemic and
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anti-hyperlipidemic effects of PS have not been fully studied. Thus
present study was taken up to investigate the effect of chronic
(long-term) treatment with PS bark extract on blood glucose, glycosylated haemoglobin, plasma insulin, serum lipids, hepatic glycogen and some of carbohydrate metabolizing enzymes to
understand the mechanism by which P. santalinus bark shows antidiabetic activity.
2. Materials and methods

2.5. Phytochemical analysis
Qualitative tests were carried out in the active fraction for the different phytochemical constituents by using the methods of phytochemical analysis (Harborne,
2005). Tests for glycosides, ﬂavonoids and phenols were carried out according to
Kokate et al. (1996), Peach and Tracey (1959) and Trease and Evans (1978),
respectively.
2.5.1. Test for glycosides
2.5.1.1. Baljest test. To the extract, sodium picrate solution (fresh mixture of aqueous solution of 1% w/v picric acid and 10% sodium hydroxide) was added. Presence
of glycosides was conﬁrmed by yellow to orange colour.

2.1. Collection and extraction of plant material
Bark of P. santalinus was collected from surrounding areas of Tirumala Hills,
Andhra Pradesh and it was identiﬁed by the botanist of the Department of Botany
(voucher No: 140), S.V. University, Tirupati, AP, India. The bark of PS was dried in
shade, powdered and the powder was used for the preparation of the ethanolic extract following the protocol described by Rao et al. (2001). One kilogram of powdered plant material was soaked in 2 l of 95% ethanol in glass jar for two days at
room temperature and the solvent was ﬁltered. This was repeated 3–4 times until
the extract gave no or faint coloration. The ethanolic extract (yield 8.05% w/w) was
concentrated by rotavapour under reduced pressure. It was freeze dried and used
further for the bioassay guided fractionation.
One hundred grams of the concentrated ethanol extract was fractionated by
column chromatography on silica gel (100–200 mesh size) using ethyl acetate
(100% v/v) (fraction 1, yield 4.2%), ethyl acetate:methanol (9:1 v/v) (fraction 2,
yield 6.9%) and ethyl acetate:methanol (8:2 v/v) (fraction 3, yield 5.3%) and
the purity of the fractions were veriﬁed by thin layer of chromatography. The
three fractions of the above solvent systems were collected and air dried by
allowing solvents to evaporate by leaving the fractions at room temperature
up to 7–8 h. All the fractions were screened for anti-hyperglycemic activity in
normal and diabetic rats.

2.5.1.3. Keller-kiliani test. The extract was dissolved in glacial acetic acid and after
cooling 2 drops of ferric chloride solution (5%, w/v in 90% alcohol) were added.
These contents were transferred to a test tube containing 2 ml of concentrated
H2SO4. A reddish brown colour ring was observed at the junction of 2 layers conﬁrming the presence of glycosides.
2.5.2. Test for ﬂavonoids
2.5.2.1. Shinoda test. The alcoholic solution with few fragments of magnesium ribbon and concentrated hydrochloric acid produced magenta colour after few minutes conﬁrming ﬂavonoids.
2.5.2.2. Lead acetate test. Few drops of lead acetate solution (10%) were added to the
alcoholic solution of the extract and yellow precipitate was observed.
2.5.3. Test for phenols
2.5.3.1. Ferric chloride test. Few drops of neutral ferric chloride solution (5%, w/v in
90% alcohol) were added to the extract. A blackish green color indicated the presence of phenolic nucleus.

2.2. Animals
Male albino Wistar rats aged 3–4 months with body weights approximately
180–200 g procured from SSR Enterprises, Tirupati, were kept at 25 ± 5 °C in a well
ventilated animal house under 12 h light and dark circle. The animals were fed with
controlled regular diet supplied by Venkateswara Enterprises, Bangalore. The care
and use of animals were in compliance with the international, national and institutional ethical committee policies.

2.3. Induction of diabetes
To the overnight fasted rats, 60 mg streptozotocin (STZ) per kg body weight,
dissolved in ice cold citrate buffer (0.1 M, pH 4.5) was administered intraperitoneally (Kamtchouing et al., 2006). After a fortnight rats with marked hyperglycemia
(blood glucose level > 250 mg/dl) were selected and used for the study. All the animals were allowed free access to tap water and pellet diet and maintained at room
temperature (25 ± 5 °C) in plastic cages.

2.4. Screening of the ethyl acetate fractions of ethanolic extract of PS bark for
hypoglycemic and anti-hyperglycemic activities
The rats were divided into 10 groups and each group consisted of 6 rats.
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9
Group 10

2.5.1.2. Legal’s test. To the extract 2% (w/v) pyridine sodium nitroprusside solution
was added and the solution was further alkylated by adding 20% sodium hydroxide.
Glycosides were conﬁrmed by pink or red colour.

Normal untreated rats.
Normal rats treated with 150 mg of fraction 1/kg b.w.
Normal rats treated with 150 mg of fraction 2/kg b.w.
Normal rats treated with 150 mg of fraction 3/kg b.w.
Diabetic untreated rats.
Diabetic rats treated with 150 mg of fraction 1/kg b.w.
Diabetic rats treated with 100 mg of fraction 2/kg b.w.
Diabetic rats treated with 150 mg of fraction 2/kg b.w.
Diabetic rats treated with 150 mg of fraction 3/kg b.w.
Diabetic rats treated with 20 mg of glibenclamide/kg b.w.

After an overnight fasting, fractions 1, 2 or 3 were fed to the normal and diabetic
animals in distilled water by gastric intubation, using oral gavage. Normal untreated and diabetic untreated rats were fed with distilled water alone. Blood samples were collected by clipping the tail vein for the measurement of blood glucose,
from 0th hour (before administration) to 7th hour after the treatment, for every one
hour interval. Blood glucose was measured by glucose oxidase method (Kesari et al.,
2006), and the results were compared with those of diabetic rats treated with glibenclamide. The fraction with maximum anti-hyperglycemic activity was selected
as the active fraction.

2.6. Thin layer chromatography
Thin layer chromatography was carried out on Merck silica gel TLC plates. Sample was loaded on the plate, separation of compounds in the sample was carried out
in the chamber after saturating the chamber with solvent system (ethyl acetate:methanol, (60:40) v/v). Streaking of polar compounds was minimized by the
addition of 1 drop of acetic acid to the solution. Separated compounds were visualized under visible and ultraviolet light and iodine vapors.
2.7. High pressure liquid chromatography (HPLC) of the active fraction
The active fraction (20 mg/ml), which showed maximum anti-hyperglycemic
activity, was loaded onto C-18 reverse phase HPLC to record the HPLC proﬁle of
the active fraction. Methanol (30% v/v) was used as mobile phase with the ﬂow rate
of 0.5 ml/min. The elution pattern was monitored by UV detector at 280 nm.
2.8. Effect of long term treatment with the active fraction in STZ induced diabetic rats
The rats were divided into 5 groups and each group consisted of 6 rats.
Group
Group
Group
Group
Group

1
2
3
4
5

Normal untreated rats.
Normal rats treated with 150 mg of the active fraction/kg b.w./day.
Diabetic untreated rats.
Diabetic rats treated with 150 mg of the active fraction/kg b.w./day.
Diabetic rats treated with 20 mg of glibenclamide/kg b.w./day.

The active fraction or glibenclamide were administered every day morning for
45 days by gastric intubation with an oral gavage. All the ﬁve groups of rats were
sacriﬁced on the 46th day after an overnight fast, by anesthetizing with anesthetic
ether and further by cervical dislocation and then blood was collected by cardiac
puncture. Different tissues including the liver were collected and immediately frozen until the use. Body weights of all the animals were recorded prior to the treatment and sacriﬁce.
2.9. Biochemical measurements
Fasting blood glucose was estimated by glucose oxidase method (Kesari et al.,
2006. Glycosylated haemoglobin (HbA1) and haemoglobin were estimated following the methods of Eross et al. (1984) and Drabkin and Austin (1932), respectively.

2.10. Statistical analysis
The experimental results were expressed as mean ± S.D. Statistical comparison
was done using one-way ANOVA followed by Duncan’s multiple range test (DMRT)
when more than two groups were involved. p Values <0.01 were considered
signiﬁcant.

3. Results
3.1. Effect of acute treatment with ethyl acetate fractions of ethanolic
extract of PS bark on fasting blood glucose levels

Numbers in parenthesis are the percentage of fall in the initial (0 h) blood glucose.
p < 0.001 compared with the initial levels of blood glucose (0 h) of normal rats.
**
p < 0.001 compared with the initial levels of blood glucose of rats (0 h) in the respective groups.
***
p < 0.01 compared with the initial levels of blood glucose of rats (0 h) in the respective groups.
****
p < 0.05 compared with the initial levels of blood glucose of rats (0 h) in the respective groups.

192.7 ± 16.9** (48.5)
312.1 ± 37.5 (14.5)
277.5 ± 30.4*** (24.5)
131.4 ± 22.4** (64.0)
302.5 ± 33.8**** (17.2)
262.8 ± 39.4*** (28.7)
70.6 ± 16.3** (81.2)
300.3 ± 31.2**** (17.8)
252.1 ± 33.1*** (31.3)
122.1 ± 22.9** (67.2)
294.7 ± 27.4**** (19.4)
282.9 ± 31.3*** (23.1)
273.4 ± 24.4*** (26.8)
368.1 ± 39.6
331.6 ± 33.2 (9.8)
373.2 ± 6.5*
365.8 ± 48.6*
364.6 ± 4.7*
Group 8
Group 9
Group 10
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Plasma insulin levels were measured by modiﬁed method of Herbert et al. (1965)
using insulin radio immuno assay kit obtained from BARC, Mumbai, India. The estimation of protein was carried out by the method of Lowry et al. (1951).
Activities of hepatic hexokinase (E.C.2.7.1.1), glucose-6-phosphatase
(E.C.3.1.3.9), fructose-1,6-bisphosphatase (E.C.3.1.3.11) and glucose-6-phosphate
dehydrogenase (E.C.1.1.1.49) were assayed according to the methods of Branstrup
et al. (1957), King (1965), Gancedo and Gancedo (1971) and Robert Langdon
(1966), respectively. Hepatic glycogen levels were measured by the method of
Kemp and Van Hejnigen (1954).
Serum total cholesterol, HDL cholesterol and triglycerides were estimated
according to the methods of Zlatkis et al. (1953), Burnstein et al. (1970) and Foster
and Dunn (1973), respectively. By using Friedewald formula (Friedewald et al.,
1972) the concentration of LDL cholesterol and VLDL cholesterol were calculated.

*

74.4 ± 7.9
71.2 ± 5.6
71.8 ± 7.1
71.6 ± 7.6
351.5 ± 38.3
371.2 ± 33.4
264.0 ± 34.0** (27.0)
74.6 ± 6.2
72.9 ± 9.9
70.2 ± 9.1
69.3 ± 7.3
349.1 ± 37.6
374.3 ± 34.1
204.0 ± 33.0** (43.6)
73.3 ± 5.6
72.4 ± 6.2
69.6 ± 8.3
72.7 ± 7.9
345.6 ± 44.1
379.7 ± 35.8
142.0 ± 18.0** (50.7)

149.1 ± 18.3** (60.0)
300.5 ± 37.4**** (17.8)
306.6 ± 32.7**** (16.6)

7h
6h
5h
4h

76.2 ± 7.2
73.8 ± 5.6
69.3 ± 7.8
70.6 ± 6.2
358.2 ± 49.1
369.4 ± 32.5
192.0 ± 28.0** (49.9)
74.4 ± 2.4
73.9 ± 4.6
71.1 ± 8.1
71.6 ± 5.4
372.3 ± 42.6
374.2 ± 36.2
240.0 ± 44.0** (33.7)

76.3 ± 5.1
75.1 ± 2.5
71.9 ± 9.4
74.6 ± 7.1
331.5 ± 36.7
379.4 ± 31.3
297.0 ± 22***
(17.9)
181.3 ± 24.8** (51.4)
360.1 ± 41.4 (1.4)
325.7 ± 32.2 (11.4)
76.9 ± 6.4
74.5 ± 6.7
73.2 ± 7.3
73.1 ± 9.4
335.9 ± 42.6
384.6 ± 34.3
330.0 ± 22.0 (11.5)
78.1 ± 4.2
76.3 ± 7.6
75.4 ± 8.3
70.8 ± 5.9
363.5 ± 43.1*
377.3 ± 9.5*
362 ± 54*

3h
2h
1h
0h

1
2
3
4
5
6
7
Group
Group
Group
Group
Group
Group
Group

Blood glucose levels mg/dl at different hours of the treatment
Groups

Table 1
Effect of ethyl acetate fractions of ethanolic extract of Pterocarpus santalinus bark on fasting blood glucose levels in normal, normal treated, diabetic and diabetic treated rats.
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Table 1 shows effect of fraction 1, fraction 2 and fraction 3 on
fasting blood glucose levels at different time intervals in normal,
normal treated, diabetic and diabetic treated rats. Among the three
ethyl acetate fractions of ethanolic extract of P. santalinus bark,
fraction 2 (ethyl acetate:methanol (9:1) fraction) has produced a
signiﬁcant anti-hyperglycemic activity with 50.7% and 81.2%
reduction
in
the
blood
glucose
(362 ± 54 mg/dl
vs.
142.0 ± 18.0 mg/dl and 373.2 ± 6.5 mg/dl vs. 70.2 ± 16.3 mg/dl) at
the dosages of 100 and 150 mg/kg b.w respectively at 5th hour
after the treatment in STZ diabetic rats (Table 1). The fraction 1
(100% ethyl acetate fraction) did not show any anti-hyperglycemic
activity either at the dose of 100 mg/kg b.w (data not shown) or at
the dose of 150 mg/kg b.w (Table 1) in diabetic treated groups.
However, fraction 3 (ethyl acetate:methanol (8:2) fraction) has
shown a reduction of 19.4% (Table 1) in the blood glucose of diabetic rats treated with the dose of 150 mg/kg b.w. The dose of
100 mg of fraction 3 kg b.w showed less (12.6%) anti-hyperglycemic activity (data not shown) than the 150 mg dose. None of these
three fractions has produced any hypoglycemic activity in normal
rats (Table 1). Treatment of the diabetic rats with glibenclamide
(20 mg/kg b.w) has resulted in 31.3% reduction in their blood glucose indicating the presence of residual pancreatic b-cells. Since
the fraction 2 (ethyl acetate:methanol (9:1) fraction) at a dose of
150 mg/kg b.w has produced maximum anti-hyperglycemic activity, hereafter it is named as the ‘‘active fraction”.

3.2. Phytochemical analysis of the active fraction
Phytochemical analysis of the active fraction showed the presence of ﬂavonoids, glycosides and phenols. However, tests for alkaloids, saponins, steroids, terpenes, tannins and carbohydrates
answered negative.

3.3. Thin layer chromatography of the active fraction
Thin layer chromatography of the active fraction resulted in
streaking of the compounds indicating the presence of more than
one compound. So, HPLC proﬁling of the active fraction was
performed.
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3.4. HPLC proﬁle of the active fraction
HPLC analysis of the active fraction showed 4 peaks (data not
shown). The retention times in minutes (% area) for peaks 1, 2, 3
and 4 were 4.647 (11.225%), 4.940 (20.743%), 7.000 (41.546%)
and 9.367 (26.486%), respectively.
3.5. Effects of long term treatment with the active fraction
Fasting blood glucose levels of untreated diabetic rats were
signiﬁcantly higher than those in normal rats. A signiﬁcant

decrease (64.3%) in blood glucose levels was observed in diabetic
treated group from an initial level of 262.33 ± 12.86 mg/dl to the
level of 93.66 ± 7.39 mg/dl after the treatment with the active
fraction for 45 days. No change in the blood glucose levels of
normal treated rats was observed (Fig. 1A). There was a signiﬁcant decrease in the plasma insulin levels in diabetic untreated
group compared to those in normal rats and the insulin levels
were further decreased in the untreated diabetic rats after
45 days. The treatment with the active fraction had signiﬁcantly
increased the insulin levels in the diabetic rats, which is similar
to that of glibenclamide treated rats (Fig. 1B). There was an

Fig. 1. Effect of the active fraction of ethanolic extract of PS bark on (A) blood glucose, (B) plasma insulin, (C) body weights and (D) glycosylated haemoglobin (HbA1) of
normal and experimental diabetic animals. Group 1 – normal untreated rats; Group 2 – normal rats treated with active fraction; Group 3 – diabetic untreated rats; Group 4 –
diabetic rats treated with active fraction; Group 5 – diabetic rats treated with glibenclamide. Values are given as mean ± S.D from six rats in each group. Values not sharing a
common superscript letter differ signiﬁcantly at p < 0.01 (DMRT). BT, before treatment; AT, after treatment; D body weight, changes in body weight.

Fig. 2. Effect of the active fraction of ethanolic extract of PS bark on (A) plasma protein (mg/dl) and (B) hepatic glycogen (mg glucose equivalents/g wet tissue) of normal and
experimental diabetic animals. Group 1 – normal untreated rats; Group 2 – normal rats treated with active fraction; Group 3 – diabetic untreated rats; Group 4 – diabetic rats
treated with active fraction; Group 5 – diabetic rats treated with glibenclamide. Values are given as mean ± S.D from six rats in each group. Values not sharing a common
superscript letter differ signiﬁcantly at p < 0.01 (DMRT).

V.K. Kondeti et al. / Food and Chemical Toxicology 48 (2010) 1281–1287

increase in the body weights of diabetic rats after the treatment
with the active fraction compared to the untreated diabetic rats
(Fig. 1C). The glycated haemoglobin levels in diabetic untreated
group were higher than in normals (13.06 ± 0.9% and
7.16 ± 1.8%, respectively) and on treatment with the active fraction there was a signiﬁcant decrease in their HbA1 levels
(Fig. 1D). Further plasma protein levels in the diabetic rats were
lower than the values of normal rats and upon treatment with
the active fraction or glibenclamide, there was a signiﬁcant increase (Fig. 2A). The liver glycogen levels of diabetic rats were
signiﬁcantly lower than those in normal rats (Fig. 2B) and they
were increased signiﬁcantly after the treatment.
Fig. 3 shows the effect of the active fraction on the activities of
hepatic hexokinase (HK), glucose-6-phosphate dehydrogenase (G6-PDH), glucose-6-phosphatase and fructose-1,6-bisphosphatase
of normal and diabetic rats. The activities of hexokinase and glucose-6-phosphate dehydrogenase were found to be decreased,
while the activities of gluconeogenic enzymes: glucose-6-phosphatase and fructose-1,6-bisphosphatase were signiﬁcantly increased in diabetic rats compared to those in normal rats.
Treatment with active fraction in diabetic rats reversed the above
changes signiﬁcantly.
Fig. 4 shows the effect of the active fraction on the levels of serum total cholesterol, lipoproteins and triglycerides in normal and
experimental diabetic rats. The levels of total cholesterol, LDL-cholesterol and VLDL-cholesterol were signiﬁcantly increased; where
as the level of HDL-cholesterol was signiﬁcantly decreased in diabetic rats compared to those in normals. Administration of the active fraction to diabetic rats for 45 days signiﬁcantly reduced the
levels of total-, LDL-, VLDL-cholesterols and increased the HDLcholesterol. The levels of triglycerides were signiﬁcantly higher in
diabetic rats compared to normals and treatment with the active
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Fig. 4. Effect of the active fraction of ethanolic extract of PS bark on serum total
cholesterol, HDL-cholesterol (HDL-C), LDL-cholesterol (LDL-C), VLDL-cholesterol
(VLDL-C) and triglycerides (TG) in normal and experimental diabetic animals.
Group 1 – normal untreated rats; Group 2 – normal rats treated with active
fraction; Group 3 – diabetic untreated rats; Group 4 – diabetic rats treated with
active fraction; Group 5 – diabetic rats treated with glibenclamide. Values are given
as mean ± S.D from six rats in each group. Values not sharing a common superscript
letter differ signiﬁcantly at p < 0.01 (DMRT).

fraction has resulted in a signiﬁcant decrease in the triglycerides
levels in the diabetic rats.
4. Discussion
In the short-term study, the active fraction (ethyl acetate:methanol (9:1) fraction) of ethanol extract of P. santalinus

Fig. 3. Effect of the active fraction of ethanolic extract of PS bark on the activities of carbohydrate metabolising enzymes (A) hexokinase (lmoles of glucose phosphorylated/h/
g protein); (B) glucose-6-phosphatase (lmoles of Pi liberated/h/mg protein); (C) fructose-1,6-bisphosphatase (lmoles of Pi liberated/h/mg protein) and (D) glucose-6phosphate dehydrogenase (U/mg protein) in the livers of normal and experimental diabetic animals. Group 1 – normal untreated rats; Group 2 – normal rats treated with
active fraction; Group 3 – diabetic untreated rats; Group 4 – diabetic rats treated with active fraction; Group 5 – diabetic rats treated with glibenclamide. Values are given as
mean ± S.D from six rats in each group. Values not sharing a common superscript letter differ signiﬁcantly at p < 0.01 (DMRT).
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bark has shown maximum anti-hyperglycemic activity, bringing
down the blood glucose levels to almost near normal in the
treated diabetic rats. The active fraction at a dose of 150 mg/
kg b.w produced a reduction of 81% in the blood glucose in diabetic rats after 5th hour of treatment. The efﬁcacy of the active
fraction in reducing the blood glucose levels is much higher
than that of the standard oral hypoglycemic agent glibenclamide
in the diabetic rats. The maximum anti-hyperglycemic effect
shown by the active fraction at 5th hour was followed by increase in blood glucose levels and this increase could be either
due to cessation of the action of the anti-diabetic active principle(s) or metabolic clearance of the active fraction in the animal
system.
In the present long-term study diabetic rats had lower body
weights, decreased plasma insulin levels and increased levels of
glycosylated haemoglobin as compared to normal rats. However,
orally administered active fraction signiﬁcantly increased the body
weights, plasma insulin and decreased glycosylated haemoglobin
levels in diabetic rats. This is due to improvement in insulin secretion from the remnant pancreatic b-cells in diabetic rats, consequently resulting in improvement in glycemic control. Presence
of low levels of insulin in diabetic animals before treatment in
our experiments shows the presence of remnant b-cells indicating
that STZ at 60 mg/kg b.w generated type2 diabetes by partial
destruction of b-cells. Further, treatment with glibenclamide, a
known insulin secretogogue, conﬁrmed the presence of remnant
b-cells in diabetic animals as glibenclamide treated group showed
increased insulin levels along with reduced blood glucose levels
after the treatment. However, the possibility of pancreatic b-cell
regeneration may also be a contributing factor, which is currently
under investigation.
The decrease in hepatic glycogen observed may be due to insufﬁcient insulin and inactivation of glycogen synthetase system in
diabetic state. However, after the treatment with the active fraction, there was a signiﬁcant increase in the liver glycogen levels
in the diabetic rats.
Hexokinase is insulin dependent key enzyme in the glycolytic
pathway and crucial for the glucose homeostasis. The reduced hepatic HK activity in diabetic rats may be due to insulin deﬁciency
(insulin stimulates and activates hexokinase). Administration of
the active fraction of PS bark to diabetic rats enhanced the hepatic
hexokinase activity (Fig. 3A). The increased hexokinase activity
causes the increase in glycolysis and glucose utilization for energy
production. In normal treated rats the active fraction failed to bring
any change in the activity of HK, since there was no change in the
insulin levels.
The increased activities of hepatic gluconeogenic enzymes, glucose-6-phosphatase and fructose-1,6-bisphosphatase (Fig. 3B and
C) could be due to the activation or increased synthesis of the enzymes contributing to increased hepatic glucose production during
diabetes. Activation of the gluconeogenic enzymes may also be due
to state of insulin deﬁciency given that under normal conditions,
insulin functions as a suppressor of gluconeogenic enzymes (Pushparaj et al., 2001). The level of plasma insulin was found to increase
signiﬁcantly in diabetic rats treated with the active fraction; the increased insulin levels could have caused the signiﬁcant reduction
in the activities of gluconeogenic enzymes. However, direct effect
of the active fraction of PS bark extract on some of these parameters cannot be overlooked and needs further investigations. The
reduction in the activities of gluconeogenic enzymes can result in
the decreased concentration of glucose in blood. The increased
activities of gluconeogenic enzymes were shown to be reduced
after treatment with other medicinal plants (Pushparaj et al.,
2007; Pari and Amarnath Satheesh, 2004; Maiti et al., 2004), in
experimental diabetic animals and our results are comparable with
these reports.

In the present study the G-6-PDH activity was signiﬁcantly decreased in diabetic rats. The decreased activity of G-6-PDH in the
diabetic rats was increased to near normal with the administration
of the active fraction of PS bark. The increased activity of G-6-PDH
indicates an improvement in glucose utilization by pentose phosphate pathway.
Diabetes mellitus is often linked with abnormal lipid metabolism (Shukla et al., 1995). The impairment of insulin secretion results in enhanced metabolism of lipids from the adipose tissue to
the plasma (Nikkila, 1984). It has been demonstrated that insulin
deﬁciency in diabetes mellitus leads to a variety of derangements
in metabolic and regulatory process, which in turn leads to accumulation of lipids such as total cholesterol and triglycerides in diabetic patients (Goldberg, 1981). It has also been shown that
administration of insulin signiﬁcantly normalized lipid levels in
diabetic rats (Pathak et al., 1981). The abnormal high concentration
of serum lipids in the diabetic subject is mainly due to increase in
the mobilization of free fatty acids from the peripheral fat depots
(Bopanna et al., 1997). The effect of the active fraction on controlled mobilization of serum cholesterol and triglycerides are presumably mediated by controlling the hydrolysis of certain
lipoproteins and their selective uptake and metabolism by different tissues. Signiﬁcant lowering of total cholesterol and rise in
HDL-cholesterol is a very desirable biochemical state for prevention of atherosclerosis and ischemic conditions (Luc and Fruchart,
1991).
The results of the present study clearly indicate that the active
fraction (ethyl acetate:methanol (9:1) fraction) of ethanolic extract
of bark of the ethno-botanical plant, P. santalinus possess the antihyperglycemic and anti hyperlipidemic active principle(s) which
act by improving insulin secretion and alterations in the carbohydrate and lipid metabolism.
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