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Abstract

The effect of N-benzoyl-D-phenylalanine (NBDP) and metformin combination treatment on circula-

tory lipids, lipoproteins and lipid peroxidation markers were studied in neonatal streptozotocin

(nSTZ) non-insulin dependent diabetic rats. Non-insulin dependent diabetes mellitus (NIDDM) was

induced by a single dose injection of streptozotocin (100mgkg�1, i.p.) to two-day-old rats. After

10–12 weeks, rats weighing above 150g were selected for screening for the NIDDM model. The rats

were checked for fasting blood glucose levels to confirm the status of NIDDM. NBDP (50,100 or

200mgkg�1) was administered orally for six weeks to the confirmed diabetic rats (to evaluate the

effective dose). The levels of serum lipids and lipid peroxidation markers were significantly

increased, whilst the activity of glucose-6-phosphate dehydrogenase was significantly decreased in

nSTZ diabetic rats. NBDP and metformin were able to restore the altered serum lipids, lipoproteins,

lipid peroxidation marker levels and glucose-6-phosphate dehydrogenase activity to almost control

levels. The results showed the antihyperlipidaemic properties of NBDP and metformin in addition to

its antidiabetic action. Combination treatment was more effective then either drug alone. The

results indicated that the coadministration of NBDP with metformin to nSTZ diabetic rats normalized

blood glucose and caused marked improvement in altered serum lipids, lipoproteins and lipid

peroxidation markers during diabetes. The data indicated that NBDP represented an effective

antihyperglycaemic and antihyperlipidaemic adjunct for the treatment of diabetes, and may be a

potential source of new orally active agents for future therapy.

Introduction

Diabetes mellitus is a major source of morbidity in developed countries and, among its
comorbid conditions, atherosclerosis is perhaps the most important. In spite of the
availability of insulin, up to three-quarters of all deaths among diabetics can be directly
attributed to coronary artery disease (Bierman 1992). A number of known factors for
coronary artery disease, such as hypertension, obesity, and dyslipidaemia are more
common in diabetics than in the general population. The number of patients with
diabetes mellitus worldwide is increasing and it is estimated that there will be more
than 220 million people with this disease by the year of 2010 (Zimmet 1999), and most
of the people will have type 2 diabetes. Cardiovascular disease constitutes the main
cause of morbidity and mortality in diabetes, especially in type 2 diabetes.

Oxidative stress is postulated to be increased in patients with diabetes mellitus.
There are many ways by which hyperglycaemia may increase the generation of oxygen
free radicals, such as glucose autoxidation (Diaz-Flores et al 2004), autoxidative gly-
cosylation (Gillery 2001), activation of protein kinase C (Yakubu et al 2001), and
increased polyol pathway metabolism (Bonnardel-Phu & Vicaut 2000). There is also
evidence that elevations in glucose concentrations may depress natural antioxidant
defenses such as glutathione (Yoshida et al 1995). The imbalance between the genera-
tion of oxygen free radicals and antioxidant defense system may increase the oxidative
stress and lead to the damage of macromolecules, such as DNA, proteins and lipids.

A number of oral hypoglycaemic or antihyperglycaemic agents have been developed for
the treatment of type 2 diabetes with differing mechanisms of action. The most recently



developedgroupofcompounds,whicharestructurallyrelated
to sulfonylurea and biguanides, is the non-sulfonylurea, of
which N-benzoyl-D-phenylalanine (NBDP) is the member
currently inuse(Lenzen&Peckmen2001).NBDPactsdirectly
on the pancreatic �-cell to stimulate insulin secretion that is
rapidandhasashortduration,anddependsupontheambient
glucose level. Generally D-phenylalanine derivative controls
hyperglycaemia, resulting in improved overall glycaemic
control in patients with type 2 diabetes.

The biguanide metformin (1,1-dimethyl biguanide) is
used as an orally active antihyperglycaemic drug in the
treatment of human type 2 diabetes mellitus (Bailey et al
1996). The antihyperglycaemic effect of metformin may
depend on reduced intestinal glucose absorption (Bailey
1995) and its main action seems to be due to improved
insulin sensitivity in peripheral insulin target tissues and
suppressed hepatic glucose output (Bailey et al 1996).
Metformin improves glycaemic control as monotherapy
in combination with other oral antidiabetic agents, such as
sulfonylureas and thiazolidinediones (Rendell et al 2003).

In this study, we have evaluated the efficacy and safety
of a combination of NBDP and metformin compared with
either drug monotherapy in neonatal streptozotocin
(nSTZ) diabetic rats. The study was designed to establish
whether the combination of NBDP and metformin, with
complementary pharmacological actions, would result in

normalized blood glucose and cause a marked improve-
ment in altered serum lipids, lipoproteins and lipid perox-
idation markers during diabetes.

Materials and Methods

Drugs and chemicals

All the biochemicals and chemicals used in this experiment
were purchased from Sigma Chemical Company Inc.
(St Louis, MO). The chemicals were of analytical grade.

Synthesis of N-benzoyl-D-phenylalanine

N-benzoyl-D-phenylalanine was prepared by mixing equi-
molar amounts of D-phenylalanine with benzoyl chloride
in the presence of sodium hydroxide solution and adopt-
ing the general procedure reported for benzoylation
(Vogel 1987). The product was recrystallized twice from
ethanol and the yield was noted as 60%. IR and 13C NMR
spectrum were recorded for the product N-benzoyl-
D-phenylalanine (Figures 1 and 2).

In the 13C NMR spectrum, two sets of signals were
observed for benzoyl carbons and ring carbons indicating
the presence of two isomers in solution. The assignment of
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Figure 1 IR spectrum of N-benzoyl-D-phenylalanine.
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the signals in N-benzoyl-D-phenylalanine was based on
comparison of the signals with those of D-phenylalanine.
It has been reported that the benzoylation caused the
resonance of the �-carbon to move upfield (Krishnapillay
et al 2000). Based on this, assignment of the signals was
made. Table 1 illustrates the assignments in N-benzoyl-D-
phenylalanine.

Animals

Healthy albino Wistar strain rats, kept for breeding in the
Central Animal House, Rajah Muthiah Medical College,
Annamalai University, were used in this study. The rats
were fed a pellet diet (Hindustan Lever Limited, Mumbai,

India) and water was freely available. The rats were main-
tained in accordance with the guidelines of the National
Institute of Nutrition, Indian Council of Medical Research,
Hyderabad, India, and the study approved by the ethical
committee (Vide. No: 99, 2002), Annamalai University.

Experimental induction of type 2 diabetes

(NIDDM) in rats

The model was developed according to the description of
Bonner Weir et al (1981). Wistar rats of either sex, aged
48� 2 h, were injected intraperitoneally with streptozoto-
cin in citrate buffer (pH 4.5) at a dose of 100mg kg�1.
After 10–12 weeks, only male rats weighing above 150 g
were selected for screening in the NIDDM model.

Experimental procedure

A total of 42 rats (36 diabetic surviving rats, 6 control rats)
were divided into seven groups of six rats each. Group 1
was the control vehicle-treated group. Group 2 were the
diabetic control rats. Group 3 were the diabetic rats given
NBDP 50mgkg�1/day in 1mL 0.5% methylcellulose sus-
pension (Klimes et al 1998) for six weeks. Group 4 were the
diabetic rats given NBDP 100mgkg�1/day in 1mL 0.5%
methylcellulose suspension for six weeks. Group 5 were
the diabetic rats given NBDP 200mgkg�1/day in 1mL
0.5% methylcellulose suspension for six weeks. Group 6
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Figure 2 13C NMR spectrum of N-benzoyl-D-phenylalanine.

Table 1 IR and 13C NMR spectral data of N-benzoyl-D-phenyl-

alanine

IR (KBr pellet) 13C NMR

�OH - 3530 cm�1 C1 – 173.25

�NH - 3340 cm�1 C2 – 53.59

�CO of COOH - 1687 cm�1 C3 – 37.24

�CO of COC6H5 - 1644 cm�1 C4 – 134.08; 132.43

Aromatic C-H in plane bending C5 – 131.34; 129.31

vibration - 707, 667 cm�1 C6 – 128.18; 128.04

C7 – 126.62; 126.93

Benzoyl carbon – 168.24; 166.86
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were the diabetic rats given metformin 500mgkg�1/day
(Soon & Tan 2000) in 1mL saline for six weeks. Group 7
were the diabetic rats given NBDP (100mgkg�1/day in
1mL 0.5% methylcellulose suspension) and metformin
(500mg kg�1/day in 1mL saline) for six weeks.

At the end of the experimental period, the rats were
deprived of food overnight and blood was collected in a
tube containing potassium oxalate and sodium fluoride
for the estimation of blood glucose and glycosylated hae-
moglobin, and another tube without anticoagulant for
serum separation. Plasma was separated for the assay of
insulin. Liver was dissected out, washed in ice-cold saline,
patted dry and weighed.

Analytical methods

Blood glucose level was estimated by the O-toluidine
method (Sasaki et al 1972). Plasma insulin was assayed
using an enzyme-linked immunosorbent assay (ELISA) kit
(Boeheringer–Mannheim, Germany). Glycosylated haemo-
globin was estimated according to the method of Sudhakar
Nayak & Pattabiraman (1981) with modifications accord-
ing to Bannon (1982). Glucose-6-phosphate dehydrogenase
(G6PD) was determined by the method of Ellis & Kirkman
(1961).

The total cholesterol was estimated by the method of
Zlatkis et al (1953). Serum HDL-cholesterol (HDL-C) and
LDL-cholesterol (LDL-C) were estimated by the method of
Burnstein et al (1970) and Friedward et al (1972). Serum
VLDL cholesterol (VLDL-C) was calculated according to
Friedward et al (1972). The triglycerides, free fatty acids and
phospholipids were estimated by the method of Foster &
Dunn (1973), Falholt et al (1973) and Zilversmit & Davis
(1950), respectively.

Lipid peroxidation markers in plasma were estimated
colorimetrically by thiobarbituric acid-reactive substances
(TBARS) and hydroperoxides by the method of Niehius
& Samuelsson (1968) and Jiang et al (1992), respectively.
Reduced glutathione (GSH) was determined by the
method of Ellman (1959).

Statistical analysis

All the data were expressed as mean� s.d. of a number of
experiments (n¼ 6). The statistical significancewas evaluated
by one-way analysis of variance using SPSS version 7.5
(SPSS, Cary, NC) and the individual comparisons were
obtained by Duncan’s multiple range test. Values were con-
sidered statistically significant when P<0.05 (Duncan 1957).
The power of the study was analysed by using NCCS and
PASS 2004 (Cruncher Statistical Systems, Kaysville, UT).

Results

The levels of blood glucose and insulin in control and experi-
mental animals are shown in Figures 3 and 4. The level of
blood glucosewas significantly increasedwhereas the plasma
insulinwas significantly decreased in nSTZdiabetic rats. The
administration of NBDP significantly decreased the blood

glucose levels and significantly increased the plasma insulin
activity. NBDP at a dose of 100mgkg�1 showed a highly
significant effect when compared with 50 and 200mgkg�1.
The effect of NBDP at 100mgkg�1 was used for further
biochemical analysis. Combined administration of NBDP
and metformin was more effective than either drug alone.
Based on blood glucose and plasma insulin values, the cal-
culated power of the study was 1.

The change in the level of glycosylated haemoglobin and
the activity of hepatic glucose-6-phosphate dehydrogenase
in the different groups are shown in Figures 5 and 6, respec-
tively. The level of glycosylated haemoglobin significantly
increased whereas the activity of glucose-6-phosphate
dehydrogenase was significantly decreased in nSTZ diabetic
rats. Administration of NBDP plus metformin to diabetic
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rats reversed the changes in the level of glycosylated hae-
moglobin and the activity of glucose-6-phosphate dehydro-
genase to almost control levels. The effect of NBDP and
metformin combination treatment was more prominent
when compared with either drug alone.

Table 2 shows the levels of serum lipoproteins and total
cholesterol. Table 3 shows the levels of the triglycerides,
free fatty acids and phospholipids in control and experi-
mental rats. The level of total cholesterol, LDL-C and
VLDL-C, triglycerides, free fatty acids and phospholipids
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Table 2 Effect of N-benzoyl-D-phenylalanine (NBDP) and metformin on serum total cholesterol and lipoproteins in control and

experimental rats

Groups Total cholesterol

(mg dL
�1
)

HDL cholesterol

(mg dL
�1
)

LDL cholesterol

(mg dL
�1
)

VLDL cholesterol

(mg dL
�1
)

Control 82.83� 5.14a 56.58� 3.78a 26.78� 1.61a 13.46� 0.72a

Diabetic control 161.66� 11.30b 31.94� 1.99b 79.26� 4.87b 27.78� 2.01b

NBDP (100mgkg�1) 119.33� 6.23c 44.43� 3.19c 53.35� 3.99c 20.53� 1.40c

Metformin (500mg/kg) 127.83� 6.74c 42.55� 2.54c 59.51� 4.30d 16.48� 1.12d

NBDP (100mgkg�1)þmetformin (500mgkg�1) 105.50� 6.23d 50.25� 3.90d 43.80� 2.96e

Duncan’s values are given as mean� s.d. from six rats in each group; analysis of variance followed by Duncan’s multiple range test. Values

not sharing a common superscript letter differ significantly at P<0.05 (Duncan’s multiple range test). Duncan’s procedure; range for the level

2.91, 3.06, 3.16, 3.22.

Table 3 Effect of N-benzoyl-D-phenylalanine (NBDP) and metformin on serum triglycerides, free fatty acids and phospholipids in control

and experimental rats

Groups Triglycerides (mg dL
�1
) Free fatty acids (mg dL

�1
) Phospholipids (mg dL

�1
)

Control 84.50� 5.51a 85.16� 5.78a 98.83� 6.96a

Diabetic control 153.66� 9.92b 148.83� 11.29b 169.50� 11.52b

NBDP (100mgkg�1) 121.33� 7.43c 114.00� 8.20c 131.83� 9.11cd

Metformin (500mgkg�1) 129.50� 8.99c 122.13� 9.82c 141.33� 8.82c

NBDP (100mgkg�1)þmetformin (500mgkg�1) 105.16� 6.09d 98.45� 6.44d 121.66� 8.80d

Duncan’s values are given as mean� s.d. from six rats in each group; analysis of variance followed by Duncan’s multiple range test. Values

not sharing a common superscript letter differ significantly at P<0.05 (Duncan’s multiple range test). Duncan’s procedure; range for the

level 2.91, 3.06, 3.16, 3.22.
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were significantly increased, whereas the level of HDL-C
was significantly decreased in nSTZ diabetic rats.
Administration of NBDP and metformin to nSTZ dia-
betic rats significantly decreased the levels of lipids and
increased the level of HDL-C to near normal level.

Lipid peroxidation markers and reduced glutathione
are represented in Table 4. TBARS and hydroperoxides
levels were significantly increased, whereas reduced glu-
tathione levels were significantly decreased in plasma of
nSTZ diabetic rats. Treatment with NBDP and metformin
significantly increased the reduced glutathione levels with
a significant decrease in the level of TBARS and hydro-
peroxides.

Discussion

The combined administration of NBDP and metformin to
decrease the elevated blood glucose level to normal gly-
caemic level was an essential trigger for the liver to revert
to its normal homeostasis during experimental diabetes.
NBDP belongs to the group of hypoglycaemic agents that
induce insulin secretion through the interaction with the
sulfonylurea receptor in the plasma membrane of the
pancreatic �-cell (Lenzen & Peckmen 2001). The possible
mechanism by which NBDP promoted insulin secretion
was by closure of Kþ-ATP channels, membrane depolar-
ization and stimulation of Ca2þ influx, an initial key step
in insulin secretion. Metformin reduces the plasma glucose
level during fasting by reducing rates of hepatic glucose pro-
duction (Bailey et al 1996), glycogenolysis (Cusi et al 1996)
and gluconeogenesis (Stumvoll et al 1995). Combination
treatment significantly decreased blood glucose level and
increased plasma insulin activity compared with either drug
alone.

One possible source of oxygen free radicals in diabetes
is autoxidation of glucose (Diaz-Flores et al 2004).
Glucose oxidation generates oxygen free radicals and
these may largely participate in the formation of glycated
proteins, which are themselves a source of oxygen free
radicals (Sakurai & Tsuchiya 1998). The glycation of
haemoglobin was found to be significantly increased in
diabetic animals and this increase was directly propor-
tional to fasting blood glucose (Latha & Pari 2003).

Administration of NBDP with metformin controlled the
glycation of haemoglobin by its normoglycaemic activity
and thus decreased the level of glycated haemoglobin in
nSTZ diabetic rats.

Decreased activity of G6PD might have also slowed
down the pentose phosphate pathway in the diabetic con-
dition (Abdel-Rahim et al 1992). During diabetes, the
hepatic lipogenesis is decreased and lipolysis is increased
(West 1982). A sequential metabolic correlation existed
between increased glycolysis, decreased gluconeogenesis,
increased lipid biosynthesis in liver and normoglycaemia
stimulated by NBDP along with metformin administra-
tion in nSTZ diabetic rats.

In this study, nSTZ diabetes mellitus characterized by
hyperglycaemia caused a significant rise in serum lipids.
This indicated that diabetes mellitus was accompanied by
an increased risk of atherosclerosis. Lowering of serum
lipid levels through dietary or drug therapy seems to be
associated with a decrease in the risk of vascular disease
(Pari & Latha 2002).

Diabetic dyslipidaemia is characterized by elevated
levels of LDL-C, triglycerides and decreased HDL-C.
Triglycerides and total cholesterol levels are proven predic-
tors of cardiovascular diseases in diabetes (Gandhi 2001).
Increased triglyceride and reducedHDL-C levels are the key
characteristics of dyslipidaemia in type 2 diabetes (Gandhi
2001). Hypertriglyceridaemia in type 2 diabetes can result
from an increased hepatic VLDL-C over-production and
impaired catabolism of triglyceride-rich particles. The func-
tion of lipoprotein lipase (Lpl), a key enzyme in removal
and degradation of triglycerides from the circulation, is
attenuated by both insulin deprivation and insulin resis-
tance. Dysfunction of Lpl contributes to hypertriglyceridae-
mia in the fasting and postprandial state. It has been
postulated that high plasma triglyceride influences LDL
size and density through a cycle of lipid exchange
(Taskinen et al 1996). The altered composition of lipopro-
teins in diabetes is facilitated by the action of cholesterol
ester transfer protein (Eisenberg 1985). Triglyceride-rich
particles have a prolonged residence time within the circula-
tion and are exposed to the action of this enzyme for a
longer period of time, the consequence of which is the
net transfer of triglyceride from VLDL-C to HDL-C and
LDL-C, with cholesterol moving in the opposite direction

Table 4 Effect of N-benzoyl-D-phenylalanine (NBDP) and metformin on plasma TBARS, hydroperoxides and reduced glutathione (GSH)

in control and experimental rats

Groups TBARS (nmolmL�1) Hydroperoxides (�10�5mMdL�1) GSH (mg dL�1)

Control 1.63� 0.11a 8.82� 0.54a 24.66� 1.15a

Diabetic control 3.24� 0.19b 15.58� 1.11b 15.01� 0.79b

NBDP (100mgkg�1) 2.16� 0.11c 11.82� 0.60c 18.33� 1.48c

Metformin (500mgkg�1) 2.23� 0.13c 12.65� 0.61c 20.07� 1.60d

NBDP (100mgkg�1)þmetformin (500mgkg�1) 1.91� 0.12d 10.53� 0.69d 21.57� 1.27d

Duncan’s values are given as mean� s.d. from six rats in each group; analysis of variance followed by Duncan’s multiple range test. Values

not sharing a common superscript letter differ significantly at P<0.05 (Duncan’s multiple range test). Duncan’s procedure; range for the level

2.91, 3.06, 3.16, 3.22.
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(McEneny et al 2000). The increase and fall in the individual
lipoprotein levels is the reflection of the total serum
cholesterol levels, that is, the level of HDL-C, LDL-C and
VLDL-C increases or decreases with levels of total serum
cholesterol, and it is their ratio that determines the patho-
physiology of lipoprotein metabolism.

Excess of free fatty acids in serum produced by the
nSTZ-induced diabetes promotes conversion of excess
free fatty acids into phospholipids and cholesterol in the
liver. These two substances along with excess triglycerides
formed at the same time in the liver may be discharged
into blood in the form of lipoproteins (Bopanna et al
1997). The abnormal high concentration of serum lipids
in the diabetic subject is due, mainly, to an increase in
the mobilization of free fatty acids from the peripheral
fat depots, since insulin inhibits the hormone sensitive lipase.
Hypercholesterolaemia and hypertriglyceridaemia have
been reported to occur in nSTZ diabetic rats (Chakrabarti
et al 2003) and the significant increase observed in our
experiment was in accordance with these studies. The
marked hyperlipidaemia that characterizes the diabetic
state may therefore be regarded as a consequence of the
uninhibited actions of lipolytic hormones on the fat depots
(Goodman & Gilman 1985). The antihyperlipidaemic effect
of NBDP andmetforminmay be due to the down regulation
of NADPH and NADH, a cofactor in fat metabolism. The
levels of serum lipids and lipoproteins were brought to near
normal levels by combined NBDP andmetformin treatment
compared with diabetic control rats.

Several studies have shown that increased lipid perox-
idation in clinical and experimental diabetes (Sundaram
et al 1996; Kakkar et al 1998) results in an increase in
TBARS, an indirect evidence of intensified free radical
production (Montilla et al 1998). Lipid peroxide-mediated
damage has been observed in the development of type 1
and type 2 diabetes mellitus (Prince et al 1998). Chronic
hyperglycaemia increases oxidative stress by the autoxida-
tion of monosaccharides, which leads to production of
superoxide and hydroxyl radicals. These radicals cause
tissue damage by reacting with polyunsaturated fatty
acids in membranes and increased lipid peroxidation
(Das et al 2000). Reduced glutathione functions as a free
radical scavenger and in the repair of radical-caused bio-
logical damage (Garg et al 1996). Chronic hyperglycae-
mia-induced toxicity decreased the level of GSH
(Robertson et al 2003). Decreased activity of G6PD in
diabetes results in reduced availability of NADPH and
hence a decreased level of GSH. The combined NBDP
and metformin treatment caused a significant decrease in
TBARS and hydroperoxide levels, and significant
increases in the level of GSH and the activity of G6PD
in nSTZ diabetic rats when compared with diabetic con-
trol rats.

In conclusion, NBDP possessed an antihyperlipidaemic
effect in addition to its antidiabetic activity, which might
have exerted a beneficial action on insulin in nSTZ diabetic
rats. The results indicated that hyperglycaemia coupled
with hyperlipidaemia increased the risk of cardiovascu-
lar disease. The antidiabetic effect of NBDP with metfor-
min could have possible therapeutic value. Due to the

antidiabetic and antihyperlipidaemic effects of NBDP,
further mechanistic studies are necessary to find the efficacy
of NBDP in diabetic patients that would help achieve good
glycaemic and metabolic control.
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