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Introduction: Garlic has been reported to stimulate nitric-oxide (NO) synthesis in various cells. The role of
aqueous-extract of garlic (AEG) and a purified NO-generating protein from garlic (NGPG) was investigated to
control hyperglycemia by hepatic insulin synthesis through NGPG induced synthesis of NO via glucose-activated
NO-synthase and glucose transporter-4 (Glut-4) in the hepatocytes.
Methods: Type-1-diabetic mellitus mice were prepared by alloxan treatment, NO was determined by methemoglobin method, insulin synthesis was quantitated by ELISA. TNF-α and NFκβ was quantitated by ELISA. The
AEG-induced Glut-4 synthesis was determined by in-vitro translation of mRNA from the hepatocytes. The NOgenerating protein from AEG was purified to homogeneity by chromatography on DEAE-cellulose and Sephadex
G-50 columns and sequenced/characterized by Mass-spectral-analysis.
Results: Purified NGPG injection to diabetic mice significantly reduced the blood-sugar and increase insulin level
in diabetic animal. It also increases insulin-release, Glut-4 synthesis, glucose-uptake in both liver and β-cells of
diabetic mice. NGPG down regulated pro-inflammatory cytokine TNF-α and the stress responsive NFκB-expression in liver cell of diabetic mice. Injection of AEG to the diabetic mice reduced the blood glucose level from
550 ± 10 mg/dL to 125 ± 10 mg/dL in 16 h with simultaneous increase of plasma NO from 0 nmol/h to
2.5 nmol/h and insulin 2 ± 1.1μunit/mL to 15μunit/mL at 16 h. Oral administration of AEG to adult diabetic
mice increased NO, insulin and Glut-4 synthesis in the hepatocytes.
Conclusion: AEG and the purified-NGPG protein can control hyperglycemia through the stimulation of NO by
glucose-activated NO-synthase that would play an important role in the synthesis of insulin/Glut-4 in liver-cells.

1. Introduction
Diabetes mellitus (DM), a global public health problem is now
emerging as an epidemic worldwide [1]. Present number of diabetes all
over the world is 150 million and this is likely to increase to 300 million
or more by the year 2025 [2]. Diabetes mellitus is a disease either due
to absolute insulin deficiency in the system (Type-I DM) or due to the
systemic resistance to the insulin effect (Type-II DM). In type-I DM
where extensive damage of pancreatic β-cells occurs, the hormone must
be injected in the system to control hyperglycemia. In contrast, in typeII DM where pancreatic β-cells may remain functional, various oral
hypoglycemic agents, which stimulate the secretion of insulin (insulin

secretagogues), may be used to control hyperglycemia. Insulin, an essential hormone for carbohydrate metabolism is believed to be produced only in the pancreatic β-cells when stimulated by glucose [3].
We, on the other hand, have recently reported that a glucose induced
synthesis and secretion of insulin also occurred in the hepatocytes of
adult mice [4]. However, it was also found that normal liver cells did
not produce insulin when stimulated by glucose alone, but for the
synthesis of insulin in the liver cells, the simultaneous presence of both
nitric oxide (NO) and sugar were needed [5]. We have reported before
that NO produced by the activation of IANOS (Insulin activated nitric
oxide synthase) a constitutive form of a membrane bound NO synthase
[6] could be the ‘second messenger’ for the insulin effect at least in the
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stimulation of carbohydrate metabolism [7] and in the antithrombotic
effects of the hormone [8]. NO which is also known to posses’ multifaceted biological action. For the synthesis of insulin in the liver cells
the sugar must be transported into the cell from the external milieu. It is
known that although insulin receptor is present on the hepatic cell
surface [9], the uptake of sugar by the hepatic cells has been reported to
be independent of insulin [10]. In this context, we have reported that
glucose induced NO synthesis in the liver cells is capable of inducing
Glut-4 synthesis and translocation in the hepatic cells and membrane
for the expression of genetic elements leading to the synthesis of insulin
[11].
Induction of diabetes (both type-I and type-II) either by destruction
of pancreatic β-cells or endothelial dysfunction leads to an increased
production of free radicals [12–14] which ultimately instigate severe
oxidative stress and increased inflammatory cytokines levels. Both
exogenous and endogenous stresses have important contribution in this
regard. We recently reported that a stress induced protein dermcidin
isodorm-2 (DCN-2) (M.W. 11 kDa) is involved in the pathogenesis of
diabetes [15]. High blood glucose, oxidative stress, inflammatory cytokines as well as insulin resistance are involved in the genesis of essential hypertension (EH) [16–19], which ultimately lead to cardiovascular diseases (CVD) [20,21], but the mechanism is poorly
understood. In our previous studies we found that systemic impairment
of insulin function due to inhibition of NO by DCN-2 can develop EH
which could be overcome by increasing NO production [22].
In modern medicine, medicinal plants provide valuable therapeutic
antidiabetic agents. Many herbal medicines have been recommended
for the treatment of diabetes [23,24]. Garlic (Allium Sativum) is one of
the most popular herbs used worldwide to reduce various risk factors
associated with diabetes. Garlic and its constituents have diverse biological activities including anticarcinogenic [25,26], antiatherosclerotic
[27,28], antithrombotic [29,30]. It has been reported that ingestion of
garlic juice results in better utilization of glucose in animal [31].
Mannose binding lectin from this source has been postulated to play
some crucial role against human diseases. Garlic has been found to be
effective in lowering blood glucose level in streptozotocin induced
diabetic mice [32]. Garlic was reported to contain arginine and enhances the synthesis of NO [33,34]. It was also reported that oral administration of garlic extract stimulates insulin and Glut-4 gene expression [35,36]. But the mechanism of how garlic controls
hyperglycemia remains obscure. Lectin from garlic has not been demonstrated earlier to act against disorder related to energy metabolism.
We report herein the administration of novel mannose binding
lectin protein purified from aqueous extract of garlic can induce NO
signaling via the induction of glucose activated NO synthase. This
further stimulates the induction of expressions of insulin and GLUT-4
thus minimizing the blood glucose level. We report herein the oral
administration or ingestion of aqueous extract of garlic (AEG) in alloxan induced diabetic mice capable of inducing plasma NO and liver
Glut-4 synthesis through the stimulation of hepatic insulin production
[4,11] and the molecular signaling pathway responsible for these effects. We also report the purification and characterization of the garlic
derived protein and its role in the control of hyperglycemia in animal
model through systemic increase of NO and insulin level.

the Internal Review Board for Animal Care, Sinha Institute of Medical
Science and Technology, Kolkata, consisting of a special committee for
animal care and their use that oversaw the welfare, care and nutritional
requirements for all the animals used in the study. The committee had a
permanent certified veterinarian whose duty was to ensure that the all
the animals were free from any diseases as stipulated by the Animal
Right Group. All animal related experiments were strictly performed in
the presence of a member of the Animal Right Group and under the
supervision of the veterinarian, and special care was taken to ensure
that no animals were unnecessarily harmed or were subjected to pain
during the study. After the termination of the study, the animals were
sacrificed by euthanasia in a carbon dioxide chamber.
White albino healthy mice (20–25 g m each), Swiss strain, irrespective of gender were used for the study. These animals were kept in
wire cages (24 in. long by 12 in. wide) under 12 h cycles of light and
dark at 23 °C and were fed standard laboratory chow and sterilized
water was given ad libitum.
2.2. Chemicals
The Goat anti-rabbit HRP conjugated secondary antibody, o-phenylenediamine dihydrogenchloride (OPD), alloxan mono hydrate, insulin specific primers were obtained from Sigma Aldrich (St. Louis MO).
Glut-4 primary antibody, insulin primary antibody (H-86) and TNF-α
primary antibody were obtained from Santa Cruz Biotechnology Inc,
(Santa Cruz, CA, USA). Polyvinylidene difluoride (PVDF) membranes
(ImmunoBlot PVDF) were purchased from Bio-Rad (Hercules, CA).
Monocomponent human insulin (Human Mixtured) was procured from
Torrent Pharmaceuticals Ltd. (Ahmadabad, India). ELISA Maxisorb
plates were from Nunc, Rosklide, Denmark. All other chemicals were of
analytical grade.
2.3. Preparation of aqueous extract of Garlic (AEG)
Fresh garlic (Allium Sativum) bulbs were peeled, washed and
chopped into small pieces. The garlic cell homogenate was prepared by
homogenizing 50 g of peeled garlic with 70 ml of cold, sterile water in
the presence of some crushed ice. The homogenized mixture was filtered 3 times through a fine cloth; the filtrate was centrifuged at 3000 g
at 0 °C for 5 min. The clear supernatant fractions containing the cytosol
were stored at −10 °C and used for further studies.
2.4. Preparation of alloxan induced diabetic mice
The alloxan induced diabetic mice were prepared as described [37].
The diabetes was induced in mice that had been overnight fasted by
intravenous injection of alloxan (65 mg/kg body weight), freshly dissolve in sterile saline (0.9% NaCl). The final concentration was 30 g/l.
The diabetes state was measured by determining non-fasting plasma
glucose concentration after 72 h of alloxan treatment. Those mice
whose blood glucose was > 300 mg/dL were selected for the study.
2.5. Preparation of mice liver cell homogenate

2. Materials and methods

Mice liver cell homogenate was prepared in Tyrod’s buffer (pH 7.4)
without glucose at 4 °C as described [38].

2.1. Ethical clearance

2.6. Preparation of Islets of Langerhans from the mice pancreas

The protocol was approved by the INSTITUTIONAL REVIEW
BOARD, HUMAN sample RESEARCH ETHICS COMMITTEE, SINHA
INSTITUTE OF MEDICAL SCIENCE AND TECHNOLOGY, Kolkata, India.
The study abides by the Declaration of Helsinki principles.
The protocol used in this study was approved by the Internal Review
Board, Sinha Institute of Medical Science and Technology, Kolkata. The
required approval was obtained for the use of animals in the study by

The islets of Langerhans were prepared and suspended in Tyrod’s
buffer (pH 7.4) as described [39] and were used within 1 h of the
preparation.
2.7. NO assay
The synthesis of NO in the reaction mixture was assessed by
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Chemiluminescence technique [40], which was further confirmed by
the conversion of oxyhemoglobin to methemoglobin by the spectral
changes of absorption maxima 575 and 630 nm under N2 in a scanning
Beckman Spectrophotometer, model DU as described before [41]. For
the inhibition study, 0.1 mM NAME (NG-methyl-L-arginine acetate
ester) was incubated with the identical reaction mixtures and the formation of NO was determined similarly.

[42]. An immunohistochemical assay was also performed to determine
the translocation of Glut-4 to the liver cell membrane peripheries by
fluorescent tagged horseradish peroxide-linked anti-rabbit secondary
antibody as described [44].
2.13. Purification of a novel NO generating protein from Garlic (NGPG)

Cells were homogenized in cell lysis buffer (50 mM Tris−HCL pH
7.4, 100 mM NaCl and 1% Triton X-100) with protease inhibitor. Equal
amount of proteins were separated by SDS-PAGE. The transfer of the
separated protein bands were next carried out electrophoretically to a
PVDF membrane and visualized with enhanced Chemiluminescence
(Thermo Scientific, Rockford, IL) using horseradish peroxide-linked
anti-rabbit secondary antibody.

Fresh and wholesome garlic bulbs (50 gm) were homogenized at
4 °C and were immediately centrifuged at 10,000 g. The supernatant
was collected (44 mL containing 600 mg protein) and an equal volume
of cold benzene (4 °C) was added in a separating funnel and thoroughly
mixed by shaking for 15 min. The mixture was allowed to settle for
30 min at 4 °C. After separation of the 3 steps repeated benzene extracted aqueous phase (15 mL) was collected and the aqueous phase
was then centrifuged at 20,000 g at 0 °C for 30 min. 7 mL of the clarified
aqueous extract, which contained the NO generating protein was collected and used for the further purification of the enzyme.

2.9. Bioassay of insulin using diabetic mice

2.14. DEAE cellulose chromatography

Swiss white albino mice irrespective of the gender were used to
develop diabetes by injecting alloxan (65 mg/kg body weight) in the
tail vein as described before. These animals were inbred in our animal
facility. Before use these mice were checked by a licensed veterinarian
to examine that they were free of disease. 15 mice used were divided
into three equal groups.

All chromatographic procedures described below were performed at
4 °C. The clarified aqueous extract containing NO generating protein
(7 mL containing 210 mg protein) was immediately applied to DEAE
cellulose column (2.5 cm × 38 cm) as described [45]. The fractions
showing highest NO activity were collected, pooled and concentrated to
4.5 mL using polyethylene glycol as described [46].

1 Diabetic control group injected with only 0.9% NaCl (n = 5).
2 Diabetic group injected with AEG (0.4 g/kg body weight) (n = 5).
3 Diabetic group injected with insulin (n = 5).

2.15. Assay of NO generating protein of elutes from the chromatographic
column

2.8. Immunoblot analysis

Typically, 0.25 mL of the eluate containing the protein was incubated in Tyrod’s buffer pH 7.4 containing 10 μM l-arginine and 2 mM
CaCl2, in a total volume of 2.5 mL for 60 min at 37 °C. The formation of
NO in the assay mixture was determined by methemoglobin method as
described above.

The blood glucose level in both groups of mice was measured by a
glucose analyzer by collecting blood from the tip of the tail vein. The
plasma NO and insulin level in both of these group were determined by
methemoglobin method as described in Materials and Methods [41]
and by ELISA [42] by using anti-insulin antibody respectively.

2.16. Gel filtration on Sephadex G-50

2.10. Oral administration of aqueous extract of garlic

The concentrated NGPG preparation from DEAE cellulose column
(4.5 mL containing 5.2 mg protein) was next gel-filtered on a Sephadex
G-50 column (1 cm × 21 cm) as described [45].

Garlic extract (1 mL) was administered orally through orogastric
tube at dose of 0.4 g/kg body weight for 1 week.
2.11. Determination the role of AEG on NO synthesis through the activation
of glucose activated nitric oxide synthase (GANOS) in liver cells of diabetic
mice

2.17. Homogeneity and subunit composition of the purified NGPG
The homogeneity of the preparation obtained after Sephadex gel
filtration was determined by alkaline SDS-polyacrylamide (10%) gel
electrophoresis under reducing and non-reducing conditions respectively as described [45].

Experiments were carried out to determine the role of AEG on the
synthesis of NO in liver cell homogenate of diabetic mice. The liver cell
homogenate of diabetic mice was prepared after 1-week of oral administration of AEG (0.4 gm/kg b.w.) and 0.9% NaCl (for control experiment) and suspended in Tyrod’s buffer (pH 7.4) as described in
Materials and Methods. The synthesis of NO was determined by methemoglobin method as described before [41]. In a parallel experiment,
the synthesis of GANOS in the same reaction mixture was determined
by in vitro translation of mRNA [43], and was quantitated by ELISA
[42]. An immunoblot analysis and reverse transcriptase PCR (RT-PCR)
was also performed to determine the expression of GANOS in the reaction mixture.

2.18. Protein sequencing analysis
Sequence analysis of protein was performed at the Harvard Mass
Spectrometry and proteomics Resource Laboratory, FAS Centre for
Systems Biology, Northwest Bldg Room B247, 52 Oxford St, Cambridge
MA by microcapillary reverse-phase HPLC nano-electrospray tandem
mass spectrometry (μLC/MS/MS) on a Thermo LTQ-Orbitrap mass
spectrometer.
2.19. Assay of NGPG induced NO synthesis in the liver and pancreatic βcells homogenate of diabetic mice and the determination of NO and glucose
in mice blood

2.12. Synthesis of Glut-4 in the AEG fed diabetic mice hepatocytes
To determine the role of AEG in the synthesis of Glut-4 to the liver
cells of diabetic mice, the mice liver cells homogenate was prepared
after 1-week of oral administration of AEG and the amounts of Glut-4 in
the hepatic cells of diabetic mice were quantitated by ELISA by using
Glut-4 antibody (1:200). The ELISA assay was performed as described

Typically, 0.1 mL of the liver and pancreatic β-cell homogenate in
Tyrod’s buffer (pH 7.4) were incubated with different concentrations of
purified NGPG in the presence of 2.0 mM CaCl2 and 1.0 μM l-arginine in
a total volume of 1 mL for 30 min at 37 °C. The synthesis of NO in the
1304
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reaction mixture was determined by methemoglobin method as described [41] and verified by Chemiluminescence method [40].
The plasma NO level in diabetic mice after administration of NGPG
was determined by similar method by withdrawing 0.2 mL of the blood
from the tail vein. The blood glucose was determined by using a glucometer (Behring).

2.26. RT PCR of cNOS (GANOS)
The mRNA of cNOS (GANOS) was isolated from the AEG fed mice
hepatocytes by Trizol method following supplier’s protocol. RT-PCR
was done by using the primer (5ʹ- AAGACCAGGCTGTCGTTGAG.3ʹ and
reverse primer 3′- GGGTTTTCCAGGCCTCTACC-5′). The cDNA was
synthesized from the mRNA using Revert Aid M-MulV reverse transcriptase (MBI Fermentas) as instructed by the manufacturer

2.20. Determination of NGPG induced synthesis of insulin

2.27. Determination of alloxan induced synthesis of TNF-α in liver cells and
expression of the nuclear factor NF-κB in liver cell homogenate

NGPG induced insulin synthesis in the plasma of diabetic mice was
determined by ELISA [42] by using anti-insulin antibody. 0.1 mL of
blood sample was drawn for this purpose from the tail vein of mice.

Alloxan induced synthesis of TNF-α in liver cell of diabetic mice was
quantitated by ELISA by using TNF-α antibody. Experiments were also
carried out to determine the expression of nuclear factor NF-κB in liver
cells of alloxan induced diabetic mice and the role of NGPG in the attenuation of NF-κB expression was also investigated.

2.21. Determination of NGPG induced insulin synthesis in the liver and
pancreatic β-cells homogenate of diabetic mice
In some of the experiments it was necessary to determine the
synthesis of insulin in the reaction mixture. The NGPG induced synthesis of insulin in both the liver and pancreatic β-cell homogenate of
diabetic mice was determined by in vitro translation of insulin mRNA
and quantitated by ELISA as describe above. Parallely, an immunoblot
analysis was also performed to determine the NGPG induced expression
of insulin in both liver and β-cell homogenate.

2.28. Statistics
Results are expressed as mean ± SD of at least three independent
experiments. The comparisons were performed using the Student’s t-test
or one way ANOVA. Values of p < 0.05 were defined as statistically
significant.

2.22. Determination of glucose uptake

3. Results

Both liver cell and pancreatic β-cell were incubated with insulin in
the presence of 75 μg/kg b.w. of NGPG, for 1 h followed by stimulation
with insulin (240 nM) for 30 min. The rates of glucose uptake by the
liver and pancreatic β-cells were determined by using nonmetabolizable
2-deoxy-D- [14]C glucose (0.4 nM/mL) [47].

3.1. Effect of administration of AEG on the blood glucose, NO and insulin
levels in alloxan treated diabetic mice
It was previously reported that garlic extract was a potent activator
of NO synthesis in various cells [33,34]. To determine the effect of AEG
on blood sugar, NO and insulin levels in alloxan treated mice, when the
AEG (0.4 gm/kg body weight) was injected in the circulation of the test
animal, it was found that the blood sugar level in the alloxan treated
diabetic mice that weighs 550 ± 10 mg/dL before the injection of AEG
decreased to 290 ± 8 mg/dL at 8 h and to 125 ± 10 mg/dL after 16 h
(Fig. 1A) that was quantitatively equal to 0.022 ± 0.002μUnit of insulin (monocomponent human insulin of r-DNA origin). It was also
found that, in control experiment, with 0.9% saline instead of AEG, the
blood glucose level decreases much less effectively (440 ± 25 mg/dL
to only 400 ± 20.5 mg/dL). When the plasma NO levels were determined in the same animal at a different time, it was found that initial
plasma NO level of 0 nmol/h in the alloxan treated mice increased to
1.8 nmol/h at 5 h and to 2.5 nmol/h after 16 h (Fig. 1B). But in control
experiment saline was unable to produce NO in the plasma.
In a separate experiment, using the same mice, when the plasma
insulin concentration was determined at different hours after the administration of AEG, it was found that plasma insulin concentration was
increased from 2 ± 1.1μUnit of insulin/mL (before the administration
of AEG) to10μUnit of insulin/mL at 5 h and to 15μUnit of insulin/mL
after 16 h (Fig. 1C). But in control experiment, the plasma insulin level
was similar (2 ± 1.8μUnit of insulin/mL) before and after the saline
administration. As the alloxan treated mice were incapable of synthesizing insulin in the system [48], and the AEG induced marked decrease
of the blood glucose level in the same mice implied an extra pancreatic
synthesis of insulin for the control of hyperglycemia.

2.23. Determination of NGPG induced Glut-4 synthesis in liver cells
homogenate of alloxan induced diabetic mice
In order to determine the NGPG induced synthesis of Glut-4 in liver
cells of diabetic mice, liver cell homogenate was prepared as described
[38] and incubated with different concentrations of purified NGPG. The
synthesis of Glut-4 was determined by ELISA [42] by using Glut-4 antibody.
2.24. Immunohistochemical localization of Glut-4 in the mice hepatocytes
The mice liver “chunks” were sliced into 6–8 nm sections in a
cryostat to demonstrate the presence of Glut-4 in the hepatocytes. These
sections were incubated with Glut-4 antibody (1:200 dilutions) and
identified by using fluorescent tagged anti-rabbit immunoglobulin Galkaline phosphatase as described [11]. Following the immunohistochemistry, sections were imaged by using a fluorescent microscope attached to a high resolution digital colour camera which
photographically recorded the non-weighted images of the sections.
2.25. Agarose gel electrophoresis of Glut-4 and insulin gene (cDNA)
prepared from the mRNA of liver hepatocytes of NGPG fed mice
The mRNA of Glut-4 was isolated from the aqueous extract of garlic
fed mice hepatocytes by Trizol method following supplier’s protocol.
RT-PCR was done using the primer (5ʹ-CTG GGC TGA TGT GTC TGA
CG-3ʹ) as forward and (5ʹ-CAC ACC AGC TCC TAT GGT GG-3ʹ) as reverse. Each cycle for PCR consisted of 30 s at 95 °C, 45 s at 58 °C, and
60 s at 72 °C and 35 cycles was carried out. The cDNA was synthesized
from the mRNA using Revert Aid M-MulV reverse transcriptase (MBI
Fermentas) as instructed by the manufacturer
The gene expression of both proinsulin genes I and II were determined by cDNA preparation as described [4].

3.2. Effect of oral ingestion of AEG on the production of NO in the liver cells
of diabetic mice
As the intravenous injection of AEG to the diabetic mice can control
hyperglycemia through the systemic stimulation of NO and insulin
synthesis (Fig. 1) and as the diabetic mice have impaired β-cell function, studies were conducted to determine the possibility of occurrence
of AEG induced NO production in the liver cells. The liver cell
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Fig. 1. Effect of administration of AEG on the
plasma insulin, NO and glucose levels in alloxan treated diabetic mice at different time
interval (A, B, C). The role of NGPG in the
expression of TNF-α and NF-kB in liver of alloxan induced diabetic mice (D, E, F).
Panel-A: Reduction of blood glucose level in
alloxan induced diabetic mice at different time
interval after the ingestion of AEG, insulin and
0.9% saline as indicated. Solid squares (■) =
blood glucose level of diabetic mice after
treated with AEG, solid triangles (▲) = blood
glucose level of diabetic mice after treated
with insulin and solid circles (●) = blood
glucose level of diabetic mice after treated
with 0.9% saline at different time.
Panel-B: Increase of plasma NO level in the
same diabetic mice at different time interval
after the ingestion of AEG, insulin and 0.9%
saline. Solid squares (■) = plasma NO level of
diabetic mice after the treatment of AEG, solid
triangles (▲) = NO level in diabetic mice after
the treatment of insulin and solid circles (●) =
saline induced NO synthesis in diabetic mice.
Panel-C: Increase of plasma insulin level in the
same diabetic mice at different time after the
ingestion of AEG and saline. Solid squares (■) = plasma insulin level in diabetic mice after treated with AEG and solid circles (●) = plasma insulin level in diabetic
mice after the treatment of 0.9% saline. The results are mean ± S. D. of at least 10 different experiments using 10 different diabetic mice, (** represents p < 0.001).
Panel D: ‘1’ represents the synthesis of TNF-α in the liver cell homogenate of normal mice. ‘2’ represents the synthesis of TNF-α in the liver cell homogenate of alloxan
induced diabetic mice without NGPG administration and ‘3’ represents the synthesis of TNF-α in the liver cell homogenate of alloxan induced diabetic mice
administered with 75 μg/kg b.w. of NGPG.
Panel-E: ‘1’ represents the synthesis of NF-kBin the liver cell homogenate of normal mice. ‘2’ represents the synthesis of NF-kBin the liver cell homogenate of alloxan
induced diabetic mice without NGPG administration and ‘3’ represents the synthesis of NF-kBin the liver cell homogenate of alloxan induced diabetic mice administered with 75 μg/kg b.w. of NGPG.
Panel F: Immunoblot analysis of the expression of NF-kB. ‘1’ represents the expression of NF-kBin the liver cell homogenate of normal mice. ‘2’ represents the
expression of immunopositive NF-kBband in the liver cell homogenate of diabetic mice and ‘3’ represents the reduced expression of NF-kBin the diabetic mice treated
with 75 μg/kg b.w. of NGPG. Each point mean ± S.D. of at least 6 different experiments by using 6 different normal and alloxan induced diabetic mice.
Fig. 2. Stimulation of NO synthesis by oral
administration of AEG through the activation
of GANOS in mice liver cells and its inhibition
by NAME.
After administration of AEG and 0.9% saline
for 1 week, the liver cell suspension in Tyrod’s
buffer, pH 7.4 was prepared from the liver of
adult diabetic mice as described in the
Materials and Methods. The synthesis of NO
was determined by methemoglobin method as
described in the Materials and Methods.
Panel-A: A = synthesis of NO in the liver cells
homogenate of diabetic mice fed with 0.9%
saline, B = synthesis of NO in the liver cell
homogenate of diabetic mice fed with AEG
(0.4 gm/kg body weight) and C = synthesis of
NO in the liver cell of diabetic mice first fed
with AEG and then incubate the liver cell with
0.1 mM NAME.
Panel-B: ‘1’= Synthesis of GANOS in saline fed liver cells, ‘2’= Synthesis of GANOS in presence of 0.02 M glucose, ‘3’= GANOS synthesis in AEG fed diabetic mice
liver cells, ‘4’= Synthesis of GANOS in presence of AEG and 0.1 mM NAME.
Panel-C: Immunoblot analysis of GANOS in the liver cell homogenate of diabetic mice. ‘1’ represents the expression of GANOS immunopositive band in saline fed
liver cells. ‘2’ represents the GANOS expression in presence of both AEG and 0.1 mM NAME and ‘3’ represents the GANOS expression in AEG fed liver cells.
Panel-D: Panel-D: RT-PCR of GANOS in the liver cell homogenate of diabetic mice. ‘1’ represents the expression of GANOS in saline fed liver cells. ‘2’ represents the
GANOS expression in presence of both AEG and 0.1 mM NAME and ‘3’ represents the GANOS gene expression in AEG fed liver cells. The results are mean ± S.D. of 5
different experiments using 5 different animals each in triplicate, (* represent p < 0.05 and *** represent p < 0.001).

homogenate was prepared from the adult diabetic mice after 1 week of
oral administration of AEG. The synthesis of NO was determined by
Chemiluminescence method [40] and further confirmed by methemoglobin methods [41]. It was found that oral administration of AEG
for 1 week resulted in increased synthesis of NO in the liver cell
homogenate through the activation of cNOS (GANOS) (Fig. 2B column-

3, 2C lane-3). In control experiment, the synthesis of NO in the liver
cells was much less as compared to that of AEG treated mice (Fig. 2A,
column-A). Addition of 0.1 mM NAME was found to completely inhibit
the NO synthesis in AEG fed liver cell homogenate. Similar result to the
GANOS protein expression it mRNA expression suggests that AEG has
role in GANOS gene expression, but this expression was blocked by the
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completely inhibited the AEG induced glucose uptake in liver cells
(Fig. 3C). It was also found that AEG stimulates the release of insulin
from both the pancreatic β-cells and liver cells (Figure not shown).
3.4. Purification, properties, homogeneity and subunit composition of a
novel NO generating protein from AEG
Since AEG was capable of stimulating NO synthesis both in vitro and
in vivo as described above (Fig. 1B,2), indicates that AEG must contain
a factor which when ingested resulted in the increase of plasma NO
level. Experiments were carried out to purify the factor in the AEG that
stimulate NO synthesis. When AEG in 10 mM Tris−HCl buffer pH 7.4
was treated with equal volume of cold benzene (4 °C) as described in
the Methods, it was found that the supernatant fraction contain NO
activity. The supernatant fraction was chromatographed on DEAE cellulose column as described in Methods. It was found that the active
fractions (fraction no 91-94) emerged from the column as a major peak
containing 0.2 M NaCl (final) in the buffer (Fig. 4A). Only the fractions
from the major peak were pooled, concentrated and used for further
studies. The concentrated protein from the fractions (91–94) was applied to a Sephadex G-50 column for further purification as described in
Methods. The active fractions were found to be eluted at no [36–38]
(Fig. 4B). As described in Table 1, the combination of the above steps
used in the purification of NO generating protein from garlic (NGPG)
provided over 38,000 fold purification of the protein over the starting
material, which represents 0.0133% of the total garlic protein.
SDS-PAGE [50] of the non-reduced protein under alkaline condition
demonstrated that the apparent M.W. was 4000 Da (Fig. 4C, lane-1).
When the purified NGPG was reduced by 2% β-mercaptoethanol and
subjected to SDS-PAGE, the elctrophoretic mobility of the reduced
protein remained unchanged when compared to the non-reduced protein under otherwise identical conditions (Fig. 4C,lane-2).

Fig. 3. AEG induced synthesis of Glut-4 in the liver cells of diabetic mice which
facilitates the uptake of glucose.
Hepatic tissues from both the AEG as well as 0.9% saline administered diabetic
mice were isolated and homogenate in Tyrod’s buffer, pH 7.4 as described in
Materials and Methods.
Panel-A: Hollow bar (□) = the Glut-4 synthesis in the liver cells of 0.9% saline
administered mice and solid bar (■) = the Glut-4 synthesis in the liver cells of
AEG administered mice. (* represent p < 0.05).
Panel-B: Expression of Glut-4 immunopositive band in the liver cells of diabetic
mice. ‘1’ represents expression of Glut-4 in saline fed liver cells, ‘2’ represents
the expression of Glut-4 in AEG fed liver cells
Panel-C: The uptake of 2-deoxy-D 14C glucose by insulin was measured in liver
cell of diabetic mice pretreated with AEG at different time. Solid bars (■) =
uptake of glucose by liver cells treated with AEG, hollow bars (□) = uptake of
glucose by liver cells treated with both AEG and 0.1 mM NAME.

l-NAME treatment. It suggest that the role of NO in GANOS gene/protein expression.

3.5. Protein sequencing analysis
The amino acid sequence data received from the Harvard Mass
Spectrometry and proteomics Resource Laboratory was analyzed by the
BLASTp software from NCBI and the multiple alignment programming.
This suggests that the protein NGPG is > 90% aligned to the plant
derived lectin present in Allium sativum (Fig. 4D).

3.3. Effect of AEG on the synthesis of Glut-4 and the uptake of glucose in
liver cells of diabetic mice
The results described in Fig. 2 demonstrated that AEG can stimulate
NO synthesis in the liver cell homogenate of diabetic mice and stimulation of NO synthesis resulted in the synthesis and translocation of
Glut-4 to the liver cell membrane peripheries [11]. It has also been
reported that oral administration of AEG can up regulate the Glut-4
expression. Experiments carried out to determine the AEG induced NO
synthesis in liver cells were actually involved in the synthesis of Glut-4
in the hepatocyte membrane to facilitate sugar transport into the liver
cells from external milieu. It was found that the oral administration of
AEG to the diabetic mice for 1 week resulted in the increased synthesis
of Glut-4 (0.09 ± 0.005 O.D) in the liver cells as quantitated by ELISA
using Glut-4 antibody (Fig. 3A). In addition, an immunoblot analysis
showed that AEG stimulates the expression of Glut-4 immunopositive
band (Fig. 3B, lane-2) over the control (Fig. 3B, lane-1).
It was also found that the AEG induced NO production was not only
involved in the synthesis of Glut-4 to the hepatocytes membrane, but it
also resulted in the translocation of Glut-4 to the liver cell membrane
peripheries. It has been reported that insulin-stimulated glucose uptake
was facilitated through NO, a second messenger molecule of insulin
[49], and as AEG stimulates NO synthesis in liver cells of diabetic mice
(Fig. 2), experiments were conducted to determine the role of AEG on
glucose uptake. It was found that treatment of diabetic mice liver cells
with AEG (0.4 gm/kg body weight) not only resulted in the increased
synthesis of NO by the cells, but was also found that increased synthesis
of NO resulted in the increased uptake of glucose by the cells, and at
100 min the uptake of glucose by the hepatocytes was maximally
achieved. Inhibition of NO synthesis by 0.1 mM NAME (Fig. 2)

3.6. Dose response of oral ingestion of NGPG in the alloxan induced
diabetic mice
To determine the minimal amount of NGPG capable of controlling
hyperglycemia in alloxan treated diabetic mice, we ingest different
amounts of purified protein into test animal. It was found that, oral
ingestion of 25 μg NGPG/kg body weight reduced the blood sugar level
in alloxan treated diabetic mice from 455 ± 25 mg/dL (before NGPG
was ingested) to 202 ± 70 mg/dL after 16 h. Ingestion of 50 μg NGPG/
kg body weight was capable of reducing the blood sugar level from
590 ± 25 mg/dL to 196 ± 28 mg/dL at 16 h. It was also found that
when we ingest 75 μg NGPG/kg body weight orally to the diabetic
animal the blood sugar level decreased from 500 ± 54 mg/dL (before
NGPG was ingested) to 200 ± 15 mg/dL at 5 h and to 100 ± 2 mg/dL
after 16 h (Table 2). But in case of control experiment, where diabetic
mice were treated with 0.9% saline instead of NGPG the reduction of
blood sugar level was less effective as confirmed by the Table 2. So
NGPG at 75 μg/kg body weight is working, less amount than 75 μg/kg
body weight is not controlling hyperglycemia. The results are mean
± S.D. of 10 different experiments using 10 different diabetic mice
each in triplicate.
3.7. Physical characteristics of purified NGPG at different condition
In order to determine the physical characteristics of the purified
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Fig. 4. DEAE-cellulose chromatography followed by gel filtration on Sephadex G-50 of NGPG and SDS-polyacrylamide gel electrophoresis of the reduced and nonreduced purified NGPG.
Panel-A: Fresh aqueous garlic extract treated with equal volume of cold benzene as described in the Materials and Methods. After centrifugation, 7.0 mL of the
supernatant containing solubilized protein (210 mg) was applied to DEAE cellulose column (2.5 cm X 38 cm) as described in the Materials and Methods. Nitric oxide
generating protein was found to emerge from the column in a single peak. The active fractions from the single peak were collected. Protein (●), NO activity (□).
Panel-B: The concentrated fractions (4.5 mL, 5.2 mg protein) from the major peak from the DEAE-cellulose column (Fig. 3A) were applied to a Sephadex G-50 column
(1 cm X 21 cm) as described in the Materials and Methods. Each fraction was 1.5 mL. Protein (●), NO activity (□).
Panel-C: SDS-PAGE of (1) unreduced and (2) reduced, of the purified NGPG under alkaline condition. This result shown here are typical representations of 4 different
experiments. Newly purified protein NGPG from the garlic is presented.

NGPG, we ingest purified NGPG (75 μg/kg body weight) at different
experimental condition to the alloxan induced diabetic mice i.e at
freeze temperature, room temperature and after heat treatment. It was
found that in both cases NGPG can control hyperglycemia in alloxan
induced diabetic mice.

garlic-derived factor on the blood sugar, NO and insulin levels in alloxan treated mice if any. When the purified NGPG (75 μg/kg body
weight) was injected in the circulation of the test animal, it was found
that the blood NO level began to increase after 40 min of the administration of the protein and was maximally increased at 60 min
(Fig. 5A). Subsequently, the increased blood NO level was again found
to decrease. When the blood sugar levels were determined at different
times in the same animal, it was found that initial blood sugar level
of > 450 mg/dL in the alloxan treated mice decrease to 120 mg/dL at
90 min (Fig. 5A). However, it was observed that decrease of the blood
sugar level was somewhat lagging behind the increase of the blood NO

3.8. Effect of administration of purified NGPG (75 μg/kg body weight) on
the blood glucose, NO and insulin levels in alloxan induced diabetic mice
As AEG was a potent stimulator of NO synthesis in the diabetic mice
(Fig. 1B), studies were conducted to determine the effect of NGPG, a

Table 1
Summary of purification steps of Nitric Oxide generating protein from garlic (NGPG).
Step

Total protein (mg)

Specific activity (nmol NO/mg protein/h)

Fold purification

Total protein yield (%)

Aqueous extract
Benzene cut (3 times)
DEAE-cellulose
Sephadex G-50

600
210
5.2
0.080

0.063
0.186
18.846
2422

2.952
299.10
38444

35
1.666
0.0133

The above steps were performed to purify the NGPG from the aqueous extract of garlic. First aqueous extract of garlic was treated with equal amount of benzene.
After centrifugation, the supernatant (7 mL) containing the solubilized protein was applied to DEAE-cellulose column chromatography. NO generating protein was
found to emerge from the column in a single peak. The specific activity was increased to 18.846 after DEAE cellulose chromatography. Then the concentrated fraction
from the major peak from DEAE cellulose column was applied to Sephadex G-50 column and the fraction was eluted with the same buffer which was used in DEAEcellulose column. The combinations of the steps below used in the purification of NO generating protein from garlic provided over 38,000 fold purification of the
protein over the starting material.
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Table 2
Dose response of NGPG induced reduction of blood glucose level in the alloxan treated diabetic mice.
Dose
μg/kg b.w. of
mice

Before alloxan
Treatment (mg/dL)

After alloxan
Treatment (mg/
dL)

After 1 h of NGPG
ingestion (mg/dL)

After 3 h of NGPG
ingestion (mg/dL)

After 5 h of NGPG
ingestion (mg/dL)

After 16 h of NGPG ingestion
(mg/dL)

25
50
75
Control

108
112
117
100

455
590
500
526

430
584
306
580

525
572
258
600

484
345
200
590

202
196
100
585

±
±
±
±

8.07
5.65
5.65
4.24

±
±
±
±

25
25
54
9

±
±
±
±

21
21
77
27

±
±
±
±

51
39
70
25

±
±
±
±

91
59
15
7

±
±
±
±

70
28
2
6.57

Typically, alloxan induced diabetic mice were prepared as described in the Materials and Methods section. Nitric oxide generating protein from garlic (NGPG) was
prepared and purified also as described in Materials and Methods. The purified NGPG of different concentrations was fed to the diabetic mice and the blood glucose
level was measured at different time intervals as described. The results are mean ± S.D. of 10 different experiments using 10 different diabetic mice each in
triplicate.

level in vivo in these animals. When the plasma insulin level in the
same NGPG treated mice was determined, it was found that the plasma
hormone level was 0μU/mL before the NGPG treatment increased to18
μU/mL at 60 min (Fig. 5B).

100 min and in pancreatic β-cells at 130 min of diabetic mice (Fig. 7A,
B). In a parallel experiment, the rate of release of insulin from the hepatocytes in the incubation mixture was determined by ELISA [42]. It
was found that the rate of insulin release in hepatocyte was maximum
at 20 min, whereas in β-cells, the rate of insulin release was maximum
at 40 min of incubation with the NGPG at 37 °C (Fig. 7C). It was also
found that hepatocytes provide a more sustainable release of insulin
compared to that in the pancreatic β-cells. As evident from Fig. 7D,
purified NGPG induced stimulation of glucose uptake was mediated
through the NGPG induced stimulation of Glut-4 synthesis in liver cells
(Fig. 8).

3.9. Effect of purified NGPG on the synthesis of NO and insulin in both the
liver and pancreatic β-cell homogenate
The results described under Fig. 5 demonstrated that the synthesis
of insulin could be related to the purified NGPG induced NO synthesis.
These results did not specify the source of NGPG induced synthesis of
either NO and insulin. When the liver cell homogenate was prepared as
described in the Methods and treated with different concentrations of
purified NGPG, it was found that at 75 μg/kg body weight of protein
concentration, the synthesis of NO was maximally achieved (Fig. 6A).
When the synthesis of insulin was determined in the same reaction
mixture by in vitro translation of insulin mRNA, the NGPG treated liver
cell homogenate synthesized insulin 10 μU/mL (Fig. 6A). Addition of
0.1 mM NAME completely inhibited both NGPG induced NO and insulin
syntheses at all concentrations of NGPG. It was also found that when
the pancreatic β-cells from the alloxan induced diabetic mice were
treated with purified NGPG, it showed synthesis of both NO and insulin
(4μU/mL) but comparatively less than that of liver cells (Fig. 6B). In a
parallel experiment, an immunoblot analysis revealed the expression of
the protein in both NGPG treated liver and pancreatic β-cells by using
insulin antibody (Fig. 6C). It could be demonstrated that purified
NGPG, a garlic-derived factor may regain the β-cell function in alloxan
induced diabetic mice to control hyperglycemia.

3.11. The role of NGPG in the expression of TNF-α and NF-kB in liver of
alloxan induced diabetic mice
It has been reported that diabetic mice showed high level of TNF-α
in the circulation [51] and kidney cells [52]. We have found a significant increase of TNF-α level in the liver cells of alloxan induced
diabetic mice (Fig. 1D) in comparison to normal mice. It was also found
that diabetic mice treated with NGPG decreased the TNF-α level. Now
alloxan induced up regulation of TNF-α level significantly increased the
nuclear factor NF-kB activity in diabetic liver which was decreased
significantly in AEG treated diabetic mice (Fig. 1E). Immunoblot analysis also showed decreased level of NF-kB in NGPG treated diabetic
liver (Fig. 1F, lane-3).
3.12. Role of NGPG in Glut-4 protein localization in mice hepatocyte
membrane

3.10. The role of purified NGPG on glucose uptake, insulin release and Glut4 synthesis

Present results suggest that that AEG and NGPG can stimulate NO
synthesis in the liver cells homogenate of adult mice. It has previously
been reported that the stimulation of NO synthesis in liver cells results
in the translocation of Glut-4 to the liver cell membrane peripheries in
mice [11]. Experiments were carried out to determine the NGPG induced NO synthesis in liver cells was actually involved in the translocation of Glut-4 in the hepatocyte membrane to facilitate sugar transport into the liver cells from external milieu.

As AEG activated the insulin-stimulated glucose uptake in the liver
cells of diabetic mice through the production of NO (Fig. 3C) and as
purified NGPG, a garlic-derived factor stimulates the synthesis of NO in
liver cells in vitro (Fig. 6A). It was found that addition of 75 μg/kg body
weight of NGPG maximally increased the glucose uptake in liver cells at

Fig. 5. Time course of NGPG induced increase of plasma NO and
insulin level and the reduction of blood glucose level in alloxan
induced diabetic mice.
Panel-A: Each point mean ± S.D. of each experiment in triplicate
by using 6 different animals injected with 75 μg/kg b.w. of NGPG.
Hollow squares (□) represent blood glucose and solid circles (●)
show nitric oxide level.
Panel-B: Alloxan treated diabetic mice were injected with 75 μg/
kg b.w. of NGPG and the plasma insulin level was determined by
ELISA as described in Materials and Methods. Each point
mean ± S.D. of at least 10 different experiments by using 10
different alloxan induced diabetic mice.
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Fig. 6. Effect of treatment of liver and β-cell homogenate from diabetic mice with different concentrations of purified NGPG on the synthesis of NO and insulin.
The liver and β-cell homogenate were prepared form the liver and pancreatic β-cell of adult diabetic mice as described in the Materials and Methods. Both the
homogenate was treated with different amounts of purified NGPG as indicated. After incubation at 37 °C for 30 min both NO and insulin synthesis were determined.
Panel-A: NGPG induced NO and insulin synthesis in the liver homogenate of diabetic mice. Hollow squares (□) represent NO synthesis and solid circles (●) show
insulin synthesis. Hollow triangles (Δ) show insulin synthesis in liver cell homogenate in presence of both NGPG and 0.1 mM NAME.
Panel-B: NGPG induced NO and insulin synthesis in the pancreatic β-cell homogenate of diabetic mice. Hollow squares (□) show NO synthesis, solid circles (●) show
insulin synthesis and hollow triangles (Δ) insulin synthesis in β-cells in presence of both NGPG and 0.1 mM NAME.
Panel-C: Immunoblot expression of insulin in both liver and β-cell homogenate of diabetic mice treated with NGPG.

hepatic cells [11].
It supports our present findings (Fig. 2), we report herein that oral
administration of NGPG to the diabetic mice stimulates NO synthesis in
liver cell homogenate through the activation of GANOS (Fig. 2B), expression of GANOS immunopositive bands (Fig. 2C, lane-3) and the
GANOS mRNA (Fig. 2D). AEG induced stimulation of NO synthesis in
liver cells of diabetic mice was also involved in the enhanced synthesis
(Fig. 3A) and translocation (Figure) of Glut-4 to the liver cell membrane
peripheries as shown Glut-4 immunopositive bands (Fig. 3B, lane-2).
This was completely abrogated in control experiment (Fig. 3B, lane-1).
Stimulation of NO synthesis by AEG in liver cells of diabetic mice was
not only involved in Glut-4 synthesis, but it also stimulated the uptake
of glucose in liver cells (Fig. 3C). In this sense, AEG was found to be
effective in the stimulation of insulin synthesis through the stimulation
of GANOS in the liver cells of diabetic mice due to the expression of proinsulin genes I and II.
Garlic is known to be the source of variety of biologically active
compounds including allicin, allin, ajoene which are known for their
cardiovascular [53,54], antiplatelets [30], antitumor [55,56] effects. It
is also enriched with several sulpher compound and some mannosebinding lectin (MBL) molecules. This is clearly demonstrated in our
study by MS-MS analysis that the NGPG is a plant derived MBL. Involvement of this molecule in calorie metabolism and hyperglycemia
has not been shown earlier. These bioactive compounds are however all
small, volatile sulfur containing fatty acid like molecule. In this
manuscript, we described for the first time the existence of a novel
protein of M.W. 4000 Da in AEG (Fig. 4C) which was capable of reducing the blood glucose level in alloxan induced diabetic mice through
the stimulation of NO synthesis. Table 2 clearly demonstrated the dose
response of NGPG (Nitric oxide generating protein from garlic) in alloxan induced diabetic mice and it was found that 75 μg/kg body
weight of NGPG reduce the blood glucose level much efficaciously.
Concentrations lower than 75 μg/kg b.w. was unable to control hyperglycemia. It was also found that at different environmental conditions i.e either at freeze temperature or room temperature or even after
heat treatment; NGPG can control hyperglycemia in diabetic mice. Our
results also suggested that the decreased level of NO in diabetic mice
ultimately leads to the development of insulin resistance (IR) or type-2
diabetes mellitus. Apart from the direct effect of NGPG, it is also highly
capable to restrict the induction of the stress-activated protein dermcidin (DCN). In the current study and also in several earlier

3.13. Role of NGPG in Glut-4 and proinsulin gene expression in mice
hepatocytes
In a separate experiment, using the same liver cell homogenate the
expression of Glut-4 gene was determined. To characterize the Glut4 gene, the purified mRNA from both the NGPG and 0.9% saline administered mice liver cells homogenate was used and a RT-PCR method
which has been reported to allow the identification and estimation of
the amounts of mRNA transcribed from the Glut-4 genes [36] was used.
The RT-PCR products were subjected to agarose gel electrophoresis. It
was found that a distinct Glut-4 gene band was expressed in at 357 base
pair position (result published earlier). The band was cut and purified
from the gel and employed for DNA sequencing (data not shown).
Further, the alignment study suggested that 357 bp ban was > 93%
aligned to Glut-4 gene sequence.
Similarly, same hepatocytes were also shown to express proinsulin
genes both I and II with higher amount as determined by cDNA analysis
(data not shown, published elsewhere). And these genes were expressed
due to NO synthesis by garlic extract and NGPG.
4. Discussion
Our results provide a novel demonstration that oral administration
of aqueous extract of garlic (AEG) is capable of controlling both type-1
and type-2 diabetes mellitus through the stimulation of systemic NO
synthesis (Fig. 1B). The purified protein NGPG from this aqueous extract has been shown here to be the effective therapeutic component.
The restoration of the impaired plasma insulin level to normal ranges
by the administration of AEG and NGPG within 16 h suggested that the
stimulation of NO synthesis by this active component from garlic would
play a critically important role in the increased production of insulin in
the circulation of the diabetic mice (Fig. 1C). As the alloxan treated
diabetic mice were incapable of synthesizing insulin in the system [48],
the garlic-extract induced marked increase of plasma insulin level implied an extra pancreatic synthesis of insulin, which is stimulated by NO
synthesis by NGPG. In this respect, we previously reported that activation of a constitutive form of nitric oxide synthase (cNOS) was essential for the synthesis of insulin in liver cells [11]. The NO synthesis
in liver cells via the activation of cNOS by glucose (GANOS) directs the
expression at gene and protein level (Fig. 2) and translocation of Glut-4
to the liver cell membrane peripheries for sugar transportation in
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Fig. 7. NGPG induced glucose uptake, insulin release and Glut-4 synthesis.
Panel-A: The uptake of 2-deoxy-D 14C glucose by insulin was measured in liver cell of diabetic mice at different time interval pretreated with NGPG or L-NAME
Panel-B: The uptake of 2-deoxy-D 14C glucose by insulin was measured in pancreatic β-cell of diabetic mice at different time interval pretreated with NGPG or LNAME.
Panel-C: The rate of release of insulin from both liver and pancreatic β-cells of diabetic mice treated with NGPG.
Panel-D: Glut-4 synthesis in liver cells of diabetic mice in presence of different concentrations of purified NGPG.

investigations DCN has been decisively linked to insulin resistance,
chronic hyperglycemia and cardiovascular complications. It has been
reported that impaired NO production and reduced Glut-4 translocation
is associated with T2DM [57]. Impaired NO production, a phenotype of
IR has also been associated with cardiovascular disease [58]. NO

stimulated the glucose uptake in rat skeletal muscle which was facilitated by the activation of NOS and the etiology of T2DM is preceded
by the defects in both insulin-dependent and insulin-independent glucose uptake [59]. Normalization or systemic increase of NO attenuates
this condition [57]. This supports our present findings. Our result as

Fig. 8. Immuno-histochemical analyses of the appearance of GLUT-4 on membrane peripherals of hepatocytes treated with NGPG in 0.9% saline (fig A- NGPG treated
and B- control).
Time course study of the production of NO in aqueous extract of garlic (NGPG) and its inhibition by NAME (fig C).
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described in Fig. 5 demonstrated that administration of NGPG, a garlicderived protein can control hyperglycemia in diabetic mice through the
stimulation of systemic NO and insulin level. Though few earlier studies
have preliminary explained the anti-diabetic role of garlic but here for
the first time we demonstrated the strong anti-diabetic role of a mannose binding lectin protein from garlic.
It was also found that incubation of liver and pancreatic β-cells of
diabetic mice with 75 μg/kg b.w. of NGPG stimulates the NO and insulin synthesis (Fig. 6A, B), and stimulation of NO synthesis by NGPG
increased the insulin induced glucose uptake in both liver and β-cells
(Fig. 7A, B), which further increased the release of insulin from both
these cells (Fig. 7C). The ability of NGPG to initiate NO and insulin
synthesis was apparently mediated by neutralization of the dermcidin
isoform-2 (a stress induced protein) induced inhibition of glucose uptake in both liver and pancreatic β-cells for the synthesis of insulin
(unpublished). In liver cells, NGPG induced stimulation of glucose uptake was mediated by the NGPG induced stimulation of Glut-4 synthesis
(Fig. 7D) but the mechanism of NGPG induced glucose uptake in pancreatic β-cells still remains speculative and discordant.
Various stress factors are reported to cause life threatening conditions including hypertensions and diabetes mellitus, both type-I and
type-II. The molecular interaction between these two risk factors remains obscure and speculative [60]. Although it has been reported that
hyperglycemia can cause hypertension [61], no mechanism on the
hypertensive effect of hyperglycemia is currently available. In this
context, it must be mentioned that alloxan induced diabetic mice have
high level of plasma DCN-2 [5] and as DCN-2 is a potent inhibitor of NO
synthesis [62], and impairment of NO synthesis was found to involved
in increased blood pressure, our result might suggest that stimulation of
NO synthesis by NGPG both in vivo (Fig. 5) and in vitro (Fig. 6, both
liver and pancreatic β-cells) of diabetic mice can control or normalize
hypertension through systemic increase of insulin. It has also been reported that garlic extract showed normalization in kidney angiotensin-I
converting enzyme type-I (ACE-I) and angiotensin-II (Ang II) through
the up regulation of NO which further reduce the blood pressure, this
supports our present findings. We have also reported that AEG and
NGPG stimulate renal r-cortexin (an anti-hypertensive protein) synthesis (unpublished).
Atherosclerosis is reported to be a major cause of cardiovascular
diseases [63]. Diabetes mellitus both type-I and type-II and essential
hypertension (EH) are reported to be the major risk factors for the
genesis of atherosclerosis [60]. Alloxan induced increase of blood sugar
might lead to the development of atherosclerosis in these animals due
to decrease production of systemic insulin and insulin is reported to be
a multifaceted antithrombotic humoral factor [8]. In this context, it
should be mentioned here that alloxan itself increase the plasma DCN-2
level in diabetic animal [5], and it was reported that DCN-2 at nM
concentration can aggregate platelet through the inhibition of both NO
and insulin synthesis [64], and extensive platelet aggregation at the site
of atherosclerotic plaque rupture resulted in the development of AIHD
[65]. It was reported that garlic extract has ameliorative effect in the
development of AIHD through the inhibition of platelet aggregation due
to stimulation of NO synthesis [33,34], which ultimately leads to the
stimulation of insulin synthesis. This supports our present findings. Our
results might suggest that AEG induced stimulation of systemic NO and
insulin synthesis (Fig. 1B, C) and AEG induced increased synthesis of
NO in liver cells of diabetic mice (Fig. 2A, Column-B) was due to activation of cNOS which leads to insulin synthesis through the expression
of pro-insulin gene I and II (Figure not shown) and could overcome the
development of atherosclerosis in these animals. Similar results were
also obtained by using the purified NGPG (Fig. 5 & Fig. 6).
Several investigators have reported that induction of diabetes in
animal increased the oxidative stress level through reduction of reduced
glutathione (GSH), superoxide dismutase (SOD) and catalase in the
plasma of these animals [51]. A report reveals that accumulation of
extracellular glucose can rapidly instigate the production of

intracellular reactive oxygen species (ROS) through NADPH oxidase
and mitochondrial pathways [66]. Although during normal physiologic
condition, certain level of ROS is regularly produced in the system
through cellular respiration by mitochondrial process. High accumulation of glucose enhanced the production of ROS, which in turn stimulated the production of inflammatory cytokines TNF-α, IL-6, IL-8
[67] and apoptotic response in endothelial cells. We have found that
induction of diabetes by alloxan in normal mice stimulates the up
regulation of TNF-α mRNA in liver cells. Oral administration of AEG for
1-week to the diabetic mice reduced the TNF-α level through down
regulation of TNF-α mRNA (Fig. 1D). It has been reported that TNF-α
produced by fat cells severely impaired insulin action [68,69] and infusion of TNF-α to normal rat led to the development of hepatic and
peripheral insulin resistance through down regulation of Glut-4 protein
[70]. In this context, it is essential to mention that diabetic mice exhibited less amount of Glut-4 translocation to liver cell membrane
peripheries which further decreased the glucose uptake (data not
shown). It may suggest that AEG induced reduction of TNF-α level in
liver cells may also be involved in AEG induced up regulation of SOD,
GSH and catalase which were very essential to maintain the normal
glucose homeostasis [51]. Our results also demonstrated that alloxan
induced induction of TNF-α in liver cell of diabetic mice might develop
IR or T2DM like condition which could be overcome by oral administration of AEG through the production of NO due to activation of
GANOS.
In the current study AEG induced insulin and Glut-4 synthesis may
suggest that AEG or garlic derived protein NGPG might have some role
on transcriptional regulation. It has been reported that various transcription factors or nuclear receptors are involved in garlic extract
mediated gene regulations. Gene regulation of heat shock protein A6
(HSPA6) by garlic extract via the transcription factor MMP-9 has been
demonstrated [71]. Fermented garlic extracts suppressed adipogenesis
by down regulation of nuclear receptors PPARγ and C/EBPα in diet
induced obese mice [72]. The potential role of aged garlic extract in
inducing the expression of heme oxygenase-1 (HO-1) and glutamatecysteine ligase modifier subunit (GCLM), which are anti-oxidant enzymes via the activation of nuclear factor erythroid 2-related factor 2
(Nrf2) in human endothelial cells [73]. The activation of Nrf2 protects
the diabetic animal from cardiac hypertrophy by over production of
ROS [74]. In present findings, the role of AEG in the control of hyperglycemia through the regulation of transcription factor has been
investigated. It was found that alloxan induced up regulation of TNF-α
in liver cell of diabetic mice increased the oxidant-induced transcription
factor NF-κB expression and AEG attenuated the alloxan induced up
regulation of NF-κB expression in liver cells (Fig. 1E). The mechanism
of garlic extract induced up regulation of eukaryotic genes still remains
obscure and needs to be explored.
Taken together, the above results suggested that aqueous extract of
garlic (AEG) or garlic-derived NO generating protein (NGPG) must have
a significant role in the control of diabetes, both type-I and type-II
through the systemic stimulation of NO and insulin. It can also be
concluded that systemic stimulation of insulin, an anti-thrombotic humoral factor [8] by AEG and NGPG can normalize or ameliorate the
development of AIHD.
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