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Abstract. The brain is a vital organ that requires a constant
blood supply. Stroke occurs when the blood supply to specific
parts of the brain is reduced; diabetes is an autonomous risk
factor for stroke. The present study aimed to investigate the
potential vascular protective effect of gymnemic acid (GM)
by assessing the morphological changes of microvasculature,
along with VEGFA and angiopoietin-1 (Ang-1) protein expres-
sion in the brains of diabetic rats. Rats were divided into five
groups, including control, gymnemic control rats (CGM), rats
that were rendered diabetic by single injection of 60 mg/kg
streptozotocin (STZ), diabetic rats treated with 400 mg/kg
GM (STZ + GM) and diabetic rats treated with 4 mg/kg glib-
enclamide (GL; STZ + GL). After 8 weeks, brain tissues were
collected to examine the three-dimensional morphology of
the anterior cerebral arteries by vascular corrosion casting.
Western blotting was performed to determine VEGFA and
Ang-1 expression. Cerebral arteries, arterioles and capil-
laries were depicted the diameter, thickness and collagen
accumulation of the wall, and the results demonstrated narrow
diameters, thickened walls and collagen accumulation in the
STZ group. After receiving GM, the histopathological changes
were similar to that of the control group. Through vascular
corrosion casting and microscopy, signs of vessel restoration
and improvement were exhibited by increased diameters, and
healthy and nourished arterioles and capillaries following
treatment with GM. Furthermore, VEGF expression and
Ang-1 secretion decreased in the STZ + GM group compared
with STZ rats. The results of the present study revealed that
GM treatment decreased blood vessel damage in the brain,
suggesting that it may be used as a therapeutic target for the
treatment of diabetes.
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Introduction

Diabetes mellitus (DM) is a metabolic dysfunction disease that
is caused by insufficient insulin action or ineffective insulin
production. Insulin is a naturally occurring hormone produced
by the f cells of pancreatic islets, which helps the body utilize
glucose for energy (1). Abnormal insulin levels lead to hyper-
glycemia, which causes acute or chronic complications in
patients with diabetes, such as vascular disease (2). The brain
is an organ of the central nervous system (CNS) that is most
responsive to changes in oxygen and metabolites in humans
and animals. It maintains neuronal function and control over
other organs of the body. Because the nervous system and
blood circulation are associated, disturbances of cerebral
blood flow (CBF) lead to changes in neural function (2). DM
has been associated with pathological changes in the CNS,
which can lead to cognitive and affective deficits as well as
increased risk of vascular complications in the brain (3).

The circle of Willis connects the anterior and posterior cere-
bral circulations. The anterior circulation of the brain derives
from the bilateral internal carotid arteries and branches of
the common carotid arteries; the posterior circulation derives
from the bilateral vertebral arteries and branches of the subcla-
vian arteries, which combine to form the posterior cerebral
artery (4). The anterior cerebral circulation supplies blood to
the anterior portion of the brain. It is supplied by the internal
carotid artery (ICA) and its branches: The anterior cerebral
artery (ACA) and the middle cerebral artery (MCA) (4). The
ICA supplies oxygenated blood to most midline portions of
the frontal lobe and superior medial parietal lobe. It is the
most important blood supply of the cerebral circulation from
the circle of Willis (5). The MCA receives 80% of the carotid
blood flow, whereas the ACA receives 20%. Each branch of the
anterior circulation supplies the cortex and the basal surface of
the brain, providing blood to deep structures, such as the ante-
rior hypothalamus, basal ganglia and internal capsule (6).

Diabetes mellitus increases the risk of cardiovascular
and cerebrovascular diseases (7). Furthermore, it has been
demonstrated to diminish angiogenesis in peripheral vascular
beds (7). VEGFA and Ang-1 are highly effective inducers
of endothelial proliferation; they also promote hyperplasia,
tortuosity and a decreased lumen diameter. High blood
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glucose conditions result in brain hypoxia-induced angio-
genesis through the upregulation of hypoxia-inducible genes,
such as hypoxia-inducible factor-1 (HIF-1). The vascular
inner wall affects blood pressure and, thus, the perfusion of
nutrients and blood cells that control the delivery of oxygen
and immunological surveillance. Several factors, including
inflammatory cytokines (TNF-a and IL-1f) influence endo-
thelial cell luminal integrity as a result in capillaries tube
regression, a critical pathological process regulating human
disease. Investigating the mechanisms and the factors that
control, maintain and regulate lumen size and diameter will
increase our understanding of pathophysiological processes.
Lumen diameter is tightly regulated by several factors (8). For
example, VEGFA and its receptors increase lumen formation
and decrease lumen diameter through the proliferation of
myointimal cells and collagen deposition (8,9). Ang-1 stabi-
lizes the nascent vessel (10).

An increased expression of VEGFA is caused by local
ischemic conditions and the activation of hypoxia-induced
factor (HIF)-1a (7). Brain angiogenesis complicates several
brain functions following the release of a number of growth
factors from the endothelial cells of the brain, including
VEGFA (11). VEGFA is a protein with increase vascular
permeability activity during angiogenesis, which regulates
the formation and maintenance of blood vessel structures and
is considered crucial for the progression of several pathology
and diseases, such as cancer (11). VEGFA serves an important
role in mediating diabetic vasculopathy and microvascular
permeability (12). As a potent vasodilator, VEGFA is regarded
as a survival factor for endothelial cells (12). Angiopoietins
also serve important roles in vascular development and angio-
genesis. Ang-1 is a member of the angiopoietin family. Ang-1
and its receptor, Tie-2, are important for the regulation of
angiogenesis. Tie-2 receptors are predominantly expressed on
endothelial cells (13). Furthermore, the Tie2/Ang-1 signaling
pathway serves a key role in the latter stages of improvement
of vascular dysfunction, remodeling and stabilizing vessels,
suppressing plasma leakage, inhibiting vascular inflamma-
tion and preventing endothelial cell death (13). Ang-1 serves
a crucial role in mediating reciprocal interactions between
endothelium, surrounding matrix and mesenchyme; it is also
involved in vascular maturation and stability (10). Endothelial
budding is facilitated by vasodilation and the loosening of
endothelial cell contacts (14). The pre-existing vessels will
exhibit leakiness, which allows extravascular plasma protein
and extracellular matrix components to migrate out from
endothelial cells through the extracellular matrix toward
an angiogenic stimulus, such as VEGFA, that can promote
growing and survival of new blood vessels (14).

To the best of our knowledge, the effects of gymnemic acid
(GM) on VEGFA or Ang-1 have not yet been reported in a rat
model of diabetes-induced stroke.

Gymnema sylvestre (Asclepiadaceae; GS) is a potent
antidiabetic plant that is used in folk, ayurvedic and other
alternative medicines (15) to treat of asthma, eye complaints
such as cornea opacity, inflammations, family planning by
treating amenorrhea and snakebites (15). GS has been reported
to exhibit antimicrobial, antihypercholesterolemic and hepa-
toprotective activities (15). GM is a mixture of oleanane-type
triterpene saponins extracted from the leaves of GS (16). GM

is known to suppress sweetness, whereby after chewing the
leaves, sweetened solutions with sucrose taste like water (17).
A previous study demonstrated that GM decreases blood
glucose levels and increases plasma insulin levels in diabetic
rats (17). The molecular structure of GM is similar to that of
glucose; it can bind to the glucose receptors on the taste buds
of the tongue and prevent its activation by sugar molecules
from food and reducing its sugary taste (18). Additionally, the
absorptive external layers of the intestine exhibit receptors for
GM molecules that prevent the absorption of sugar molecules,
lowering blood glucose levels (19). GM improves glucose
and lipid metabolism in type two DM model rats, enhances
glucose uptake by regulating the amelioration of endoplasmic
reticulum stress and insulin transduction in insulin resistant
HepG2 cells (20), and inhibits GAPDH during glycerol
metabolism in rabbits (21).

The present study aimed to investigate the restoration and
improvement of GM on the blood vessels of the anterior cere-
bral circulation that supply the majority of blood to the brain,
including arteries (ICA, MCA and ACA) and small vessels
(arterioles and capillary network) of the anterior cerebral
circulation, which provide crucial blood supply into the cere-
bral circulation via the circle of Willis. The hypothalamus is an
area of the brain that is surrounded by branches of arteries that
originate near the stump of the circle of Willis (4). Therefore,
this area of the brain was selected for assessment in the present
study. In addition, the protein expression levels of VEGFA and
Ang-1 in the hypothalamus were analyzed to determine their
association with affecting angiogenesis or formation of new
blood vessels in diabetic rat's brain.

Materials and methods

Animals. All experimental protocols were reviewed and
approved by the Animal Ethics Committee of the Prince of
Songkla University (Songkhla, Thailand). A total of 80 male
Wistar rats (weight, 200-250 g; age, 8 weeks) were purchased
from Nomura Siam International Co., Ltd. Animals were
housed under standard laboratory conditions under a 12-h
light/dark cycle, with good lighting, moderate temperature
(25+42°C) with lights on at 7:00 a.m. and humidity (50+10%)
and adequate ventilation in a hygienic environment. They
were fed ad libitum with standard rat chow containing protein,
carbohydrate, fat, vitamins and minerals.

Induction and assessment of diabetes. Experimental diabetic
rats were intraperitoneally injected with a single 60 mg/kg
dose of streptozotocin (STZ; Sigma-Aldrich; Merck KGaA)
dissolved in 0.1 mol/l citrate buffer (Sigma-Aldrich;
Merck KGaA). Control rats were injected with 0.1 mol/I citrate
buffer alone. Blood glucose levels were measured 3 days after
STZ injection and persistent hyperglycemia was confirmed
1 week after STZ injection, using an Accu-Chek Active®
one-touch glucometer and test strips (Roche Diagnostics
GmbH). Rats with blood glucose levels >250 mg/d]l were
considered diabetic. The rats were randomly divided into five
groups (Fig. 1). (Normal control rats that received a balanced
standard diet (control group; n=10); 1B) gymnemic control
rats (CGM group; n=10) that received a balanced standard
diet supplemented with 400 mg/kg GM (Xi'an Guanyu
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Figure 1. Experimental design. The rats were randomly divided into five groups; 1A, Normal control rats that received a balanced standard diet; 1B, gymnemic
control rats (CGM) that received a balanced standard diet supplemented with GM; 2, diabetic rats that received a balanced standard diet and intraperitone-
ally injected with 60 mg/kg STZ (STZ); 3, diabetic rats that received a balanced standard diet supplemented with GM (STZ + GM) and 4, diabetic rats that
were treated with glibenclamide (STZ + GL). After the 8-week experimental period, animals were sacrificed for tissue collection and PU4ii resin injection.
Wk, week; GM, gymnemic acid; CGM, gymnemic control; STZ, streptozotocin; GL, glibenclamide.

Bio-Tech Co.) (22) (purified >75% via high-performance
liquid chromatography analysis) in 0.5 ml 0.5% Tween-80
solution (Sigma-Aldrich; Merck KGaA); 2) diabetic rats
that received a balanced standard diet and intraperitoneally
injected with 60 mg/kg STZ (STZ group; n=20 3) diabetic
rats that received a balanced standard diet supplemented with
400 mg/kg GM in 0.5 ml 0.5% Tween-80 solution (STZ + GM
group; n=20); and 4) diabetic rats that were treated with
4 mg/kg glibenclamide (GL) (23) in 0.5 ml 0.5% Tween-80
solution (STZ + GL group; n=20). All animals were clinically
observed, such as weight loss, dehydration, cataracts, drowsi-
ness, and diabetic coma and weighed on a weekly basis. No
deaths were observed following supplementation with GM
by being fed only one time per day for a total of 8 weeks.
Following animal sacrifice, brain tissue was collected. Half of
the rats in each group [n=5 (C and CGM groups) n=10 (STZ,
GM and GL groups)], tissue were used for H&E staining and
western blot analysis. The other half of rats in each group were
injected with resin for vascular corrosion casting combined
with scanning electron microscopy. The experimental rats
were euthanized by an excessive dose of sodium pentobarbital
(200 mg/kg; intraperitoneal injection). Death was confirmed
by observation of cardiac and respiratory arrest or fixed and
dilated pupils.

Histological preparation for Masson's trichrome staining.
To analyze any histological changes and measure the lumen
diameter of the ICA, MCA and ACA, brain tissue from all
groups was dissected and immediately fixed in 10% formalin
for 6 h at room temperature. Tissue sections were dehydrated
in a descending ethanol series (70, 80, 90, 95 and 100%), with
twice in succession, each lasting 1 h. Prior to paraffin wax
in filtration and paraffin embedding, samples were washed
three times with clearing agent, xylene, at room temperature,
with each wash lasting 30 min. Paraffin-embedded tissue

samples were then cut into 5-uym-thick sections and stained
at room temperature with Masson's trichrome (Trichrome
Stain (Masson) kit, HT15, Sigma-Aldrich; Merck KGaA).
This staining technique is used for the detection of collagen
fibers (24) in the arterial wall of anterior circulation of brain.
The brain tissue slides were immersed in Bouin's solution at
56°C for 15 min after deparaffinization and rehydration. The
brain sections were stained for 5 min in Weigert's hematoxylin
at room temperature and then washed with tap water. The
slides were stained in Biebrich scarlet-acid fuchsin for 5 min,
rinsed in distilled water, incubated in phosphotungstic-phos-
phomolybdic acid for 5 min, dyed with aniline blue for 5 min
and fixed in 1% acetic acid for 2 min at room temperature.
After rinsing in distilled water, the slides were dehydrated
and mounted. The cross-sectional diameter of the arterial
lumen was measured from the outermost edge of the lumen
from left to right and top to bottom. The average value of
these measurements was considered the lumen diameter. All
sections were observed and captured under an Olympus BX50
light microscope using an Olympus DP73 camera (Olympus
Corporation; magnification, x600). Lumen diameter of the
arteries was measured using cellSens software (v1.16, Olympus
Corporation).

Western blot analysis of VEGFA and Ang-1. The brain
tissue lysates of control, CGM, STZ, STZ + GM and
STZ + GL rats at 8 weeks were prepared using ice-cold
RIPA buffer (Sigma-Aldrich; Merck KGaA) supplemented
with 1X protease inhibitor cocktail (MilliporeSigma).
Homogenates were centrifuged at 14,000 x g for 30 min at
4°C to collect the supernatants. The protein concentration of
the supernatant was subsequently determined using a BCA
protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Total
protein (10 pg) was diluted (1:2) in treatment buffer (0.125 M
Tris-Cl, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol and
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Table I. Comparison of blood glucose levels in different groups.

Control CGM STZ STZ+GM STZ+GL
Week (mg/dl) (mg/dl) (mg/dl) (mg/dl) (mg/dl)
1 91.8+3.9 104.3+4.0 255.7+4 .8 368.3+14.2%¢ 207.3+£19.0*
2 99.7+4.9 106.8+10.5 348.3+31.9* 395.5+24 .80 199.3+35.9°
3 104.2+2.6 109.7+2.8 541.2+22.6* 318.8+£39.4%° 166.5+29.6°
4 96.2+2.6 106.0+2.2 383.3+53.3* 247.0+40.3*° 254.0+19.3¢
5 103.0+2.1 96.3+2.5 457.2+27.0° 230.3+44 3%° 190.7+14 3°
6 102.5£2.3 1052+1.8 418.5+13.1* 203.3+44 9*° 177.7+12.2°
7 96.7+£2.3 110.3£2.6 439.0+16.8* 273 2+44 54° 121.2+10.4°
8 89.2+3.7 92.7£2.4 413.2+11.5* 211.0+£53.0%° 106.2+9.7°

Data are presented as the mean = SEM; n=10 rats/group. *P<0.001 vs. control; °P<0.001 and ‘P<0.01 vs. STZ. CGM, gymnemic control;
GL, glibenclamide; GM, gymnemic acid; STZ, streptozotocin. The normal glucose level range of control group is 90-110 mg/dl.

0.2% bromophenol blue) and heated for 5 min at 95°C. Protein
samples were subjected to 12% SDS-PAGE (100 V, 0.35 A
and 300 W for 90 min) and subsequently transferred onto
nitrocellulose membranes (GE Healthcare). Membranes were
then blocked with 5% non-fat dry milk in 0.1% Tris-buffered
saline with Tween®-20 (TBS-T) for 1 h at room temperature.
The membranes were incubated with primary antibodies
against VEGFA (1:1,000; rabbit polyclonal antibody; cat.
no. ab9570; Abcam) Ang-1 (1:1,000; rabbit polyclonal anti-
body; cat. no. PA1-32150; Thermo Fisher Scientific, Inc.) and
B-actin (1:3,000; rabbit polyclonal antibody; cat. no. ab8227,
Abcam) at 4°C for 24 h. Membranes were washed three times
with TBS-T, followed by incubation for 2 h at room tempera-
ture with goat anti-rabbit horseradish peroxidase-conjugated
immunoglobulin G secondary antibodies (1:5,000; ab6721;
Abcam). Protein bands were visualized using an enhanced
chemiluminescence (ECL) (Pierce™ ECL Western Blotting
Substrate; Thermo Fisher Scientific, Inc.) detection system
with Amersham Hyperfilm™ ECL (GE Healthcare). Resulting
bands were subjected to densitometric analysis using Scion
Image 4.0 software (Scion Corporation).

Vascular corrosion casting technique. Vascular corrosion
casting was performed via an intravascular injection of
0.5 ml heparin (5,000 IU/ml; Leo Pharma UK/IE), which was
immediately injected into the left ventricle to prevent blood
clotting. The right atrium functioned as the outlet for blood
and injected fluid. A second injection of 400-500 ml 0.9%
normal saline solution (General Hospital Products Public Co.,
Ltd.) was administered to remove the blood from the vascular
bed. Subsequently, PU4ii polyurethane-based casting resin
(vasQtec) was immediately injected into the cannula through
the ascending aorta until reflux from the venous vessels
became evident. Each rat was left at room temperature to allow
the casting medium to settle for 2 h. The brain was subse-
quently excised and immersed in water at 80°C to complete
the hardening process. Thereafter, the brain underwent a
corrosive process by adding 10% KOH solution (Vidhyasom
Co., Ltd.) at room temperature for 1 month. Tissues were
removed and washed three times with distilled water. The
brain vascular cast was then dissected and were assessed using

a stereomicroscope (OLYMPUS SZ2 series) to obtain small
specimens and air dried for 2 weeks. The vascular cast of the
brain was placed on a metal stub with double side adhesive
tape, sprayed with carbon paint and coated with gold on a
sputtering apparatus prior to preparation for scanning electron
microscopy observation (JEOL JSM-5400; JEOL, Ltd.) at
10-15 KV. The diameter of brain blood vessels was measured
using SemAfore 5.2 software (JEOL, Ltd.).

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 8.0 (GraphPad Software, Inc.). One-way
ANOVA followed by Bonferroni post-hoc analysis was used.
Each experiment was repeated at least twice and data are
presented as the mean + SEM. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Effect of GM on blood glucose levels. The effect of GM on
blood glucose levels in diabetic rats is presented in Table I. The
blood glucose levels in the control, CGM, STZ, STZ + GM
and STZ + GL groups were compared at 8 weeks. The results
demonstrated that blood glucose levels were significantly
elevated in the STZ, STZ + GM and STZ + GL groups
compared with the control rats (P<0.001). Furthermore, blood
glucose levels of STZ + GM rats and STZ + GL rats signifi-
cantly decreased from week 3 to week 8 compared with STZ
rats (P<0.01 and P<0.001).

Effect of GM on body weight. The effect of GM on the body
weight of diabetic rats was evaluated in Table II. The results
demonstrated that body weight was significantly lower in
the STZ group compared with the control group (P<0.001).
After supplementation of GM, body weight was significantly
increased every week in the STZ + GM group compared with
the STZ group (P<0.01 and P<0.001).

Masson's trichome histological observation of arteries in the
anterior cerebral circulation. Rat brains were histologically
analyzed for ICA, MCA and ACA wall thickness, as well as
arterial stenosis (Fig. 2). The results demonstrated that in
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Table II. Comparison of body weight in different groups.
Week Control (g) CGM (g) STZ (g) STZ+GM (g) STZ+GR (g)
1 310.3+8 4 322.2+6.7 213.3+15.5¢ 284.4+14.3° 229.7+10.1*
2 327.249.2 336.7+5.7 212.2+19.5 294 4+35.6° 233.3+10.9
3 340.7+8 4 356.7+6.3 227.6+£20.2* 311.3£16.9¢ 329.4+23.3¢
4 351.448.5 369.2+7.3 230.0£20.1* 317.5+18.7° 267.8+12.8
5 364.1+8.1 386.3+7.5 239.6+20.9* 318.0+21.1¢ 299 4+14.3¢
6 382.9+9.2 352.5+6.9 245.6£21.9° 346.9+19.2¢ 286.1+14.6°
7 402.1+9.2 418.3+£3.8 286.1£28.7° 361.3+19.49¢ 299.4+16.7°
8 409.3+9.6 432.2+7.7 255.4+24.6 367.2+18.7 303.3£17.2°

Data are presented as mean + SEM; n=10 rats/group. *P<0.001 and ®P<0.01 vs. control; °P<0.01 and ‘P<0.05 vs. STZ. CGM, gymnemic control;

GL, glibenclamide; GM, gymnemic acid; STZ, streptozotocin.

Figure 2. Photomicrographs demonstrating the histological structure of the anterior arteries included in the circle of Willis. Samples obtained from rats in
the C, CGM, STZ, STZ + GM and STZ + GL groups were subjected to Masson's trichrome staining (magnification, x600). ACA, anterior cerebral artery;
C, control; CGM, gymnemic control; GL, glibenclamide; GM, gymnemic acid; ICA, internal carotid artery; MCA, middle cerebral artery; STZ, streptozotocin.

the STZ group, collagen accumulation (stained in blue) was
present in the in tunica media and tunica adventitia of the
arterial walls, and a markedly smaller lumen diameter was
also demonstrated in the three types of arteries. The arteri-
oles (Fig. 3C) and capillaries (Fig. 4C) exhibited increased
collagen thickness in the vessel wall with indications of
collagen fibers (blue staining). Decreased collagen fiber
accumulation in STZ + GM (Figs. 3D and 4D) and STZ + GL
rats (Figs. 3E and 4E was also revealed. The wall thickness of
ICA, MCA and ACA arteries were measured and presented in
Table III. The wall thickness of each type of artery in the STZ
group was significantly increased (P<0.001) when compared
with control and CGM rats. By contrast, they were significantly
reduced in STZ + GM and STZ + GL rats (P<0.001 and P<0.01,
respectively) compared with the STZ group. The lumen diameter
of the ICA, MCA and ACA was significantly decreased in the
STZ group compared with the control and CGM groups (Fig. 5).
Conversely, the lumen diameters were increased in STZ + GM
and STZ + GL rats compared with the STZ group (Fig. 5).

Vascular corrosion cast examination. Vascular corrosion casts
of the anterior circulation of the circle of Willis in control,
CGM, STZ, STZ + GM and STZ + GL rats were assessed
using a stereomicroscope at low magnification (Fig. 6A). The
results demonstrated that the size of the brain vascular cast in
the STZ group is smaller and exhibited a greater dropout of
vessel density (Fig. 6A) compared with the other groups. The
cerebral arterial circle of Willis in the control group exhibited
anastomosing branches at the ventral view of the brain in the
low magnification SEM scan (Fig. 6B). It formed a polygon
surrounding the optic chiasm, optic tracts, pituitary stalk and
basal hypothalamus by two ICAs, and the rostral branches
(referred to as the posterior cerebral of basilar artery). The
anterior and posterior circulation of the polygon was completed
by the anastomotic branches (the anterior and posterior
communicating arteries) (4). According to the anterior circu-
lation of circle of Willis, the ACAs, which are branches of
the two internal carotid arteries, run medially and rostrally
downward in front of the optic chiasm. The anterior part of
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Figure 3. Photomicrographs of the histological structure of arterioles (arrowheads) within the anterior circulation of the circle of Willis. Samples obtained
from the (A) control, (B) gymnemic control, (C) STZ, (D) STZ + gymnemic acid and (E) STZ + glibenclamide groups were subjected to Masson's trichrome

staining; magnification, x100. STZ, streptozotocin.

the hypothalamus is supplied by the branches of the anterior
cerebral and anterior communicating arteries (25). The MCAs
are extensive branches of ICAs. They continue into the lateral
sulcus where it then branches and projects to several sections
of the cerebral hemisphere. The relative diameter of arteries
from the anterior circulation of the circle of Willis among the
control, CGM, STZ, STZ + GM and STZ + GL groups at 8
weeks were demonstrated ventrally within the brain. Marked
shrinkage of the ICA, ACA and MCA was exhibited in the
STZ group compared with the other groups (Fig. 7C). At high
magnification, the vascular cast of the small blood vessels
in the control and CGM groups exhibited the typical pattern
of arterioles and capillaries in the hypothalamus and were
surrounded by branches of the circle of Willis (Fig. 8A and B).
Conversely, the injured blood vessels presented with smaller
diameters, stenosis and shrinkage of the arterioles and capil-
laries in the STZ group (Fig. 8C).

Signs of vessel restoration were demonstrated by increased
healthy and nourished ICA, ACA and MCA in the STZ + GM
and STZ + GL groups (Fig. 7D and E, respectively). ACA
and MCA diameters were significantly decreased in the STZ
group compared with the control (P<0.001) and CGM (P<0.01)
groups; however, no significant differences were observed
between the STZ + GM and STZ + GL groups (Fig. 9).

Furthermore, the STZ arterioles from the circle of Willis
in the hypothalamus exhibited decreased diameter sizes
compared with all other experimental groups (Fig. 10). The
same effect was demonstrated in capillaries, although it was
not significant. The diameter of arterioles in the STZ group
were significantly decreased (P<0.001) when compared with
the control and CGM groups (Fig. 10). Following supplemen-
tation with GM and GL, the well-organized architecture of the
arteries was restored in the STZ + GM (Fig. 8D) and STZ + GL
group (Fig. 8E). Signs of vessel restoration and improvement
were exhibited by increased diameters, as well as healthy and
nourished arterioles and capillaries in the hypothalamus of the
STZ + GM and STZ + GL groups. Additionally, the diameter
of arterioles was significantly increased in STZ + GM and
STZ + GM groups compared with STZ rats (P<0.001).

Western blot analysis. The western blotting results demon-
strated that the protein expression levels of VEGFA and
Ang-1 (Fig. 11A) were significantly increased in STZ rats
(P<0.001) compared with the control and CGM rats, whereas
VEGFA and Ang-1 expression levels were decreased in
STZ + GM and STZ + GL groups compared with STZ rats.
Furthermore, VEGFA and Ang-1 protein expression levels
were significantly increased in STZ + GM rats compared with
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Figure 4. Photomicrographs of the histological structure of capillaries (arrowheads) in the anterior hypothalamus of rats. Samples obtained from the in the
(A) control, (B) gymnemic control, (C) STZ, (D) STZ + gymnemic acid and (E) STZ + glibenclamide groups were subjected to Masson's trichrome staining;

magnification, x100. STZ, streptozotocin.
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Figure 5. Average lumen diameters of the anterior blood vessels included in
the circle of Willis. Tissues collected from the C, CGM, STZ, STZ + GM and
STZ + GL groups were subjected to Masson's trichrome staining following
8 weeks of treatment. "P<0.001 and “"P<0.01 vs. the control group, “P<0.001
and "P<0.01 vs. STZ; **P<0.01 and ***P<0.05 vs. CGM. ACA, anterior
cerebral artery; C, control; CGM, gymnemic control; GL, glibenclamide;
GM, gymnemic acid; ICA, internal carotid artery; MCA, middle cerebral
artery; STZ, streptozotocin.

the control and CGM (P<0.0001 and P<0.001). However, the
protein expression levels of VEGFA and Ang-1 were signifi-
cantly decreased in STZ + GM rats compared with STZ rats
(P<0.001; Fig. 11).

Discussion

In the present study, the ability of GM to attenuate the
diabetes-induced morphological and histopathological altera-
tions of blood vessels in the anterior cerebral circulation of
rats was examined. The results demonstrated significantly
decreased blood glucose levels in the STZ rats treated with
400 mg/kg GM for a total period of 8 weeks compared with
untreated diabetic groups. This result is consistent with
previous studies, which have indicated that GS extracts may
possess antidiabetic properties (16,23). The antidiabetic and
antioxidative properties may be due to a number of bioactive
compounds present in GS extracts, including oleanane-type
triterpenoid saponins (known as GM), alkaloids, acidic glyco-
sides and anthraquinones and their derivatives (26).

In the present study, histological analysis by Masson's
trichrome staining of ICA, MCA and ACA from the brain
tissues of STZ rats demonstrated wall thickening and increased
collagen fiber deposition in the tunica media and tunica adven-
titia of arteries. Furthermore, increased collagen thickness
was demonstrated in the walls of arterioles and capillaries.
Moreover, STZ rats exhibited lumen narrowing in each type
of artery. Collagen deposition can lead to the stenosis of
arteries, whereas immoderate collagen breakdown combined
with insufficient synthesis weakens plaques, thereby making
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Figure 6. Vascular corrosion casts of the brain of Wistar rats. (A) Stereomicrographs of the ventral views of the brain vascular corrosion cast in control, CGM,
STZ, STZ + GM and STZ + GL rats showing the branches from circle of Willis (scale bar, I mm). (B) Low magnification scanning electron micrograph of
the circle of Willis in a representative control group rat. The image presents the ventral view of the brain. The circle of Willis is a circulatory anastomosis
(yellow arrows) that supplies blood to the brain. A ring is formed surrounding the basal hypothalamus. ACA, anterior cerebral artery; BA, basilar artery;
CGM, gymnemic control; GL, glibenclamide; GM, gymnemic acid; H, hypothalamus; ICA, internal carotid artery; MCA, middle cerebral artery; PCA, pos-
terior cerebral artery; PComA, posterior communicating artery; STZ, streptozotocin (scale bar, 1 mm).

them rupture (27). Newly synthesized collagen may work as a
substrate leading to luminal narrowing (27). Arterial stenosis is
the narrowing of large arteries that transfer blood to the body,
including the head, face and brain (28). The destruction of the
vascular wall results in vascular complications in diabetes (28).
Early structural impairment of the common carotid artery is

often associated with type I diabetes and is considered an
early sign of cerebral atherosclerosis, which is also reflected
by the increased wall thickness of the tunica intima and tunica
media (29). These histopathological changes result in blood
vessels becoming inflexible, thus becoming unable to react to
exogenous or endogenous stimuli to effectively regulate blood
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Figure 7. High magnifications of vascular corrosion casts of the anterior circulatory anastomosis of the brain. Scanning electron micrographs of the ventral
views of the ICA, ACA and MCA from anterior cerebral circulation of circle of Willis in (A) control, (B) gymnemic control, (C) STZ, (D) STZ + GM
and (E) STZ + GL rats; scale bars, 200 gm. The STZ group demonstrated a marked shrinkage of the ICA, ACA and MCA. Signs of vessel restoration and
improvement were exhibited by the increasingly healthy and nourished blood vessels of the STZ + GM and STZ + GL groups. ACA, anterior cerebral artery;
GL, glibenclamide; GM, gymnemic acid; ICA, internal carotid artery; MCA, middle cerebral artery; STZ, streptozotocin.

flow (2). Atherosclerosis is a regressive blood vessel disorder
that generally affects medium to large-sized arteries. In the
brain, the vessels of the circle of Willis are often affected byy
atherosclerosis (30).

Vascular corrosion casting demonstrated significant
destruction of arteries (ICA, MCA and ACA) and small vessels
(arterioles and capillaries) in the brains of the STZ group. Vessel
diameter is a key determinant of stroke extension; under normal
physiological conditions, vessel diameter is regulated by several
pathways, such as intracellular signaling, cytokine and nervous
control that ensure adequate blood flow (30). Following cerebral
artery occlusion, the consecutive drop in local CBF is offset
by recruitment of the collateral artery and vasodilation, thus
limiting the extension of the lesion; this effect is mediated by
nitric oxide (NO) (31). VEGF mediates the endothelial nitric
oxide synthase (eNOS) expression of NO following cerebral
ischemia (31). Physical activity improves long-term stroke
outcome through eNOS-dependent mechanisms that increase
angiogenesis and CBF (32). In the vascular system, VEGF
and Ang-1 (with its receptor Tie2), are essential angiogenic
factors that control angiogenesis between small and large blood
vessels (33). VEGF serves a crucial role in angiogenesis and
neuronal regeneration following ischemic stroke (34). VEGF

is a master regulator of angiogenesis that has been shown to
directly regulate lumen size. Changes in lumen diameter occur
in response to blood pressure and blood flow, and subsequently
control oxygen delivery and immunological surveillance. VEGF
and Ang-1 are highly effective at inducing endothelial prolifera-
tion and promoting hyperplasia, tortuosity and decreased lumen
diameter. Therefore, increased expression of these two proteins
results in the narrowing of the lumen diameter (35).

In chronic and weak cerebral hypoxia demonstrated in
patients with large cerebral artery stenosis, VEGF expression
may increase prior to the onset of a stroke and may function as
an angiogenic molecule (36). However, VEGF has been reported
to also cause leakage of the blood-brain barrier, inflammation
and brain edema (37). Ang-1 modulates the maturation and
stabilization of newly formed vessels, including adherence and
maintaining the survival of vascular epithelial cells (38). Ang-1
decreases permeability of the endothelial cell and increases
vascular stabilization by recruiting pericytes and smooth muscle
cells to the growing blood vessels. Together, VEGF and Ang-1
enhance angiogenesis and are more effective in decreasing
blood-brain barrier leakage compared with VEGF alone (39).

In the present study, western blotting demonstrated that
VEGF and Ang-1 protein expression levels were increased in
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Figure 8. High magnification scanning electron micrographs of hypothalamic vascular casts at 8 weeks. (A) Control and (B) gymnemic control rats exhibited
healthy small blood vessels with branching arterioles and venules, which joined further into numerous capillaries, forming a dense capillary meshwork.
(C) Rats in the STZ group presented with critical arteriole and capillary shrinkage. Rats in the (D) STZ + gymnemic acid and (E) the STZ + glibenclamide
groups exhibited arteriole and capillary recovery and redevelopment. Scale bars, 50 zm. yellow arrowheads, arterioles; STZ, streptozotocin; green arrowheads,

venules; red arrows, capillaries.
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Figure 9. Average diameter of arteries from the anterior circulation of the
circle of Willis in control, CGM, STZ, STZ + GM and STZ + GL rats at
8 weeks. Data are presented as the mean + SEM. "P<0.001 vs. control;
#P<0.001 vs. STZ; *P<0.01 vs. CGM. ACA, anterior cerebral artery; CGM,
gymnemic control; GL, glibenclamide; GM, gymnemic acid; ICA, internal
carotid artery; MCA, middle cerebral artery; STZ, streptozotocin.

the STZ group compared with the control group. This angio-
genic factors are increased in cerebral microvessels of diabetic
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Figure 10. Average diameter of small blood vessels from branches of the
circle of Willis in the hypothalamus of control, CGM, STZ, STZ + GM
and STZ + GL rats at 8 weeks. Data are presented as the mean + SEM.
“P<0.001 vs. control; “P<0.001 vs. STZ; *P<0.01 vs. CGM. CGM, gymnemic
control; GL, glibenclamide; GM, gymnemic acid; STZ, streptozotocin.

animals is consistent with previous results on other diabetic
animal models, such as high-fat-diet, Goto-Kakizaki rats and
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Figure 11. Densitometric analysis of VEGF and Ang-1 protein expres-
sion in the hypothalamus of control, CGM, STZ, STZ + GM, and
STZ + GL rats at 8 weeks. Data are presented as the mean + SEM.
"P<0.001 and “P<0.01 vs. control; “P<0.001 vs. STZ; *P<0.001 vs. CGM;
‘P<0.001 vs. STZ+GL. Ang-1, angiopoietin-1; CGM, gymnemic control;
GL, glibenclamide; GM, gymnemic acid; STZ, streptozotocin.

db/db mice (40). These changes were associated with increased
VEGF signaling (41). An increased understanding of the regu-
lation of cerebral neovascularization in diabetes is required to
identify preventive and therapeutic strategies against cerebral
complications (42). Hypoperfusion of the brain results in
hypoxia-induced angiogenesis through the upregulated expres-
sion of hypoxia-inducible genes, such as VEGF and Ang-1 (43).
Arterial stenosis or atherosclerotic changes of the vessels caused
by hypoxia are considered to serve an important role in the patho-
genesis of brain ischemia (44). During inflammation, there is a
pathological increase in vascular leakage mediated by VEGF (45);
Ang-1 has been reported to counteract the VEGF-induced
inflammation and vascular leakage in endothelial cells as well as
exhibiting an additive effect on vessel formation (4).

GM is the active compound of GS and is found in all parts of
the plant (46). GS possesses glucose lowering effects, which are
associated with reduced ROS in rats and improved antioxidant
parameters, such as like glutathione, glutathione peroxidase,
catalase and malondialdehyde (47). GAPDH is a key enzyme in
the glycolysis pathway (18); it has been reported to interact with
GAPDH and has been indicated to serve an important role in
hypoglycemic activity (19). Previous studies have demonstrated
that GM inhibits Na* dependent active glucose transport in the
small intestine (47) and inhibits glucose-stimulated gastric inhib-
itory peptide (48). GM molecules prevent glucose absorption in
the intestine of rats by filling the receptor location in the absorp-
tive external layers of the intestinal wall (19). Furthermore, GM
can inhibit glucose uptake in the intestine of guinea pigs, which
occurs from to the suppressive effect of GM on high K*-induced
contraction in guinea pig ileal longitudinal muscles (49). Thus,
the use of GM can be beneficial for diabetic animals owing to its
anti-inflammatory properties along with anti-oxidant potential.

Hyperglycemia

Endothelial injury and inflammatory reaction

Hypoperfusion of the brain

.

Hypoxia-induced angiogenesis

1
Ang 1 and VEGF

Neovascular remodelling

-

Proliferation of myointimal cells and collagen deposition

=

Decreasing of arterial lumen diameter

Figure 12. A proposed potential inhibitory mechanism for improvement of
the endothelial injury and inflammatory reaction of brain blood vessels in
STZ induced-diabetic rats by gymnemic acid. The inner wall of blood vessels
impacts high blood glucose conditions, resulting in brain hypoxia-induced
angiogenesis and neovascular remodeling by upregulating Ang-1 and VEGF
expression. VEGF protein and receptors increase lumen formation and
decrease lumen diameter by proliferation of myointimal cells and collagen
deposition, and Ang-1 serves important roles in angiogenesis and vascular
development. STZ, streptozotocin; VEGF, vascular endothelial growth factor.

Hyperglycemia, a high blood glucose can affect endothelial
cells dysfunction of brain blood vessels in STZ induced-diabetic
rats, resulting in brain hypoxia-induced angiogenesis by
upregulating expression of the hypoxia-inducible gene (50).
The beneficial effects of GM treatment (400 mg/kg) improved
the pathological changes in brain blood vessels by reducing
neovascular remodeling via the inhibition of VEGF and
Ang-1 (Fig. 12). VEGF protein and receptors increase lumen
formation and decrease lumen diameter by proliferation of
myointimal cells and collagen deposition (51), and Ang-1
serves important roles in angiogenesis and vascular develop-
ment. Ang-1 has powerful vascular protective effects, such as
suppressing plasma leakage, inhibiting vascular inflammation
and preventing endothelial death (52).

In the present study, vascular corrosion casting and micros-
copy demonstrated that treatment with GM in the diabetic
rat group recovered the healthy architecture of vessels. GM
administration resulted in the improvement and restoration of
injured brain blood vessels induced by hyperglycemia. The
lumen diameter, wall thickness of arteries and the diameter of
arteries, arterioles and capillaries were all improved.

The present study is not without limitations. For example,
the study only assessed the effects of GM substances for 8
weeks to determine whether they could restore the small blood
vessels of the brain. A longer period of time is required to
determine the effective regeneration of large blood vessels.

Taken together, the results of the present study demon-
strated that the restoration and improvement of brain vascular
characteristics in the hypothalamus, through decreased
VEGEF expression and Ang-1 secretion, may be beneficial for
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investigating the role of GM as a therapeutic target for stroke
following treatment for diabetes.
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