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Type 2 diabetes mellitus (T2DM) is one of the expanding global health problems and is the most common metabolic
disorder characterized by hyperglycemia, which significantly contributes to producing reactive oxygen species (ROS). More
than 400 plant species with hypoglycemic activity have been mentioned in the literature. Clitoria ternatea (C. ternatea), often
called Butterfly pea or Asian pigeonwing, is a plant species member of the Fabaceae family. The main goal of this study was to
evaluate the methanolic extract of C. ternatea (CT-Mx)'s and/or chitosan-loaded nanoparticles (CHNPs) antihyperglycemic and
antioxidant effects in normal and diabetic rats produced by streptozotocin (STZ). A total of 20 male albino rats had been
divided into 4 groups, control non-diabetic (NC), STZ/diabetic control, STZ/diabetic + CT-Mx, and STZ/diabetic + CT-CHNPs
groups. After 28 days, levels of insulin, fasting blood glucose (FBG), aspartate transaminase (AST), alanine transaminase
(ALT), superoxide dismutase (SOD), glutathione (GSH), lipid peroxidation, and mRNA gene expression were assessed.
Histopathological and immunohistochemical studies were performed for pancreatic tissues. In the STZ/diabetic (Gp2) rats,
levels of FBG, AST, ALT, and both CDKNI1A and TP53 gene expression were significantly increased. Moreover, the
hyperglycemia-induced hepatic oxidative state is evidenced by a significant increment of lipid peroxidation and deterioration in
SOD and GSH levels. On the contrary, both the STZ/diabetic + CT-Mx and STZ/diabetic + CT-CHNPs showed discernible
improvement in diabetes-associated complications; however, STZ/diabetic + CT-CHNPs (Gp4) rats significantly suppressed the
generated oxidative stress and improved antioxidant activity, liver function, and insulin secretion. Also, their pancreatic section
exhibited architecture with normal regenerative pancreatic endocrine islets with normal distribution and number of beta cells
and suppressing inflammatory and apoptotic gene expression compared to Gp2. Nanocarrier agents showed excellent
antihyperglycemic and effects after antioxidative, making it a promising technology for diabetics.
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of the disease’. However, reduced levels

mellitus (DM), a metabolic condition caused by
abnormalities in insulin secretion and/or action'. DM
has long been regarded as a significant global source
of illness and mortality. In diabetics, reactive oxygen
species (ROS), created by hyperglycemia, harm cells
in various ways and lead to further issues’. Significant
abnormalities in lipid structure and metabolism have
been associated  with  diabetes’.  Enhanced
malondialdehyde (MDA) levels in diabetics imply
that peroxidative damage may contribute to the onset
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glutathione (GSH) and superoxide dismutase (SOD)
have been linked to causing diabetes complications”.

In those with diabetes and poor glucose tolerance,
there was a substantial difference in the expression of
genes implicated in insulin signaling and immune
response’. FFA, inflammatory cytokines, and ROS
have been reported to trigger p53-mediated apoptosis
in pancreatic beta cells’.

Diabetes management without side effects remains a
major challenge '. Most diabetic patients eventually
need to use pharmacotherapeutic drugs at some point.
There has been a plethora of hypoglycemic synthetic
medicines that can be used to treat diabetes. These
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synthetic medications have long been the cornerstone of
diabetes treatment, efficiently controlling hyperglycemia
but causing severe side effects’.

Many conditions that have proven resistant to
conventional treatment can be effectively addressed with
herbal medicine®. Thus, there is a growing interest in the
discovery of natural, and efficient anti-diabetic drugs
from medicinal plants to successfully treat DM. This
approach has been endorsed by the World Health
Organization’. There is a lot of hope that phytochemicals
found in plants can act as hypoglycemics'. Considering
the increasing prevalence of numerous fatal diseases
among humans, a global trend toward using natural plant
ingredients as restorative antioxidants has emerged''.
Approximately 261 plant species (55 plant families) can
be found in Saudi Arabia. The most influential plant

families included Fabaceae, Asteraceaec, Poaceae,
Lamiaceae, Chenopodiaceae, Boraginaceae, and
Zygophyllaceae'”.

Clitoria ternatea (C. ternatea), often called

Butterfly pea or Asian pigeonwing, is a plant species
member of the Fabaceae family that possesses
antidiabetic and antioxidant properties'’. A decoction
made from C. fernatea flower petals, or the flower
itself, is used to make the widely consumed herbal
tea'®, or tisane, known as butterfly pea flower tea in
Saudi Arabia. Clinical studies addressing the impact
of C. ternatea flower extract (CTE) on insulin
response and antioxidant ability are lacking'’, despite
the fact that C. ternatea flower extract (CTE) has a
high concentration of phytochemicals that have
excellent antioxidant, anti-inflammatory, antidiabetic,
and antiproliferative/anticancer aspects'>'*"°.
Nanotechnology science has many applications in
various sectors due to the advantages of working with
nanometric  items”. The growing success of
nanotechnology in the therapeutic field has centred on
many ways to treat diabetes, a prevalent metabolic
condition®. The creation of nanocarrier agents allows
the enhanced delivery of various hypoglycemic
medicines compared to conventional therapy, resulting
in excellent control of elevated blood glucose levels, and
making it the most promising technology. Moreover,
encapsulating  biologically active materials with
nanoparticles is a new approach that may face
limitations when using natural products as therapeutic
agents”'. Chitosan is a biocompatible and biodegradable
natural polysaccharide with numerous medicinal uses.
Chitosan nanoparticles (CHNPs) are widely used as a
drug delivery technology for encapsulating various
pharmaceuticals and botanicals>. Also, adding multiple

ligands to nanocarriers improves the targeted distribution
and protects encapsulated hypoglycemic drugs from
degradation, resulting in a longer-lasting blood-glucose-
lowering impact. As a result, hypoglycemic nanocarrier
agents aim to improve diabetes management while
lowering the risk of acute and chronic problems™.

This study's objective was to assess the antidiabetic
and antioxidant properties of chitosan nanoparticles
loaded with C. ternatea extract on STZ-induced diabetic
rats and to detect the advantages of nanotechnology
approaches for identifying and treating DM.

Materials and Methods

Plant material and preparation of methanolic extract

Raw materials for this study were gathered from
the Aljouf region of Saudi Arabia, where C. fernatea
grows. The Faculty of Science at Jouf University was
responsible for identifying the plant species. The next
step was to dry and powder the plant flowers. Using
five grams of C. ternatea flower powder mixed with
100 mL of methanol, we were able to make a
methanolic extract by following the standard Soxhlet
procedure. Under vacuum, the solvent was removed,
and the resulting extracts were placed in dark glass
vials and kept at 4°C*.

Phytochemical analysis

The extract was phytochemically characterized as
previously described in our previous work™, and the
total phenolic and flavonoid compounds (TPCs and
TFCs, respectively) were also estimated™*.

Preparation of chitosan nanoparticles loaded C. ternatea
methanolic extract

CHNPs were prepared by the ionic gelation method™.
Chitosan solution (0.1 % w/v) in acetic acid (1% v/v) was
prepared and adjusted to pH 4.7. 100 mL of the above
solution was stirred vigorously for 30 min and then
received 20 mL sodium tripolyphosphate (TPP) aqueous
solution (0.1% w/v). The formed particles (CHNPs) were
collected by centrifugation for 10 min at 10000 rpm. A
similar method was used to prepare extract-loaded
chitosan nanoparticles, where 100 mg of extract was
added to the chitosan solution before adding TPP.

Nanoparticle characterization

The CT-CHNPs were characterized for size and
morphology using dynamic light scattering (DLS;
Zetasizer Nano ZS, Malvern Instruments, UK) and
high-resolution transmission electron microscopy
(HRTEM; JEOL-JEM- 2100, Japan)®.
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Encapsulation efficiency

Plant extract loading and encapsulation in plant
extract nanoparticles were assessed using a Lambda
950 Visible-UV spectrophotometer (PerkinElmer
Fremont, CA, USA).

Experimental Animals

In this study, male albino (Sprague-Dawley) rats
weighing between 150 and 200 g were used.
Rats were obtained from the Nile for Pharmaceuticals
& Chemical Industries in Cairo, Egypt. Five rats were
housed in each cage and exposed to a regulated light
and dark cycle (12:12) and normal room temperature
and humidity levels (25°C £ 2°C).

The rats were fed pellets ad [libitum and had
unlimited access to water. The animal studies were
authorized by the ethics committee at Helwan
University's Faculty of Science (Egypt), which
followed their established ethical rules for the Animal
Ethics Committee (No. HU-IACUC/Z/AA1017-16).
The rats had two days of adaptation before the
experiment began.

Induction of Diabetes Mellitus by Streptozotocin

The acclimatized, healthy normoglycemic animals
were included in the study. The rats had an overnight
fast (8—10 h) before receiving a single intraperitoneal
(i.p.) injection of freshly manufactured streptozotocin
(STZ) in 0.1M citrate buffer (pH 4.45), which
was provided by Sigma-Aldrich, St. Louis,
MO, USA®. STZ is extensively used as an
experimental agent capable of inducing diabetes
mellitus (DM) because it is an antibiotic that can
induce pancreatic-cell destruction. Blood samples
from rat tails were used to confirm diabetes 72 h after
STZ injection.

FBG levels were assessed during the diabetes
induction phase until hyperglycemia stabilized,
which was generally a week after STZ injection.
FBG levels above 250 mg/dL were a defining
characteristic of diabetic rats®®, which were the
subjects of the study.

Study design

Animals were grouped into four (five rats each), as
follows:

Group 1: Normal control (NC), included non-
diabetic control rats.

Group 2: STZ/diabetic control (DC), included
STZ-induced diabetic rats as a positive control.

Group 3: STZ/diabetic + CT-Mx (included diabetic
rats receiving 400 mgkg BW of C. ternatea

methanolic extract by oral gavage every day for 28
days) according to our previous work>".

Group 4: STZ/diabetic + CT-CHNPs (included
diabetic rats receiving 400 mg/kg BW of C. ternatea
methanolic extract-loaded chitosan nanoparticles by
oral gavage every day for 28 days)™.

Animals were closely monitored during the
experiment, and their body weights (BW) and fasting
blood glucose (FBG) were recorded (on days 1, 7, 14,
21, and 28).

Blood samples

After 28 days, rats were sacrificed, and blood
collected in sterile tubes. The serum was collected
after spinning blood samples at 3000 rpm for five
min, then maintained at —80°C until it was needed for
the biochemical examination.

Tissue collection

After 28 days, the sacrificed rats' pancreas
was rapidly removed, washed with ice-cold saline,
and divided into three sections. For gene expression
analysis, the first section was kept in Trizol reagent
at —80°C. For biochemical analysis, one more
portion underwent homogenization in phosphate-
buffered saline with a pH of 7.4, centrifuged, and
the supernatants were stored at —80°C. The third
section was submerged in a 15% formaldehyde solution
for histopathological and immune histochemical
analysis.

Biochemical analysis

FBG level

By utilizing a suitable strip with an electronic
glucometer (On Call Plus Blood Glucose Monitoring
System, ACON Laboratories, Inc. San Diego, USA),
we were able to estimate FBG from the animal's tail
vein in all groups of rats.

Serum insulin level

The serum insulin level was determined at the end
of the experiment. For detecting serum insulin levels,
an insulin ELISA kit was used for rats (Linco
Research Inc.), manufacturer's protocol was applied
as a director to the usage of this kit.

Liver enzymes

As mentioned before’”’, levels of aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) in the serum were measured using kits from
Biodiagnostic Company (Dokki, Giza, Egypt) (CAT.
No. AS 1061(45), and AL 1031 (45), respectively).
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Antioxidant Markers

The enzymatic antioxidants superoxide dismutase
(SOD) was assayed in the pancreatic tissues according
to™, Glutathione (GSH) was assayed in the pancreatic
tissues according to”, and pancreatic homogenate
from both control and experimental animals was
tested for malondialdehyde (MDA) levels® all
according to the manufacturer's instructions of the kits
purchased from Biodiagnostic Company (Dokki,
Giza, Egypt) (CAT. No. SD 2521, CAT. No. GR
2511, CAT. No. MD 2529), respectively.

Histological examinations

Regularly, pancreatic tissue samples were fixed in
10% formalin, dried in an increasing series of alcohol,
cleaned in xylol, and then embedded in paraffin.
Tissues were sectioned at a thickness of 4-5 uM,
fixed, processed for H&E staining“, and examined
for gross cellular damage using an optical microscope
(Optica light microscope (B- 350)).

Immuno-Histochemical Study

NF-«kB and insulin antibodies were stained
immunohistochemically at dilution of (1:50) and
(1:100), respectively, on paraffin-embedded sections
(4 uM thick) using an Avidin-Biotin detection system
(Ventana, Tucson, AZ, USA), following the
manufacturer's instructions®>, respectively.

Gene expression analysis

The expression profiles of pancreatic cyclin-
dependent kinase inhibitor 1A (CDKNI1A), tumor
protein p53 (TP53), and fibroblast growth factor 7
(FGF7) mRNA were quantified using real-time PCR
(RT-PCR). Reverse transcription was used to create
the first strand of cDNA from lg of RNA*. The
results of the mRNA expression of the three genes
were compared to the expression of B-actin
According to®. Table 1 lists the primer sequences
used in the current study.

Statistical analysis

Results were shown as mean + SD and are the
means of 5 replicates/group. One-way ANOVA was
used for statistical analysis. The standard deviation is
represented by the bars. Tukey post hoc comparisons
between various groups are used when there is a
substantial variation in the group means. P values <
0.05 were regarded as statistically significant for all
statistical tests, columns with distinct lower-case
letters denote statistical (“P < 0.05 compared with the
NC group, °P < 0.05 compared with the Diabetic

Table 1 — The primer sequence used for gene expression
analysis in the study.

Gene Primers Sequence (5-3")
CDKNI1A Forward AGGTGGACCTGGAGACTCTCAG
Reverse TCCTCTTGGAGAAGATCAGCCG
TP53 Forward CCTCAGCATCTTATCCGAGTGG
Reverse TGGATGGTGGTACAGTCAGAGC
FGF7 Forward CTGCCAACTCTGCTCTACAGATC
Reverse AGCATCCCAGCAGCCTTTAG
B-actin Forward GCACCACACCTTCTACAATG
Reverse TGCTTGCTGATCCACATCTG

control group, ‘P< 0.05 compared with the Diabetic
CT+ Mx group, ‘P < 0.05 compared with Diabetic
CT+ CHNPs group), Using Excel 365 (Microsoft
Corporation, USA) and Minitab version 19, data,
were statistically analyzed. To examine the link
between the evaluated markers, a Biplot of a principal
component analysis was carried out using the ggplot2
package, and the heatmap with RColor Brewer was
included in R software.

Results

Characterization of the nanomaterials

The obtained particles showed a hydrodynamic size
of 10-20 nm and a mean peak of 17. TEM imaging
indicated that the obtained particles have a regular
shape with a size average of 20 nm, as seen in
(Fig. 1). Furthermore, the prepared particles showed
encapsulation efficiency and a loading capacity of
84.00% + 6.40 and 13.21|% + 2.20.

Effect on Body weight (BW)

BW was recorded and results obtained in weeks 2,
3, and 4 for the diabetic rats receiving STZ (Gp2)
demonstrated a decrease in BW compared to other
groups. Interestingly, by the end of week 3,
this reduction was significant compared to groups 3,
and 4 (P< 0.01, and 0.001), by the end of week 4,
this reduction was significant compared to groups 1,
3, and 4 (P< 0.001, 0.001, and 0.001), respectively
(Fig. 2). This reduction in BW might result from
the degradation of structural proteins and fats as
there wasn't enough glucose for the body to use
for energy. However, rats treated with C7-Mx (Gp3)
and those treated with CT-CHNPs (Gp4) showed a
regular pattern of increase in their BW, as seen in
(Fig. 2).
Determination of serum FBG and insulin level

FBG was measured at 1, 7, 14, 21, and 28 days.
According to our findings, by the end of week 1,
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Fig. 1 — (A) TEM image of CT-CHNPs; (B) Hydrodynamic size of CT-CHNPs; and (C) Zeta potential of C7-CHNPs
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Fig. 3 — Blood glucose levels in the different groups under the study. Data expressed as mean = SD, n =5 for each group

diabetic groups 2, 3, and 4 had significant increases in ~ was highly significant by the end of weeks 2, 3, and 4
glucose levels when compared to Gp 1 (P< 0.001,  when compared to Gp 1 (P< 0.001, 0.001, and 0.001),
0.002, and 0.025), respectively (Fig. 3). respectively. These outcomes coincided with the drop

Gp2 had high glucose levels (up to 400 mg/dL) in insulin levels (Fig. 4) that was highly significant at
throughout the experimentation, and this increase  the end of the experiment compared to groups 1, 3, and



506 INDIAN J. BIOCHEM. BIOPHYS., VOL. 60, JULY 2023

12.04

°
o
x

Insulin (pg/ml)

w
o
:

Normal Control Diabetic control Diabetic + CT-Mx Diabetic + CT-
CHNPs

Fig. 4 — Insulin levels in the different groups under the study.
Data expressed as mean + SD, n =5 for each group

4 (P< 0.001, 0.004, and 0.001), respectively, after
week 4.

On the contrary, diabetic rats treated with C7-Mx
(Gp3) had an increase in FBG during weeks 2 and 3 in
comparison to Gp 1 (P =0.005 and 0.003), respectively.
While this increase was less significant by the end of
week 4 (P = 0.042), respectively, which reflects the
effect of the extract. Interestingly, Gp4 demonstrated a
dramatic decrease in the FBG without any obvious
major variations in Gpl at the same time by the end of
weeks 3 and 4 (P = 0.126 and 0.314), respectively,
which reflects the effect of the CT-CHNPs in lowering
the FBG and this was accompanied by a significant
elevation in the insulin level compared to Gp2
(P< 0.001) indicating improvement in the insulin
sensitivity, as shown in (Fig. 4).

Moreover, low FBG in Gp4 was highly significant
when compared to the increases FBG levels in the
Gp2 during weeks 3 and 4 (P = 0.01 and P< 0.001),
respectively.

Thus, the results depict the increase in insulin
concentration after administration of C7-Mx (Gp3)
and CT- CHNPs (Gp4), and this improvement either
by stimulating the beta cells to secrete insulin or
by regenerating pancreatic 3 cells, which was supported
by histopathological and immunehistochemical
investigations. These results proved that the C. ternatea
CHNPs could decrease blood sugar levels and have
promising effects equivalent to an antidiabetic drug.

Determination of liver function

As shown in Figure 5, in the diabetes group (Gp2),
both ALT and AST values were considerably higher
than in the control group (Gpl) (P< 0.001 and 0.002),

respectively.
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Fig. 5 — (A) Serum ALT (U/L), (B) Serum AST (U/L) levels in
all groups. Data expressed as mean + SD, n = 5 for each group

However, delivery of CT-Mx (Gp3) or CT-CHNPs
(Gp4) to diabetic rats decreased ALT (P< 0.01 and
0.001) and AST levels significantly (P< 0.01 and
0.002) compared to the diabetic group.

These results demonstrated the liver-protective
properties of these extracts (C7-Mx or CT-CHNPs);
furthermore, CT7-CHNPs (Gp4) showed a more
effective liver-protective property than C7-Mx.

Determination of pancreatic oxidative stress markers

In fact, hyperglycemia increases oxidative stress
because it leads to elevated ROS generation, which in
turn affects the antioxidant defense mechanisms of the
body's cells. Figure 6 showed significantly elevated
levels of MDA (P<0.001) in STZ (Gp2)-treated
diabetic rats that were accompanied by particularly
low SOD (P<0.001) and GSH (P<0.001) levels
compared to Gpl.

However, diabetic rats treated with CT-CHNPs (Gp4)
showed significantly lower levels of the previously
elevated MDA levels compared to Gp2 (P<0.001); with
a significant improvement of the antioxidant ability
reflected by an increase in SOD (P = 0.001) and GSH
levels (P<0.001) when compared to group 2 (Fig. 6).
While these levels showed non-significant differences
in MDA (P = 0.078), and SOD (P = 0.214) when
compared to GP1. These findings indicated that
CT-CHNPs could reduce diabetes-induced liver damage
and increase antioxidant enzyme levels in diabetic rats.
Diabetic rats treated with CT-CHNPs (Gp4) showed
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significant lower levels of MDA levels compared to Gp3
(P = 0.048); with an increase in GSH levels (P = 0.002)
and SOD (P = 0.095).

Histopathological Sectioning

In a normal control (Gpl), histopathological analysis
of the pancreatic exocrine glands revealed normal islets
of Langerhans with a normal distribution of beta cells
(Fig. 7A & B). In contrast, the diabetic control group
showed severe peri pancreatitis with inflammatory and
degenerated islets and a reduced number of beta cells
(Fig. 7C & D) that mostly occurred through ROS. The
pancreas of Gp3 showed vacuolation of islets cells with
reduced cell number and mild necrotic tissue area
(Fig. 7E & F). The pancreatic section of Gp4 exhibited
architecture with normal regenerative pancreatic
endocrine islets with normal distribution and number of
beta cells compared to Gp2 (Fig. 7G & H). The
morphometric study of Islets of Langerhans is
represented in (Fig. 8).

Immunohistochemical Study

NF-xB
Evaluation of NF-xB expression in pancreatic
tissue from various experimental groups was done.

Normal expression was detected in the normal control
group (Fig. 9A & B). Meanwhile, strong positive
expression was determined in the Gp2 contrasted to
the Gpl (Fig. 9C & D). A moderate expression level
was recorded in CT-Mx (Gp3) group (Fig. 9E & F).
On the other hand, the higher protective effect
occurred in C7- CHNPs group revealing the
lowest expression of NF-kB in the pancreatic tissue
(Fig. 9G & H).

Insulin

Evaluation of insulin expression in B-cells in
pancreatic islets from various experimental groups
was done. Normal marked expression was detected
in the normal control group (Fig. 10A & B).
Meanwhile, mild expression was determined in
the diabetic group (Fig. 10C & D), and moderate
expression was recorded in C7-Mx (Gp3) group
(Fig. 10E & F). On the contrary, marked insulin
expression occurred in CT-CHNPs group (Fig. 10G
& H).

Gene expression analysis

The current investigation used RT-PCR to identify
CDKNI1A, TP53, and FGF7 mRNA expression level
changes as molecular biomarkers. In pancreatic
tissues, both C7-Mx and CT7-CHNPs showed
antioxidant,  inflammatory, and  antiapoptotic
activities, and the expression levels of these genes
were studied compared with Gpl. Both CDKN1A and
TP53 genes were increased in response to STZ
therapy (Group 2) and showed significant differences
compared to groups 1, 3, and 4 for CDKNIA
(P< 0.001, 0.003, and 0.001), respectively, and for
TP53 (P< 0.001, < 0.001, and < 0.001), respectively.
In contrast, the FGF7 gene was considerably down-
regulated and showed significant differences
compared to groups 1, 3, and 4 (P< 0.001, < 0.001,
and < 0.001), respectively (Fig. 11). Treatment with
CT-Mx (Gp3) after induction of diabetes showed
down-regulation of the CDKNIA (P<0.011) and
TP53 (P<0.001) genes whilst the FGF7 gene was
significantly up-regulated (P< 0.001) when compared
to Gpl (Fig. 11). While treatment with C7-CHNPs
(Gp4) after induction of diabetes showed significant
down-regulation of the CDKNI1A and TP53 genes
compared to Gp2 (P< 0.001 and < 0.001),
respectively, and showed no significant differences
when compared to Gpl for CDKNI1A (P< 0.312).
Whilst the FGF7 gene was significantly up-regulated.
This data revealed that C7T-CHNPs extract had anti-
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Fig. 7 — Histopathological examinations of pancreatic tissues. (A, B) Photomicrograph of pancreas normal control group showing
normal islets of Langerhans (ILS) with a normal distribution of B-Cells (B-C) and normal pancreatic acini (AC) and connective tissue
trabecula (CTT) with normal patent interlobular duct (Int. LD) (H&E). (C, D) Photomicrograph of diabetic control group showing severe
peri pancreatitis with inflammatory cells (Inf.C) with degenerated islets (D.ILS) showing some necrotic area of islets (NT) and reduced
number of beta cells with constricted interlobular duct (Int. LD) (H&E). (E, F) Photomicrograph of the pancreas from diabetic rats treated
with CT-Mx (Gp3) showing vacuolation of islets cells (V.ILS) with reduced cell number and mild necrotic tissue area (NT) and
congested interlobular duct (Int. LD) (H&E). Fig. (G, H) Photomicrograph of the pancreas from diabetic rats treated with C7- CHNPs
with CT group showing apparently normal regenerative pancreatic endocrine islets (R.ILS) with normal distribution and number of
B-cells (BC) and normal patent interlobular duct (Int. LD) all pancreatic cells showed high staining affinity (H&E)

inflammatory and antiapoptotic potentials against the
STZ side effects. Gp4 showed significant down-
regulation of TP53 genes compared to Gp3 (P = 0.033)
and showed no significant differences when compared to
Gpl for CDKNIA (P = 0.139). Whilst the FGF7 gene
was significantly up-regulated (P = 0.02).

Relationships among evaluated treatments and parameters
Multivariate analysis revealed that the first two
PCs account for 99.8% of the total variation (Fig. 12).
PC1 showed higher variation (85.99%) in comparison
with PC2 (13.81%). The PC1 divided the assessed
treatments into two groups: Groups 1 and 4 were on
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Fig. 8 — Morphometric comparison of the perimeter of the pancreatic islets in the four groups

B | N B e A e
F—’é‘/s‘%‘ w‘%‘?

Fig. 9 — NF-kB immunohistochemical examinations of pancreatic tissues. (A, B) Pancreas of the Gpl, showing normal expression of
NF-kB. (C, D) The pancreas of the Gp2 (positive group) showing higher expression of NF-«B. (E, F) The pancreas of diabetic + CT-Mx
(Gp3) rats showing moderate expression of NF-kB. (G, H) The pancreas of diabetic rats treated with C7- CHNPs, showing limited
expression of NF-kB (immunostaining)



510 INDIAN J. BIOCHEM. BIOPHYS., VOL. 60, JULY 2023

Fig. 10 — Insulin immunohistochemical examinations of pancreatic tissues. (A, B) Pancreas of the Gpl, showing normal expression of
insulin in pancreatic islet. (C, D) The pancreas of the Gp2 (positive group) showing weak expression of insulin in pancreatic islets. (E, F)
The pancreas of diabetic + CT-Mx (Gp3) rats showed moderate expression of insulin in pancreatic islets. (G, H) The pancreas of diabetic
rats treated with CT- CHNPs, showing higher expression of insulin in pancreatic islet (immunostaining)

the negative side of PC1, while Groups 2 and 3 were
on the positive side of PCl. The evaluated
parameters: fasting blood glucose level, ALT, AST,
MDA, and CDKNI1A, were associated with Groups 2
and 3 on the positive side of the PC1. This signifies
the high performance of Group 2 and Group 3 in
the aforementioned parameters compared to the other
treatments. Groups 1 and 4, on the other hand, were
on the opposing side and had a worse performance of
all these parameters. Otherwise, SOD, GSH, FGF7,
and insulin were on the opposite side of Groups 2
and 3, indicating lower performance in these

parameters. The FBS level, ALT, AST, MDA, and
CDKNI1A exhibited robust positive inter-association
by adjacent vectors. Likewise, SOD, GSH, FGF7, and
insulin revealed robust positive inter-association and
negative relationships with the above-mentioned
parameters.

The heatmap and hierarchical clustering based on
the assessed parameters divided the evaluated Groups
into two main clusters. Group 2 was represented in a
separate cluster, while the other three groups were
clustered in the other one (Fig. 13). Group 2
possessed the highest values for fasting blood glucose



MOBASHER et al.: ANTIHYPERGLYCEMIC & ANTIOXIDATIVE EFFECTS OF 511
CLITORIA TERNATEA CHITOSAN NANOPARTICLES

a,b
S

REPCR (CDKN1A)
-
N :

Normal control

Diabetic + CT-Mx Diabetic + CT- CHNPs

»
°

REPCR (TP53)
g

Diabetic control Diabetic + CT-Mx STZ + CT- CHNPs

RT-PCR (FG{7)
-] (=}

0.2

0.0-
Diabetic control

Normal control

Diabetic + CT-Mx Diabetic + CT- CHNPs

Fig. 11 — Gene expression profiling of the pancreas in rats.
(A) CDKNIA; (B) TP53; and (C) FGF7. Data expressed as
mean + SD, n =5 for each group
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parameters

level, ALT, AST, MDA, and CDKNI1A (depicted in
blue). SOD, GSH, FGF7, insulin, and body weight, on
the other hand, were at their lowest in Group 2 (red
values). On the other hand, Group 1 exhibited the
highest values for SOD, GSH, FGF7, insulin, and
body weight, while the lowest values for fasting blood
glucose level, ALT, AST, MDA, and CDKNIA.
Group 3 and Group 4 displayed intermediate values
for all assessed parameters.
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Fig. 13 — Interpretation of the heatmap and hierarchical
clustering
Discussion

Chronic hyperglycemia, as well as disturbances in
carbohydrate, fat, and protein metabolism, are
hallmarks of diabetes mellitus syndrome36, which is,
in turn, associated with a complete or partial lack of
insulin action and/or insulin release. Diabetes is
brought on by the selective streptozotocin's (STZ)
damage of pancreatic p-cells®’.

In the current work, FBG levels were elevated, and
serum insulin levels were decreased after
intraperitoneal injection of STZ, confirming the
successful induction of diabetes in rats that was
similar to®. Zafar & Naqvi, 2010* also found that
after STZ was administered, there was a significant
high FBG across all groups over time. According to
our findings, diabetic rats treated with C7-Mx (Gp3)
and those treated with CT-CHNPs (Gp4) had lower
FBG levels and improved insulin secretion.

Chitosan is a cationic polysaccharide that occurs
naturally®’. Due to its unique and beneficial qualities,
it has sparked a lot of curiosity as an excipient for the
manufacture of nanoparticles. Also, chitosan
nanoparticles have been shown to be effective in
treating a wide range of diseases”. Besides its
biodegradability, nontoxicity, and biocompatibility®',
chitosan possesses a number of other desirable
qualities. Adding an amino group to chitosan makes it
more amenable to various chemical manipulations®.
Our results showed that the antihyperglycemic action
of CT-Mx and CT-CHNPswas demonstrated via (i) a
significant decrease of the high level of FBG like
other antioxidant herps such as Hypericum
perforatum®, (ii) a significant promotion in insulin
secretion. These findings demonstrated the
antidiabetic effect of CT-CHNPs. Initial research by
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Daisy & Rajathi, 2009* found that daily dose of
C. ternatea leaf and flowers (CTL and CTF) aqueous
extracts in alloxan-induced diabetic rats whose blood
glucose and glycosylated hemoglobin levels were
monitored daily for 84 days showed significant
reductions in both, indicating that the overall blood
glucose level was controlled, likely due to improved
insulin secretion. Significantly higher serum insulin
levels were observed in CTL and CTF-treated diabetic
animals compared to diabetic control animals. CTL
and CTF appear to have prompted greater insulin
secretion in alloxan-induced diabetic rats. Similar
results were seen in alloxan-induced diabetic rats
given C. fernatea extract twelve h after treatment™.
This agreed with findings from a study on fresh
C. ternatea flowers that demonstrated their
hypoglycemic and hypolipidemic effects**. Moreover,
the expression of insulin was evaluated in B-cells in
pancreatic islets of different experimental groups by
immunohistochemistry. These results showed mild
expression in the diabetic group, and moderate
expression was recorded in C7-Mx group;
Interestingly, marked insulin expression was obvious
in CT-CHNPs treated group. These results are
supported by the results of Habibuddin et al, 2008*
who stated that ingestion of butterfly pea flower
(C. ternatea) ethanol extract orally increases the
number of pancreatic beta cells and decreases the
level of glycated hemoglobin (HbAlc) in diabetic
male Wistar rats (Rattus norvegicus).

According to the current investigation results,
TP53 expression was significantly higher in diabetic
rats than in controls. Mice with T2DM had higher
levels of TP53 expression and produced more pro-
inflammatory cytokines, as shown by research by
Minamino et al., 2009*. In 2015, Homayounfar et al.
showed that TP53 levels were elevated in peripheral
tissues®. Study discovered that TP53 expression is
elevated in the endothelium of various organs and
tissues’’. These results show that oxidative stress
brought on by diabetes causes TP53 expression to rise
in many tissues. In addition, multiple mechanisms
have been identified by Kung & Murphy, 2016° in
which p53 activation causes pancreatic dysfunction
and reduces insulin production. They also found that
p53 is stabilized and activated as a transcription factor
under conditions of multiple stresses’. In response to
stress, the transcription factor p53 is stabilized and
activated, which causes the transactivation of genes
such as CDKNI1A, which induces growth arrest and
senescence. Our research revealed that diabetic rats

had higher CDKN1A gene expression, which is a sign
of oxidative cellular damage®.

Additionally, hyperinsulinemia and glucose
intolerance  were also induced by ectopic
overexpression of the p53 isoform in mice, and the
isoform also up-regulated the expression of a
thymidine kinase. These results indicate that p53 can
significantly affect growth and development®.

In contrast, our study discovered that diabetic rats
had reduced FGF7 gene expression compared to the
group that served as the control. Our findings were
similar to what was reported by Moura et al., 2019%,
who discovered that FGF7 levels were significantly
suppressed in diabetic skin and that, in contrast to
what was seen during wound healing in healthy mice,
FGF7 over-expression promotes wound healing in
several ways that include increased keratinocyte or
fibroblast proliferation and migration. Type 2 diabetes
increases ROS and pro-inflammatory cytokines’.
ROS and its harmful effects are directly eliminated by
enzyme-based antioxidants like SOD™.

In line with Guo et al., 2022°', who discovered that
oral administration of SOD effectively reduced the
oxidative stress in diabetic rats, our results showed
decreased levels of SOD, GSH, and increased MDA
levels reflecting increased oxidants load in diabetic
rats, when compared to the control group. GSH, a
significant intracellular antioxidant, is essential for
limiting the consequences of oxidative stress™.
Erythrocyte GSH concentration is lower in type 2
diabetic patients, according to several researchers™. In
2018 Lutchmansingh et al., in their research,
confirmed a GSH deficiency in type 2 diabetes and
found that these patients had plasma levels of
glutathione (GSH) that are lower with absolute
synthesis rates than people who don't have diabetes™.

Talpate et al. found that the injection of EECT
dramatically decreased the FSG level in a variety of
animal models investigated, indicating the efficiency of
its antihyperglycemic effects®. The effectiveness of
C. ternatea in various sections as an antidiabetic has
already been reported by several researchers™. Our
results support these reports. It has also been proven that
antioxidants are effective at protecting against organ
damage brought on by oxidative stress™. These findings
demonstrate the potential antihyperglycemic and
antioxidant action of C. fternatea, which may help to
lessen diabetes and its consequences. The non-hidden
regeneration of pancreatic islets of Langerhans with
marked redistribution and activation of B-cells that
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showed secretory granules, especially in the C7-CHNPs
group, were among the factors that contributed to the
improvement of glucose levels in the current study.

Moreover, the immunohistochemistry in the present
study showed marked expression of NF-kB in the
diabetic group while showed moderate and mild
expression in both C7-Mx (Gp3) and CT-CHNPs (Gp4),
respectively. This result agrees with the results of P.
Xiao et al. 2022 who reported that activation of NF-xB
is the most important factor in the etiology of diabetes
and its consequences’. Overexpressing NIK in mice has
recently revealed detrimental effects on the survival and
function of B-cell in diabetes models. Despite the fact
that an accumulation of NIK might momentarily take
place under certain circumstances in order to activate the
noncanonical pathway, the protein's expression is
typically low as a result of the constitutive ubiquitin-
mediated degradation of proteins™.

The possible regenerative activity of C. ternatea is
attributed to its high antioxidant activity, which
scavenges the tissue ROS produced by the injured
cells because STZ that was used to artificially induce
diabetes in the mice, according to Shende et al,
2012°7. This is consistent with the research's
conclusions and outcomes. Due to its ability to
stimulate pancreas regeneration, it may be said that
C. ternatea extract has the strongest antidiabetic and
substantial in-vivo antioxidant activity.

Multiple  diabetes-related  genes, including
CDKNI1A, TP53, and FGF7, were modulated in our
study's diabetic mice induced by STZ, whereas in the
C. ternatea-treated groups, CDKNIA and TP53
expressions were decreased, and FGF7 expression
was elevated, indicating an improvement in the
tissue's antioxidant profile and a reduction in response
to stress, particularly when given in nanoparticle
form. Similarly, Minelko et al., 2020 found that a
protein extract from in vivo studies using alloxan-
induced diabetic mice showed that the C. ternatea
flower effectively lowered blood glucose levels. In
alloxan-induced diabetic mice, this protein also
drastically changed the expression of key genes linked
to diabetes, including PPAR, Tcf712, Glut2, CapnlO,
and MCP1. As a result, C. ternatea extract might help
with diabetes management and could be a promising
future target therapy.

Conclusion

C. ternatea methanolic extract has antidiabetic and
antioxidant efficacy, as evidenced by the study. This
is likely due to the presence of several active chemical

compounds, like phenols, and flavonoids, that could
ameliorate the side effects associated with diabetic
conditions. Both the C. ternatea methanolic extract
and the novel C. fernatea methanolic extract loaded
with chitosan nanoparticles showed discernible
hypoglycemic activity and improved its associated
complications; however, the nano-formula showed
noticeably better activity in all tested parameters,
including improvement of liver functions and
suppression of the oxidative stress generated by
diabetes, in addition to suppressing inflammatory and
apoptotic gene expression.

Additionally, histological and immunohistochemical
analysis showed that C. fernatea treatment promotes the
regeneration of pancreatic cells that impacts insulin
synthesis to control blood glucose levels. Therefore,
this might be taken into account for the management
of diabetes mellitus. Due to its pharmacological
benefits, consequently, we expect that chitosan
nanoparticles containing C. ternatea methanolic
extract could represent a viable future target therapy
for diabetes and could be used as safe antidiabetic
medicines.
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