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Banana pseudostem is attributed as a potent food source that serves as a health promoter as well as an
ethnopharmacological agent in Indian medicine system. The aim of this investigation was to examine the anti-
diabetic activity of banana pseudostem ethanol extract (EE), Stigmasterol (C1), and p-Sitosterol (C2) obtained from
EE. The in vitro studies against o.-glucosidase enzyme was evaluated for C1 and C2 (IC, values of 7.31 + 0.12 and
7.80 + 0.93 pug/ml, respectively) which revealed a mixed type inhibition and entailed two inhibition constants viz., K,
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and K,. In vitro glycation experiments further revealed that EE, and its components inhibited each stage of protein
glycation as well as the generation of intermediate chemicals. EE, C1 and C2 inhibited aldose reductase potently,
with IC values of 2.67 & 0.27, 1.80 + 0.36, and 1.93 + 0.37 g/ml, respectively. /n vivo studies on the diabetic
complications known as hypercholesterolemia and hypertriacylglycerolemia in diabetic rat models also revealed
significant improvements in serum/liver levels as well as a notable increase in the activities of enzymatic and non-
enzymatic antioxidant levels. In conclusion, EE has the potential to be an important therapeutic component in the

treatment of diabetes and its complications.

1. INTRODUCTION

Prolonged hyperglycemia is the early sign of diabetes. Considering
the fact that about 25% of the world population are diabetic, its
management is of great importance [1]. Furthermore, the various
effects of hyperglycemia demand immediate treatment [2]. An optimal
method of addressing diabetes comprises of lifestyle and medical
interventions which reduce hyperglycemia thereby decreasing the
likelihood of developing the associated diabetic complications [3-5].

Dietary carbohydrates are broken down to simple sugars by the
action of o-glucosidase and o-amylase and these enzymes are the
primary and most promising targets of medical intervention to reduce
hyperglycemia [5,6]. However, in a more established disease condition,
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mere control of the blood glucose levels does not suffice and requires
a treatment comprising the inhibition of several other enzymes that are
involved in the development of complications. A significant amount
of excess glucose enters the polyol pathway and involves aldose
reductase (AR) enzyme for its conversion to sorbitol, which accumulates
resulting in impairment in the membrane permeability and leads to the
microvascular and cardiovascular complications [7]. The impact of
hyperglycemia is also witnessed on the tissue proteins which undergo
non-enzymatic glycation rendering them inactive. These proteins then
hinder the normal signal transduction pathway thereby generating
reactive oxygen species and lead to several oxidative stress-induced
complications [8]. More recently, the close association of diabetes and
cardiovascular complications are ascertained because of the effect of
hyperglycemia on the blood lipid profiles. Evidences are increasing to
suggest the abnormalities induced by hyperglycemia on the lipids and
lipoprotein metabolism which in turn results in the triglyceride rich
lipoproteins thereby raises the risks for coronary heart disorders [9].

In this context, our study aims at inhibition of hyperglycemia and
encumbers the development of its associated complications by
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inhibiting a series of enzymatic and non-enzymatic reactions. Banana
pseudostem, a secondary product of banana is a popular vegetable
and also known for its medicinal properties in treatment of kidney
stones. Indian traditional medicine Ayurveda also reports its benefits
in management of diabetes [10]. With this background, in our
previous study, we established the inhibitory potential of pseudostem
ethanol extract (EE) on the key carbohydrate hydrolyzing enzymes
a-glucosidase [11,12]. In this study, we aim at evaluating the in vitro
a-glucosidase and o-amylase inhibitory activity and antioxidant
potential of the compounds Stigmasterol (C1) and -Sitosterol (C2)
isolated from EE. Further, we aim to study the inhibition of extract
and compounds on AR, advanced glycation end products (AGE)
formation at every stage and also assess its in vivo antihyperlipidemic
and antioxidant activities.

2. MATERIALS AND METHODS

2.1. Plant Material and Extraction

The collection and treatment of the sample (banana pseudostem)
was carried out according to the previous study by the authors [11].
Treatment of pseudostem for the ethanol extraction using soxhlation
apparatus, isolation of stigmasterol (C1) and B-Sitosterol (C2) using
repeated silica gel column chromatography was conducted. Further,
spectral measurements, mass spectrum evaluation, and IR spectra
evaluation of the fraction containing a single compound in TLC were
also done according to the previous study conducted by authors [11].

2.2. In Vitro Antioxidant Assays

The antioxidant ability of EE and the isolated compounds (Cl
and C2) to scavenge radicals was tested using 1, 1-diphenyl-2-
picrylhydrazyl (DPPH), 2, 2’-Azinobis-3-ethylbenzthiazoline-6-
sulfonate (ABTS), and superoxide assays according to Razali et al.
(2008) [13]. The EC, values express the radical scavenging potential
of the extracts, representing 50% of free (DPPH), cation (ABTS),
and anion (superoxide) scavenging. The positive control used was
butylated hydroxyl anisole (BHA). The antioxidant prospective was
also projected for lipid peroxidation (LPO) inhibition in a liposome
model and ferrous ion chelating activity according to Meghashri et al.
(2010) [14]. Subsequently, determination of the reducing potential of
iron ion for the extract and the compounds was performed according
to Yen et al. (2002) [15]. All the samples were performed in three
individual experiments. The following formula was used to calculate
the absorbance of the antioxidant activity in percentage (%).

(Acomml - Asamplc)

Antioxidant effect % = x 100

control

2.3. Antiglycemic Assays

The inhibitory activity of the isolated compounds against Type VI-B
porcine pancreatic oi-amylase and yeast type-1 o-glucosidase enzymes
using starch and p-nitrophenyl-o-D-glucopyranoside (pNPG) as
substrates, respectively, was carried out according to Ramu et al.
2014) [8]. The results were computed using the equation below, and
are expressed as a percentage of o-amylase/o-glucosidase inhibition.

control

Inhibition (%) = ( = %100

control

With appropriate blanks in between, all the experiments were
performed in triplicates. As a positive control, acarbose was used.

Under the given test circumstances, the inhibitory concentration of the
extract and compounds to inhibit the 50% of a-amylase/o-glucosidase
activity is known as IC. The kinetic analysis of enzyme inhibition
was conducted according to Ramu et al. (2014) [6] using Lineweaver-
Burk plot method [16]. The activity of human recombinant AR
was assessed using the absorbance method (decrease in NADPH
absorption) at 340 nm using quercetin as positive control. All the tests
were performed in triplicates and IC, was calculated as described in
the above section [8]. The antiglycation potential of extract and its
components was assessed at various stages adopting the BSA/fructose
method, as described by Ramu et al. (2014) [6]. The effects of EE, C1,
and C2 on multistage glycation markers such as fructosamines (early
phase), protein carbonyls (middle phase), and AGE (antiglycation end
products, late phase), as well as thiol measurements, were studied after
3 weeks of incubation.

2.4. Animals and Experimental Design

Wistar rats of either sex weighing 220-10 g were used for the in vivo
studies according to the protocol designed by Friedewald er al
(1972) [17]. The Institutional Animal Ethics Committee had approved
the trials and the same were carried out according to the guidelines
of CPCSEA, Chennai, India. Rats fed with basal diets were used as
controls (group 1). Diabetes was induced using alloxan monohydrate
(120 mg/kg) to group 2-7. EE was administered to diabetic rats in
groups 3 and 4 at dosages of 100 and 200 mg/kg, respectively. C1 and
C2 were given at 100 mg/kg of body weight to diabetic rats in groups 5
and 6. Metformin was given to diabetic rats in group 7 at a dose of
250 mg/kg of body weight.

Fasting blood glucose, total cholesterol (TC), triacylglycerol (TG),
very low-density lipoprotein-C (VLDL-C), low-density lipoprotein-
cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C), and
atherogenic index (AI) were calculated according to the protocol given
by Friedewald et al. (1972) [17]. Further, antioxidant enzyme activity
evaluation was carried out according to the protocols by Marklund and
Marklund (1974) [18], Rotruck ez al. (1973) [19], and Sinha (1972) [20]
were used to evaluate the activity of antioxidant enzymes (catalase,
glutathione peroxidase, superoxide dismutase). Glutathione levels were
determined using the Ellman (1959) method [21]. Ascorbic acid and
a-tocopherol, the non-enzymatic antioxidants were evaluated according
to Baker et al. (1980) [22] and Omaye et al. (1979) [23]. Furthermore, a
colorimetric method for assessing LPO utilizing the thiobarbituric acid
reaction with malondialdehyde described by Ohkawa et al. (1979) was
used for the same [24].

2.5. Statistical Analysis

All the outcomes of this study have been shown as Mean+ SD. Comparison
of statistical data between the treated and normal was performed using
Duncan’s Multiple Range Test (version 21.0, Chicago, USA) and SPSS
Software’s one-way analysis of variance (ANOVA). Only Results with
only “P” <0.05 were considered as statistically significant.

3. RESULTS

3.1. Antiglycemic and In Vitro Antioxidant Activity

The inhibitory potential of the isolated compounds (C1 andC2) on the
a-amylase/o-glucosidase, the carbohydrate metabolizing enzymes,
was assessed using acarbose as positive control. Results described in
terms of IC, values [Table 1] illustrated that the ai-amylase inhibitory
effect of C1 (IC, 42.58 +2.14 pg/ml) and C2 (IC, 43.43 + 1.03 pg/
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ml) was comparatively lower than acarbose (IC, 29.71 = 1.51 pg/ml).
In contrast, C1 and C2 inhibited o-glucosidase with IC values of
7.31+0.12 and 7.80 + 0.93 pug/ml, respectively, and possessed a strong
inhibition compared to acarbose (9.68 + 0.48 ug/ml). In vitro inhibitory
studies indicated that compounds had effective o-glucosidase
inhibitory potential compared to o-amylase inhibition.

During inhibitory kinetic assays, the presence of Cl and C2, a
comparative increase in K values and a decrease in V__ values
ensures the typical reversible mixed-type plots. Diverse quantities of
C1 [Figure al] and C2 [Figure b1] intersected in the second quadrant,
revealing a pattern of mixed-type inhibition, as shown by the plots.
Mixed-type inhibition straddles the line between competitive and
non-competitive inhibition. Using the Lineweaver-Burk method
using secondary plots of the slope and Y-intercept versus compound
(inhibitor) concentration, the dissociation constants of the K1 (inhibitor-
bound enzyme complex) and the K2 (inhibitor-bound enzyme substrate
complex) were calculated. C1 (0.55 + 0.05 g, Figure a2) and C2 (0.43
+0.09 g, Figure b2) were found to have lower K, values than C1 (4.92
+ 0.10 g, Figure a3) and C2 (2.38 + 0.07 g, Figure b3), showing that
chemicals bind more to o-glucosidase enzyme than to o-glucosidase-
pNPG substrate complex. While, in terms of IC, values, Cl had
stronger inhibition toward o-glucosidase than C2 was also affirmed by
smaller values of inhibitory constants exhibited by K, than K..

In this study, the compounds C1 (IC,, 1.80 + 0.36 ug/ml) and C2
(IC,, 1.93 + 0.37 ug/ml) isolated from banana pseudostem EE
(IC,,, 2.67 = 0.27 pug/ml) were found to inhibit AR at far better levels
than the EE [Table 1]. In AR inhibition tests, a phenolic compound
known as quercetin (IC, 3.420.14 g/ml) was used as a positive control.
In general, EE, C1 and C2 exhibited stronger inhibition (P < 0.05)
toward AR than quercetin.

Table 1: Inhibitory potential of EE, C1 and C2 against a-amylase,
a-glucosidase, and aldose reductase enzymes.

Sample IC,>Y (ng/ml)
Enzymes
a-amylase  o-glucosidase Aldose reductase
EE 54.65+0.33¢ 8.11+0.10° 2.67+0.27°
Stigmasterol 42.5842.14*  7.3140.12* 1.80+0.36*
B-Sitosterol 43.43+£1.03*  7.80+0.93° 1.93+0.37*
Acarbose/*Quercetin 29.71£1.51° 9.68+0.48" 3.42+0.14¢

*The mean and standard deviation (mean+SE) are used to express the data. Duncan
multiple range test shows that means in the alike column with diverse superscripts
are significantly dissimilar (P<0.05). *Under test circumstances, the IC, value is
well-defined as the IC (inhibitor concentration) that inhibits 50% of activity of enzyme.
*In the aldose reductase assay, quercetin was employed as a positive control

Table 2: In vitro antioxidant activity of EE and its isolated compounds.

EE and its derivatives showed a similar trend in radical scavenging
activity testing. Table 2 summarises the estimated half effective
concentration, or EC, (g of testing per ml), of EE and associated
components. In all three antioxidant experiments examined,
stigmasterol had considerable free radical scavenging activities,
but C2 was relatively lesser (in terms of EC, values) compared to
C1 (P <0.05). In all in vitro antioxidant studies, EE and compounds
extracted from them excelled BHA, and the activity ascended in the
order C1>C2>EE>BHA.

In a liposome model, EE and its components effectively prevented the
peroxidation of egg yolk homogenate compared to their EC, | values.
When compared to the normal BHA, the ethanolic extract had 1.5-
fold more metal (ferrous ion) chelating activity, while the isolated
components had 2-fold higher metal (ferrous ion) chelating activity
[Table 2]. The capacity of EE and its constituents to reduce ferric
chloride and potassium ferricyanide complex was also used to measure
their reducing power. Figure 2a shows a dose-dependent increase in
absorbance (700 nm), which indicates that EE and its components are
losing their effectiveness.

The antiglycation properties of EE and its components were assessed
using a BSA/fructose glycation model. Test samples were examined
for inhibition of multistage glycation markers such as fructosamines,
protein carbonyls, and AGE, along with thiol protection, after a 3-week
incubation period, as shown in Figure 2b-e, respectively. Adding EE
and its components to the BSA-fructose model for 21 days resulted
in a significant concentration-dependent decrease in AGE formation.
At a concentration of 100 g/ml, EE inhibited the AGE formation
by 8%, whereas the Cl and C2 inhibited the same by 83%, and
74%, respectively. The aminoguanidine inhibited the AGE formation
by 70%, and was much lower in comparison with the extract and the
isolated compounds [Figure 2b].

Figure 3a shows the fructosamine content of the Amadori product.
Fructosamine level in the BSA/fructose system increased steadily as
the experiment went, compared to non-glycated BSA. Fructosamine
production was progressively diminished after treatment with EE and its
components at a concentration of 100 g/ml. Fructosamine synthesis was
inhibited in a dose-dependent way toward the end of the experiment, with
stronger inhibition than aminoguanidine at various dosages [Figure 2c].

In comparison to non-glycated BSA, high doses of fructose increased the
amount of protein carbonyl by 5-fold [Figure 3¢c]. The results demonstrated
that adding 100 g/ml of EE, C1, and C2 to the BSA/fructose system
decreased protein carbonyl levels considerably. The chemicals (100 g/
ml) and EE together lowered protein carbonyl levels by 80-90% at the
end of the trial. At a concentration of 100 g/ml, aminoguanidine lowered
protein carbonyl concentration and inhibited by 77% [Figure 2d].

Sample Effective Concentartion,** (ng/ml)
RSA LPO MC
DPPH ABTS Superoxide
EE 31.13+1.86° 25.84+1.15° 54.47+2.78° 33.074+2.52° 54.17+3.05°
Stigmasterol 24.24+4.11° 23.10+1.65* 44.58+3.20° 26.88+3.95* 35.11+0.96°
B-Sitosterol 26.45+2.20* 23.45+1.69° 46.98+0.98° 29.53+2.24° 36.41+0.77°
BHA 41.00+0.75¢ 31.00+0.15° 73.00£1.15¢ 47.00+£0.12¢ 68.00+0.33¢

*Values (n=6) are reported as mean+SE. Duncan multiple range test shows that means in the same row with diverse superscripts are significantly dissimilar (P<0.05); “The effective
concentration required to exhibit 50% of antioxidant activity is known as the EC, value under assay conditions. RSA: radical scavenging activities; LPO: lipid peroxidation; MC: metal

chelation, EE: Ethanol extract, BHA: Butylated hydroxyl anisole
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Figure 1: Lineweaver-Burk plot (LBp) on inhibition of a-glucosidase activity by Stigmasterol (al) and -Sitosterol (b1) at diverse concentrations for the
estimation of K, and K,. (a2, a3 and b2, b3) curve represents K and K, calculation for the pNPG substrate, respectively.

Fructose-mediated glycation of BSA reduced the thiol groups in Thiol protection levels ranged from 65% to 85% in the presence
BSA over time in the same way that non-glycated BSA did. The of EE, C1 and C2, with significant denaturation shielding evident
extract and its constituents, on the other hand, prevented thiol as thiol concentrations were nearly recovered to native BSA levels
group loss in a concentration-dependent manner [Figure 2e]. [Figure 3b].
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Figure 2: At varying doses of ethanol extract of pseudostem and its separated
components, inhibitory effects on Reducing power (a); AGE formation (b);
Fructosamine (c¢); Protein carbonyls (d); Protein thiols protection (e). The

mean and standard deviation (n=3) are used to calculate the values.

3.2. In Vivo Antihyperlipidemia and Antioxidant Activity

In each group, TC, triglycerides (TG), HDL-C, VLDL-C, LDL-C,
Al, LDL-C/HDL-C ratio, HTR (percent), free fatty acids (FFA), and
phospholipids (PL) levels are shown in Table 3. When compared to
the normal control groups, alloxan induction resulted in a substantial
(P < 0.05) increase in TC, TG, LDL-C, VLDL-C, Al PL, FFA, and
HTR (percent), as well as a drop in HDL-C levels. After 28 days of
oral therapy with EE, C1, C2, and metformin in diabetic rats, all of
the parameters were returned to near-normal values. The amounts of
TC, TG, PL, and FFA found in the livers of diabetic and non-diabetic
rats are shown in Table 4. In diabetic rats’ tissues, lipid indices were
significantly higher (P < 0.05) than in normal rats’ tissues. The lipid
profile in liver tissues was dramatically lowered following 28 days of
administration of EE and the drugs.

The concentrations of enzymatic and non-enzymatic antioxidants
in serum and liver, respectively, are shown in Tables 5 and 6. When
compared to the normal control group, the serum and liver of untreated
diabetic rats (group 2) had a substantial increase in lipid peroxide
concentration. For 28 days, diabetic rats were given two doses of EE,
C1, C2, and metformin (group 3—7) and their serum/liver lipid peroxide
concentration was significantly reduced. The activities of enzyme
antioxidants in serum and liver were reduced in diabetic control rats
(P <0.05). When diabetic rats were administered with EE, C1, C2, and
metformin, their enzyme activity was significantly higher (P < 0.05)
than diabetic control rats. Furthermore, when diabetic untreated rats
were compared to normal control rats, non-enzymatic antioxidants like
alpha-tocopherol, GSH, and ascorbic acid activities in the blood and
liver were considerably reduced (P < 0.05). The results reverted to near
normal after 28 days of oral treatment of extract (100 and 200 mg/kg)
and compounds (100 mg/kg), similar to metformin (250 mg/kg).

4. DISCUSSION

The major symptom of diabetes is hyperglycemia, which is defined
as consistently elevated levels of plasma glucose due to impairments
in body metabolism, as well as the absence or insufficient insulin
production [25]. Hyperglycemia elicits a complex of several reactions,
both enzymatically and non-enzymatically, resulting in the formation
of diabetic complications and such a condition require treatment that
not only targets hyperglycemia but also various other pathways in
order to achieve optimal management [26]. In the current scenario,
antihyperglycemic effect is achieved by the use of enzyme blockers
(o-glucosidase and o-amylase) that restrict the breakdown of dietary
carbohydrates thereby preventing excess glucose entering the blood [6].
However, this further leads to undesirable breakdown of stored form
of glucose (glycogen) or breakdown of proteins into individual amino
acids which undergo gluconeogenic cycle to replenish glucose into the
plasma both of which leads to loss of body weight that is witnessed in
diabetic patient. Furthermore, thus generated excessive glucose enters
various pathways leading to vascular complications which collectively
prove fatal to the patients. Despite control of hyperglycemia being
the pre-requisite in control of diabetes, addressing the complications
associated with them also is equally important and this is achieved by
the use of an adjunct that inhibits hyperglycemia (o-glucosidase and
o-amylase inhibitors) along with inhibition of AR (the key enzyme
of the polyol pathway), glycation of proteins (at various stages to
form AGE), oxidative stress which are the major contributors of
microvascular problems and inhibitor of hyperlipidemia which is the
primary cause of macrovascular complication [8,27-29]. Hyperglycemia
being the prime source of all the complications of diabetes, the first
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Figure 3: After 3 weeks of incubation, the effects of ethanol extract of pseudostem (EE), Stigmasterol (C1), and -Sitosterol (C2) on Fructosamine content (a),

Protein carbonyl content (b), and Thiols group content (c) in the BSA/Fructose system.

target of the present study was inhibition of the two key carbohydrates pancreatic cells, respectively. Standard inhibitors namely acarbose,
hydrolyzing enzymes viz., o-glucosidases and o-amylase which voglibose, and miglitol are antihyperglycemic but they also lead to
are located in the brush borders of the intestine and secreted by the undesirable problems due to which use of such synthetic inhibitors are
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Table 3: After 28 days of treatment, the effect of EE, C1 and C2 on the serum lipid profile of experimental normal and diabetic rats.

Estimates groups Normal Diabetic EE-100 EE-200 C1-100 C2-100 Metformin-250
TC (mg/dl) 72.63£1.06* 139.51+7.86¢ 81.36+3.30° 75.48+4.97* 80.73+4.21°¢ 85.60+5.16° 80.80£5.11°¢
TG (mg/dl) 47.07+£2.03* 109.05+6.61¢ 61.36+3.29%¢ 56.36+5.64° 65.73+3.40¢¢ 68.94+6.49¢ 59.13+£3.13°
HDL-C (mg/dl) 28.27+3.744 16.16+3.67° 22.36+4.730¢ 24.70+6.64°¢ 24.06+3.19¢¢ 23.53+4.40°¢ 19.02+3.66*
LDL-C (mg/dl) 34.20+5.02° 104.15+8.62¢ 46.73+6.29%¢ 39.51+8.99¢ 50.52+4.31¢0 48.29+5.04 51.13+£6.13¢°
VLDL-C (mg/dl) 8.83+£2.03% 22.44+1.10¢ 12.27+0.65% 11.27+1.13° 13.15+0.68°¢ 13.79+1.29¢ 11.11£1.27°
AI (TC-HDL)/HDL 2.01£1.60 7.63+1.08 1.99+1.95° 2.29+1.1280 1.99+1.49b 2.73+1.63b¢ 2.99+0.99
LDL-C HDL-C ratio 0.99+0.32 6.94+1.80 2.23+1.80% 2.00+1.93% 1.85+0.43% 1.99+1.49b 3.00+2.00
HTR (%) (HDL-C/TC ratio) ~ 40.31+6.78¢ 11.2143.47¢ 27.60+6.63¢ 33.00+9.53¢ 29.87+4.30°¢ 27.48+4.96b¢ 22.61+5.07°
FFA (mg/dl) 51.45+2.79* 103.55+8.33% 64.70+15.46° 57.15+7.60* 65.73+8.94¢ 67.27+11.23% 66.30+9.05¢
PL (mg/dl) 75.95+6.04 127.08+10.07¢ 92.27+12.04° 88.8242.330 94.70+13.41° 94.06+7.16° 98.09+11.20°

Values (n=6) are reported as mean+SE. Duncan multiple range test shows that means in the same row with diverse superscripts are significantly dissimilar (P<0.05). TC: Total cholesterol;
TG: Triglycerides, HDL-C: High-density lipoprotein-cholesterol, VLDL-C: Very low-density lipoprotein-C, AI: Atherogenic index, LDL-C: Low-density lipoprotein-cholesterol,
FFA: Free fatty acids, PL: Phospholipid

Table 4: After 28 days of treatment, the effect of EE, C1 and C2 on the liver lipid profile of experimental normal and diabetic rats.

Estimates groups Normal Diabetic EE-100 EE-200 C1-100 C2-100 Metformin-250
TC (mg/g of wet tissue) 4.07£2.16* 7.77+3.33Y 6.19+1.31Y 4.74+1.67 5.03+£2.26% 4.53+1.30 4.67+1.10%
TG (mg/g of wet tissue) 3.30+0.11* 6.16+3.04¥ 4.13+1.97 4.44+1.41 3.96+0.90%¥ 3.90+1.52% 3.99+3.50¥
FFA (mg/g of wet tissue) 7.14+3.06 19.09+5.11¥ 9.294+4.07* 8.96+3.85% 8.79+3.80* 9.63+3.10* 10.51+5.55*
PL (mg/g of wet tissue) 21.10+1.07% 45.98+9.54Y 28.71+8.15* 26.71+£6.94* 30.04+7.39% 32.21+7.68 31.08+4.52%

Values (n=6) are reported as mean+SE. Duncan multiple range test shows that means in the same row with diverse superscripts are significantly dissimilar (P<0.05). TC: Total
cholesterol, TG: Triglycerides, FFA: Free fatty acids, PL: Phospholipids

Table 5: After 28 days of treatment, the effect of EE, C1 and C2 on lipid peroxidation and non-enzymatic/enzymatic antioxidants levels in the serum of
experimental normal and diabetic rats.

Estimates groups Normal Diabetic EE-100 EE-200 C1-100 C2-100 Metformin-250
LPO (umol of MDA/mg protein) 0.23£1.08*  0.86+1.19% 0.43+2.08" 0.38£1.07" 0.43+3.08" 0.46£2.10% 0.50£1.04%
SOD (Units of activity/mg protein 7.47+0.71¢  2.954+0.99" 5.36+2.04" 5.95+2.19™* 4.7342.33w 5.58+0.40" 5.0040.47"v
CAT (umol of H,0,/min/mg protein) 3.49+£0.97  1.20+0.15Y 2.70+0.78 3.00+1.36™ 2.55+0.60" 2.28+0.44" 3.00+0.64"
GPO (pmol of NADPH/min/mg protein) ~ 0.84+2.13*  0.17+0.06*  0.59+0.09*¥ 0.64+0.09¢ 0.55£0.07**  0.52+0.08™* 0.47+0.06"
RG (pmol of NADPH/min/mg protein) 3.16+0.81*  1.61+0.22" 2.26+0.36% 3.00+1.58% 3.34+1.83% 3.01+2.84% 3.10+1.68%
Vit-C (Units/mg protein) 3.06+1.26*  2.02+0.50¥ 2.69+0.43"* 2.86+1.26™* 3.53+1.31Y 3.55+1.27 2.43+0.35"
Vit-E (Units/mg protein) 277116 2.06+0.11" 2.69+0.11Y 2.75+0.07¢ 2.65+1.14% 2.48+0.13% 2.53+0.10™*

Values are reported as mean+SE. Duncan multiple range test shows that means in the same row with diverse superscripts are significantly dissimilar (P<0.05). LPO: Lipid peroxidation,
SOD: superoxide dismutase, CAT: Catalase, GPO: Glutathione peroxidase, RG: Reduced glutathione

Table 6: After 28 days of treatment, the effect of EE, C1 and C2 on lipid peroxidation and non-enzymatic/enzymatic antioxidants levels in the liver of
experimental normal and diabetic rats.

Estimates groups Normal Diabetic EE-100 EE-200 C1-100 C2-100 Metformin-250
LPO (umol of MDA/mg protein) 4.43+£1.91*  13.89+1.50°  08.99+0.08" 9.65+0.96° 10.48+0.51b¢ 10.05+0.53% 12.11£0.10°¢
SOD (Units of activity/mg protein 40.04£1.01°  17.94+1.82*  32.02+2.00° 38.17+6.31¢ 31.5243.61° 30.35+2.82° 28.80+2.59°
CAT (umol of H,0,/min/mg protein) 30.44+1.40°  12.88+0.78° 24.05+3.02° 25.01+4.05° 22.19+2.11° 22.52+2.04° 23.07+0.93b¢
GPO (umol of NADPH/min/mg protein)  06.59+1.74*  03.20+1.32° 5.27+0.46° 6.03+0.98"¢ 5.53+1.30°¢ 5.02+1.45° 4.95+1.59¢
RG (umol of NADPH/min/mg protein) ~ 19.55£2.07°  12.04+1.10°  16.08+0.82%¢  17.64+2.34¢ 14.77+0.94b¢ 14.33+0.46°¢ 13.94+0.23%¢
Vit-C (Units/mg protein) 1.55+1.15¢  01.03+0.18* 1.29+1.17° 1.41+0.10°¢ 1.38+0.13%¢ 01.35+0.13b¢ 01.26+1.09°
Vit-E (Units/mg protein) 0.83£1.09°  0.45+0.14° 0.78+0.10¢ 0.81+£1.06¢ 0.79+1.05¢ 0.73£1.06°¢ 0.70+0.10°¢

Values are reported as mean+SE. Duncan multiple range test shows that means in the same row with diverse superscripts are significantly dissimilar (P<0.05). LPO: Lipid peroxidation,
SOD: Superoxide dismutase, CAT: Catalase, GPO: Glutathione peroxidase, RG: reduced glutathione

less advocated [30]. Previous studies on banana plant also indicate the in Tables 7 and 8, respectively. Considering this, a huge attention is
antioxidant and antidiabetic activity. Bioactive compounds from banana driven towards identification of safer formulations derived from natural
plant responsible for these pharmacological actions have been depicted sources and on these lines, in our previous study; we evaluated the
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Table 7: Antioxidant activities of the previously reported phytocompounds
from banana plant.

Compound name Antioxidant potential Reference
a-carotene Quenching singlet oxygen, [31]
[B-carotene stabilizaing peroxyl
B-cryptoxanthin radicals, and neutralize thiyl
radicals
Lutein Inhibition of age-related [31]
macular degeneration
Catechin, DPPH and FRAP inhibition [31]
epicatechin, lignin,
tannins, and
anthocyanins
Dopamine, Regulation of ROS levels [31]
norepinephrine
epinephrine

Table 8: Antidiabetic enzyme inhibition activities of the previously reported
phytocompounds from banana plant

Inhibitory compounds Enzyme name Reference

Vanillic acid

ferullic acid,

B-sito-sterol, dauco-sterol,
Nine-(4'-hydroxyphenyl)-2-
methoxy-phenalen-1-one

a-glucosidase [32]

p-Hydroxybenzoic acid
Gallic acid

Ferulic acid

Lupeol [34]
Umbelliferone

a-amylase [33]

Lupeol Aldose-reductase [35]

Umbelliferone

inhibitory potential of EE on o-glucosidases from yeast and mammalian
origin [8,36,37]. EE effectively inhibited o.-glucosidases paving way for
its use as antihyperglycemic sources. However, the antihyperglycemic
effects of the compounds extracted from EE were investigated to further
support the findings. The inhibition of a-glucosidase by the compounds
C1 (7.31 g/ml) and C2 (7.80 g/ml) was clearly higher than that of the
standard medication acarbose (9.68 g/ml). Kinetic investigations (for
o-glucosidase inhibition) revealed a mixed type of inhibition by both
drugs, with two inhibitory constants, one representing the inhibitor-
bound enzyme complex (K1) and the other representing the inhibitor-
bound enzyme substrate complex (K2). The compounds’ lower K1
values of C1 (0.55 + 0.05 ug) and C2 (0.43 + 0.09 pg) in comparison
to their K2 values of (C1: 4.92 +0.10 pg and C2: 2.38 + 0.07 pg) in the
study suggest that they work by binding to the enzyme rather than the
enzyme-substrate complex. We also looked at the -amylase inhibitory
potential of C1 and C2, which revealed lesser inhibition than the
conventional medicine acarbose, which is consistent with prior findings
that plant-derived inhibitors are weak oi-amylase inhibitors but robust
a-glucosidase inhibitors.

The subsequent target of therapy in hyperglycemic state is to prohibit
the excessive glucose present in circulation from entering various
pathways that lead to the vascular complications. A significant amount
of glucose enters an intermediary pathway known as polyol pathway
that converts glucose to sorbitol [38]. Despite the exact mechanism
not being known, the excessive amount of sorbitol accumulation is
linked to cataract development and in this regard, inhibition of AR,

the key enzyme of this pathway is proven to reverse the effect [7,8].
Thus, in the present study, the effect of C1 and C2 was tested on the
activity of AR in comparison to the standard phenolic drug quercetin.
The results exhibited better inhibition of the enzyme by C1 and C2 as
against quercetin thus ascertaining their use in diabetic management.

Another phenomenon that co-exists with hyperglycemia is the free
radical mediated oxidative stress which also augments to the vascular
damage leading the complications reported during diabetes [39].
Hence, EE and the compounds C1 and C2 were tested for their
antioxidant ability by employing radical scavenger’s viz., DPPH,
ABTS and superoxide. Another important marker of oxidative stress
is lipid peroxides and hence, the ability of EE and compounds were
tested for their inhibition using egg yolk homogenate in liposome
model [14]. In contrast to BHA, C1 and C2 showed better antioxidant
activities with C1 faring better than C2 without differing significantly.
It was also witnessed that the pure compounds fared better than EE
suggesting them to be more potent than the extract itself. Further, a
momentous inhibition was seen by EE and compounds against the
LPO suggesting its protective role during myocardial infractions.
Despite the varying principles of antioxidant roles in the above study,
an overall reducing potential of the extract needs to be elucidated and
for this purpose, reduction of ferric chloride to potassium ferricyanide
was estimated. There was a dose-dependent increase in the absorbance
at 700 nm suggesting a proportional increase in the reducing power
with respect to its concentration. Perhaps, free radicals generated
during physicochemical reactions are not the only contributors of
oxidative stress. Some of the metal ions present in circulation like
the iron can undergo reduction to form reactive hydroxyl radicals
augmenting to oxidative stress [40]. To assess the protective role of
EE and compounds on this phenomenon, their metal chelating ability
for Fe2" was carried out. Apparently, in comparison to a standard
BHA, EE exhibited a 1.5 fold while the compounds showed a 2-fold
increase in the metal chelating ability proposing their interference in
the formation of the highly reactive hydroxyl radicals.

Excess glucose present in circulation also leads to glycation of various
proteins thereby inactivating them. More recently, fructose has been
identified in glycation directly or by activating the polyol pathway to
increase the levels of fructose formation from glucose. According to
studies, fructose participates in glycation at a faster rate than glucose,
implying greater damage [41]. The nucleophilic addition reaction
between the free amino groups of proteins and the carbonyl group of
the reducing sugar initiates the creation of a Schiff’s base, which results
in irreversible Amadori products such fructosamine. Fructosamines
in Amadori products are transformed to glyoxal, methylglyoxal, and
deoxyglucosones in the second step of glycation. Thus, generated
carbonyl compounds form carbonyl proteins leading to loss of protein
thiols which constitute promising protein oxidation indicators [42]. As
the glycation process advances by formation of insoluble fluorescent
products frequently referred to as AGE, they combine with glycated
proteins and accumulate in the cells. Within the cells, they impede
normal protein functioning while in the extracellular matrix, they lead
to irregular cross-linking of the matrix thus hindering their normal
function. Apart from vascular complications that AGEs bring about,
they also lead to generation of ROS which is associated to most of the
complications observed in diabetes [43].

With this under concern, we aimed to examine if EE, C1, and C2 could
prevent each stage of glycation and the production of AGE. The first
stage of protein glycation was created in vitro by exposing BSA to high
fructose levels which was expected to glycate BSA. As anticipated,
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there was elevated fructosamine levels as against the non-glycated
BSA levels and treatment of EE, C1 and C2, significantly reduced this
and proved better than the standard inhibitor aminoguanidine. Further,
the elevated protein carbonyl groups that were produced after exposure
of BSA to high fructose load and inversely low levels of protein thiols
presented the second stage of protein glycation. This was ameliorated
by treatment of EE, and compounds to about 80-90% signifying its
protective role. Finally, the AGE formation was evaluated by the
ability of the compounds to form fluorescent products and the results
suggested a marked decrease in the formation of AGEs. Hence the
potential role of EE and the compounds in preventing each stage of
protein glycation in turn suggesting their promising use to control
various complications associated with it is asserted.

The positive aspects of EE and its compounds (C1 and C2) as proposed
by the in vitro studies were further assessed by in vivo studies, by
feeding the purified compounds to alloxan-induced diabetic rats. It is
well known that alloxan is preferentially toxic to beta cells as well
as lead to ROS formation [44]. High plasma glucose levels, together
with ROS increase the risks for cardiovascular disorders (CVDs) in
diabetic patients. In a preliminary study, EE and compounds were
evaluated for their in vivo antihyperglycemic properties and hence, in
the present study we assessed its protective role in the development
of macrovascular complications. Since hyperlipidemia is the major
and direct cause for CVDs, EE as well as the compounds were tested
for their antihyperlipidemic properties. Elevated plasma levels of TG,
TC and imbalanced HDL: LDL ratio were characteristic to diabetic
patients [45]. Post administration of EE and compounds, a significant
improvement in the blood lipid profile was evident in alloxan-induced
diabetic rats in comparison to diabetic control rats.

ROS by far have been the major contributors for most of the
complications that exists during diabetes because of the hyper-
physiological challenges posed by the free-radicals [46] and hence
EE and compounds were also tested for their ability to induce the
expression of antioxidant enzymes. In this regard, we evaluated the
serum and liver antioxidant enzyme levels which were identified to be
lowered during diabetes. The levels of antioxidant enzymes viz., SOD,
GPx and CAT as well as non-enzymatic antioxidants viz., GSH, alpha-
tocopherol and ascorbic acid tested after administration of EE and the
compounds, exhibited a momentous improvement as purported by the
in vitro studies.

5. CONCLUSION

The outcomes of this study suggest the tremendous potential of EE,
C1, and C2 in ameliorating the damages induced by diabetic condition
thereby advocating their use in antidiabetic therapy. Despite continued
progress in understanding the phytochemical and pharmacological
potential of Musa spp. biomasses such as fruit peels (for example), more
research is needed to produce a phytochemical therapeutic agent from
Musa spp. biomasses. In both preclinical and clinical studies, relevant
elements of Musa spp. extract use will be addressed, with a special
focus on overall bioavailability. Finally, given Musa spp.’s diversity
and tolerance for a varied climatic condition, ethnopharmacological
and rational oriented research should provide sufficient justification for
Musa spp. secondary metabolites’ therapeutic use in modern medicine.
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