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Abstract Stevia rebaudiana, a natural sweetener and a
non-caloric sugar substitute, is known to exhibit several
medicinal properties including anti-diabetic effects. How-
ever, its mechanism of action, as an antidiabetic agent, is
not completely understood. In this study, aqueous, metha-
nol, and ethanol extracts of leaves were used. Among all
the extracts, the methanolic extract exhibited the highest
TPC (41.00 £ 0.69 mg GAE/g DW), TFC
(22.66 £ 0.036 mg QE/g DW), FRAP activity
(2.50 £ 0.09 mmol of Fe2+/g DW) along with lowest ICs,
values for ABTS (3.8 & 0.01 pg/mL), and nitric oxide
radical scavenging activity (150 £ 0.05 pg/mL), whereas
ethanolic extract showed the lowest ICsy value of
41 £ 0.20 pg/mL against DPPH than the aqueous
(80 £ 0.09 pg/mL) and methanolic (70 + 0.10 pg/mL).
However, aqueous extract showed a strong correlation
between phenolic content and antioxidant capacities with
R? values of 0.961 (DPPH), 0.990 (ABTS), and 0.916
(nitric oxide) assays, respectively. Additionally, the aque-
ous extract inhibited 17.41 £ 0.11% activity of a-amylase
and 8.30 £ 0.95% of o-glucosidase. Moreover, the
antiglycation properties of the aqueous extract were con-
firmed with observations like reduction in browning
(34.95 + 11.09%), fructosamine formation (80 £ 5.12%),
carbonyl content (11.68 & 2.12%), and protein

D4 Pamela Jha
pjha@mum.amity.edu; pamelajha@gmail.com

Department of Life Sciences, University of Mumbai,
Vidyanagari, Santacruz (East), Mumbai 400098,
Maharashtra, India

Amity Institute of Biotechnology, Amity University, Mumbai
- Pune Expressway, Bhatan,Panvel, Mumbai 410206,
Maharashtra, India

aggregation, in an in vitro glycation system. Furthermore,
the extract showed high efficiency in protection against
H,0;-induced DNA damage. It can also be used as a
source of antiglycation and antioxidant agent for the
management of glycation-induced disorders like diabetes.
This report also shows a positive correlation between
phytochemicals present in the Stevia and their associated
antioxidant power. Moreover, these antioxidant compounds
can prevent the consequences of AGEs formation.

Keywords Advanced glycation end products (AGEs) -
Correlation - Hyperglycemia - Phytochemicals -
Reactive oxygen species (ROS) - Stevia

Introduction

Diabetes is one of the most common health hazards
affecting 425 million people worldwide with almost 72
million diabetic individuals from India (International Dia-
betes Federation 2017). Diabetes mellitus is a chronic
metabolic disorder that is associated with hyperglycemia.
Insulin resistance is an eminent characteristic of both
insulin-dependent and non-insulin-dependent diabetes
(Lilloja et al. 1993). The skeletal muscle influences the
decrease in insulin-induced glucose utilization among
diabetic patients. Glucose transport is the rate-limiting step
for glucose utilization in muscle, a process that is defective
in diabetic individuals (Klip et al. 1992). An increase in
activity of pancreatic enzymes o-amylase and o-glucosi-
dase (Jaradat et al. 2020) is also observed in diabetes which
accounts for the increase in glucose level. Several
researchers report obesity to be concomitant with diabetes
as approximately 90% of patients with insulin-resistant
diabetes to have a body mass index, BMI > 25.0 kg/mz,
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are overweight (Boden 2002). Obesity has been designated
as a chronic disease by the American Medical Association
in 2013. Similarly, it has also been observed that prolonged
diabetic conditions lead to oxidative stress (Ullah et al.
2016) which accounts for several secondary complications
like retinopathy, nephropathy, neuropathy, cardiomyopa-
thy, aging, rheumatoid arthritis, and osteoporosis.

During a long-standing hyperglycemic state in diabetes
mellitus, glucose forms covalent adducts with the plasma
proteins through a non-enzymatic process known as gly-
cation (Singh et al. 2014). Glycation is a non-enzymatic
reaction between the free amino (-NH,) group in proteins
and the carbonyl group of reducing sugars, leading to the
generation of Amadori products. These products eventually
undergo dehydration, rearrangement, and cyclization pro-
cess to finally form advanced glycation end products
(AGEs) (Wu and Yen 2005). The latest reports have shown
that few plants possess both antioxidant and anti-AGEs
generating properties (Unuofin et al. 2020). The widely
used natural antioxidants like L-ascorbic acid and o-toco-
pherol are known to exhibit lower activities as compared to
synthetic antioxidants such as butylated hydroxytoluene
and butyl hydroxyanisole. However, synthetic antioxidants
can promote carcinogenesis (Andre et al. 2010). Hence, to
replace or at least minimize the use of synthetic antioxi-
dants, there is an increasing interest in plant-based
antioxidants that display minimal side effects (Zengin et al.
2015). In the case of hyperglycemia, the use of sweeteners
with a low glycemic index is recommended. This has led to
extensive use of artificial sweeteners which is accompanied
by extreme dire effects (Sorensen et al. 2014). In turn, this
scenario has resulted in the popularity of natural sweeten-
ers that show negligible side effects (Surana et al. 2006).
However, the role of anti-AGEs generation property of
many natural sweeteners is still not reported.

Stevia rebaudiana has been in demand by the food
industry due to its no caloric value and sweetness, which is
250-300 times more than sugar (Abbas et al. 2017). The
dry leaf of Stevia also contains alkaloids, flavonoids, etc.
(Rokosa et al. 2020). The safety of the Stevia plant for
humans is not widely studied, but the traditional use of
Paraguayans over 1500 years proves the safety of this plant
(Singh and Rao 2005), whereas stevioside is used in large
amounts in Japan with no side effects for more than
20 years (Saraiva et al. 2020). Pure Stevia extract has been
approved and used in many countries (Samuel et al. 2018).
The use of Stevia in food and drugs has been reported for
many health benefits against oxidative stress, diabetes,
hypertension, cancer, dental caries, etc. (Sharangi and
Bhutia 2016). Considering the useful characteristics of this
plant, the objectives of this study were to investigate the
phytochemicals, antioxidant, and antiglycation properties
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of S. rebaudiana, Bertoni variety Morita II, and their cor-
relation with each other.

Materials and Methods
Plant Materials and Chemicals

The plants of S. rebaudiana, Bertoni variety Morita II,
were obtained from Organic Innovation, Guwahati, Assam,
India. The plant was identified as Stevia rebaudiana (Ref
No. RC-14/2020-21) by taxonomist Dr. Keshava H Korse,
Bhandimane Life Science Research Foundation, Kar-
nataka. The sample consisting of Stevia leaves was taken
from the same batch, and the sample collection was done at
the age of three months. The maintenance of plants was
done in a greenhouse, and the leaves were obtained. Plant
leaves were washed, air-dried for 7-8 days at 28 £ 2 °C,
ground into powder, and stored until further use.

All analytical-grade chemicals and reagents were used
in the experiments. Naphthylethylenediamine dihy-
drochloride (NED), sodium nitroprusside (SNP), sul-
phanilamide 2,2-diphenyl-1-picrylhydrazyl (DPPH), gallic
acid (GA), quercetin (Q), 2,2-azino-bis (3-ethylbenzoth-
iazoline-6-sulfonic acid) (ABTS), quercetin, 2,4,6-tripyr-
idyl-S-triazine (TPTZ), p-nitrophenyl glucopyranoside
(pNPG), 2,4-dinitrophenylhydrazine (DNPH), o-amylase,
and o-glucosidase were purchased from SRL Pvt. Ltd.
(Mumbai). The bovine serum albumin (BSA) and methyl-
glyoxal (MG) were procured from Sigma-Aldrich (USA),
and pBR322 plasmid DNA was obtained from Thermo
Fisher Scientific.

Extract Preparation

The aqueous extract was prepared using the protocol
described by Woelwer et al. (2010) with some modifica-
tions. The powdered leaves (5 g) of uniform particle size
were added into the distilled water (50 mL), vortexed for
1 h in a water bath at 100 °C, and centrifuged for 15 min at
4500 rpm. The methanolic and ethanolic extracts of dried
leaves were prepared according to Al-Manhel et al. (2015).
The leaf powder (5 g) of uniform particle size was mixed
in 50 mL of methanol or ethanol and kept in a shaking
incubator at 200 rpm for 24 h. The solutions obtained were
filtered with Whatman no.l filter paper and stored at
4-8 °C until further use.

Determination of Total Phenolic (TPC)
and Flavonoid Content (TFC)

The phenolic and flavonoid contents were obtained for all
extracts by using the Folin—Ciocalteu method (Singleton
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and Rossi 1965) and the aluminum chloride method (De-
wanto et al. 2002), respectively. A 250 pL volume of the
extract (10 mg/mL) was used for all assays. For TPC
measurement, the standard curve of gallic acid (0-250 pg/
mL) was used and the results were demonstrated in mg of
gallic acid equivalents (GAE)/g DW of a sample
(y = 0.008x 4 0.026; R*=0.991). Similarly, for TFC
measurement, a standard curve of quercetin (0-100 pg/
mL) was plotted and the results were mentioned in mg of
quercetin  equivalents (QE)/)g DW of sample
(v = 0.026x + 0.038; R* = 0.998).

Reactive Oxygen and Nitrogen Assays

The ROS assays (DPPH, ABTS, FRAP) and RNS assay
(nitric oxide scavenging) were performed with all extracts
to determine their anti-oxidant and nitrogen scavenging
potential.

DPPH Assay

The DPPH activity was determined using the method of
Mitra and Uddin (2014), with some modifications. The
reaction mixture consisted of 1.8 mL of 0.2 mM DPPH in
methanol and 0.2 mL of different concentrations
(0250 pg/mL) of extract. The tubes were incubated for
30 min at 28 £ 2 °C in the dark, and the absorbance was
taken at 517 nm. The % inhibition of DPPH was measured
using the formula:

Absorbance (Blank-Test
Absorbance (blank)

% Inhibition = ) x100.

ABTS Assay

ABTS assays were carried out as suggested by Ayyashet al.
(2018), with some modifications. Various concentrations
(0-10 pg/mL) of extracts were mixed with ABTS solution
and incubated in dark for 30 min at 28 £ 2 °C. The
absorbance was measured at 734 nm. The % inhibition of
ABTS was measured using the formula:

Absorbance (Blank — Test)
Absorbance (blank)

% Inhibition = x100

FRAP Assay

This assay was performed using a method given by Benzie
and Strain (1996). The FRAP reagent was made by the
addition of 300 mM acetate buffer (pH 3.6) with 10 mM
TPTZ (in 40 mM HCI) and 20 mM FeCl;.6H,0 in the ratio
of 10:1:1. Sample (20 pL) and distilled water (180 pL)
were added to 3 mL of working FRAP reagent and kept at
37 °C for 4 min. The absorbance was measured at 593 nm,
and the FRAP value was calculated as mmol of Fe®"

equivalent/g DW of a sample using the standard graph of
FeSO, with a linearity range of 0 to 1 mM
(v = 72.62x + 0.032; R* = 0.998).

Nitric oxide Assay

The nitric oxide scavenging activity was measured by the
Griess—Ilosvay reaction (Mandal et al. 2011). Various
concentrations of extract (0-500 pg/mL) were incubated at
25 °C for 2.5 h. To these extracts (0.5 mL), 1 mL sul-
fanilamide (0.33%) was added and the mixture was kept for
5 min. This was followed by the addition of 1 mL NED
(0.1% w/v). The resulting mixture was incubated at
28 + 2 °C for 0.5 h. The absorbance was measured at
540 nm, and the % inhibition was measured using the
formula:

Absorbance (Blank — Test)

% Inhibition =
o Hibion Absorbance (blank)

x100

Antidiabetic Assays
In vitro a-amylase Inhibitory Assay

The effect of aqueous, methanolic, and ethanolic extracts
of Stevia (1 mg/mL) on a-amylase activity was carried out
as per the modified method of Ali et al. (2006). The 100 puL
extract and 250 pL o-amylase solution (100 U/mL) were
pre-incubated for 10 min at 37 °C, followed by the addi-
tion of 250 pL of 10% starch. The mixture was incubated at
37 °C for 10 min; 500 pL of dinitrosalicylic acid (DNS)
was added and boiled for 5 min. The absorbance was
measured at 595 nm, and a-amylase inhibitory activity was
calculated as follows:

Absorbance (Blank — Test)

% Inhibition =
o Hibition Absorbance (blank)

x100

a-glucosidase Inhibitory Assay

The effect of aqueous, methanolic, and ethanolic extracts
of Stevia (1 mg/mL) on o-glucosidase activity was per-
formed as per Kim et al. (2000). A 100 pL sample of o-
glucosidase (100 U/mL) was preincubated with 50 pL of
the extract for 10 min. To start the reaction, 50 pL of
5 mM pNPG was added. The reaction mixture was incu-
bated at 37 °C for 30 min and stopped by adding 500 pL of
5 mM sodium carbonate (Na,COj). The o-glucosidase
activity was calculated by measuring the p-nitrophenol
released from pNPG at 405 nm by using the formula given
below:

Absorbance (Blank — Test)

100
Absorbance (blank) X

% Inhibition =

@ Springer



566

Sugar Tech (Mar-Apr 2022) 24(2):563-575

Antiglycation Assays
Albumin Glycation

The antiglycation activity of Stevia was determined using
the BSA assay with slight modifications (Kumar et al.
2020). BSA (10 mg/mL) and fructose (100 mg/mL) were
incubated in 0.1 M phosphate buffer (pH 7.4) containing
3 mM sodium azide (NaN;) with or without aqueous
extract at 37 °C for four weeks. The solutions were dia-
lyzed against phosphate buffers. All samples, viz. positive
control, i.e., BSA + Fructose (B + F), negative controls,
i.e., BSA (B) and BSA + Stevia (B + S), and test, i.e.,
BSA + Fructose + Stevia (B + F + S), were kept at
20 °C until analysis. Results of the test samples were cal-
culated as % inhibition concerning the positive control,
taken as 100%.

Measurement of Browning

The intensity of the browning was measured at 420 nm
(Kumar and Ali 2019).

Determination of Fructosamine

To evaluate the fructosamine content, nitro blue tetra-
zolium (NBT) assay was carried out as per Banan and Ali
(2016) with slight modifications. Each sample (10 pL) and
NBT reagent (0.5 mM, 100 pL) prepared in a sodium
carbonate buffer (0.1 M, pH 10.4) were incubated at
25 + 2 °C for 15 min, and the absorbance was measured at
530 nm.

Estimation of Protein Carbonyl Content

Protein content was determined using the DNPH method-
ology proposed by Meeprom et al. (2013) with minor
modifications. Each sample (100 pL) was mixed with 400
pL DNPH (10 mM in 2.5 M HCI) and incubated in the
dark for 1 h at 28 &+ 2 °C. This step was followed by the
addition of 0.5 mL of 20% TCA (w/v), incubation for
5 min on ice, and centrifugation at 10,000 rpm at 4 °C for
10 min. The supernatant was discarded, and the 500 puL of
ethanol-ethyl acetate mixture (1:1 v/v) was added to the
pellet thrice for washing and diffused in 100 pL. of 6 M
guanidine hydrochloride. The absorbance was recorded at
370 nm.

Estimation of Amyloid f-structure
Congo red binding to the amyloid aggregation was mea-

sured according to Bouma et al. (2003). For this purpose,
50 pL of each sample was incubated with 50 pL of 100 pM
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Congo red, prepared in 10% ethanol/PBS (v/v), for 20 min
at 25 £+ 2 °C, and absorbance was taken at 530 nm.

Estimation of Total AGEs

In vitro antiglycation activity was estimated by BSA-flu-
orescent assay using fluorometry as described by Ali et al.
(2017). The changes in fluorescence intensity of each
sample were measured from 370 to 440 nm using a spec-
trofluorometer (Varian, Cary Eclipse model). The % inhi-
bition of glycation was reported as follows:

% Inhibition of glycation

_ Fluorescence of (Positive control — Test Sample) <100
B Fluorescence of Positive control

In vitro Glycation of Plasmid DNA

The glycation-mediated DNA damage was studied as per
the method of Ali and Sharma (2015). pBR322 plasmid
DNA (0.25 pg), lysine (20 mM), MG (20 mM), and FeCl;
(100 uM) were incubated with and without ethanolic
extract in phosphate buffer (100 mM; pH-7.4). All samples
including pBR322, glycated system, ie.,
lysine + MG + ferric chloride (Lys + MG + FeCly),
pBR322 + Stevia, and glycated system + Stevia, were
incubated at 37 £ 1 °C for 3 h. After 3 h of incubation,
samples were analyzed using 1% agarose gel elec-
trophoresis and visualized in Gel-Doc.

Statistical Analysis

Analysis was performed using Graphpad Prism (version 8).
The results were obtained from three independent experi-
ments performed in triplicates and represented as mean +
SD. One-way analysis of variance (ANOVA) was used to
analyze the data for significance. Tukey’s multiple com-
parisons tests were used to determine differences between
treatments, and results were expressed as p < 0.05%,
p < 0.01%*%, p < 0.001%**,

Results and Discussion
Determination of TPC and TFC

The TPC and TFC of all extracts, with a significance level
of p < 0.001 (Fig. 1), are summarized in Table 1. The
methanol extract showed the highest yield of phenolic and
flavonoid content. Aqueous extracts proved to be second
best for the extraction of phenolic, and ethanol showed
only 54% efficiency as compared to methanol. In the case
of flavonoids, the efficiency of methanol was followed by
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Fig. 1 Effect of solvents on TPC (a) and TFC (b) contents from the
leaves of Stevia (1—aqueous; 2—methanolic; 3—ethanolic extract).
Results are expressed as mean =+ SD of triplicate tests. All columns
share the same p-value (< 0.001)

Table 1 Total phenolic and flavonoid content of Stevia extracts

Extract TPC (mg GAE/g DW) TFC (mg QE/g DW)
Aqueous 28.70 £ 0.040 17.06 £+ 0.041
Methanolic 41.00 £ 0.690 22.66 + 0.036
Ethanolic 22.25 + 0.044 19.94 + 0.030

Data presented as mean £ SD of triplicate tests

ethanol. Here, the aqueous extract showed a 75% yield as
compared to methanol. The observed variation in the effi-
ciency of solvents may be due to the differences in polar-
ities of compounds (Ngo et al. 2017). Also, the high
molecular weight and complex structure of flavonoids
make them less soluble in water as compared to organic
solvents (Zaidan et al. 2019). Our findings were supported
by previous studies on Stevia which reported that the sol-
vent used for extraction significantly affected the estimated
TPC (Ruiz et al. 2015; Zeng et al. 2013; Ruiz-Ruiz et al.
2015) and TFC content (Zaidan et al. 2019; Ruiz-Ruiz et al.
2015; Tadhani et al. 2007).

Reactive oxygen and Nitrogen Assays

As the polyphenol content increases, the antioxidant
activity is also increased. In many plant species, a linear
relationship has been observed between total phenolic and
antioxidant activities (Oktay et al. 2003).

DPPH and ABTS Assays

The hydrogen donating ability of the extract to DPPH is
because of their antioxidant potential (Baumann 1979).
DPPH assay is a widely accepted method because it takes
less time to analyze the antioxidant activity, and it was

reported that these free radicals can also inhibit lipid per-
oxidation (Khan et al. 2013). There is a direct correlation
between the concentration of extracts and their DPPH and
ABTS scavenging activities (Fig. 2). The lowest ICs, val-
ues were observed among all three extracts for ethanolic
and methanolic extracts against DPPH and ABTS,
respectively (Table 2). Few examples of reported ICs
values for ethanolic extracts against DPPH are 93.46 pg/
mL (Shukla et al. 2009) and 23.7 + 0.711 pg/mL (Jahan
et al. 2010). These differences may be due to different
extraction methods used. In our study, the ICs, value of
aqueous extract for DPPH (335.9 pg/mL) is four times less
than that reported by Ruiz-Ruiz et al. (2015). This differ-
ence may be attributed to the different growth environ-
ments of plants resulting in diverse primary and secondary
metabolite production and accumulation (Marrassini et al.
2018). The reported ICsy values for aqueous and
methanolic extracts against ABTS are 1.67 + 1.61 and
2.85 £ 0.92 png/mL, respectively, in a study reported by
Phansawan and Poungbangpho (2007), which are compa-
rable to our results, whereas according to Tadhani et al.
(2007) and Ghanta et al. (2007) the ICsq values are 10-15
times higher than those indicated in the current study.
Again, these differences may be due to plants’ different
climatic, ecological, and geographical conditions (Celiktas
et al. 2007). All extracts showed comparable antioxidant
activity as gallic acid at the same concentration of 10 pg/
mL, with a significance level of p < 0.001 (Fig. 3). Hence,
this extract can be used as a primary antioxidant that
readily donates a proton which can be used as a free radical
inhibitor.

FRAP Assay

Direct donation of electrons by extracts leads to the
reduction of ferric ions. The ferrous reducing capacity of
aqueous extract was increased with an increase in the
phenolic content (Connor et al. 2002). In the present study,
the methanolic extract showed the highest antioxidant
potential and their correlation was significant at p < 0.01
(Table 2). The calculated values for different solvent
extract varied between 2.50 (methanolic) and 1.28 Fe*
mmol/g DW (ethanolic). These values are higher than the
reported values of 1.05, 1.00, and 0.813 mmol Fe2+/g in
hydroalcoholic, aqueous, and methanolic extracts, respec-
tively (Silva et al. (2018), Alvarez-Robles et al. (2016), and
Tavarini and Angelini (2013)), whereas Ortiz-Viedma et al.
(2017) found FRAP activity ranging from 0.12 to
0.18 mmol Fe**/g in different extracts of Stevia. These
differences could be related to Stevia variety, time of
harvest, and the extracting capacity of the solvent used in
their study (Silva et al. 2018).
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Table 2 Effect of extracts against DPPH, ABTS, FRAP and nitric oxide scavenging activity

Extract IC5o Values (pg/mL) mmol of Fe*/g DW
DPPH ABTS Nitric oxide FRAP
Aqueous 80 + 0.09 4.2 + 0.06 390 + 0.11 1.94 + 043
Methanol 70 £ 0.10 3.8 £ 0.01 150 £ 0.05 2.50 £ 0.09
Ethanol 41 + 0.20 8.2 £ 0.03 170 + 0.05 1.28 £ 0.05
Data presented as mean £ SD of triplicate tests
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Fig. 3 Comparison between % scavenging of DPPH (a) and ABTS g 20+
(b) of gallic acid with extracts (C: gallic acid; 1: aqueous extract; 2: »>
methanolic extract; 3: ethanolic extract). Results are expressed as 4 0
mean £ SD of triplicate tests. All columns share the same p-value I I I 1 1 1
0 100 200 300 400 500 600

(< 0.001)
Nitric Oxide Assay

Nitric oxide is an important regulatory compound that is
essential for many physiological processes like immune
response, signal transmission, control of blood pressure,
and vasodilatation. It also plays a key role in different types
of inflammatory processes (Jagetia et al. 2000; Shukla et al.
2012). Nitric oxide scavenging activity showed its direct
correlation, in a concentration-dependent manner, with
different concentrations of extracts (Fig. 4). Among all
three extracts, the aqueous extract showed three times
higher ICs, value (98.73 pg/mL) with positive correlation,
at a significance level of p < 0.01 (Table 2), than that
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Concentration of extracts (ug/ml)

Fig. 4 Effect of nitric oxide scavenging activity in various extracts
(@: aqueous extract; m: methanolic extract; A: ethanolic extract).
Results are expressed as mean £ SD of triplicate tests

reported by Shukla et al. (2012). The ethanolic extract also
showed a higher ICsq value (132.05 pg/mL) than the one
reported by Shukla et al. (2009). These differences in the
ICsy values may be due to differences in the variety of
Stevia used in the study or biochemical relation between
plants and their environment. This is moderated, especially
in the production of secondary metabolites, which exert
their biological functions and responsibilities for the
environmental changes, inhibition of protein synthesis, loss
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of enzyme activity, and it also contributes to cell death
(Ozcan and Ogun 2015; Marrassini et al. 2018). If the level
of RNS increases, it causes oxidative damage to protein,
lipid, and DNA, which are responsible for altered mem-
brane properties that cause DNA damage.

Correlation Between Phytochemicals and Antioxidant

Many studies, including the current study, have consis-
tently reported a close and strong association between
aqueous extract and polyphenols (Fig. 5). The strong linear
relationship of TPC with antioxidant capacity also has been
reported in many medicinal plants like Fumaria officinalis,
Rosa Damascene, Foeniculum Vulgare, Stachys lavan-
dulifolia, Stevia rebaudiana, and Salvia hydrangea (Oktay
et al. 2003, Shukla et al. 2009 and Safari et al. 2018). In
this study, R? obtained for correlation between DPPH and
ABTS was 0.984, 0.963, and 0.609 in aqueous, methanolic,
and ethanolic extracts, respectively (Table 3). In a similar
approach, a significant correlation was reported for
medicinal plants between ABTS assay and FRAP values by
Rajurkar et al. (2011). The high content of phenolics and
flavonoids can be attributed to elevated levels of antioxi-
dant activity in leaf extracts (Khiraoui et al. 2017).

Antidiabetic Assays
In vitro a-amylase and o-glucosidase Inhibitory Assays

Nowadays, there is increasing attention toward natural
inhibitors over synthetic inhibitors due to the side effects of
the latter compounds, like gastrointestinal distress (Randhir
et al. 2008). Synthetic inhibitors also show low efficacy
and other unfavorable effects like discoloration of skin,
pruritus, etc. (Wondafrash et al. 2020). Plant phenolics can
partially inhibit a-amylase activity; therefore, they can be
used as therapeutic agents in the management of secondary
complications of diabetes (Chethan et al. 2008). The pre-
sent study showed that the aqueous extract inhibited o-
amylase and o-glucosidase to the maximum extent

(Table 4) with a significance level of p < 0.001. These
observed values are approximately half of those reported
by Ruiz-Ruiz et al. (2015). In a recent study, Zaidan et al.
(2019) reported an ICsy value of 13.73 pg/mL (for o-
amylase), in Stevia leaf extracts. In the present study,
aqueous extracts showed the maximum activity compared
to other extracts which might be due to the steviol glyco-
sides content (Rasouli et al. 2017) and hence can be used
for the control of diabetes (Ruiz-Ruiz et al. 2015).

Antiglycation Assays
Measurement of Browning

Browning has been used as a primary indicator of glycation
(Banan and Ali 2016). Figure 6a shows that the test sample
caused a 34.95% + 11.09 decrease in the browning as
compared to the positive control. These observations were
significant at p < 0.05. Similar reports have suggested the
preventive effect of other plant extracts on glycation. In a
recent study by Pandey et al. (2018), it was observed that
Nigella sativa caused a 47.96% decrease in the browning of
protein by fructose.

Estimation of Fructosamine

An increase in the concentration of oxo-aldehyde and
fructosamine is due to the rise in the production of AGEs
(Rahbar and Figarola 2003). The effect of the test sample
on fructosamine levels is represented in Fig. 6b. The
fructosamine production, in the positive control, substan-
tially increased after 4 weeks of incubation. On the con-
trary, the production of fructosamine was reduced by
47.06% + 4.67 (p < 0.05) in the test sample. In similar
studies by Perera et al. (2016) and Nunthanawanich et al.
(2016), 5 mg/mL and 1 mg/mL leaf extract of Costus
Speciosus and Moringa oleifera led to 10.05% and 49.56%
inhibition of AGEs, respectively, as compared to 45-48%
inhibition by 1 mg/mL of aminoguanidine (AG), used as a
positive control. Thus, it can be interpreted that Stevia is
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Table 3 Correlation between TPC with DPPH, ABTS, RNS and DPPH with ABTS

Extract TPC (R?) TEC (R?) DPPH
and ABTS
DPPH ABTS Nitric oxide DPPH ABTS Nitric oxide (Rz)
Aqueous 0.961 0.990 0.916 0.947 0.992 0.931 0.984
Methanol 0.950 0.969 0.759 0.936 0.967 0.757 0.963
Ethanol 0.766 0.967 0.911 0.766 0.957 0.912 0.609

Data presented as mean & SD of triplicate tests

Table 4 Effect of Stevia extracts on o-amylase and a-glucosidase
activities

Extracts % inhibition (pg/mL)

o-amylase a-glucosidase
Aqueous 28.56 £+ 0.11 18.30 £ 0.95
Methanolic 7.77 £ 0.36 ND
Ethanolic 11.84 £ 0.32 ND

ND (not determined), data presented as mean + SD of triplicate tests
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Fig. 6 Measurement of antiglycation activity: browning (a), fruc-
tosamine (b), carbonyl content (c¢), and protein aggregation (d); (1:
B+ F; 2: B; 3: B+ S; 4: B+ F + S). Results are expressed as
mean £+ SD of triplicate tests, with different significance levels
(p < 0.05, ns: non-significant)
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comparable to Moringa oleifera, which is reported to be a
potent antiglycating agent. Also, it is highly possible that
the reduction of fructosamine content (an indicator of early
glycation products) by Stevia may be associated with the
formation of AGEs to a lesser extent due to its inhibitory
action on the Amadori products, which act as raw materials
for the formation of AGEs (Bartosz et al. 2015).

Estimation of Protein Carbonyl Content

The radical scavenging activity of Stevia extract was esti-
mated by the bleaching rate of DNPH which acts as a
stable free radical. Upon reduction by any antioxidant or
radical species, absorption of DNPH decreases from 515 to
370 nm which is an indicator of high free radical scav-
enging activity (Ramkissoon et al. 2013). The color change
from deep-violet to light-yellow was plotted on the graph.
As shown in Fig. 6c, the radical scavenging activity of the
test sample significantly diminished with an increase in
carbonyl content (p < 0.05). After 4 weeks of incubation,
it was observed that there was a reduction in carbonyl
content to 46.18% = 0.47 in the test sample when com-
pared with the control. Jariyapamornkoon et al. (2013)
reported that red grape skin extract reduced the carbonyl
content by 37.7% to 41.7% at 0.062-0.500 mg/mL con-
centration, while it reduced the carbonyl content of AG by
45.1% at 0.5 mg/mL. In this respect, Stevia might show
significant inhibitory effects on albumin glycation even at
concentrations less than 1 mg/mL. In a previous study, it
was suggested that the antiglycation agents may act by
intercepting the oxidation of Amadori products as well as
metal-catalyzed sugar resulting in the delay of AGEs for-
mation (Sajithlal et al. 1998). Therefore, it can be con-
cluded that Stevia extract might prevent the oxidation of
albumin incubated with sugar by decreasing the generation
of the carbonyl group. This further suggests its potential as
an antiglycating agent.
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Determination of Amyloid f-structure

The late stage of non-enzymatic glycation comprises pro-
tein aggregates, and hence, it is used to estimate the degree
of modification occurring within the secondary structure of
the protein (Brownlee 1995). In this study, it was observed
that the test sample reduced the protein aggregation index
(PAD) to 45.74 £ 12.14%, at a significance level of
p < 0.05 (Fig. 6d). In a similar report, Adisakwattana et al.
(2014) reported that at a 0.25-1.00 mg/mL Mesona Chi-
nensis extract showed a reduction in protein aggregation in
a dose-dependent manner (8.1%, 9.7%, and 10.3%,
respectively) in Congo red assay. Several mechanisms have
been proposed indicating the fact that the polyphenols
break the cross-linking structure found in AGEs and block
the carbonyl group found in reducing sugars (Wu et al.
2011). This supports our finding that Stevia extract, with
high polyphenolic content, may be a prime contributor to
the prevention of AGEs formation. Mass spectrometry
analysis of Stevia can be performed to confirm the role of
polyphenolic compounds in the attenuation of glycation
activity as reported by Deve et al. (2014).

Measurement of Total Fluorescent AGEs

Total AGEs formation and inhibition were evaluated by a
fluorometric method. When fluorescence of a sample was
inhibited, as compared to the positive control, complete
inhibition of fluorescent AGEs was presumed. These
results suggest that the presence of Stevia extract reduced
the formation of fluorescent AGEs by 81.79% (Fig. 7).
Similar effects were observed by Moe et al. (2018), where
the same concentration (1 mg/mL) of ring extract of Gar-
cinia Mangostana and rutin reduced the formation of total
AGEs by 82.37 & 1.78% and 87.68 & 1.75%, respec-
tively. Thus, Stevia can be considered as potent as rutin
(positive control). Our results were consistent with Deetae
et al. (2012) who showed the anti-AGE formation capacity
of aqueous extract of Stevia leaves (> 80%). In an earlier
study, Jariyapamornkoon et al. (2013) reported that
0.5 mg/mL of red grape skin extract and AG caused a
63.52% and 73.3% decrease, respectively, in total AGEs.
Recently, Escutia-Lopez et al. (2020) also supported this
fact as aqueous extract of Stevia exhibited 96.5% inhibition
at 100 mg/ml in their study. In this study, the intensity of
fluorescence for glycated BSA was quenched with an
obvious redshift in the presence of Stevia extract, sug-
gesting its ability to prevent AGE formation (Vivian and
Callis 2001).

Correlation Between Different Antiglycation Assays

A correlation analysis was performed to obtain the rela-
tionship between various antiglycation assays of Stevia
(Fig. 8). A strong relation was noticed between total AGEs
and various stages of glycation (browning and fruc-
tosamine, carbonyl, and protein aggregation) with a sig-
nificance level of p < 0.01. Thus, these results suggest that
Stevia extract can be a potential candidate in the protection
from the initial, intermediate stages as well as late stages of
glycation, thereby impacting the total AGEs formation.

In vitro Glycation of pBR322 Plasmid DNA

The effect of Maillard reaction products, on the structure of
genomic DNA, was analyzed. The results presented predict
that DNA strand breakage may have been prompted by
simultaneous incubation of lysine and MG. The increased
damage of plasmid pBR322 was caused due to ferric ions
(Fe3+). Fenton (1894) first reported that trace metals such
as iron may react with H,O,, generate hydroxyl radical,
and ultimately cause breakage in the DNA strand. The
concept of hydroxyl radical generation with copper and
iron was later reported by Kang et al. (2003). In this study,
the incubation of DNA (pBR322) with a glycated system
caused strand breaks and resulted in an increase in the open
circular form of DNA (Fig. 9; Lane 2) as compared to non-
glycated DNA (Fig. 9; Lane 1). When glycated DNA was
incubated with Stevia extract, it showed protection against
H,0,-induced plasmid DNA damage due to glycation
(Fig. 9; Lanes 3 and 4). In a similar study, Suji and Siva-
kami (2006) reported that AG and Fe led to the generation
of H,O,, causing breakage of the DNA strand via MG
radical anion and cross-linked MG radical cation formation
because of MG-induced albumin modification. They
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Fig. 7 Fluorescence spectra of samples in the presence and absence
of Stevia extract

@ Springer



572

Sugar Tech (Mar-Apr 2022) 24(2):563-575

120 — ==
—a
100

(<]
o
1

]

'y
=}
1
e,

N
o
1
e

Inhibition of glycation (%)
[+2]
o
1

o
|

12 3 4 5

Fig. 8 Correlation between total AGEs and various antiglycation
assays of Stevia (1: total AGEs, 2: browning, 3: fructosamine content,
4: carbonyl content, 5: protein aggregation). Results are expressed as
mean £ SD of triplicate tests, with different significance levels. All
columns share the same p-value (< 0.01)

Fig. 9 Effect of Stevia on glycated DNA sample (lane 1: DNA; lane
2: DNA + Glycated system; lane 3: DNA + Stevia; lane 4: Glycated
system + Stevia)

further stated that these intermediaries are responsible for
generating sites for radical cation and cross-linking of
proteins. In the current investigation, confirmation of ROS-
induced oxidative modifications, leading to the marked rise
in DNA damage and protein carbonyl in BSA, was
observed. In recent times, appreciable interest has been
dedicated to phytochemicals as they act as free radical
scavengers which lead to the prevention of DNA damage
as well as lysine/MG-induced protein glycation (Wu and
Yen 2005).

@ Springer

Conclusion

An investigation of antioxidation and anti-glycation prop-
erties of Stevia leaf extract was carried out. The aqueous
leaf extract of S. rebaudiana showed significant antioxidant
capacity because of the presence of high phenolic com-
pounds. Statistically, strong correlations were observed
between the antioxidant capacity of Stevia and high phe-
nolic and flavonoid contents. Literature reveals that
antioxidant compounds can suppress protein oxidation as
well as the formation of AGEs. Considerable antioxidant
activity of aqueous leaf extract of S. rebaudiana provides a
preliminary approach for its recommendation as a potent
source of natural antioxidants with beneficial health bene-
fits. Since there is a high demand for healthy food products
with natural sweeteners, there is the scope of development
of functional foods with these agents. Further investigation
on the bioactive compounds present in Stevia responsible
for the observed activities is needed.
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