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INTRODUCTION

Stevia is used as a non-nutritive sugar and herbal supple-
ment. It is known as sweet leaf, honey leaf, candy leaf, sweet
weed or sweet herbs [1]. Stevia not only has the sweet taste
but also maintains the normal sugar level. It is also used as
antioxidant, hepatoprotective, antihypertensive, nephron prot-
ective, anti-inflammatory agent, efc. [2]. The Stevia genus of
Asteraceae family comprises 240 species. Stevia obtains its
sweetness because of the presence of diterpenes glycosides
(steviol glycosides), such as stevioside (4-13%), dulcoside A
(0.4-0.7%), rebaudioside A (2-4%) and rebaudioside C (1-2%),
and other less abundant compounds including rebaudioside F,
rebaudioside B, steviolbioside, steviolmonoside and rubusoside
[3]. Food and Drug Administration (FDA) has classified Stevia
into the generally recognised as safe (GRAS) category and
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established an acceptable daily intake (ADI) of 4 mg/kg bw/
day for stevia [4].

Widely known species of this family and genus having
sweetening property are S. phlebophylla, S. dianthoidea, S.
anisostemma, S. crenata, S. bertholdii, S. viscida, S. enigmatica,
S. lemmonii, S. eupatoria, S. micrantha, S. rebaudiana, S.
plummerae, S. salicifolia and S. serrate. However, among these,
only S. rebaudiana has the maximum sweetness intensity [5,6].
Studies have shown that since ancient times, Stevia is used for
various purposes worldwide. The Guarani populations of Brazil
and Paraguay have utilized Stevia species, mainly S. rebaudiana,
called as ka’a he’€ (sweet herb) by them, for centuries as medi-
cinal teas for curing ailments such as heartburn and a sweetener
in yerba mate [7]. Stevioside, a diterpenoid glycoside, has three
glucose molecules and an aglycone (steviol). Apart from
stevioside, other sweetening compounds, including rebaudio-
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side A, B, C, D, E, steviobioside and ducoside A, were isolated
from the Bertoni leaf of S. rebaudiana. These isolated diter-
penoid glycosides exhibit the same chemical backbone structure
(steviol) and different residues of carbohydrate at Ci3 and Cio
positions [8-10], which is described in Table-1.

Docking studies on Stevia rebaudiana leaf extract: Mole-
cular docking has become more and more important tool for
drug discovery [11]. In this review, a brief introduction of the
molecular docking studies on stevia glycosides from leaf
extracts of S. rebaudiana and their pharmacological actions is
presented. Molecular docking can be effectively used to predict
the binding energies and binding modes of protein-ligand
complexes and is the common computer-aided drug design
method. This tool is also widely used for various research aspects
of natural products.

The major glycosides of S. rebaudiana exhibit various
sweetness potencies related to sucrose, with the sweetest comp-
ound of rebaudioside A (250 times more potent) [12]. Mayank
& Jaitak [13] performed docking studies by constructing the
homology models of TIR3 and T1R2 subunits of sweet taste
receptors in humans on natural sweeteners with S. rebaudiana.
The binding pattern indicated Ans 52, Asn 44, Pro 343, Ala
345, Gly 346, Ile 352, Ala 354, Gly 47, Ser 336, Ser 329, and
Thr 326 as the chief interacting amino acid residues for TIR2.
Glu 105, Arg 56, Asp 215, Glu 148, Asp 216, Asp 258, Ser
104, Lys 255, Glu 217, Arg 52, and Leu 51 are related to TIR3.
Steviol glycoside interacts with amino acids through hydrogen
bond formation with the hydroxyl groups of glucose moieties.
Rebaudioside A had the optimum binding towards T1R3 and
TIR2, with the dock scores of 7.995 and 12.333 kcal/mol,
respectively. For rebaudioside E, these scores were 7.841 and
10.658 kcal/mol, respectively, and for rebaudioside D, those
were 7.767 and 9.764 kcal/mol. Rebaudioside B, steviolbio-
side, stevioside and dulcoside also showed binding towards
the two receptors.

Stevioside was the most abundant among the steviol
glycosides, followed by steviolbioside, rebaudiosides A-F and
dulcoside A along with some derivatives observed in trace
amounts. Rubusoside is another member of the ent-kaurene
glycoside class. Rebaudioside A, with a 9-fold higher sweet-
ness effect than dulcoside A and rebaudioside C, is the most
potent sweetener of steviol glycosides. Numerous steviol glyco-
sides, including rubusoside and rebaudioside C, provide a
lingering bitter aftertaste with the sweet sensation [13].
Hellfritsch et al. [14] comprehensively screened 25 bitter taste
receptors in humans and found that two receptors, hTAS2R 14
and hTAS2R4, mediate this bitter aftertaste of steviol glyco-
sides. Acevedo et al. [15] reported that steviol glycoside presents

only one site for orthosteric binding with these receptors. The
free binding energy (AG binding) of the receptor with steviol
glycosides is h'T2R14 (r = —0.89) and hT2R4 (r = —0.95).

Deenadayalan et al. [16] identified the mechanism of hypo-
glycemic activity of Stevioside against diabetic’s proteins (AKT
& PPAR-y) by using molecular docking analysis. Stevioside
has showed binding energy of —9.6 kcal/mol with AKT protein
whereas PPAR-y showed 6.5 Kcal/mol binding energy with
stevioside. Three hydrogen bonds have been formed at His 134,
Lys 276, Glu 278 when stevioside has been docked with AKT.
But stevioside showed a stable complex with PPAR-y. More-
over, PPAR-y formed four hydrogen interactions with the
amino acids Lys 373, Gln 437, Thr 440 and Glu 448. Dipeptidyl
peptidase 4 (DPP 4) play an important role in glucose meta-
bolism [17]. DPP 4 breaks down gut hormones known as
incretins. Drugs to treat type 2 diabetes have been developed
which inhibit DPP 4, preventing incretin breakdown and pro-
longing insulin secretion, increasing its effect [ 18]. Ayachi and
colleague have studied the inhibitory action of rebaudioside
A and stevioside against DPP 4 using molecular mechanics,
molecular dynamics and molecular docking [19]. According
to their findings, the total interaction energy of stevioside and
rebaudioside A was 1491.86 kcal/mol and 6623.34 kcal/mol,
respectively, showing that stevioside exhibits more optimized
inhibition of DPP 4 than rebaudioside A.

The in vitro o-amylase inhibitory activity of S. rebaudiana
extracts was investigated by Singla et al. [20], they also condu-
cted in-silico studies. According to their results, water extract
shows the highest ai-amylase inhibitory activity. Specifically,
these authors reported a docking score of —14.59 kcal/mol for
Rebaudioside A with H-bonding contributing 76.31% (—11.21
kcal/mol) to the total binding energy with the receptor site.
According to their findings, the essential amino acids partici-
pating in the interactions were Tyr 163, Asp 197, His 299 and
Asp 300.

Pharmacological importance of S. rebaudiana: Medicinal
plants are increasingly being adopted alongside conventional
therapy in the treatment of acute and chronic diseases, as they
have very few side-effects. In particular, phytocompounds and
their chemical analogs have been incorporated into numerous
clinically useful drugs. This success has prompted extensive
research into additional therapeutic agents that can be derived
from medicinal plants.

Antidiabetic activity: The hypoglycemic activity of S.
rebaudiana is well known. In insulin-deficient rats, stevioside
can regulate blood glucose levels by improving insulin secre-
tion and utilization. Insulin utilization enhances in rat liver
because of the decrease in PEPCK gene expression from the

TABLE-1
RELATIVE SWEETNESS OF STEVIOSIDES

Sweetening power (with

Chemical constituents (9) R1 R2 G Y0
Stevioside B-Glc B-Glc.p-Gle 300
Rebaudioside A B-Gle B-Gle.B-Glc.B-Gle 250-450
Rebaudioside B H B-Glc.B-Gle.B-Gle 300-350
Rebaudioside C B-Glc B-Glc.o. Rha.B-Glc 50-120
Dulcosid A B-Glc B-Glc. 0. Rha 50-120
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Stevioside’s action of hindering gluconeogenesis [21]. On 34
patients with type 2 diabetic mellitus, a double-blind clinical
trial was conducted. Compared with the control (sucralose
group), in diabetic patients, the consumption of 2% stevia-
sweetened tea (for two months, 1-3 times daily) led to consider-
able changes in HbAlc and FBS levels with no statistically
significant variations [22].

Anti-inflammatory activity: In different inflammatory
responses, several inflammatory mediators are produced and
secreted. Cellular pathways and inflammatory mediators,
including chemokines (e.g. monocyte chemoattractant protein
1), cytokines (e.g. interferons, interleukins and tumour necrosis
factor o), potent inflammation-modulating transcription factor
nuclear factor kB and eicosanoids (e.g. prostaglandins and
leukotrienes) are widely studied in combination with human
pathological conditions [23]. Potentially suppressed, LPS-
mediated IL-1(3, TNF-o and IL-6 release provide anti-inflam-
matory activities of stevioside [24]. LPS-stimulated nuclear
factor (NF)-reporter gene expression was inhibited by an ethyl
acetate fraction of the water extract of S. rebaudiana. Such an
NF inhibition was strongly associated with MCP-1 and IL-6
inhibition [25]. These results indicated that stevioside and S.
rebaudiana prevent inflammation through inhibition of
cytokine production in immune, stromal and/or epithelial cells
by downregulating NF-xB and MAPK signalling pathways.

Immunomodulatory activity: Stevioside effectively
delayed type hypersensitivity and increased hemagglutination
antibody titre and phagocytic activity. Stevioside highly
increased proliferation in the Con A- and LPS-stimulated T
and B cells, respectively [26]. High concentration of stevioside
(2-5 mM) and steviol (0.2-0.8 mM) concentrations reduced
cell viability in Caco-2, T84, and HT29 cells. In T84 cells, 2
mM stevioside potentiated the release of TNF-o-mediated IL-
8. However, 0.01-0.2 mM steviol considerably suppressed the
TNF-o-induced release of IL-8 in the three cell lines. In T84
cells, TNF-o.-stimulated I kappa B was attenuated by steviol.
The immunomodulatory impact of steviol involves NF-kappa
B signalling. By contrast, in non-toxic concentrations, only CI
(-) secretion is affected by stevioside [27].

Antioxidant activity: In many human degenerative condi-
tions, such as cancer, ageing, Parkinsons disease and arthritis,
reactive oxygen species (ROS) play an important role. A promi-
nent ROS, hydrogen peroxide, causes DNA damage and lipid
peroxidation in cells. The antioxidant action of a few natural
compounds, including minerals, vitamins, other nonnutrient
compounds of plants and polyphenols, inhibit ROS generation
or free radical scavenging, which is beneficial to human health
[28]. The ethanolic S. rebaudiana leaf extract shows stronger
antioxidant activity by inhibiting hydroxyl radicals, DPPH,
nitric oxide, hydrogen peroxide scavenging and superoxide
anion scavenging than standard ascorbic acid. The ethanolic
extract of S. rebaudiana leaf extract contains some amount of
total phenols. These phenols play a key role in antioxidant
control [29].

Anti-hypertensive activity: With the tone of total peri-
pheral resistance (TPR) or systemic vasculature and blood
volume, mean arterial blood pressure (mABP) changes directly

[30]. In the pathological state, arterial hypertension results from
an improper relationship between blood volume and vascula-
ture resistance/capacity. Oral administration of the aqueous
extract of stevia for 60 days in normal rats led to an increase
in p-aminohippuric acid, which indicated renal plasma flow,
probably by minimizing the renal vascular resistance [31].
Intravenous stevioside administration into dogs with renal
hypertension led to a considerable and dose-dependent decrease
in blood pressure. In the aortic smooth muscle cells (A7r5 cell
line) of cultured rats, in a calcium medium, stevioside dose
dependently inhibited the stimulatory impacts of phenylephrine
and vasopressin on intracellular Ca*. Stevioside did not affect
Ca™ influx induced by calcium ionophore (A23187), indicating
that through Ca** channel, the antagonistic effect was obtained
[32]. A randomized, multicentre, placebo-controlled, double-
blind study reported the antihypertensive effects of stevioside
on humans. For the stevioside group, the diastolic and systolic
blood pressure substantially decreased, and the effect remained
persistent for an entire year. Biochemistry parameters of blood,
such as glucose and lipid content, did not considerably change.
No critical adverse impacts were observed. Quality of life
assessment indicated no deterioration [33].

Anti-hyperlipidemic activity: In albino rats, antihyper-
lipidemic impacts of the aqueous extract of Bertoni leaves of
S. rebaudiana were reported. The aqueous extract of stevia
reduced the body weight gain by minimizing the feed intake
in hyperlipidemic rats. Administration of different concen-
trations of the stevia extract significantly (P < 0.05) minimized
total cholesterol, low-density lipoprotein, triglyceride and very
low-density lipoprotein levels. By contrast, in hyperlipidemic
rats, this administration improved high-density lipoprotein
levels after eight weeks compared with that in untreated rats
[34].

Antimicrobial activity: The aqueous extract of stevia leaves
exhibited an activity against S. aureus and B. subtilis. Methanol
extract provided the maximum and minimum inhibition zone
against P. aeruginosa and S. aureus as well as yeast, respect-
ively. Yeast and B. megaterium were highly susceptible to hexane
extract and ethyl acetate extract, respectively. B. subtilis and
A. niger were least susceptible to hexane extract and ethyl acetate
extract, respectively. Hexane extract showed the maximum
activity against yeast [35].

Anticancer activity: The apoptosis induction, cytotoxicity
and mechanism of steviol’s action on human breast cancer
cells were studied [36]. In MCE-7 cells, the ICs, of steviol was
185 uM. Fluorescence-activated cell sorter analyses revealed
the presence of sub-G/G, peak (P < 0.05) along with steviol-
mediated Go/M-phase arrest (P < 0.05) in the MCF-7 cells.
Similar to 100 pg/mL 5-fluorouracil, steviol intensively inhib-
ited six human gastrointestinal cancer cells. The mitochondrial
apoptotic pathway was followed for the inhibition mechanism,
which was confirmed by p21 and p53 activation and the increase
in the Bax/Bcl-2 ratio. The mechanism for caspase-3-independent
apoptotic pathway was also observed. These findings agree
with those of miRNA expression analyses. In steviol-treated
gastrointestinal cancer cells, the most regulated miRNAs were
miR-6088 (log 2 = -2.54) and miR-203a-3p (log 2 =1.32) in
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HCT-116 and miR-23c (log 2 =—2.05) and miR-1268b (log 2
= 19.85) in MKN-45 [37].

Absorption, distribution, metabolism and excretion:
Studies on the metabolism and absorption of stevia glycosides
in rats have reported that stevioside cannot be readily absorbed
by the upper small intestine due to its high molecular weight.
However, colon bacteria degrade stevioside, leading to free
steviol. A part of this free steviol is absorbed by the colon and
transported to the liver. Its part is excreted in faeces. Subsequently,
steviol is transformed into its glucuronide derivative in the liver
and finally is excreted from the body through urine. The clearance
rate of stevioside is lower and higher than that of p-amino hippuric
acid and insulin, respectively, suggesting that renal tubular
epithelium actively secretes steviol glycosides [38-40].

Toxicology: In mice, rats and hamsters, steviol and stevio-
side show considerably low acute oral toxicity [41]. After intra-
venous administration of 32.5 umol/L per kg bw (equivalent
to 26 mg/kg, bw) stevioside into pentobarbital-anaesthetised
dogs, no considerable renal ultrastructure alteration occurred
and no critical changes were observed in any parameters of
plasma, whole blood and renal functions. Stevioside does not
present any acute extra renal effects (e.g. hypoxemia, which
can contribute to nephrotoxicity) and direct renal impacts
during 6 h after intravenous administration [42]. For two years,
groups of 45 female and 45 male inbred Wistar rats were fed
diets comprising stevioside (purity, 85%) at the concentrations
0of 0%, 0.2%, 0.6% and 1.2% (equivalent to 100, 300, and 600
mg/kg bw per day). After 6, 12, and 24 months, from the tail
veins of five female and five male rats belonging to each dose
group, blood was drawn for clinical biochemical and haema-
tological tests. Food use and consumption, growth, mortality,
and general appearance were similar in the control and treated
groups. The mean life span of rats administered with stevioside
was did not vary from that of the control rats. At any stage of
the study, no treatment-related changes were obtained for
urinary, haematological or clinical biochemical values. The
severity and incidence of neoplastic and non-neoplastic changes
were not related to the stevioside concentration in the diet.
The no-observed effect level was 1.2%, which was equivalent
to 600 mg/kg bw per day. The safety factor of 100 and accept-
able daily stevioside intake of 7.9 mg/kg bw per day was sugg-
ested by the authors for humans, according to the stevioside
consumption of the rats during the initial three months (the
average for females and males was 790 mg/kg bw per day)
[43]. Groups of 10 female and 10 male one-month-old golden
hamsters (Mesocricetus auratus) were daily force fed stevioside
(purity, 90%) at the concentration of 0, 500, 1000, and 2500
mg/kg bw per day. During the experiment, each female was
mated and borne three litters. While lactating (one month) and
in late gestation, females received stevioside with drinking
water. The female hamsters were mated again two weeks after
the offsprings were weaned. No abnormalities were observed
in the fertility or growth of the animals of both the sex. All the
males successfully and efficiently mated females; the females
had normal oestrus cycles of four days and after mating, became
pregnant. The number of foetuses, gestation period and number
of offsprings of the treatment group were not significantly

different from those of the control group [44]. Oral adminis-
tration of the aqueous extract of stevia leaves (up to 10%) caused
no teratogenic effects and no adverse effects on the fertility of
the female rats [45]. Recent studies have also confirmed the
safety of stevia, showing that steviol glycosides are not carcino-
genic, mutagenic, genotoxic [46] and/or teratogenic [47]. For
5 weeks, the rats were fed a diet of 0.5% stevioside or rebaudio-
side A. Both the compounds showed no potential for increase
in the risk of dental caries development [48].

Regulatory status of stevia glycosides: Globally, numerous
scientific studies and regulatory organisations have evaluated
and reviewed the safety and use of steviol glycosides. The pure
extracts of stevia leaves approved for use in beverages and
food by >150 countries. In 1995, FDA revised the import alert
for stevia extracts and leaves to allow their utilization in dietary
supplements as ingredients. In 2007, the Joint FAO/WHO
Expert Committee on Food Additives developed specifications
and a safe intake level for seven steviol glycosides, which
included the minimum purity of 95%. In 2008, FDA responded
to a Generally Recognized as Safe (GRAS) notice for the utiliz-
ation of high-purity Steviol glycosides acquired from stevia
leaves in food as a general-purpose sweetener [49]. Due to the
current import alert, FDA has evaluated, filed, and not objected
to >50 GRAS notices for using of different high-purity steviol
glycosides in food as sweeteners [50]. The European Food
Safety Authority estimated the safety of steviol glycosides,
which was extracted from S. rebaudiana of the Bertoni plant
leaves, as sweetener and provided their opinion on 10 March
2010. This authority established an acceptable daily intake
(ADI), called as steviol equivalents, of 4 mg/kg bw/day for
steviol glycosides. Conservative estimates of steviol glycosides
exposure in children and adults indicated that ADI is likely
exceed the maximum proposed utilization level. Swiss and
Hong Kong approvals were obtained between 2011 and 2012
and in 2010. Health Department of Canada, several Asian
countries, the Russian Federation and Latin America approved
the utilization of steviol glycosides in beverages and foods.
During 2014-2016, in several Southeast Asian countries, India,
and the Gulf Cooperation Council countries of the Middle East,
high-purity steviol glycosides were also approved. In 2015,
the Food Safety and Standards Authority of India published
the approval for steviol glycosides in India. High-purity steviol
glycosides obtained from stevia leaves are approved for their
use in major beverage and food categories including dairy,
beverages, and tabletop sweeteners [51].

Conclusion

Studies have reported that steviol glycosides present in
stevia are not mutagenic, teratogenic or carcinogenic and do
not lead to subacute and acute toxicity. Stevia has been used
globally as an herbal medicine because it presents no side effects
and provides good efficacy. Therefore, to support healthy glucose
regulation, steviol glycosides extracted from stevia leaves can
replace sugars.
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