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Nymphaea nouchali Burm. f. hydroalcoholic seed extract
increases glucose consumption in 3T3-L1 adipocytes
through activation of peroxisome proliferator-activated
receptor gamma and insulin sensitization
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Hannah Rachel Vasanthi’, ABSTRACT
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Nymphaea nouchali Burm. f. (Family — Nymphaeaceae) is a well-known medicinal

Department of Zoology, Voorhees plant used in the Indian ayurvedic system of medicine for treating diabetes. The seeds
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'Department of Biotechnology, especially have been prescribed for diabetes. The hydroalcoholic extract of N. nouchali
School of Life Sciences, Pondicherry seeds has been demonstrated to possess anti-hyperglycemic effects in diabetic rats,
University, Puducherry, India  pyt the functional mechanism remains unknown. The nuclear receptor, peroxisome
J. Adv. Pharm. Technol. Res. proliferator-activated receptor gamma (PPARY) is noted to play an important role in
glucose and lipid homeostasis. This study was hence focused in evaluating the effect
of the extract on PPARYy activation, adipocyte differentiation, and glucose consumption
in 3T3-L1 cells. Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), followed by adipogenesis assay using Qil Red O technique.
Glucose consumption of preadipocytes and adipocytes in the presence of the
extract was also determined. Real-time polymerase chain reaction was performed to
identify the expression of genes involved in glucose consumption in the adipocytes.
MTT assay confirmed the extract to be nontoxic, and Oil Red O staining confirmed
enhanced adipocyte differentiation of 3T3-L1 cells in a dose-dependent manner. The
extract also increased the expression of PPARy target gene, which in turn enhanced
the expression of GLUT-4. The data, therefore, suggests that V. nouchali seed extract
promotes adipocyte differentiation and glucose consumption by inducing PPARy
activation, which in turn increases mRNA GLUT-4 expression and subsequently
enhances insulin-responsiveness in insulin target tissues.
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Type 2 diabetes mellitus (T2DM) is a metabolic disorder that
has affected 2.8% of the world’s population in 2000 and is
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expected to rise to 4.4% in 2030.M Insulin resistance is found
to play a central role in the development of T2DM, which
co-exists with central obesity, hypertension, dyslipidemia,
and atherosclerosis.™

Among the various organs, adipose tissue plays a vital role
in the onset and development of insulin resistance by ectopic
lipid deposition or by the increased release of free fatty
acids into the circulation. Peroxisome proliferator-activated
receptor gamma (PPARY) is a class of ligand-dependent
nuclear receptor transcription factors, which are regulators
of lipid metabolism and decreases the plasma concentration
of fatty acids by their activation. PPARy has the highest
expression levels in adipose tissue compared with other
metabolic organs, such as skeletal muscle, liver, and
pancreas.’! PPARy plays an important role in converting
preadipocytes into differentiated adipocytes. Expression
and activation of PPARy induces adipose conversion.® Also
toits role in adipocyte differentiation and lipid metabolism,
PPARy is crucial for controlling the expression of genes,
which are involved in glucose homeostasis.®! PPARy
activation results in an increase in the expression of a
number of downstream target genes that are critically
involved in glucose and lipid metabolism'® as well as an
aid in insulin signal transduction.”!

The glucose transporter, GLUT-4 is responsible for the
uptake of glucose by an insulin-regulated mechanism
in both muscle and adipose tissue.’! GLUT-4 is directly
involved in whole body glucose homeostasis and peripheral
tissue glucose uptake by insulin receptor stimulation.”!
PPARy ligand binding directly plays a key role in glucose
uptake by increasing GLUT-4 expression and subsequently
enhancing insulin responsiveness.!'”! Increased PPARy
expression in adipose tissue results in increased GLUT-4.
Glucose transport occurs after the expression of PPARy.™

Recent advances have demonstrated that pharmacological
agents of thiazolidinedione (TZD) class can reverse insulin
resistance and profoundly improve many of the associated
symptoms. TZDs and even few other non-TZDs mediate
antidiabetic effects in the insulin-resistant states. The
insulin-sensitizing effect of such chemicals mediates via
the stimulation of PPARy. Hence, it appears that PPARy
is a reasonable, viable drug target in treating insulin
resistance and diabetes.'! However, their adverse effects
limit their, long-term usage. There is a need for identifying
new antidiabetic compounds that can efficiently restore
blood glucose levels without side-effects of the current
treatments."? Hence, the demand for new antidiabetic
compounds from plant source continues.® Therefore, it is
desirable to identify plant-based molecules with limited or
no adverse effects.

Nymphaea nouchali Burm. f. (syn. Nymphaea stellata Willd.),
commonly known as water lily, is an extensively-used

medicinal plant by the Indian Siddha and Ayurvedic
practitioners for the treatment of diabetes, inflammation,
liver disorders, urinary disorders and as a bitter tonic.!"*
It belongs to the family Nymphaeaceae. The seeds of this
plant have been reported to be an excellent antioxidant!™!
and antihepatotoxic agent.!'! Few phenolic compounds have
been quantified™ although, only a single compound, called
nymphasterol has been so far isolated and characterized.!"”!
The antidiabetic activity of the seeds has been established
very recently in vivo in streptozotocin-induced diabetic
rats.'® However, its potential mechanism of action has
not been clearly elucidated at the molecular level. Since
insulin-mediated glucose uptake in the peripheral tissues
is one of the major therapeutic approaches in treating
diabetes, this study was focused to evaluate the effect of
the hydroalcoholic seed extract of N. nouchali on glucose
consumption in 3T3-L1 adipocytes.

MATERIALS AND METHODS

Chemicals and reagents

Dulbecco’s Modified Eagle’s Medium (DMEM),
fetal calf serum (FCS), fetal bovine serum (FBS),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), dimethyl sulfoxide (DMSO) and bovine
serum albumin (BSA) were obtained from HiMedia
Laboratories, India. 3-isobutylmethyl xanthine (IBMX),
dexamethasone (DEX) and gene specific primers were
procured from Sigma-Aldrich Chemicals, India.

Plant material and extraction

N. nouchali seeds were collected from a pond in Kanyakumari,
South India. The plant was identified and authenticated
by a plant taxonomist, Plant Anatomy Research Centre,
Chennai and a voucher specimen was deposited in the
herbarium (PARC/2012/1248). The seeds were harvested
after the flowering stage, air-dried under shadow and
ground to obtain a coarse powder. About 500 g of the
powder was extracted using a Soxhlet apparatus in 70%
ethanol for 24 h. The liquid extract was filtered, and the
filtrate was concentrated using a rotary evaporator at 40°C
until the solvent was completely removed. The resultant
powder, N. nouchali hydroalcoholic seed (NHS) extract was
stored at 4°C until further use.

Cell culture and adipocyte differentiation

3T3-L1 murine preadipocytes were purchased from
National Centre for Cell Science, Pune, India and
cultured in DMEM-high glucose media supplemented
with 10% FCS, 2 mM L-glutamine and antibiotics
(50 kIU/1 penicillin and 0.05 g/ streptomycin); at 37°C under
a humidified 5% CO, and 95% air atmosphere. For 3T3-L1
preadipocyte differentiation, cells at 2 days postconfluency
were cultured in differentiation medium (MDI) comprising
DMEM supplemented with 250 mM IBMX, 1 mM DEX,
670nM insulin and 10% FBS. After 3 days, the differentiated

I 184 _ Journal of Advanced Pharmaceutical Technology & Research | Oct-Dec 2015 | Vol 6 | Issue 4 ““



Parimala, et al.: PPARy activation in 3T3-L1 adipocytes by Nymphaea nouchali seed

adipocytes were maintained in DMEM containing 670 nM
insulin and 10% FBS."

Cell viability assay

The viability of the cells was assessed by performing MTT
assay with minor modifications.?” 3T3-L1 preadipocytes
were seeded in 200 ul DMEM in a 96-well microplate at a
density of 5000 cells/well. The plate was incubated at 37°C
overnight to allow the cells to attach and multiply. After 48 h
of growth, NHS extract at concentrations ranging from 1ng
to 10 ug was added to the cells. After 24 h of incubation,
cells were washed with phosphate-buffered saline (PBS) and
incubated with 50 Wl MTT, 5 mg/ml dissolved in DMEM for
3hat37°C. The medium was then removed, and formazan
crystals formed in live cells were solubilized with DMSO.
The optical density was measured at 560 nm using an
ELISA reader.

Adipogenesis assay

For adipogenesis study, 3T3-L1 preadipocytes cultured in
DMEM supplemented with 10% FCS were preincubated
with or without various concentrations of NHS extract
(50 ng to 1 ug) for 24 h. Differentiation was induced by MDI
media containing 250 mM IBMX, 1 mM DEX and 670 nM
insulin with 10% FBS for 3 days. Differentiated adipocytes
were maintained in DMEM containing 10% FBS and 670 nM
insulin for 8-10 days. Fresh DMEM containing the same,
with or without NHS extract was replenished every 3 days.
The differentiated cells were fixed with 10% formalin in
PBS and incubated for 1 h at room temperature. Further,
it was washed thrice with PBS and stained with Oil Red O
(0.5% in 60% isopropanol, soaked overnight and filtered)
for 10 min. After washing thrice with distilled water, the
cells were photographed under a microscope. Lipid and Oil
Red O were eluted with isopropanol, and the absorbance
was read at 540 nm using UV/Vis spectrophotometer.*#

Glucose consumption assay

Preadipocytes and fully differentiated adipocytes in 24-well
plates were incubated with serum-free DMEM containing
0.2% BSA for 24 h and then incubated with various
concentrations of NHS extract (1 ng to 500 ng). The medium
was removed, and its glucose concentration was determined
by glucose oxidase — peroxidase method. The amount of
glucose consumed was calculated by subtracting the glucose
in the medium from the glucose in blank wells. Results
were expressed as fold change in glucose consumption by
comparing with the untreated control.*!

RNA isolation and real-time polymerase chain reaction
analysis

Total RNA was isolated from cells using the TRI reagent!**
and 1 pg of total RNA from each sample was reverse
transcribed to cDNA employing random primers,
reverse transcriptase and dNTPs suspended in buffer™!
according to the manufacturer’s protocol (high cDNA,

Applied Biosystems). After cDNA synthesis, target cONA
levels were determined by SYBR green-based real-time
polymerase chain reaction (RT-PCR) performed in Applied
Biosystems 7500 according to the manufacturer’s instruction
in 20 pl reaction buffer containing 1X SYBR green master
mix, 300 nM of forward and reverse primers and 25 ng/ul
c¢DNA. The PCR conditions were 1 cycle of 50°C for 2 min
and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 1 min. The primer sequences used for the PCR
amplification were as follows:
B-actin, 5-GGCCAACCGTGAAAAGATG-3 and
5-GGATCTTCATGAGGTAGTCTGTC-3’;
PPARa, 5'-GCCATCTTCACGATGCTGTCCTCC-3" and
5-GTAGATCTCTTGCAACAGTGGGTGC-3;
PPARy, 5-GGATTCATGACCAGGGAGTTCCTC-3’ and
5-GCGGTCTCCACTGAGAATAATGAC-3;
GLUT-4,5-CTCATGGGCCTAGCCAATG-3" and
5-GGGCGATTTCTCCCACATAC-3'.

The change of fluorescence of SYBR green dye in every
cycle was monitored and threshold (ct) above background
for each reaction was calculated. The expression levels were
normalized to the housekeeping gene, p-actin in the same
reaction and the results were expressed as fold change.

Statistical analysis

Data are presented as mean + standard error of mean and
were analyzed using SPSS software 20 (Armonk, New York:
IBM Corp.). Further, it was determined by Bonferroni’s test
using one-way analysis of variance. The statistical difference
at P < 0.05 was considered significant.

RESULTS

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide assay

Even though N. nouchali is a naturally occurring water
plant that is being used traditionally for treating diabetes,
its hydroalcoholic extract may exert toxic effect depending
on their concentration and duration of exposure. Hence to
assess the viability concentration range of NHS extract, the
cell viability assay was performed in various concentrations
by employing MTT assay in 3T3-L1 cell line. The cell viability
assessed after 24 h of incubation with NHS extract was
found to be nontoxic till a concentration of 2.5 ug, beyond,
which it showed reduced cell viability when compared with
the control [Figure 1]. Henceforth, further cell-based assays
were performed within this concentration range.

Impact of Nymphaea nouchali hydroalcoholic seed
extract on adipogenesis

Adipogenesis is a cellular process in which metabolically
less active preadipocytes differentiate to metabolically
active adipocytes. Once the cells get differentiated to
adipocytes, it becomes a depot for lipid storage. Hence,
studying the impact of the antidiabetic drug on this crucial
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process helps in the elucidation of the mechanism of action
and also categorization of the drug. NHS extract at different
concentrations tested on adipocyte differentiation showed
a dose-dependent increase in the accumulation of lipid up
to 1 pug concentration [Figure 2]. The cells treated with NHS
extract showed distinct oil droplets when stained with Oil
Red O [Figure 3]. Hence, the extract promotes adipogenesis
which may be helpful in reducing circulating lipids in blood
and thereby reducing the risk of cardiovascular diseases.

Improved glucose consumption by Nymphaea nouchali
hydroalcoholic seed extract

Antidiabetic efficiency of NHS extract was evaluated both
in preadipocytes and adipocytes. Drugs, which promote
glucose transport into the cell will be useful in reducing
hyperglycemia, as glucose uptake is the major event getting
affected during diabetes. Treatment with NHS extract
promoted glucose uptake in preadipocytes and adipocytes.
A maximum of 3.3-fold increase in glucose consumption of
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Figure 1: Effect of Nymphaea nouchali on cell viability. Values
represent mean + standard error of mean. **P < 0.01 versus the
control group. Control: Untreated preadipocytes

© d

Figure 3: Oil Red O staining showing adipogenesis. (a) Unstained
adipocytes showing lipid droplets around the nucleus due to adipocyte
differentiation; (b) Preadipocyte stained with Oil Red O, showing no
lipid accumulation in the cells; (c) Adipocyte stained with Oil Red O,
showing red-colored lipid droplets in the cells; (d) Nymphaea nouchali
extract-treated adipocyte stained with Oil Red O, showing red-colored
lipid droplets in the cells
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preadipocytes was observed at 24" h incubation of 100 ng
of NHS extract [Figure 4]. Likewise, a maximum of 3.2-fold
increase in glucose consumption of adipocytes was observed
at 6™ h of incubation with 50 ng NHS extract [Figure 5]. The
results of glucose consumption assay depict the antidiabetic
property of NHS extract.

Real-time polymerase chain reaction

Real-time PCR quantification of gene transcripts is more
reliable and time-saving. Quantification of total RNA
isolated for RT-PCR by using a Nanodrop exhibited a good
yield. Expressions of PPARo, PPARy and GLUT-4 were
studied using RT-PCR. In the present study, expression of
PPARa was seen increasing in a dose-dependent manner
by NHS treatment. Treatment with 100 ng of the extract
induced 2.75-fold, whereas treatment with 1 pug of the extract
induced 3.31-fold activity. Fold change in the expression of
PPARY on treatment with NHS increased with the increase
in concentration up to 100 ng with 2.89-fold increase
after which there was a drop in the level of expression.
GLUT-4 was found to be much elevated in NHS-treated
cells and was found to be maximum at 100 ng showing
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Figure 2: Effect of Nymphaea nouchali on lipid accumulation by
Oil Red O staining. Values represent mean =+ standard error of mean.
**P < 0.01 versus the control group. Adipocytes: Untreated control
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Figure 4: Glucose consumption in Nymphaea nouchali-treated
3T3-L1 preadipocytes. Values represent mean + standard error
of mean. **P < (0.01, ***P < 0.001 versus the control group.
Preadipocytes without extract treatment were considered as control
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5.76-fold increase [Figure 6]. The expression of GLUT-4 was
consistent with the expression of PPARY.

DISCUSSION

This study demonstrates that the hydroalcoholic extract of
N. nouchali seeds stimulate adipocyte differentiation and
glucose uptake in murine 3T3-L1 adipocytes and propose
for the first time the mechanism of action for the antidiabetic
property of the plant. 3T3-L1 preadipocyte cells derived
from mice are an ideal cell line for screening antidiabetic
drugs.?!

Although the plant is known for its folklore medicinal value,
it is necessary to find whether NHS exhibit toxicity in the
cells. MTT assay was conducted to address this issue. Since
MTT reduction occurs in active cells, the level of activity
is a measure of the viability of the cells. Herbal products
can either be toxic® or nontoxic to the cells.” However,
NHS at lower concentration did not appreciably affect the
cell viability. Subsequently the concentration of these cells
was adjusted for analyzing differentiation and adipogenic
factor expression at mRNA levels.

Impaired adipocyte differentiation contributes to the
pathogenesis of obesity-related conditions such as insulin
resistance and T2DM.! The adipocytes of type 2 diabetes
patients are incapable of accumulating lipid due to
insulin resistance.” NHS had the potential to stimulate
adipogenesis, and this was evidenced by an increase in
lipid accumulation after NHS treatment. Oil Red O staining
showed that the intracellular lipid accumulation was greater
in extract-treated cells. The adipocyte differentiation was
accelerated on treatment, and the increase was dependent
on NHS concentration. Accumulating large amounts of
lipids in adipocytes is nontoxic to the cell or whole organism
which, in a way, prevents extra-adipose lipid accumulation
leading to lipotoxicity and insulin resistance.*”
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PPARy has emerged as the prime regulator of adipocyte
differentiation. It is an essential transcriptional regulator
of adipogenesis and is required for the maintenance of
adipocyte function.” Our present data showed that the
mRNA expression of PPARy increased in NHS-treated
cells. A previous work has reported that enhanced PPARy
expression stimulated strong adipogenesis in 3T3-L1 cells.*
PPARYy activation has also proved to promote adipocyte
differentiation by increasing the number of small adipocytes
and decreasing the number of hypertrophied adipocytes
by apoptosis.[*!

PPARy s a key transcriptional factor to regulate adipogenic
gene expression during adipocyte proliferation and
differentiation® and is also a key regulator of glucose
homeostasis. It has been reported that PPARy activation
plays an important role in maintaining glucose homeostasis.
Adipocyte differentiation leads to enhanced expression of
adipocyte-specific genes, which are important components
of the insulin receptor signal transduction pathway.? Hence,
the effect of NHS on glucose consumption was investigated.
NHS significantly enhanced insulin-stimulated glucose
consumption in a dose-dependent manner when compared
to control in both adipocytes and preadipocytes. NHS
extract in adipose tissue acts as a key switch that favors
lipid storage in adipocytes over fatty acid release into the
circulation.

Adipocytes also regulate the whole-body insulin sensitivity.
GLUT-4 abundantly expressed in adipocytes plays a
vital role in the control of blood sugar.? Though many
studies have focused on the mechanism underlying
insulin-regulated GLUT-4 trafficking,®! an established
pathway is upregulation of GLUT-4 expression on activation
of PPARy. Pharmacological drugs which increase glucose
transporter expression have a positive impact on whole
body glucose homeostasis.*”! In this study exposure to
NHS increased mRNA expression of GLUT-4, which
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Figure 5: Glucose consumption in Nymphaea nouchali-treated
3T3-L1 adipocytes. Values represent mean =+ standard error of mean.
*#%*P < (.001 versus the control group. Adipocytes without extract
treatment were considered as control

Figure 6: Expression of peroxisome proliferator-activated receptor
o, peroxisome proliferator-activated receptor gamma and GLUT-4
genes. Values represent mean + standard error of mean. *P < 0.05,
**P < 0.01, versus the control group adipocytes
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confirms the potential of NHS to improve cellular glucose
uptake. We hypothesize that this effect may be related to
the ability of NHS to act as a ligand, binding to the PPARy
binding domain and up-regulate GLUT-4 expression.
Adipose-specific PPARy knock-out mice in a previous
study displayed grossly elevated levels of free fatty acids
and triglycerides and the anti-lipolytic effect of insulin was
blunted in these animals which indicate a strong correlation
between PPARY expression and insulin sensitivity.?*®!

Recently, several studies have shown that PPARa is
expressed in adipose tissue, indicating that adipose tissue
might also be a favorable target of PPARa activators.
Although a weak target for promoting adipogenesis,
PPARa is reported to stimulate peripheral glucose uptake
by its expression in the brain.?” In our study, the mRNA
expression of PPARo was increased to 2.75-fold with
100 ng NHS. It is believed that PPAR« activation results in
hypolipidemic effects, insulin-stimulated glucose uptake
and increase in the expression of adipogenic genes but,
however, the role of PPAR« in adipose tissue is not fully
understood.” When there was an increase in PPARo to
3.31-fold in 1 ug NHS-treated cells, the expression of PPARy
and GLUT-4 were repressed explaining the effect of NHS
in a dose-dependent manner.

Extracts from medicinal and food plants have been identified
as potentially interesting PPAR agonists and are found to
increase insulin-stimulated glucose uptake by activating
PPARy and PPARa.™ Many natural compounds exhibit
PPARy agonist activity.[*J The phenolic compounds in NHS
might have efficiently facilitated GLUT-4 expression and
activation and simultaneous glucose uptake activity.*’! As
dual activators of PPARy and PPARo, NHS could ameliorate
insulin resistance and dyslipidemia, however, the effects
of NHS on PPARa expression is yet to be elaborated
through further studies. The results suggest that NHS may
modulate the insulin signaling pathway, thereby positively
regulating glucose consumption in adipocytes which are
attributed partly to the expression of PPARy. However,
further studies are required to clarify whether there are
alternative pathways responsible for the NHS-induced
effects to attenuate insulin resistance.

CONCLUSION

This is the first in vitro mechanistic study on N. nouchali seed
extract confirming its traditional use in diabetes. The extract
is shown to promote adipogenesis. It also enhances glucose
uptake as evidenced by GLUT-4 expression mediated by
PPARy activation and thereby improves insulin sensitivity.
Hence, this study provides evidence that the extract has
an antidiabetic effect by activating the PPARy gene in the
adipocytes. Besides, it may also ameliorate insulin resistance
in other insulin-responsive organs by reducing the free
circulating lipids. Its pharmacological activity is probably

due to the synergistic action of phytocompounds in the
extract. Therefore, this plant can be further studied to identify
the active pharmaceutical ingredients. Moreover, efficient
methodologies have to be adopted to enhance its availability
in order to develop N. nouchali as a natural anti-diabetic agent.
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