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Abstract

AMP activated protein kinase (AMPK) suppresses hepatic gluconeogenesis via cytosolic
phosphoenolpyruvate carboxykinase (PEPCK-C), which is beneficial to diabetic patients {particularly
type 2 diabetes mellitus (T2DM)}. Activation of AMPK by flavonoids, including genistein, is often
associated with their antidiabetic effect in different diabetic animals; however, the detailed
mechanisms of AMPK regulation by genistein are yet be understood. Hence, in this study,
biocomputational studies were performed to understand the possible interactions of genistein with
AMPK. Further, the role of AMPK activation on regulation of PEPCK-C expression in HepGz2 cells upon
genistein treatment was also monitored using western blot and other molecular techniques.
Computational studies showed that genistein closely resembled with the known activator of AMPK, A-
769662, in terms of its interaction with the protein. Among the downstream targets of AMPK, the
MAPK signalling pathway was found to be one of the possible pathways to be involved in regulation of
PEPCK-Cin these cells. Our results indicated that genistein activated AMPK in HepG2 cells, which in turn
downregulated PEPCK-C probably through the MAPK signalling pathway. Hence, we herein concluded
that the use of genistein might be beneficial to the T2DM patients by maintaining their glucose
homeostasis possibly through modulation of hepatic gluconeogenesis.
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Introduction

In India, about 75 million people are suffering from
diabetes till today in comparison to 425 million
adults worldwide (www.diabetesatlas.org) and 1in 2
people yet to be diagnosed, out of which 90% are
type 2 diabetes mellitus (T2DM) patients.
Hyperglycaemia via gluconeogenesis pathway in
T2DM patients is one of the major factors for
treating T2DM patients [1], and this pathway is
primarily regulated by phosphoenolpyruvate
carboxykinase (PEPCK) [2,3]. AMP activated protein
kinase (AMPK) plays a significant role in cellular
metabolism [4,5], and is activated by high AMP/ATP
ratio [6,7]. AMPK activity is regulated covalently by
Thr'”> phosphorylation of a catalytic subunit by the
upstream protein kinases, predominantly by liver
kinase B1 (LKB1) and calmodulin dependent protein
kinase kinases (CaMKK) [8].

AMPK is involved with various diseases (like
diabetes, obesity, and cancers), and is activated by
several anti-diabetic drugs such as metformin and
rosiglitazone [9]. Notably, the activity of AMPK is
decreased in animals models with defect
metabolism and the decreased AMPK activity is also
associated with T2DM or obesity in humans [10-11].
Activation of AMPK lowers hepatic glucose
production (HGP) via gluconeogenesis, by lowering
PEPCK and G6Pase genes, both in vivo and in vitro
studies [12-14]. AMPK also enhances glucose
transporter type 4 expression in muscle [15].

Recently, it has been shown that AMPK is
one of the targets in the treatment of T2DM using
some natural compounds [16]. Genistein is shown to
modulate AMPK- and MAPK- signalling pathways for
regulation of PEPCK-C in hepatic cell line and animal
model [17,18]. But, the interactions of genistein with
AMPK are not understood yet; hence, in this study, a
biocomputational approach was followed to find
out the plausible interactions of genistein with
AMPK and its downstream effects on PEPCK-C
regulation in the HepG2 cells.

Methods

Chemicals and antibodies

DMEM (D6429), antibiotic solution (A5955), RIPA
buffer (Ro278), protease inhibitor cocktail (P8340),
RNA isolation kit (RTN70), insulin (13536), genistein

(G6649), PD98059 (P215), and LY294002 (L9908)
were procured from Sigma-Aldrich, U. S. A. cDNA
synthesis kit (18080051) was obtained from Thermo
Fisher Scientific, U. S. A. Western blotting detection
reagent (RPN2232) was purchased from GE Health
Care, U. K., while PYDF membranes (1620175) from
Bio Rad, U.S. A.

Antibodies against Akt (2920), p-Akt (4060),
Foxo1 (2880), p-Foxo1 (9461), p-GSK3fB (9322), p-
ERKY (4370), B-actin (8457), anti-rabbit 1gG-HRP
(7074) and anti-mouse IgG-HRP (7076) were
procured from Cell Signaling Technology, U.S.A.
Anti-PEPCK-C (sc-74823) and anti-rabbit IgG-HRP (sc-
2004)  were obtained  from SantaCruz
Biotechnology, U. S. A. pRL-SV40 vector and
luciferase reporter assay kit were from Promega, U.
K. Other reagents were of the highest quality and
were obtained from Sisco Research Laboratories,
India.

AMPK model and docking simulations of genistein
The interactions of genistein with AMPK were
analysed by molecular docking simulations on
Discovery Studio 4.1 software (Biovia) using
mammalian AMPK (PDB ID 4CFH) as the receptor
molecule. All bound waters and ligand were
removed from the protein. To evaluate the model,
quality assessment methods are necessary to check
the quality of the downloaded model. In our study,
the quality of the model was verified in DISCOVERY
STUDIO 4.1 by the method previously explained [19],
which was found to be suitable for molecular
docking. It was subjected to loop refinement and
energy minimization in DISCOVERY STUDIO 4.1. The
structure was classified into highly populated to
forbidden regions by the Ramachandran plot.
Further, VADAR program was used to validate the
model to check and compare side chain geometries
and rotomer conformations of the prepared model
with its template structure [20]. “Macromolecules
(Prepare protein)” program of DISCOVERY STUDIO
4.1 was used to refine the model as described by
Dutta et al. [19].

The amino acids present in the active site of
AMPK were analysed using NCBI conserved domain
tool and CASTp server [21,22]. For molecular
docking, the active site was identified using “Define
and edit binding tool” (DISCOVERY STUDIO 4.1) and
the ligands, genistein, A-769662 and AICAR, were
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retrieved from PubChem database and saved as .smi
files [23]. The “Small molecules Prepare ligand” tool
of DISCOVERY STUDIO 4.1 was used to optimise the
ligand, like addition of missing “H” atoms. Energy
minimization of the ligands was also performed
using [Minimization-Quick Minimization (Dreiding
forcefield)] tool of DISCOVERY STUDIO 4.1.
Molecular docking was done strictly
following the method described in Dutta et el.*. The
predicted interactions of these molecules for AMPK
were determined using 'View Interactions-Ligand
Interactions'' tool of DISCOVERY STUDIO 4.1.

HepGz2 cells culture

HepG2 cells were cultured in DMEM following the
standard procedure as described by Dkhar et al [35].
Effect of genistein on expression of PEPCK-C mRNA
was studied by taking one million HepG2 cells,
serum-starved, and then treated with genistein (30
uM) for various intervals of time. In order to
elucidate the various signal pathway(s) involved in
effect of genistein, various inhibitors like PD98059
(for AMPK pathway) or LY294002 (for PKB/Akt
pathway) 2 h prior to the genistein treatment.

Luciferase assay

For luciferase assay, the construct [PEPCK-C (-
686/+83)] was transfected into the HepG2 cells by
electroporation (Gene Pulser, model no. 165-2660,
Bio-Rad) along with pRL-SV40 vector. Transfection
was carried out in duplicates with 20 pg/mL of
PEPCK-C construct and 1x10° cells per cuvette (0.2
cm) in 100 pL electroporation medium (Invitrogen).
Cells from each cuvette were collected and plated
into respective plates. After 8 h, the cells were
treated with genistein (30 uM) in serum-free DMEM
for 24 h.

Promega dual luciferase® reporter assay
system was used for luciferase activity using a FB12
Tube Luminometer (Model no. 11010102, Berthold
Detection Systems). Briefly, after treatment HepG2
cells were washed two times with 1x PBS, and lysed
in 250 pL of 1x passive lysis buffer for 15 min in ice.
Then, 20 pL of lysate was added to 100 uL of
luciferase assay reagent Il and the luciferase activity
was measured for 10 sec the FB12 Tube
Luminometer. Further, the reaction was normalized
to Renilla upon addition of 100 uL stop and glo®
reagent. The fold of change in the treatments in

comparison to the controls were calculated and
plotted.

Total RNA and semiquantitative PCR

Standard procedure as described by Dkhar et al. [18]
was followed in order to assess the effect of
genistein on PEPCK-C mRNA expression. In brief,
total RNA was isolated and reversed transcribed to
cDNA, and PEPCK-C mRNA transcripts was
determined by semiquantitative PCR using the
specific primers for PEPCK-C (FP:
GTTTGACGCACAAGGTCATTTAAGG; RP:
CACAAGGTTCCCCATCCTCTGAQ). PEPCK-C  was
amplified in a 25 yL reaction mixture (1x PCR buffer,
1.5 mM MgCl,, 200 uM dNTPs, 10 pmol of primer, 1U
of Taq DNA polymerase and 30-50 ng of cDNA) using
an automated thermal cycler (Veriti-4375786,
Applied Biosystems). The cycling conditions are; 95
°C for 5 min, and 35 cycles of 95 °C for 30°s, 60 °C for
30 s, 72 °C for 30 s, and 72 °C for 10 min. The
amplicons were analysed on 1.5% (w/v) agarose gel.

Western blot

Upon genistein treatment, the key proteins in the
signalling pathways were analysed by western blot
as per the modified procedure outlined by Dkhar et
al. [18], originally described by Laemmli [24]. In brief,
the proteins from the cells were isolated in RIPA
buffer, and quantified using Bradford’s reagent [25];
30-40 ug of isolated protein was resolved on 10%
SDS-PAGE and transferred onto PVDF membrane.
Then, the PVDF membranes were blocked with 5%
(w/v) nonfat dried milk in TBST for 1 h at room
temperature, and incubated with the respective 1°
antibodies (Akt, phospho-Akt, Foxo1, phospho-
Foxo1, phospho-GSK3p, phospho-ERKY and PEPCK-
C,) at 4 °C for 16 h. The membranes were washed in
TBST and then incubated with the HRP-conjugated
2° antibodies for 2 h; the immunoreactive bands
were detected using ECL and quantified. B-actin was
used for the loading control.

Statistical analysis

Data were collected and presented as mean + SEM
(n=3), and data were analysed using one-way
ANOVA and student’s t-test for comparative
analyses between the controls and the treatments.
A p value more than or equals to 0.05 was
considered statistically significant.

http://pharmacologyonline.silae.it
ISSN: 1827-8620


http://pharmacologyonline.silae.it/

PhOL Das, et al.

53 (page 50-69)

Results

Plausible interactions of genistein and AMPK
For possible interactions of genistein with AMPK,
the mammalian AMPK protein crystal structure
(4CFH) was obtained from Protein Data Bank (PDB)
website and refined for docking studies in
DISCOVERY STUDIO 4.1 (Fig. 1A). The amino acids of
the conserved sites were designated using
DISCOVERY STUDIO 4.1 for molecular docking.
Ramachandran plot of the model showed that 98%
amino acids were in the most favourable area, 1.2%
amino acids in the allowed areas, and 0.8% in the
disallowed area (Fig. 1B). The AMPK model was
loaded to the CASTp server for selection of active
sites. Out of 29 binding sites obtained from CASTp
server, the 29" site was found to have the largest
area. It was also found from multiple sequence
alignment and secondary structure prediction that
the residues in 29" site (Ser 16, Met 17, Ala 18, Trp 19,
His 20, Leu 21, Gly 22, Arg 24, Pro 29, Asn 36, Pro 37,
Tyr 38, GIn 58, Leu 59, Tyr 60, GIn 61, Val 62, Tyr 68,
Asp 70, Phe 71, Arg 72, Ser 73, Asp 75) were
conserved in the active site of the model
Dorsomorphin ~ (Compound-C), being known
inhibitor of AMPK, was used as a control ligand to
perform molecular docking with AMPK. The
generated model was compared with the AMPK-
Compound C complex (3AQV). Various parameters
of VADAR for quantitative and qualitative protein
structures assessment like hydrogen bonds, dihedral
angles, accessible surface area, volume, stereo
packing quality index, 3D profile quality index were
found to be similar to the expected and the
observed values (Table 1). The small RSMD value
among the models confirmed the structural
similarity between the two models. Further, the
atomic co-ordinates and interactions of the AMPK-
Compound C complex (PDB ID 3AQV) and their
docked structure were compared and found to be
similar (Table 2). After validating the model using
various parameters {Ramachandran and
hydrophobicity plot (Fig. 1B), VADAR statistics etc.
(Table 1)}, the model generated using DISCOVERY
STUDIO 4.1 was further selected for docking studies.
The atomic interactions of genistein with
AMPK model showed alike network of interactions
for ATP. It was revealed that Glu 94, Tyr 95 and Val
96 residues of ATP binding site were involved in

hydrogen bond formation with genistein. One
unfavourable acceptor/donor clash was observed
between Asp 157 and the ligand (Fig. 2A). The bonds
between the predicted interacting residues of
AMPK with A-769662 were either hydrogen, alkyl
hydrophobic or mixed pi-alkyl bonds. It was also
observed that the interacting residues of AMPK with
A-769662 lied near the ATP binding sites (Fig. 2B). In
the case of AICAR, Arg 141, Lys 214, Ser 305 and Asp
308 residues of AMPK were found to form hydrogen
bonds (Fig. 2C). When the top poses were
superimposed with A-769662 (Fig. 2D), the surface
structures of both these compounds showed similar
pocket (ATP binding site) in the binding site of
AMPK. However, when the known activator
compound of AMPK, AICAR, was overlaid with top
poses of genistein, it showed different binding
pockets (Fig. 2E).

Genistein and PEPCK-C expression

To validate biocomputational data, HepG2 cells were
cultured in DMEM (Fig. S1) and treated with
genistein and other modulators. The cytotoxicity of
genistein was determined as described by Dkhar et
al. [18], and it was found to be non toxic at the
experimental concentration used in this study.

For the time-dependent effect of genistein
on the expression of PEPCK-C, genistein 30 uM
treated HepG2 cells were harvested at various time,
and PEPCK-C mRNA levels were determined by semi-
quantitative RT-PCR. It was observed that, genistein
decreased the PEPCK-C mRNA levels gradually from
16 h onward in HepG2 cells as demonstrated by
semi-quantitative PCR (Fig. S2).

PEPCK-C promoter activity in HepGz2 cells

Upon genistein treatment, the transcriptional
activity of PEPCK-C gene was also analysed by
luciferase reporter assay. In brief, the cells were
transfected with the pGL3 basic vector carrying the
PEPCK-C promoter insert (-686/+83) (Fig. 3A), and
co-transfected with pRL-SV40, which served as the
control. After 8h, the cells were treated with
genistein (30 pM) in serum-free media for 24h.
Result demonstrated that genistein significantly
decreased PEPCK-C promoter activity (~0.3-fold) as
compared to the untreated HepGz cells (Fig. 3B).
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Interactions of MAPK pathway and PKB/Akt
pathway for the expression of PEPCK-C

The cross-talk between PKB/Akt pathway and MAPK
pathway for regulation of PEPCK-C expression by
genistein was studied by using PD89059, the MEK
inhibitor. To accomplish this, the cells were pre-
treated with PD98059, 2 h prior to genistein
treatment. The cells were collected in RIPA buffer
and lysate was collected for western blot analysis.
Results demonstrated that treatment with PD89059
did not induce any detectable in the key proteins of
the MAPK and PKB/Akt pathways in HepG2 cells
incubated with this inhibitor with respect to the
untreated HepG2 cells (Figs. 4A-C).

To further explore the possible interaction of
PKB/Akt and MAPK pathways for regulation of
PEPCK-C expression by genistein, the effect of the
PI3K inhibitor, LY294002, on genistein-induced
ERKY5 activation was studied. In brief, the cells were
treated with LY294002 and then with genistein;
insulin treatment served as a positive control. The
results showed that genistein alone increased 3.5
folds of p-ERKY levels; the presence of LY294002,
however, could not block the event (Fig. 5A).
Further, the changes in the p-ERKY5 status were also
supplemented corresponding decline in PEPCK-C
expression. While insulin reduced the PEPCK-C
protein level by ~0.6-fold; PEPCK-C expression was
unaltered with LY294002 treatment (Fig. 5B). These
results, therefore, excluded the possibility of any
cross-talk between the MAPK pathway and PKB/Akt
pathway PEPCK-C expression by genistein.

Discussion

AMPK modulates PEPCK-C and G6Pase expression in
liver, thereby supresses hepatic gluconeogenesis
[26]. Activation of AMPK by flavonoids, a class of
secondary plant metabolites, has been associated
with their antidiabetic property in HepG2 cells and
C2C12 cells [27-28] and in diabetic mice [29]. The
effect of different isoflavones such as genistein,
formonetin, prunetin, and daidzein on AMPK
expression in various cell lines has been studied
[18,30-33]. Since the mechanism of genistein on
AMPK activation is not known yet, the compound
was docked into the AMPK active site. Further,
PEPCK-C expression in the HepG2 cells was studied

upon genistein treatment, and it was speculated
that PEPCK-C expression might be inhibited by
genistein through AMPK activation.

An attempt was made to establish the
possible interactions between genistein and AMPK,
and using the known modulators of AMPK, in silico
molecular docking was carried out. The human
AMPK is a heterotrimer protein with a catalytic unit
(552 aas), a B regulatory unit (270 aas), and another
regulatory y unit (331 aas), respectively [34-35]. AMP
binding to AMPK triggers phosphorylation of Thr 172
by LKB1[8,36,37], and binding of both AMP and ADP
causes phosphorylation of Thr 172 by CaMKKp [8];
however, this mechanism has been challenged by
Gowans et al. [36]. Nucleotides like AMP mainly
protect Thr 172 from dephosphorylation by
phosphatases [36,38,39]. The AICAR, one of the
activators of AMPK, is phosphorylated inside the cell
into ZMP (an analogue of AMP) and bind to the
regulatory y unit of AMPK for allosteric activation
[40]. Another small molecule (A-769662) activates
the enzyme in a similar manner to AMP, which binds
to the a catalytic domain and P regulatory domain
of AMPK, and shows its potency in nanomolar range
[41,42]. Further, biophysical characterisation of
AMPK confirm that AMP and A-769662 activate
AMPK in distinct manners [43]. Int his study, we
reported that there were different binding pockets
for AICAR and A-769662 on AMPK. Importantly, our
study showed that genistein and A-769662 shared
similar binding pockets on the AMPK catalytic site.
Overall, these results suggested that genistein
closely resembled A-769662 in terms of interactions
with  AMPK. Analyses of the genistein-AMPK
complex revealed that Glu 94, Try 95, Val 96
residues of ATP binding site were involved in
hydrogen bond formation with genistein.

Transcriptional regulation of PEPCK-C is a
very crucial step in regulating PEPCK-C expression.
In this study, genistein decreased PEPCK-C promoter
activity (~o0.3-fold) as compared to the untreated
HepGz2 cells. Hence, possible molecular mechanisms
for PEPCK-C expression were further studied. The
regulation of energy metabolism involves signalling
network, and the interaction of PKB/Akt and MAPK
pathway plays a significant role in diabetes [44].
Activated ERK impairs insulin signal transduction
and function in T2DM patients [44,45], and also
MAPKs induce negative modulators of insulin
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sensitivity [46,47]. By contrast, MEK
activation has insulinotropic effects without altering
insulin sensitivity in vivo [48]. Similarly, enhanced
ERK activity in young mice has non-modulatory
effects on Akt activation and action of insulin [49].
Conversely, inhibition of PKB/Akt pathway prevents
MAPK pathway activation in some cell types [50].
Hence, the cross talk between MAPK and PKB/Akt
pathways can regulate metabolic activities in T2DM
patients. In this study, in order to determine the
possible interaction between PKB/Akt and MAPK
pathways, HepG2 cells were treated with the
inhibitors of the pathways. However, no cross-talks
between the pathways were observed in the cells in
regulating the expression of PEPCK-C by genistein.
From biocomputational analysis, genistein and A-
769662 showed similar binding pocket in the
binding site of AMPK, while AICAR showed different
binding pocket. This could be the reason why
differential signal mechanisms were observed when
the cells were treated with AICAR and genistein
with regard to PKB/Akt pathway; AICAR activated
PKB/Akt pathway, whereas genistein did not [35].
This indicates that the AMPK activation by genistein
could have followed different pathway, unlike
AICAR, possibly MAPK signalling pathway in order to
regulate the expression of PEPCK-C in these cells.

In conclusion, for obtaining the possible
interactions of genistein with AMPK, genistein was
docked into the active site of the mammalian AMPK
protein crystal structure (4CFH) and compared with
other complexes of AMPK. The atomic interactions
of genistein with AMPK model showed alike
network of interactions for ATP, and genistein
closely resembled with the known activator of
AMPK, A-769662, in terms of its interaction with the
AMPK protein. To validate the biocomputational
data, HepG2 cells were treated with genistein, and
expression of PEPPCK-C in HepG2 were monitored;
it was found that genistein decreased the PEPCK-C
mRNA levels gradually after 12 h of incubation, and
PEPCK-C protein level was also decreased. The
luciferase results demonstrated that genistein
decreased PEPCK-C promoter activity (~0.3-fold) as
compared to the untreated HepG2 cells. Among the
downstream targets of AMPK, the MAPK signalling
pathway was found to be one of the possible
pathways to be involved in regulation of PEPCK-C in
these cells. Our results indicated that genistein

activated AMPK in HepG2 cells, which in turn
downregulated PEPCK-C probably through the
MAPK signalling pathway. The results presented
herein excluded the possibility of any cross-talk
between the MAPK pathway and PKB/Akt pathway
for PEPCK-C expression by genistein in HeG2 cells.
Hence, we herein conclude that the use of genistein
may be beneficial to the T2DM patients by
maintaining their glucose homeostasis possibly
through modulation of hepatic gluconeogenesis. It
may be concluded that genistein might be used as
an alternative or complementary treatment for
T2DM. Possibly, AMPK may be a possible agent in
prevention of T2DM by regulating PEPCK-C
expression.

Acknowledgments

This study was financially supported by Department
of Biotechnology (Gol), New Delhi, through a
research grant (BT/103/NE/TBP/2010 dated March 16,
2011). The authors thank to the Heads, Department
of Zoology, NEHU, for providing infrastructural
facilities.

References

1. Perriello, G., Pampanelli, S., Del-Sindaco, P., Lalli,
C,, Ciofetta, M., Volpi, E., Santeusanio,
F., Brunetti, P., Bolli, G. B. (1997). Evidence of
increased systemic glucose production and
gluconeogenesis in an early stage of NIDDM.
Diabetes 46, 1010-1016.

2. Rognstad, R. (1979). Rate-limiting steps in
metabolic pathways. J Biol Chem 254, 1875-1878.

3. Hanson, R. W., Reshef, L. (1997). Regulation of
phosphoenolpyruvate carboxykinase (GTP)
gene expression. Annu Rev Biochem 66, 581-611.

4. Carling, D., Clarke, P.R., Zammit, V.A., Hardie, D.G.
(1989). Purification and characterization of the
AMP-activated protein kinase. Copurification of
acetyl-CoA carboxylase kinase and 3-hydroxy-3-
methylglutaryl-CoA reductase kinase activities.
Eur J Biochem 186, 129-136.

5. Carling, D. (2004). The AMP-activated protein
kinase cascade-a unifying system for energy
control. Trends Biochem Sci 29, 18-24.

6. Hardie, D.G. (2003). Minireview: The AMP-
activated protein kinase cascade: The key

http://pharmacologyonline.silae.it
ISSN: 1827-8620


http://pharmacologyonline.silae.it/

PhOL

Das, et al.

56 (page 50-69)

sensor of cellular energy status. Endocrinology 144,
5179-5183.

7. Hardie, D.G. (2004). The AMP-activated protein
kinase pathway-new players upstream and
downstream. J Cell Sci 117, 5479-5487.

8. Oakhill, J.S., Chen, Z.P., Scott, J.W., Steel, R.,
Castelli, L.A., Ling, N., Macaulay, S.L., Kemp,
B.E. (2010). B-Subunit myristoylation is the
gatekeeper for initiating metabolic stress
sensing by AMP-activated protein kinase
(AMPK). P.N.A.S. USA 107, 19237-19241.

9. Fryer, L.G., Parbu-Patel, A., Carling, D. (2002). The
anti-diabetic drugs rosiglitazone and metformin
stimulate AMP-activated protein kinase through
distinct signaling pathways. J Biol Chem 277,
25226-25232.

10. Gauthier, M.S., O’Brien, E.L., Bigornia, S., Mott,
M., Cacicedo, J.M., Xu, X.J., Gokce, N., Apovian,
C., Ruderman, N. (2011). Decreased AMP-
activated protein kinase activity is associated
with increased inflammation in visceral adipose
tissue and with whole-body insulin resistance in
morbidly obese humans. Biochem Biophys Res
Commun 404, 382-387.

1. Xu, X.J., Gauthier, M.S., Hess, D.T., Apovian, C.M.,
Cacicedo, J.M., Gokce, N., Farb, M., Valentine,
R.J., Ruderman, N.B. (2012). Insulin sensitive
and resistant obesity in humans: AMPK activity,
oxidative stress, and depot-specific changes in
gene expression in adipose tissue. J Lipid Res
53, 792-801.

12. Vincent, M.F., Erion, M.D., Gruber, H.E., Van den
Berghe, G. (1996). Hypoglycaemic effect of
AlCAriboside in mice. Diabetologia 39, 1148-1155.

13. Foretz, M., Carling, D., Guichard, C., Ferre, P.,
Foufelle, F. (1998). AMP-activated protein
kinase inhibits the glucose-activated expression
of fatty acid synthase gene in rat hepatocytes. J
Biol Chem 273, 14767-14771.

14. Lochhead, P.A., Salt, I.P., Walker, K.S., Hardie,
D.G., Sutherland, C. (2000). 5-aminoimidazole-4-
carboxamide riboside mimics the effects of
insulin on the expression of the 2 key
gluconeogenic genes PEPCK and glucose-6-
phosphatase. Diabetes 49, 896-903.

15. Coughlan, K.A., Valentine, R.J., Ruderman, N.B.,
Saha, A.XK. (2014). AMPK activation: a
therapeutic target for type 2 diabetes. Diabetes
Metab Syndr Obes 7, 241-253.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Hardie, D.G. (2013). AMPK: a target for drugs and
natural products with effects on both diabetes
and cancer. Diabetes 62, 2164-2172.

Arunkumar, E., Anuradha, C.V. (2012). Genistein
promotes insulin action through adenosine
monophosphate-activated  protein  kinase
activation and p70 ribosomal protein S6 kinase
1 inhibition in the skeletal muscle of mice fed a
high energy diet. Nutr Res 32, 617-625.

Dkhar, B., Khongsti, K., Thabah, D., Syiem, D.,
Satyamoorthy, K., Das, B. (2018). Genistein
represses PEPCK-C expression in an insulin-
independent manner in HepG2 cells and in
alloxan-induced diabetic mice. J Cell Biochem
119, 1953-1970.

Dutta, A.K., Ramnath., Tandon, V., Das, B. (2016).
Biocomputational analysis of
phosphoenolpyruvate  carboxykinase from
Raillietina echinobothrida, a cestode parasite,
and its interaction with possible modulators.
Parasitology 143, 300-313.

Willard, L., Ranjan, A., Zhang, H., Monzavi, H.,
Boyko, R.F., Sykes, B.D., Wishart, D.S. (2003).
VADAR: a web server for quantitative
evaluation of protein structure quality. Nucleic
Acids Res 31, 3316-3319.

Dundas, J., Ouyang, Z., Tseng, J., Binkowski, A.,
Turpaz, Y., Liang, J. (2006). CASTp: computed
atlas of surface topography of proteins with
structural and topographical mapping of
functionally annotated residues. Nucleic Acids
Res 34, 116-118.

Marchler-Bauer, A., Derbyshire, M.K., Gonzales,
N.R., Lu, S., Chitsaz, F., Geer, L.Y., Geer, R.C., He,
J., Gwadz, M., Hurwitz, D.I., Lanczycki, C.J., Lu,
F., Marchler, G.H., Song, J.S., Thanki, N., Wang,
Z., Yamashita, R.A., Zhang, D., Zheng, C., Bryant,
S.H. (2015). CDD: NCBI's conserved domain
database. Nucleic Acids Res 43, 222-226.

Kim, S., Thiessen, P.A., Bolton, E.E., Chen, J., Fu,
G., Gindulyte, A., Han, L., He, J., He, S,
Shoemaker, B.A., Wang, J., Yu, B., Zhang, J.,
Bryant, S.H. (2016). PubChem substance and
compound databases. Nucleic Acids Res 44,
1202-1213.

Laemmli, U.K. (2006). Cleavage of structural
proteins during the assembly of the head of
bacteriophage T4. Nature 227, 680-685.

http://pharmacologyonline.silae.it
ISSN: 1827-8620


http://pharmacologyonline.silae.it/

PhOL Das, et al.

57 (page 50-69)

25. Bradford, M.M. (1976). A rapid and sensitive
method for the quantification of microgram
quantities of protein utilizing the principle of
protein dye binding. Anal Biochem 72, 248-254.

26. Mihaylova, M.M., Shaw, R.J. (2011). The AMPK
signalling pathway coordinates cell growth,
autophagy and metabolism. Nat Cell Biol 13,
1016-1023.

27. Zang, M., Xu, S., Maitland-Toolan, K.A., Zuccollo,
A., Hou, X., Jiang, B., Wierzbicki, M., Verbeuren,
T.J., Cohen, R.A. (2006). Polyphenols stimulate
AMP-activated protein kinase, lower lipids, and
inhibit accelerated atherosclerosis in diabetic
LDL receptor-deficient mice. Diabetes 55, 2180-
2191.

28. Eid, H.M., Martineau, L.C., Saleem, A.,
Muhammad, A., Vallerand, D., Benhaddou-
Andaloussi, A., Nistor, L., Afshar, A., Arnason,
J.T., Haddad, P.S. (2010). Stimulation of AMP-
activated protein kinase and enhancement of
basal glucose uptake in muscle cells by
quercetin and quercetin glycosides, active
principles of the antidiabetic medicinal plant
Vaccinium vitis-idaea. Mol Nutr Food Res 54, 991-
1003.

29. Takikawa, M., Inoue, S., Horio, F., Tsuda, T.
(2010). Dietary anthocyanin-rich bilberry extract
ameliorates  hyperglycemia and insulin
sensitivity via activation of AMP-activated
protein kinase in diabetic mice. J Nutr 140, 527-
533.

30. Ahn, T.G,, Yang, G., Lee, H.M., Kim, M.D., Choi,
H.Y., Park, K.S., Lee, S.D., Kook, Y.B., An, H.J.
(2013). Molecular mechanisms underlying the
anti-obesity potential of prunetin, an O-
methylated isoflavone. Biochem Pharmaco 85,
1525-1533.

31. Andersen, C., Kotowska, D., Tortzen, C.G.,
Kristiansen, K., Nielsen, J., Petersen, R.K. (2014).
2-(2-Bromophenyl)-formononetin and 2-heptyl-
formononetin are PPARy partial agonists and
reduce lipid accumulation in 3T3-L1 adipocytes.
Bioorg Med Chem 22, 6105-6111.

32. Cheong, S.H., Furuhashi, K., Ito, K., Nagaoka, M.,
Yonezawa, T., Miura, Y., Yagasaki, K. (2014).
Antihyperglycemic effect of equol, a daidzein
derivative, in cultured L6 myocytes and ob/ob
mice. Mol Nutr Food Res 58, 267-277.

33. Cheong, S.H., Furuhashi, K,, Ito, K., Nagaoka, M.,
Yonezawa, T., Miura, Y., Yagasaki, K. (2014).
Daidzein promotes glucose uptake through
glucose transporter 4 translocation to plasma
membrane in L6 myocytes and improves
glucose homeostasis in Type 2 diabetic model
mice J Nutr Biochem 25, 136-143.

34. Hardie, D.G. (2007). AMP-activated/SNF1 protein
kinases: conserved guardians of cellular energy.
Nat Rev Mol Cell Bio 8, 774-785.

35. Oakhill, J.S., Scott, J.W., Kemp, B.E. (2012). AMPK
functions as an adenylate charge-regulated
protein kinase. Trends Endocrinol Metab 23, 125-
132.

36. Gowans, G.J., Hawley, S.A., Ross, F.A., Hardie,
D.G. (2013). AMP is a true physiological
regulator of AMP-activated protein kinase by
both allosteric activation and enhancing net
phosphorylation. Cell Metab 18, 556-566.

37. Zhang, Y.L., Guo, H., Zhang, C.S., Lin, S.Y., Yin, Z.,
Peng, Y., Luo, H., Shi, Y., Lian, G., Zhang, C,, Lj,
M, (2013). AMP as a low-energy charge signal
autonomously initiates assembly of AXIN-
AMPK-LKB1 complex for AMPK activation. Cell
Metab 18, 546-555.

38. Steinberg, G.R., Kemp, B.E. (2009). AMPK in
health and disease. Physiol Rev 89, 1025-1078.

39. Hardie, D.G. (2011). AMP-activated protein
kinase-an energy sensor that regulates all
aspects of cell function. Genes Dev 25, 1895-
1908.

40. Corton, J.M., Gillespie, J.G., Hawley, S.A., Hardie,
D.G. (1995). 5-Aminoimidazole-4-carboxamide
ribonucleoside. Eur J Biochem 229, 558-565.

41. Goransson, O., McBride, A., Hawley, S.A., Ross,
F.A., Shpiro, N., Foretz, M., Viollet, B., Hardie,
D.G., Sakamoto, K. (2007). Mechanism of action
of A-769662, a valuable tool for activation of
AMP-activated protein kinase. J Biol Chem 282,
32549-32560.

42. Sanders, M.J,, Ali, Z.S., Hegarty, B.D., Heath, R,
Snowden, M.A,, Carling, D. (2007). Defining the
mechanism of activation of AMP-activated
protein kinase by the small molecule A-769662,
a member of the thienopyridone family. J Biol
Chem 282, 32539-325438.

43. Calabrese, M.F., Rajamohan, F., Harris, M.S,,
Caspers, N.L., Magyar, R., Withka, J.M., Wang,
H., Borzilleri, K.A., Sahasrabudhe, P.V., Hoth,

http://pharmacologyonline.silae.it
ISSN: 1827-8620


http://pharmacologyonline.silae.it/

PhOL Das, et al. 58 (page 50-69)

L.R., Geoghegan, K.F., Han, S., Brown, J., Subashi,

T.A., Reyes, A.R., Frisbie, R.K., Ward, J., Miller,
R.A., Landro, J.A., Londregan, A.T., Carpino,
P.A., (Cabral, S., Smith, A.C.,, Conn, E.L,
Cameron, K.O., Qiu, X., Kurumbail, R.G. (2014).
Structural basis for AMPK activation: natural
and synthetic ligands regulate kinase activity
from opposite poles by different molecular
mechanisms. Structure 22, 1161-1172.

44. Bouzakri, K., Roques, M., Gual, P., Espinosa, S.,

Guebre-Egziabher, F., Riou, J., Laville, M., Le
Marchand-Brustel, Y., Tanti, J., Vidal, H. (2003).
Reduced activation of phosphatidylinositol-3
kinase and increased serine 636
phosphorylation of insulin receptor substrate-1
in primary culture of skeletal muscle cells from
patients with type 2 diabetes. Diabetes 52, 1319-
1325.

45. Fujishiro, M., Gotoh, Y., Katagiri, H., Sakoda, H.,

46.

Ogihara, T., Anai, M., Onishi, Y., Ono, H., Abe,
M., Shojima, N., Fukushima, Y., Kikuchi, M., Oka,
Y., Asano, T. (2003). Three mitogen-activated
protein kinases inhibit insulin signaling by
different mechanisms in 3T3-L1 adipocytes. Mol
Endocrinol 17, 487-497.

Chuang, C.C., Bumrungpert, A., Kennedy, A,
Overman, A., West, T., Dawson, B., Mcintosh,
M.K. (2011). Grape powder extract attenuates
tumor necrosis factor a-mediated inflammation
and insulin resistance in primary cultures of
human adipocytes. J Nutr Biochem 22, 89-94.

47. Shibata, T., Takaguri, A., Ichihara, K., Satoh, K.

48.

(2013). Inhibition of the TNF-a-induced serine
phosphorylation of IRS-1 at 636/639 by AICAR. J
Pharmacol Sc 122, 93-102.

Imai, J., Katagiri, H., Yamada, T., Ishigaki, Y.,
Suzuki, T., Kudo, H., Uno, K., Hasegawa, Y., Gao,
J., Kaneko, K., Ishihara, H., Niijima, A., Nakazato,
M., Asano, T., Minokoshi, Y., Oka, Y. (2008).
Regulation of pancreatic B cell mass by
neuronal signals from the liver. Science 322,
1250-1254.

49. Rodriguez, A., Duran, A., Selloum, M., Champy,

M.F., Diez-Guerra, F.J., Flores, J.M., Serrano, M.,
Auwerx, J., Diaz-Meco, M.T., Moscat, J. (2006).
Mature-onset obesity and insulin resistance in
mice deficient in the signaling adapter p62. Cell
Metabol 3, 211-222.

50. Suga, J., Yoshimasa, Y., Yamada, K., Yamamoto,
Y., Inoue, G., Okamoto, M., Hayashi, T,
Shigemoto, M., Kosaki, A., Kuzuya, H., Nakao, K.
(1997). Differential activation of mitogen-
activated protein kinase by insulin and
epidermal growth factor in 3T3-L1 adipocytes: a
possible involvement of PI3-kinase in the
activation of the MAP kinase by insulin.
Diabetes 46, 735-741.

http://pharmacologyonline.silae.it
ISSN: 1827-8620


http://pharmacologyonline.silae.it/

PhOL Das, et al. 59 (pag 50-69)

Table 1. VADAR (Volume Area Dihedral Angle Reporter) report on quantitative protein structure evaluation.

Statistic Observed Expected
Mean helix Phi (¢) -38.6 (sd=36.4) -65.3 (sd=11.9)
Mean helix Psi({) -18.3 (sd=20.2) -39.4 (sd=25.5)
residue in phipsi (¢,) core 358 (45%) 713 (90%)
residue in phipsi (¢,) allowed 44 (5%) 55 (7%)
residue in phipsi (¢,\) generous 3(0%) 8 (1%)

residue in phipsi (¢,\) outside 387 (48%) 0 (0%)

residue in omega (Q) allowed 8 (1%) 24 (3%)
residue in omega (Q) generous 3(0%) 0 (0%)

residue in omega (Q) outside 396 (50%) 8 (1%)

Packing defects 245 55

Free energy of folding -781.24 -768.06
residue 95% buried 217 381

buried charges 25 0

Total Accessible Surface Area (ASA) 37688.4 A2 25828.8 A2
ASA of backbone 4364.7 A -

ASA of sidechains 33323.7A° -

% side ASA hydrophobic 27.04 -

Mean h-bond distance 2.3 (sd=0.4) 2.2 (sd=0.4)
Mean h-bond energy -1.5 (sd=1.1) -2.0 (sd=0.8)

http://pharmacologyonline.silae.it
ISSN: 1827-8620


http://pharmacologyonline.silae.it/

PhOL

Das, et al.

60 (pag 50-69)

Table 2. Comparison of atomic co-ordinates of compound C with AMPK complex (PDB ID 3AQV) and AMPK model showing the networking
amino acids , types of bonds, and distance between the atoms.

AMPK Ligands Network- Types of bonds Distance = AMPK Ligands Networki  Types of bonds Distance
complex ing amino between complex ng amino between
with acids atoms acids atoms
PDB (A) (R)
code
L22 Hydrophobic 4.5 L22 Hydrophobic 4.8
V30 Hydrophobic 4.4 V30 Hydrophobic 4.4
Hydrophobic 4.6 Hydrophobic 3.8
A43 Hydrophobic 4.9 A43 - -
Human K45 Hydrophobic 5.4 K45 Hydrophobic 4.7
AMPK a2 Mo3 Pi-sulfur 5.4 Mo3 Hydrophobic 5.0
(T172D) Dorsomorph Eg4 Hydrogen b_ond 3.2 AMPK Dorsomorphi Eo4 Hydrogen bond 3.2
complex . Hydrophobic 5.1 - -
ed with m Y95 Hydrophobic 5.2 model f Y95 Hydrophobic 5.2
(Compound (PDBID  (Compound
compou ) H-donor 3.0 4 CFH) Q) H-donor 3.0
nd C Vo6 Hydrophobic 5.1 Vo6 Hydrophobic 5.1
(PDBID Hydrogen bond 3.0 Hydrogen bond 3.0
3AQV) K107 Hydrophobic 4.7 K107 Hydrophobic 5.4
Hydrophobic 4.8 Hydrophobic 4.5
L146 Hydrophobic 4.8 L146 - -
A156 Hydrophobic 3.8 A156 Hydrophobic 4.0
M146 Hydrophobic 5.0 M146 Hydrophobic 5.4
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Legend to Figures

Fig. 1 A. Biological assembly image of active form of mammalian AMPK (PDB ID 4CFH)
downloaded from Protein Data Bank website (https://www.rcsb.org). B. Ramachandran plot for
the model was analysed using RAMPAGE (Ramachandran Plot Assessment Program). The plot
showed 98% residues in the most favoured regions.

Fig. 2 Likely interactions of genistein (A), A-769662 (B) and AICAR (C) with the AMPK model (PDB
ID 4CFH). The protein backbone is rendered as a grey ribbon, and dotted lines represent the
hydrogen bonds. The catalytic residues and the ligand are shown as thin and thick stick models,
respectively. N atoms are in blue colour, O atoms in red, C atoms in green, and H atoms in grey.
DISCOVERY STUDIO 4.1 was used to generate the soft surface structures (corresponding to
volume of binding site). D. Molecular overlay of the top poses of genistein-AMPK complex and A-
769662-AMPK complex showing similar binding pocket. E. Molecular overlay of the top poses of
genistein-AMPK complex and AICAR-AMPK complex showing different binding pockets in the
catalytic site of the enzyme.

Fig. 3 Effect of genistein on PEPCK-C promoter activity. A. Homo sapiens PEPCK-C promoter
sequence (-1500 to +298) was obtained from The Eukaryotic Promoter Database
(https://epd.vital-it.ch/) and specific primers (in bold) were designed to amplify the region
encompassing -686/+83. B. HepG2 cells were transfected with the reporter vector cloned with
promoter fragment of PEPCK-C (-686/+83). Reporter activity was measured 24 h after genistein
treatment and data were represented as mean+standard error of mean (n=3) of fold change in
luciferase activity with respect to the untreated cells. *significant at p value <0.05.

Fig. 4 Effect of PD98059 on PKB/Akt pathway protein. HepG2 cells were treated with PD98059
for 2 h prior to treatment with genistein. Proteins were isolated and used for western blot. Three
independent experiments were performed and a representative result was shown. A. Effect of
PD98059 on the phosphorylation status of Akt, Foxo1 and GSK3p. Densitometric quantifications
of p-Foxo1/t-Foxo1 (B) and p-GSK3p/B-actin (C).

Fig. 5 Effect of LY294002 on ERKY: phosphorylation and PEPCK-C expression. HepG2 cells were
treated with various modulators (genistein, phosphatidylinositol 3-kinase inhibitor LY294002, and
insulin) for 24 h, proteins were isolated and used for western blot to observe the effect on ERKY
phosphorylation and PEPCK-C expression. Three independent experiments were performed and
a representative result was shown. **significant at p-value <0.01 and ***significant at p-value
<0.001. A. Effect of LY294002 on the phosphorylation status of ERKY, and PEPCK-C (negative
image) protein  levels. Densitometric  quantification = of = PEPCK-C/B-actin  (B).
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Fig. 1
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Fig. 2
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Fig. 3

GAMCAMMAAGCACCTCATATCATATTTATCCTGAMAGACACAACTGGCTGAATA
AAATCTCAATACAGGAAALATAG CAATGH GATAATTTTGGTGGAALTTGATG
ATGTGTGACCCALGOCCAACACAGTETGALCCAAGCCOOCAGGAGOGTTCTITAA
GTGAGTTTGETCGGAGGLTGUCATTCACAGTGACTTGTATTTGCCACAGTAGCTC
TTTCTAAGCCCAGTCCTGAGATTATCTCAGEG ~ CAGCGAGGGA
GATGOLCCAAGT COCCACCT GACCTCATCITAGGT AGAGAGECTICCATGGAAGT
GTEGGCTGOLTETCGEGEAGTTEAGALCTAGLCCCGTTCTTTIGACATTTCACCCT
GTGTTCTCCAMALTCCAGCAAGCAGCTTCCATAGCTCATTAAA TTTGACTGARGGT
CTOATGGCTTECAMGCAAATTCTTTACAACTG TTATAAAGG TTTCATTGITTARG
CATATAATCTAGCAAAA CTGOCAAGLOCCCTCCACTCCCTAARCTCTARGALTTGE
CAGGEAMGAGAACAGTGGCCAGTGOACTGCAGGAGT AMCTGCACTCAGCCUAG
AACTCCCTGOAGGACACAGG GALGG TTCTGEAMGGTGEOGGTACCTCACAGS
GAGAGATGTEGTOCT CCAGGGCCCAMATTGCTCATG TTCAGATCCTCACTCTGCA
ACCCALCAGLOGECTGTGAGT GG CTACACAATCTCTIGLCTCAGTTTOCCTATOIGT
ACATGGATTGTTCATAGOCTOCALCTCAGAGE GTAGTAATGATGCCAAGCTCTT
AGAACAGTGCTCAGTATGTGTGCATCCTGTGUCTACTCTATGCCAAGCACTACA
GAGAGAAAAATGAACARAATAG GEAGAAATCOCTGCCCTCATGGAGTTTACATC
GOLGIAGGATALOGAGALHGIAAGAGIAGACAATCAATACAGTGATTAGLOC
COAGTTAGGTTAGGCATTTCCAATCTTTGCCATAAGCCACATATTTGCOTAAG TT
AGGGTGCATOCTTCOCATGAACTTTGALTGTGACCTTTGACTATGGGGTGACATCT
TATAGCTGTGATGTTTTOLCAM CAGCAGCTCTTGGTACACAAAMATGTGLTGLTA
GCAGGTGLCOOGECCAALCTTGTCOTTGACCCALCTOLCTGTTAAGAARAGGETG
TTETETTTTGCAMCAG CAGT ARAATG GG TCAAGGT TTAGTTAGTIGEANGTTGTG
TOAMACTCACTATGG TTEGTTGAGGGLTCGAAGT CTCOCAGCATTCATTAACAAC
TATCIGTTCAATGATTATCT COCT GG GG CETETTGCAGTGAGTTGGLOCAAMGCA
TAACTEACCLT GACOETGATOCAGAGALCTGLOCCCTGALGTCAGTGELGAGLLT
COCTGGETGLAGCTGAGG GG CAGGGCTATTCTTTTCOACAG TATTTAAAGCT GGG
AGGTTCTGCCACCALG CATG GOCTT CCCACTG GRAACACARACTTGLTGGLEGGA
AGAGCLCGOAMGAMCCTETEGATCTCCCTTCGAGATCATCCAANG AGARS
AMGETALGTAGAGCTTTGCATTTACATTTTGAAMAATTACAMMGATGAACTCATT
TTITTCCTGAGAGCAATAACTAT TTGGCAATGCACAGCCCTGECAAAG GLOGTC
CAATGTETTTGAAGS TGTCTGTTGTTGTITITGTTCAGGACGCTTGCETTTTCTATT
TCAGSTGALLTCACATTCOTGLCCCTTAGCAGCACTCTGEA

A

Luciferase activity (Fold change)
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Fig. 4
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Fig. 5
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Legend to Supplementary Figures

Fig. S1 HepG2 cells (hepatocarcinoma cell line) were grown in DMEM supplemented with 10% FBS and
1x antibiotic mix. A. Confluent HepG2 cells. B. HepGz2 cells 24 h after trypsinization.

Fig. S2 Time-dependent effect of genistein on PEPCK-C expression in HepG2 cells. HepG2 cells were
treated with 30 uM genistein for different time intervals, RNAs were isolated, reverse transcribed,
and cDNAs were used for semiquantitative RT-PCR analysis of PEPCK-C amplicons.
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Fig. S1
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Fig. S2
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