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Introduction
Persistent hyperglycaemia is one of the most
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Diabetes, Obesity, Non-alcoholic fatty acid liver and cancer, are some of the metabolic disorders of great concern
worldwide. Although dietary habits and lifestyle play important roles in mitigating these health concerns. Nevertheless, the
role of cellular regulators which act as molecular switches might provide us better understanding on the molecular trajectory
of diseases alleviation. The human body is a complex system made up of diverse biomolecules that execute different
biological processes or functions. While performing a biological function or process, biomolecules like proteins or enzymes
may work closely with one another to either facilitate or put a brakes on each’s performance. For example, it has been shown
that Synphilin-1, a metabolic regulator, interacts with AMPK the well-known master metabolic regulator, and that this
interaction enhances the activation of AMPK. The identification of modulators (activators/ inhibitors) of AMPK has
significantly shed light on their potent role in alleviation of metabolic diseases. What effect will the modulators of a
metabolic regulator companion bring forth? An activated AMPK is a double-edged sword. Can we strike a new interest in
identifying activators/inhibitors of the master regulator companion Synphilin-1? In this scoping review, we discuss on the
structure, functions, and interplay between the two cellular regulators (AMPK and Synphilin-1), the role of plant
metabolites/compounds as potent modulators and the approach available in identifying protein-metabolite interaction with
an aim at providing contributory insights towards discovering modulators of protein Synphilin-1. The articles for compiling
in this review were retrieved from databases like PubMed and Google Scholar. The 3D image of proteins was retrieved from
databases Uniprot and RCSB PDB.
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hyperglycaemic conditions,
proteins, and peptide hormones are

Mini-review

blood growth factors,
highly

common characteristics of diabetes. It is a chronic
metabolic disorder caused due to lack of insulin
production or inadequate responsiveness to insulin
secreted by the P-cells of the pancreas. The IDF
(International Diabetes Federation) Diabetes Atlas
2022 Report, reported 537 million adults with
diabetes, and an estimated number of people affected
by it may reach 783 million by 2045'. Type III
diabetes (TIIID) or Alzheimer's diseases (AD) or
"diabetes of the brain" as often been referred to, have
also reported to show impaired insulin signalling or
insulin insensitivity as causative factor towards its
progression. As with Type Il diabetes, insulin related
therapeutic strategies were reported beneficial in AD
therapies by slowing down disease progression or
even halting their future complications. Defective

insulin signalling leads to hyperglycaemia. In
*Correspondence:
E-mail: ericawmmO0120@gmail.com (EM);

kmaguan@gmail.com (KA)

glycosylated, leading to the formation of advanced
glycation end products (AGEs). AGEs interfere with
proper cellular signalling of these molecules, thereby
predisposing to various diseases, such as kidney
failure, cardiovascular abnormalities, glaucoma and
peripheral neuropathy. Increased generation and,
consequently, a build-up of AGEs result in an elevated
risk  of  microvascular and  macrovascular
complications®, which, in turn, may lead to an
increased risk of cardiovascular disorders. In the
endothelium, AGEs cause reactive oxygen species
production and have been reported to block nitric
oxide activity’. These conditions ideally y emphasis
on targeting glucose uptake into cells to keep blood
glucose levels in check.

Although dietary habits and lifestyle, apart from
medical interventions, play an impact factor in
mitigating these health concerns, the role of cellular
regulators, which function as molecular switches,
cannot be undermined to help us better understand
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the molecular trajectory of disease alleviation.
This review highlights the scope of redirecting focus
in identifying potent activators and/or inhibitors
of metabolic switches of energy homeostasis,
understanding their mechanisms of action, and aiming
to forge a path towards identifying the therapeutic
benefits associated with them.

Regulators of energy balance

To keep up with the demand for energy,
mitochondria produce more ATP. To do so, they
grow, reproduce, and increase in mass through a
process called mitochondrial biogenesis. However,
an inadequate number of mitochondria leads to
mitochondrial dysfunction. When such a condition
occurs, the electron transport chain becomes less
efficient. As a result, synthesis of ATP molecules
also becomes strained or diminishes. A number of
metabolic  diseases,  musculoskeletal  diseases,
cardiovascular diseases, neurodegenerative diseases
and even chronic infections have been associated
with mitochondrial dysfunction®. Therefore, examining
mitochondrial integrity is central, as mitochondria
are the mediators of cellular energetics. The
maintenance for a proportionate flux of ATP in the
cells is governed directly by some specialised and
important homeostasis enzymes such as the 5’
Adenosine Monophosphate-activated protein kinase
(AMPK) and Synphilin-1. The enzyme AMPK plays
vital function in mitochondrial biogenesis. It is
therefore, at the same time important to keep in mind
this significant aspect’.

AMPK-a subunits N

Kinase domain (a-KD)

AMPK-B subunits N myr---

AMPK-y subunits

AMP/ATP
(low affinity)

AMPK

The AMPK (E.C 2.7.11.31) is an approx 145 kDa
serine/threonine protein kinase, which is highly
conserved across all eukaryotic species. Expressed in
cells of liver, muscles and kidney, it is a
heterotrimeric enzyme complex composing of the a
subunit with catalytic function a [ subunit with a
scaffolding function and the y subunit with regulatory
function (Fig. 1). The predominant function of AMPK
is that it senses status/levels of energy in all
eukaryotic cells besides many other functions (Fig. 2).

Structure

The AMPK o subunit has at the N terminal a
catalytic® or kinase domain (a-KD). This o-KD
domain in itself has two lobes or portions, a smaller
N portion and a larger C portion, which are comprised
of B sheets and o helices, respectively. In addition
to these o helices, the C portion also contains the
critical Thr 172 phosphorylation site. An adjacent
autoinhibitory domain comprised of a group of three
short a helices and hence the reference a-AID helix
can be located in the AMPK o subunit’. Under low
AMP levels, the a-AID helix inhibits the a-KD by
binding to the o-KD. A linker peptide o-linker
connects the a-AlID helix to the C terminal domain of
the a subunit (a-CTD). The o-linker also contains a
regulatory motif (0-RIM) which serves as an
interacting motif in the allosteric regulation of
5'-AMPK by nucleotides. Any mutations in the a-
RIM or its interacting partner- y subunit abolish such
activation®. The a-CTD has an S/T loop (about

a-linker ; a-CTD
/ ~
ST loop NES
B-linker B-CTD C

AMP AMP

(high affinity) (non-exchangeable)
ATP

(low affinity)

Fig. 1 — Structure of AMPK subunit.
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Fig. 2 — Physiological roles associated with AMPK.

50 residues) which contains within it an Akt
phosphorylation site at Thr 496 in case of AMPK al
isoforms’. In addition to Akt, other kinases may at the
same or different sites regulate phosphorylation/
dephosphorylation of Thr 172, thereby permitting
AMPK crosstalk with other signalling pathways'®”.
A NES portion precedes the ST region of an
a-CTD domain.

The B subunit consists of a carbohydrate binding
module (B-CBM) as the core element of the subunit, a
myristolyated N-terminal portion and a carboxy
terminal end. The carboxy terminal is separated yet
also linked to the carbohydrate module by a linker
region. An activated AMPK can autophosphorylate
at Thr148 residue within the B-CBM. The -CBM
has also been speculated to allow AMPK to sense
and regulate glycogen synthesis. In addition, the
B-CBM has yet another significant role of interacting
with o-KD N portion called ADaM site and
this interaction favours binding of endogenous
metabolites and synthetic activators of AMPK and
hence the name ADaM'*’. AMPK B subunit carboxy
terminal forms an extended sheet with AMPK o and
v subunits’.

The AMPK vy subunit comprising of a 60 residues
sequence motif termed the cystathionine-beta-
synthase (CBS) domain or the CBS repeat' that
are repeated four times viz., CBS1-4. Two of the
repeats assemble to form a domain referred to as the
Bateman domain’ and the resultant cleft formed from

the combination serves as the binding site for
adenosine containing ligands such as ATP, ADP and
AMP''. CBSI1, CBS 3 and CBS 4 are the adenosine
nucleotide exchange sites. CBS 1 has a lower affinity
for AMP while CBS3 has a much higher affinity for
AMP. CBS4 exclusively binds AMP. It was
speculated that the presence of an Arginine (Arg)
instead of Aspartate (Asp) may be the probable reason
for no AMP/ATP association with CBS2 domain.
Additionally, adenine dinucleotides NADH and
NADPH also interact with the y sites'>. AMPK vy
subunit has additional allosteric binding sites
identified as y-pSitel and y-pSite for binding of
activators like the 5 (5 hydroxyl-isoxazol-3-yl)
furan-2-phosphonic acid C2 compounds. These sites
are distinct from, however, overlaps with the
nucleotides binding sites'’.

Altogether three allosteric binding sites have been
reported with AMPK (a) - the y sites, that binds
adenosine nucleotides and C2 compounds, (b) the
Carbohydrate binding module within B subunit, and
(c) the ADaM (Allosteric Drug and Metabolite) site'’.

Regulation

Physiological processes such as hypoxia, glucose
deprivation leads to alterations in cellular AMP: ATP
ratios, rise in Ca®" concentration and influences action
of hormones, cytokines and adipokines. Such
alterations stimulate AMPK, which then in its
activated state acts upon its downstream targets by
(i) switching on/off enzyme's catalytic activity or
(i) triggering protein-protein interaction thereby
altering protein subcellular localisation or targeting it
for degradation.

The three mechanisms of AMPK activation involve
(a) Canonical regulation, activation and subsequent
phosphorylation responsive to AMP: ATP or ADP:
ATP ratio consequently preventing its
dephosphorylation in conjunction with stabilising the
already phosphorylated state of enzyme'"'*'°. (b) by
Ca’" mediated pathway or the Calcium-Calmodulin-
dependent protein kinase kinase [ (CaMKK)
pathway'® where CaMKKp associates with AMPK
through their kinase domains'’ an activation triggered
by a rise in cytosolic Ca®" and in response to
hormones and extracellular agonists, and is
independent of AMP'" and via (c) non-canonical
pathway or the glucose sensing mediated pathway,
since here the enzyme aldolase act as the sensor of
glucose availability. Non-canonical pathway acts in
an AMP: ATP independent mechanism.
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By sensing any increase in mono/di to tri phosphate
nucleotide ratios, AMPK can respond to energy stress,
restoring energy balance by inhibiting or
downregulating energy-consuming anabolic processes
while favouring the upregulation of energy-generating
catabolic processes. AMPK plays vital roles in
regulating glucose transport into cells'’ by regulating
glucose transporter trafficking”'. Activated AMPK
also keep a check on fatty acid synthesis by inhibitory
phosphorylation of enzymes such as acetyl-CoA
carboxylase synthase thereby regulating those
metabolic pathways linked to diabetes. Furthermore,
Ramamurthy et al?* showed that during neuronal
development, activated neuronal AMPK inhibits axon
outgrowth and dendritic arborisation, for adapting to
metabolic stress suggesting the probable role of
AMPK in mediating structural synaptic changes in
brain cells and hence AMPKs role in brain energy
administration. AMPK activation can be both
neuroprotective and proapoptotic depending of cell
types, intensity and duration of activation and nature
of insults this however, is also influenced by what
enzyme subunit isoforms are involved. As pointed out
by Kong et al® conditional deletion of AMPKI
enhances a number of regenerative signalling
pathways suggesting inhibition of AMPK may offer
therapeutic strategy to enhance regeneration following
a spinal cord injury. Because AMPK possesses the
capacity to remodel metabolism, it is an extensively
pursued target for the alleviation of several metabolic
disorders.

To reiterate, energy balance is essentially desirable
for proper maintenance of the body system. The brain
is the organ that demands a comparatively high
amount of energy the rest of the body's organs.
Neurons, in particular, are dependent on mitochondria
for ATP production®. There are several genes and
proteins that work in conjunction to regulate the
physiological function in the body. In addition to the
well-regarded master regulator AMPK, which
maintains energy homeostasis by regulating
AMP/ATP, we focus on another energy homeostasis

regulator, Synphilin-1, a protein that has been
1 _ 419-448
ANK1 ANK2 | ANK3 = ANK4
108 246 ‘ ‘ %
AMPK binding

frequently linked to neuro-metabolic processes but is
less studied.

Synphilin-1

Synphilin-1 is a cytosolic protein that is expressed in
the brain and other tissues viz., heart and placenta. It is
a 919-amino acid protein. In humans, the Synphilin-1
protein is encoded by the SNCAIP25 gene.

Structure

Synphilin-1structure is curated as a probable
homodimer or heterodimer of isoform 1 and
isoform 2%°%°. Synphilin-1 contains 6 ankyrin-like
repeats. Ankyrin repeats are protein motifs that permit
protein-protein interaction. Synphilin-1 also contains
a coiled-coil domain and harbours five ATP-binding
motifs (Fig. 3) suggesting that Synphilin-1 may
regulate cellular energy levels®’. Molecular functions
of Synphilin-1 include ubiquitin protein ligase
(Parkin, a PD linked gene product) binding via a non-
classical, proteosomal-independent manner involving
Lysine 63 (K63) polyubiquitin chain formation, and
this event may be involved in formation of Lewy
body inclusions associated with Parkinson’s diseases
(PD)**%. The protein is also involved in regulation of
neurotransmitter  secretion, dopamine metabolic
process, amyloid fibril formation, regulation of
inclusion body assembly, cell death and
mechanotransduction®***' (Fig. 4).

Synphilin-1 is an energy homeostasis regulator that
functions by raising intracellular ATP levels®.
Synphilin-1 transgene expression has shown to
induced hyperphagia. Studies by Li er al’® reported
impaired glucose tolerance and an increased
triglycerides and fat deposition in human Synphilin-1
transgenic mice as a result of hyperphagia induced
obesity and Liu ef al. ** reported that overexpression
of human Synphilin-1 in nerve cells of Drosophila
is also associated with increase in food
consumption and hence body mass. In context of
neurodegenerative  diseases, Synphilin-1  plays
significant role in cytoplasmic inclusions, formation
and neurodegeneration via its interaction with alpha-

AMPK binding region
550 _ 769 919
coil |

ANKS ANKG

Fig. 3 — Structure of Synphilin-1.
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Fig. 4 — Pysiological roles of Synphilin-1.

synuclein in neuronal tissue. Whereas, Shishido et
al** suggested that synphilin-1 is involved in saving
mitochondrial function thereby protecting against
dopaminergic cell death. Their results further
indicated that Synphilin-linhibits ROS production
and apoptosis and may play neuroprotective roles in
the pathogenesis of Parkinson's diseases (PD).
Mutation R621C in Synphilin-1 protein is associated
with pathogenesis of Parkinson's disease® ™.

Interaction between regulators of energy balance AMPK and
Synphilin-1

AMPK is regarded as the central metabolic
regulator of energy homeostasis. To achieve this
regulation, AMPK functions by inhibiting
processes that consume ATP while facilitating
ATP-generating processes. Liu ef al. elucidated the
role of Synphilin-1 as a controller of energy
homeostasis, depicting the protein function mainly by
raising intracellular ATP levels speculated due to the
presence of ATP binding motifs*’. Recent findings
provided evidence of the interaction between the two
regulators®. Co-immunoprecipitation and pull-down
assays revealed that AMPK binds Synphilin-1 at two
sites: one within the 108-246 aa region and another
within the 550-769 aa region. Furthermore, it was
revealed that knockdown of Synphilin-1 by siRNA
downregulates AMPK phosphorylation whereas
compound C (AMPK inhibitor) reduced interaction
between AMPK and Synphilin-1°*. Additionally, Liu

et al.®® conducted in vivo studies using Drosophila
flies transgenically expressing human Synphilin-1
which confirmed a significant increase in Thrl72
phosphorylation by 3.4 fold. Co-expression of
transgenic synphilin-1 with AMPKa siRNA showed a
remarkable decrease in total AMPK and
phosphorylated AMPK. Synphilin-1 is also a binding
partner of a-synuclein. The a-synuclein co-localises
with PIN1 stores up in the lewy bodies and lewy
neurites in parkinsons diseases”. PIN 1 is an
isomerase precisely a prolyl cis/trans isomerase
(PPlase). PIN 1 has two domains: domain PPlase at
its carboxy terminus and a second domain with
conserved tryptophan residues WW domain at the
amino terminus. WW domain has protein interaction
activity selectively towards proteins bearing S/T-P
motifs and this binding or interaction is
phosphorylation dependent. The PPlase domain on
the other end possess catalytic activity i.e.,
isomerization activity. PIN 1 binds Synphilin-1 via its
Ser-Pro motifs at positions 211 and 215. PIN 1 has
also been shown to interact with AMPK and that the
interaction downregulates AMPK activity®. AMPK
binding site of PIN-1 is located in its amino terminal
WW domain and encompasses amino acids 1-44. PIN
1 can bind with AMPK and suppress its
phosphorylation by inducing PP2A activity. A
mutation from Ser to Ala at Serl76 site in AMPK
kinase domain will result in a consequential loss of
binding between AMPK and PIN1 indicating a crucial
interaction of AMPK with PIN-1 at Ser176 residue.
As Li et al. deliberated, the interaction between
Synphilin-1, AMPK and PIN 1 provided pivotal
notion in understanding the role of AMPK interacting
partner. This thus identifies an interest in detecting
potential modulators of such a protein with
therapeutic prospects.

Significance of activators and inhibitors of AMPK in treating
metabolic diseases. Can these too be potential Synphilin-1
modulators?

The diverse functional attribute of AMPK makes it
an appropriate target in modulating the progression or
alleviation of metabolic disorders such as diabetes
type 1I, non-alcoholic fatty liver disease and cancer.
Activators of AMPK may be broadly categorised in
two classes (a) those stimulating AMPK in response
to adenosine nucleotide concentrations and may,
therefore, be called Indirect activators; and (b) those
that activate AMPK by inducing a conformational
change without any significant changes in
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AMP/ADP/ATP ratios as, the Direct activators.
Indirect activator compounds include (a) inhibitors
of mitochondrial respiratory complex 1 (e.g.,
synthetic compounds (Thiazolidinediones, Biguanides)
and natural compounds (Berberine, Resveratrol),
(b) ATPase inhibitors (e.g. Polyphenols) (c) a lipoic
acid via increasing Ca’' concentration, while, Direct
activators include synthetic activators like (a) AICAR
an AMP mimetic, (b) Thienopyridone (A-769662) an
allosteric activator and (c) Salicylate a natural plant
compound.

Natural products the potent modulators

As with diabetes and other metabolic diseases,
natural products have been known to exert
neuroprotective effect as well. Medicinal plants have
been reported to slow down the advancement and
symptoms of AD and PD*. Extracts as well as
compounds (metabolite) from medicinal plants have
been intensively examined for their effects on AD*.
These active compounds obtained from plants such
as, Caralluma diffusa W, Cryptolepis sanguinolenta,
Radix Stephania tetrandra, Panax ginseng, Coptidis
rhizome, Berberis vulgaris, Carthamus tinctorius,
Crocus sativus, Berberis bealei Fortune, Coptis
chinensis Franch and Phellodendron chinensis,
Huperzia serrata have been reported to exhibit
various beneficial neuroprotective functions via a
number of mechanisms. This includes antioxidant

activities™*, anti-neuroinflammatory activities***,
anti-amyloidogenic activities'**, anti-tau aggregation
activities’”™® and anticholinesterase activities®'™?
respectively.

Similarly, natural products exert their effect against
PD**** through various pathways leading to increased
dopamine level (Safflower™, Delphinium
denudatum®®) and mitochondrial complex I activity
(Tinospora  cordifolia™’), reduced ~dopaminergic
neuronal loss, microgliosis (Panax ginseng’),
acetylcholine levels (Safflower™) and decreased
malondialdehyde =~ (MDA)  levels  (Tinospora
cordifolia”, Hypericum perforatum®, Hibiscus asper
leaves®', Delphinium denudatum’®, Bacopa monniera
Linn®, Althaea officinalis L.*%). In addition, flavones
from extracts of Chrysanthemum morifolium®®,
Carthamus tinctorius L.’ and Panax ginseng™® have
been reported in the suppression of a-synuclein
aggregation, the very same property exhibited by
Synphilin. Flavones from Robinia pseudoacacia®
while extracts of Turnera diffusa®’ showed reduced

proinflammatory cytokines expression as well as
neuroinflammatory actions. Moreover, extracts of
Rhus verniciflua® offered neuroprotective property
via inhibition of ROS-Ca”*" Bax/Bcl-2-caspase-3 and
ROS-Ca’™ p38 pathways thereby suppressing
apoptosis against 6-hydroxydopamine (6-OHDA), a
neurotoxin employed in PD generation for in vitro
studies.

A comparative observation on the role of plant
compounds in both of these metabolic regulators-
AMPK and Synphilin-1 can be drawn. Metformin is
an example of a (biguanide) plant derived compound
with anti-hyperglycaemic activity, which through its
inhibition of mitochondrial complex I raises AMP:
ATP ratio, thereby, indirectly activates AMPK®"".
Salicylate, a hormone produced by the willow bark
and many other plants, in response to pathogen stress
on the other hand, directly binds and activate AMPK
by binding to its ADAM site’". Findings made by
Betarbet ef al’’, Sherer et al”, showed that chronic
treatment of rotenone, a mitochondrial complex I
inhibitor, in rats exhibited features of Parkinson's
disease. Rotenone treatment is associated with
induced oxidative stress, modest ATP depletion and
cell death. Overexpression of synphilin-1 showed
protection against rotenone-induced cell death by
downregulating caspase-3 activation and downstream
PARP cleavage74. However, in another account,
treatment with antioxidants Coenzyme Q10 and a-
tocopherol diminished toxicity caused by the
mitochondrial inhibitor’. a-tocopherol, or Vitamin E,
is an antioxidant abundantly present in plants™. Its
anti-proliferative and free radical scavenging activity
marks its therapeutic value in treatment of metabolic
diseases such as cancer, diabetes and obesity where
oxidative stress plays vital role. Hence, in addition to
their antioxidant properties, plant metabolites may act
via pathway inhibition/activation or via direct
interaction; other mechanisms of action are yet to be
determined. Extensive research may provide an
engrossing ground for establishing the role of and for
validating any beneficial effect of Synphilin-1
activators from natural products.

Methods and tools for studying protein-metabolite
interactions

In an effort to probe for and identify plant
compounds or metabolites, understanding and
deciphering the intricate interactions between
metabolites and proteins is a challenging yet
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important aspect. Protein-metabolite interaction
methods have been broadly categorised under the
following heads; (a) protein affinity for a metabolite
(AP); (b) protein-metabolite complexes (PMC)
stability dynamics towards a chemical reaction
(oxidation (SPROX), thermal influence(CETSA/TPP,
PISA), solvent (SIP), or presence of biological
inhibitors within the system(LiP-MS); (c) chemical
modifications of metabolite functional groups for
enhanced  protein  binding  (Chemoproteomic
profiling); (d) protein structures elucidation (NMR,
MIDAS), immobilization = (DRaCALA)  and
purification techniques of either labelled or unlabelled
PMC (TAP, PROMIS) and (e) other biophysical
methods(SPR, ITC, Cryogenic electron microscope,
Microscale thermophoresis)’®.

In addition, a number of in silico databases are
available for acquiring valuable information on
protein-metabolite interactions, these include Protein
Data Bank (PDB), BRaunschweig ENzyme DAtabase
(BRENDA), ChEMBL, DrugBank, Binding DB,
Therapeutic Target Database (TTD), and PMI-DB’’.

Discussion

AMPK functions as a double-edged sword. As a
regulator of glucose homeostasis, its activation
however, imparts undesirable effect in cells suffering
from hypoxia and glucose deprived cells such as
tumorigenic cells and tissues. A well-regulated
physiologic effect of the enzyme in such cells and
tissues hence is an absolute necessity. Another point
of consideration is that, although these interacting
partners may seem to need one another, they appear to
exert contrasting metabolic effects. Transgenic mice
expressing Synphilin-1 reported increased
triglycerides and fat deposition®”, an activated AMPK
inhibits fatty acid synthesis’”’. Whereas AMPK
activation facilitates glucose uptake'®, impaired
glucose tolerance was reported in Synphilin-1
transgenic mammals®? because of Synphilin-1 induced
hyperphagia. These phenomena although may seem
indistinct but may be affiliated to the resultant binding
interaction between Synphilin-1 and PIN 1 with
AMPK and may be yet other unknown binding
partners of AMPK. As much emphasis on Synphilin-1
modulators has not yet been placed distinguishing and
evaluating their effect on the protein therefore, might
offer therapeutic benefits. Additionally, any
significant outcome may, in turn, confer interacting
partners such as Synphilin-1 as beneficial co-targets

Fig. 5 — [Illustrates the interaction between AMPK with
Synphilin-1 and PIN-1. Interaction of PIN-1 (P) with AMPK (A)
results in downregulation of AMPK activation which is indicated
by the darker arrow pointing downwards whereas Synphilin-1 (S)
interacts with AMPK (A) resulting in the upregulation of AMPK
activation also indicated by the darker arrow pointing upwards.
PIN-1 also interacts with Synphilin-1 as indicated in the figure.
What role will activators of these proteins play in this signalling
cascade? 3D structures of PIN-1, AMPK and Synphilin-1 proteins
retrieved from RCSB PDB and Uniprot database.

or alternative molecular targets
metabolic diseases (Fig. 5).

for alleviating

Conclusion

The role of naturally occurring compounds that
exert their activating effect via different mechanisms
on AMPK has been discussed. Natural activators of
AMPK have a significant impact on alleviating
insulin resistance, type II diabetes, and secondary
micro- and macrovascular complications of diabetes,
as well as on wound healing associated with diabetes.
Their significance has become more important with
the incidence of COVID-19 wherein diabetes poses as
a serious risk factor. Recent insight on Synphilin-1
binding AMPK at two regions, one being an ANK-
repeat region (housing a predicted protein—protein
interaction domain) designated as the 108-246 aa
region and another at 550-769 aa offers the
possibilities to delve and further understand the
synphilin-1 - AMPK signalling pathway which may
consequently enhance our understanding on their
participatory role in regulating metabolic syndrome as
a whole. A comprehensive understanding of the
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Synphilin-1 protein structure itself is of a prime
importance. One fascinating point to consider is the
role that similar known activators/inhibitors of
AMPK or novel activators/inhibitors might play
compared to Synphilin-1. An elucidated study on
activators/inhibitors, with emphasis on medicinal
plant compounds that are safer drug candidates, may
further enrich and provide insights into their
role/effect on the AMPK-binding Synphilin-1 protein.
Therefore, shifting focus to the floral community may
be beneficial, as natural products of medicinal value
are gaining momentum.

Conflict of interest
The authors have no conflict of interest to declare.

References

1 Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K,
Duncan BB, Stein C, Basit A, Chan JCN, Mbanya JC,
Pavkov ME, Ramachandran A, Wild SH, James S, Herman
WH, Zhang P, Bommer C, Kuo S, Boyko EJ & Magliano DJ.
IDF Diabetes Atlas: Global, regional and country-level
diabetes prevalence estimates for 2021 and projections for
2045. Diabetes Res Clin Pract, 183 (2022) 109119.

2 Stirban A, Gawlowski T & Roden M. Vascular effects of
advanced glycation end-products:clinical effects and
molecular mechanisms. Mol Metab, 3 (2013) 94.

3  Goldin A, Beckman JA, Schmidt AM & Creager MA.
Advanced glycation end products. Sparking the Development
of Diabetic Vascular Injury. Circulation, 114 (2006) 597.

4  Nicholson GL. Mitochondrial Dysfunction and Chronic
Disease: Treatment With Natural Supplements. Integr Med
(Encinitas), 13 (2014) 35.

5 Herzig S & Shaw R. AMPK:guardian of metabolism
and mitochondrial homeostasis. Nat Rev Mol Cell Biol,
19 (2018) 121.

6  Scott JW, Denderen BJWV, Jorgensen SB, Honeyman JB,
Steinberg GR, Oakhill JS, Iseli TJ, Koay A, Gooley PR,
Stapleton D & Kemp BE. Thienopyridone are selective
activators of AMP-activated protein kinase Bl containing
complexes. Chem Biol, 15 (2008) 1220.

7  Calabrese MF, Rajamohan F, Harris MS, Caspers NL,
Magyar R, Withka JM, Wang H, Borzilleri KA,
Sahasrabudhe PV, Hoth LR, Geoghegan, Han S Brown J,
Subashi TA, Reyes AR, Frisbie RK, Ward J, Miller RA,
Landro JA, Londregan AT & Kurumbail RG. Structural basis
for AMPK activation: Natural and synthetic ligands regulate
kinase activity from opposite poles by different molecular
mechanisms. Structure, 22 (2014) 1161.

8  Chen L, Xin FJ, Wang J, Hu J, Zhang YY, Wan S, Cao LS,
Lu Chang, Li Peng, Yan SK, Neumann D, Schlattner U, Xia
B, Wang ZX & Wu JW. Conserved regulatory elements in
AMPK. Nature, 498 (2013) ES.

9 Hardie DG. Regulation of AMP activated protein kinase
by natural and synthetic activators. Acta Pharm Sin B,
6(2016) 1.

10 Lin SC & Hardie DG. AMPK sensing Glucose as well as
Cellular Energy Status. Cell Metab, 27 (2018) 299.

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Goransson O, McBridge A, Hawley SA, Ross FA, Shpiro N,
Foretz M, Viollet B, Hardie DG & Sakamoto K. Mechanism
of Action of A-769662, a Valuable Tool for Activation of
AMP activated Protein Kinase. J Biol Chem, 282 (2007)
32549.

Xiao B, Sanders MJ, Underwood E, Heath R, Mayer FV,
Carmena D, Chun J, Walker PA, Eccleston JF, Haire LF, Saiu
P, Howell SA, Aasland R, Martin SR, Carling D & Gamblin
SJ. Structure of Mammalian AMPK and its regulation by
ADP. Nature, 472 (2011) 230.

Langendorf CG, Ngoei KRW, Scott JW, Ling NXY, Issa
SMA, Gorman MA, Parker MW, Sakamoto K, Oakhill JS &
Kemp BE. Structural basis of allosteric and synergistic
activation of AMPK by furan-2-phosphonic derivative C2
binding. Nat commun, 7 (2016) 10912.

Gowans GJ, Hawley SA, Ross FA & Hardie DG. AMP is a
true physiological regulator of AMP-activated protein kinase
by Dboth allosteric activation and enhancing net
phosphorylation, Cell Metabolism, 18 (2013) 556.

Garcia D & Shaw RJ. AMPK: mechanisms of cellular energy
sensing and restoration of metabolic balance. Mol Cell,
66 (2017) 789.

Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman
AM, Frenguelli BG & Hardie DG. Calmodulin dependent
protein kinase kinasep is an alternative upstream kinase for
AMP-activated protein kinase. Cell metab, 2 (2005) 9.

Green MF, Anderson KA & Means AR. Characterization of
the CaMKKB-AMPK Signalling Complex. Cell Signal,
23 (2011) 2005.

Fogarty S, Ross FA, Ciruelos DV, Gray A, Gowans GJ &
Hardie DG. AMPK Causes Cell Cycle Arrest in LKBI1-
deficient Cells via Activation of CAMKK2. Mol Cancer Res,
14 (2016) 683.

Fujii N, Jessen N & Goodyear LJ. AMP- activated protein
kinase and the regulation of glucose transport. Am J Physiol
Endocrinol and Metab, 291 (2006) E867.

Thong FS, Bilan PJ & Klip A. The Rab GTPase-activating
protein AS160 integrates Akt, protein kinase C and AMP-
activated protein kinase signals regulating GLUT4 traffic.
Diabetes, 56 (2007) 414.

Lee JO, Lee SK, Kim JH, Kim N, You GY, Moon JW, Kim
SJ, Park S H & Kim HS. Metformin regulates glucose
transporter 4 (GLUT4) translocation through AMP-activated
protein kinase (AMPK) - mediated cbl/CAP signalling in
3T3-L1 preadipocytes cells. J Biol Chem, 287 (2012) 48.
Ramamurthy S, Chang E, Cao Y, Zhu J & Ronnette GV.
AMPK activation regulates neuronal structure in developing
hippocampal neurons. Neuroscience, 259 (2014) 3.

Kong G, Zhou L, Serger E, Palmisano I, De Vigiliis F,
Hutson TH, Mclachlan E, Freiwald A, Montanara PL, Shkura
K, Puttagunta R & Giovanni SD. AMPK controls the axonal
regenerative ability of dorsal root ganglia sensory neurons
after spinal cord injury. Nat metab, 9 (2020) 918.

Lee A, Hirabayashi Y, Kwon SK, Lewis TLJ & Polleux F.
Emerging roles of mitochondria in synaptic transmission and
neurodegeneration. Curr Opin Physiol, 3 (2018) 82.
Engelender S, Kaminsky Z, Guo X, Sharp AH, Amaravi RK,
Kleiderlein JJ, Margolis RL, Troncoso JC, Lanahan AA,
Worley PF, Dawson VL, Dawson TM & Ross CA. Synphilin-
1 associates with a-synuclein and promotes the formation of
cytosolic inclusions. Nat Genet, 22 (1999) 110.



26

27

28

29

30

31

32

33

34

35

36

37

38

39

MARBOH & AGUAN: SYNPHILIN-1 FOR POTENTIAL THERAPEUTIC BENEFITS 13

Eyal A, Szargel R, Avraham E, Liani E, Haskin J, Rott R &
Engelender S. Synphilin-1A: an aggregation-prone isoform
of synphilin-1 that causes neuronal death and is present in
aggregates from alpha-synucleinopathy patients. Proc Natl
Acad Sci, 103 (2006) 5917.

Li T, Liu J & Smith WW. Synphilin-1 Binds ATP and Regulates
Intracellular Energy Status. Plos one, 9 (2014) e1152337.

Xie YY, Zhou CJ, Zhou ZR, Hong J, Che MX, Fu QS, Song
AX, Lin DH & Hu HY. Interaction with synphilin-1
promotes inclusion formation of alpha-synuclein:
mechanistic insights and pathological implication. FASEB J,
24 (2010) 196.

Lim KL, Chew KCM, Tan JMM, Wang C, Chung KKK,
Zhang Y, Tanaka Y, Smith W, Engelender S, Ross CA,
Dawson VL & Dawson TM. Parkin Mediates Nonclassical,
Proteasomal-Independent Ubiquitination of Synphilin-1:
implications for Lewy Body Formation. J Neurosci,
25 (2005) 2002.

Nagano Y, Yamashita H, Takahashi T, Kishida S, Nakamura
T, Iseki E, Hattori N, Mizuno Y, Kikuchi A & Matsumoto M.
Siah-1 facilitates ubiquitination and degradation of synphilin-
1. J Biol Chem, 278 (2003) 51504.

Kim SG, Li J, Hwang JS, Hassan MAU, Sim YE, Lee JY,
Mo JS, Kim MO, Lee G & Park S. Synphilin-1 regulates
mechanotransduction in rigidity sensing through interaction
with zyxin. J Nanobiotechnology. 23 (2025) 345.

Li X, Tamashiro KLK, Liu Z, Bello NT, Wang X, Aja S,
Bi S, Ladenheim EE, Ross CA, Moran TH, & Smith WW.
A novel obesity model: Synphilin-1 induced hyperphagia and
obesity in mice. Int J Obes (Lond), 36 (2012) 1215.

Liu J, Wang X, Ma R, Li T, Guo G, Ning B, Moran TH, &
Smith WW. AMPK signaling mediates synphilin-1-induced
hyperphagia and obesity in Drosophila. J Cell Sci, 134
(2021) 247742.

ShishidoT , Nagano Y, Araki M, Kurashige Y, Obayashi H,
Nakamura T, Takahashi T, Matsumoto M & Maruyama H.
Synphilin-1 has neuroprotective effects on MPP*-induced
Parkinson's disease model cells by inhibiting ROS
production and apoptosis. Neurosci Lett, 690 (2019) 145.
Marx FP, Holzmann C, Strauss KM, Li L, Eberhardt O,
Gerhardt E, Cookson MR, Hernandez D, Farrer MJ,
Kachergus J, Engelender S, Ross CA, Berger K, Schols L,
Schulz JB, Riess O & Kruger R. Identification and functional
characterization of a novel R621C mutation in the synphilin-
1 gene in Parkinson’s disease. Hum Mol Genet, 12 (2003)
1223.

Krenz A, Falkenburger BH, Gerhardt E, Drinkut A & Schulz
JB. Aggregate formation and toxicity by wild-type and
R621C synphilin-1 in the nigrostriatal system of mice using
adenoviral vectors. J Neurochem, 108 (2008) 139.

Tan EK & Jankovic J. Genetic Testing in Parkinson Disease
Promises and Pitfalls. Arch Neurol, 63 (2006) 1232.

Li T, Liu J, Guo G, Ning BO, Li X, Zhu G, Yang D, Moran
TH & Smith WW. Synphilin-1 interacts with AMPK and
increases AMPK phosphorylation. Intl J Mol Sci,
21 (2020) 4352.

Ryo A, Togo T, Nakai T, Hirai A, Nishi M, Yamaguchi A,
Suzuki K, Hirayasu Y, Kobayashi H, Perrrem K, Liou YC &
Aoki I. Prolyl-isomerase Pinl accumulates in Lewy Bodies
of Parkinson Diseases and facilitates formation of o-
Synuclein Inclusions. J Biol Chem, 281 (2006) 4177.

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Khanal P, Kim G, Yun HJ, Cho HG, & Choi HS. The Prolyl
Isomerase Pinl Interacts With and Downregulates the
Activity of AMPK Leading to Induction of Tumorigenicity of
Hepatocarcinoma Cells. Mol Carcinog, 52 (2013) 813.
Howes MJ, Perry NS & Houghton PJ. Plants with traditional
uses and activities, relevant to the management of
Alzheimer’s disease and other cognitive disorders. Phytother
Res, 17 (2003) 1.

Ansari N & Khodagholi F. Natural products as promising drug
candidates for the treatment of Alzheimer’s disease: Molecular
mechanism aspect. Curr Neuropharmacol, 11 (2013) 414.
Chandran R, Sajeesh T & Parimelazhagan T. Total Phenolic
Content, Anti-Radical property and HPLC profiles of
Caralluma diffusa (Wight) N.E. Br. J Biol Act Prod Nat,
4(2014) 188.

Cosme P, Rodriguez AB, Espino J & Garrido M. Plant
Phenolics: Bioavailability as a Key Determinant of Their
Potential Health-Promoting Applications. Antioxidants,
9 (2020) 1263.

He FQ, Qiu BY, Li TK, Xie Q, Cui DJ, Huang XL &
Gan HT. Tetrandrine suppresses amyloid-beta-induced
inflammatory cytokines by inhibiting NF-kappaB pathway
in murine BV2 microglial cells. /nt Immunopharmacol,
11 (2011) 1220.

Olajide OA, Bhatia HS, de Oliveira AC, Wright CW &
Fiebich BL. Inhibition of Neuroinflammation in LPS-
Activated Microglia by Cryptolepine. Evid Based
Complement Altern Med, (2013) 459723.

Li F, Wu X, Li J] & Niu Q. Ginsenoside Rgl ameliorates
hippocampal long-term potentiation and memory in an
Alzheimer’s disease model. Mol Med Rep, 13 (2016) 4904.
Cai Z, Wang C, He W & Chen Y. Berberine Alleviates
Amyloid-Beta Pathology in the Brain of APP/PS1 Transgenic
Mice via Inhibiting beta/gamma-Secretases Activity and
Enhancing alpha-Secretases. Curr Alzheimer Res, 15 (2018)
1045.

Karakani AM, Riazi G, Mahmood GS, Ahmadian S,
Mokhtari F, Jalili FM & Zahra BS. Inhibitory effect of
corcin on aggregation of 1N/4R human tau protein in vitro.
Iran J Basic Med Sci, 18 (2015) 485.

Ma Q, Ruan YY, Xu H, Shi XM, Wang ZX & Hu YL.
Safflower yellow reduces lipid peroxidation, neuropathology,
tau phosphorylation and ameliorates amyloid beta-induced
impairment of learning and memory in rats. Biomed Pharm,
76 (2015) 153.

Kaufmann D, Kaur DA, Tahrani A, Herrmann F & Wink M.
Extracts from Traditional Chinese Medicinal Plants Inhibit
Acetylcholinesterase, a Known Alzheimer’s Disease Target.
Molecules, 21 (2016) 1161.

Ohba T, Yoshino Y, Ishisaka M, Abe N, Tsuruma K,
Shimazawa M, Oyama M, Tabira T & Hara H. Japanese
Huperzia serrata extract and the constituent, huperzine A,
ameliorate the scopolamine-induced cognitive impairment in
mice. Biosci Biotechnol Biochem, 79 (2015) 1838.

Rabiei Z, Solati K & Amini-Khoei H. Phytotherapy in
treatment of Parkinson’s disease: a review. Pharm Biol,
57 (2019) 355.

Kumari N, Anand S, Shah K, Chauhan NS & Sethiya NK.
Singhal M, Emerging role of plant based Dbioactive
compounds as therapeutics in Parkinson’s Disease.
Molecules, 28 (2023) 7588.



14

55

56

57

58

59

60

61

62

63

64

65

66

INDIAN J EXP BIOL, JANUARY 2026

Ablat N, Lv D, Ren R, Xiaokaiti Y, Ma X, Zhao X, Sun Y,
Lei H, XuJ,Ma Y, Qi X, Ye M, Xu F, Han H & Pu X.
Neuroprotective effects of a standardized flavonoid extract
from safflower against a rotenone-induced rat model of
Parkinson ’s disease. Molecules, 21 (2016) 1107.

Ahmad M, Yousuf S, Khan MB, Ahmad AS, Saleem S, Hoda
MN & Islam F. Protective effects of ethanolic extract of
Delphinium denudatum in a rat model of Parkinson ’s
disease. Hum Exp Toxicol, 7 (2006) 361.

Kosaraju J, Chinni S, Roy PD, Kannan E, Antony AS &
Kumar MS. Neuroprotective effect of Tinospora cordifolia
ethanol extract on 6-hydroxy dopamine induced
Parkinsonism. Indian J Pharmacol, 2 (2014) 176.

Van Kampen JM, Baranowski DB, Shaw CA & Kay DG.
Panax ginseng is neuroprotective in a novel progressive
model of Parkinson’s disease. Exp Gerontol, 50 (2014) 95.
Ren R, Shi C, Cao J, Sun Y, Zhao X, Guo Y, Wang C, Lei H,
Jiang H, Ablat N, Xu J, LiW,Ma Y, Qi X, Ye M, Pu X &
Han H. Neuroprotective effects of a standardized flavonoid
extract of safflower against neurotoxin-induced cellular and
animal models of Parkinson’s disease. Sci Rep, 6 (2016) 221.
Kiasalari Z, Baluchnejadmojarad T & Roghani M.
Hypericum perforatum hydroalcoholic extract mitigates
motor dysfunction and is neuroprotective in intrastriatal 6-
Hydroxydopamine rat model of Parkinson’s disease. Cell
Mol Neurobiol, 36 (2016) 521.

Hritcu L, Foyet HS, Stefan M, Mihasan M, Asongalem AE &
Kamtchouing P. Neuroprotective effect of the methanolic
extract of Hibiscus asper leaves in 6-hydroxydopamine-
lesioned rat model of Parkinson’s disease. J
Ethnopharmacol, 137 (2011) 585.

Shobana C, Kumar RR & Sumathi T. Alcoholic extract of
Bacopa monniera Linn. protects against 6-hydroxydopamine-
induced changes in behavioral and biochemical aspects: a
pilot study. Cell Mol Neurobiol, 32 (2012) 1099.

Rezaei M & Alirezaei M. Protective effects of Althaea
officinalis L. extract in 6-hydroxydopamine-induced hemi-
Parkinsonism  model: behavioral, biochemical and
histochemical evidence. J Physiol Sci, 3 (2014) 171.

Devi S, Kumar V, Singh SK, Dubey AK & Kim JJ.
Flavonoids: Potential candidates for the treatment of
Neurodegenerative Disorders. Biomedicines, 9 (2021) 99.
Singh S, Gupta P, Meena A & Lugman S. Acacetin, a flavone
with diverse therapeutic potential in cancer, inflammation,
infectious and other metabolic disorders. Food Chem Toxicol,
145 (2020) 111708.

Ha SK, Moon E, Lee P, Ryu JH, Oh MS & Kim SY.
Acacetin attenuates neuroinflammation via regulation the

67

68

69

70

71

72

73

74

75

76

71

response to LPS Stimuli in vitro and in vivo. Neurochem Res,
37 (2012) 1560.

Bernardo J, Malheiro I, Videira RA, Valentdo P, Santos AC,
Veiga F & Andrade PB. Trichilia catigua and Turnera diffusa
extracts: In vitro inhibition of tyrosinase, antiglycation
activity and effects on enzymes and pathways engaged
in the neuroinflammatory process. J Ethnopharmacol,
271 (2021) 113865.

Park BC, Lee YS, Park HJ, Kwak MK, Yoo BK, Kim JY &
Kim JA. Protective effects of fustin, a flavonoid from Rhus
verniciflua stokes, on 6-hydroxydopamine-induced neuronal
cell death. Exp Mol Med, 39 (2007) 316.

El-Mir MY, Nogueira V, Fontaine E, Averet N, Rigoulet M &
Leverve X. Dimethylbiguanide inhibits cell respiration via an
indirect effect targeted on the respiratory chain complex I.
J Biol Chem, 275 (2000) 223.

Owen MR, Doran E & Halestrap AP. Evidence that
metformin exerts its antidiabetic effects through inhibition of
complex I of the mitochondrial respiratory chain. Biochem J,
348 (2000) 607.

Hawley SA, Fullerton MD, Ross FA, Schertzer JD,
Chevtzoff C, Walker KJ, Peggie MW, Zibrova D, Green KA,
Mustard KJ, Kemp BE, Sakamoto K, Steinberg GR & Hardie
DG. The ancient drug salicylate directly activates AMP-
activated protein kinase. Science, 336 (2012) 918.

Betarbet R, Sherer TB, Mackenzie G, Osuna MG, Panov AV
& Greenamyre JT. Chronic systemic pesticide exposure
reproduces features of Parkinson’s diseases. Nat Neurosci,
3 (2000) 1301.

Sherer T, Betarbet R, Testa CM, Seo BB, Richards JR, Kim
JH, Miller GW, Yagi T, Yagi AM & Greenamyre JT.
Mechanism of Toxicity in Rotenone Models of Parkinson’s
Disease. J Neurosci, 23 (2003) 10756.

Li X, Liu Z, Tamashiro K, Shi B, Rudnicki DD, Ross CA,
Moran T H & Smit WW. Synphilin-1 exhibits trophic and
protective effects against Rotenone toxicity. Neuroscience,
165 (2010) 455.

Batool M, Kauser S, Nadeem HR, Perveen R, Irfan S,
Siddiga A, Shafique B, Zahra SM, Waseem M, Khalid W
& Ranjha MMAN. A critical review on Alpha
Tocopherol: Sources, RDA and health benefits. J Appl
Pharm, 12 (2020) 19.

Kurbatov I, Dolgalev G, Arzumanian V, Kiseleva O &
Poverennaya E. The knowns and unknowns in protein-
metabolite interactions. Int J Mol Sci, 24 (2023) 4155.

Hardie DG & Pan DA. Regulation of fatty acid synthesis
and oxidation by the AMP-activated protein kinase. Biochem
Soc Trans, 30 (2002) 1064.



