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Abstract

Introduction Protein kinase C (PKC) is a promising drug target for various therapeutic areas. Natural products derived from
plants, animals, microorganisms, and marine organisms have been used by humans as medicine from prehistoric times.
Recently, several compounds derived from plants have been found to modulate PKC activities through competitive binding
with ATP binding site, and other allosteric regions of PKC. As a result fresh race has been started in academia and phar-
maceutical companies to develop an effective naturally derived small-molecule inhibitor to target PKC activities. Herein, in
this review, we have discussed several natural products and their derivatives, which are reported to have an impact on PKC
signaling cascade.

Methods All information presented in this review article regarding the regulation of PKC by natural products has been
acquired by a systematic search of various electronic databases, including ScienceDirect, Scopus, Google Scholar, Web
of science, ResearchGate, and PubMed. The keywords PKC, natural products, curcumin, rottlerin, quercetin, ellagic acid,
epigallocatechin-3 gallate, ingenol 3 angelate, resveratrol, protocatechuic acid, tannic acid, PKC modulators from marine
organism, bryostatin, staurosporine, midostaurin, sangivamycin, and other relevant key words were explored.

Results The natural products and their derivatives including curcumin, rottlerin, quercetin, ellagic acid, epigallocatechin-3
gallate, ingenol 3 angelate, resveratrol, bryostatin, staurosporine, and midostaurin play a major role in the management of
PKC activity during various disease progression.

Conclusion Based on the comprehensive literature survey, it could be concluded that various natural products can regulate
PKC activity during disease progression. However, extensive research is needed to circumvent the challenge of isoform
specific regulation of PKC by natural products.

Keywords Natural products - Drug target - Cancer - Cardiac disease - Neurodegenerative diseases

Introduction the normal activities of PKC causes progression of several

deadly diseases like cancer, cardiac disease, autoimmune

PKC is a ser/thr protein kinase that plays a vital role in the
signal transduction by phosphorylation of target proteins to
control numerous cellular functions. However, alteration in

4 Arbind Acharya
acharya@bhu.ac.in

Department of Zoology, Institute of Science, BHU,
Varanasi 221005, India
2 School of Life Sciences, INU, New Delhi, India

Department of Pharmaceutical Science, School of Pharmacy,
University of Colorado, Denver, USA

Department of Panchkarma, Institute of Medical Science,
BHU, Varanasi, India 221005

disease, metabolic disorders, and so on [1]. Therefore, pre-
cise control of PKC’s signal amplitude is necessary for the
healthy condition of an organism. Therefore, the develop-
ment of PKC modulators (activators and/or inhibitors) has
been predicted to be a breakthrough in drug discovery [1, 2].
The search for PKC inhibitor from natural sources goes back
to the 1980s with the isolation and assay of staurosporine
from Streptomyces staurosporeus [3]. Naturally occurring
compounds found in plants, animals, and microorganisms
provide huge health benefits [4]. One of the mechanisms
by which natural products (NPs) have shown their biologi-
cal actions is by interfering with the PKC signaling path-
way [5]. Currently, various natural compounds have been
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isolated and characterized for their PKC modulatory activity.
Among them, curcumin, quercetin, resveratrol, bryostatin,
staurosporine, and others have gone to clinical trials (https://
clinicaltrials.gov/). In this review, different sources of natu-
ral compounds, biological activities, and their interaction
with PKC have been described. Comprehensive knowledge
about the association between NPs and PKC activity will
provide an opportunity to design a specific and effective
PKC modulator.

Methods

All information presented in this review article regard-
ing the regulation of PKC by natural products has been
acquired by a systematic search of various reliable and
popular international scientific databases such as PubMed,
Scopus, ScienceDirect, ResearchGate, Google Scholar,
etc. The information was searched using the strings such
as PKC and structure, PKC and function, natural prod-
ucts, curcumin and PKC, rottlerin and PKC, quercetin and
PKC, ellagic acid and PKC, rottlerin and PKC, epigallo-
catechin-3 gallate and PKC, ingenol 3 angelate and PKC,
resveratrol and PKC, protocatechuic acid and PKC, tannic
acid and PKC, PKC modulators from marine organism, bry-
ostatin and PKC, staurosporine, midostaurin, sangivamy-
cin and PKC, and other relevant keywords. Clinicaltrial.
gov was searched for upcoming data and trials of various
NPs. After cross-referenced of a total of 178 relevant refer-
ences are given here to depict the entire research related to
PKC signaling and their regulation by natural compounds.
Figure 1 represents the schematic diagram of PKC iso-
forms, Fig. 2 stands for the possible interaction of natu-
ral products to PKC during multiple disease conditions,
Figs. 3, 4, 5 demonstrate a pictorial diagram of various

Fig.1 Schematic representa-
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Fig.2 Diagrammatical representation of interaction of natural prod-
ucts to PKC during multiple disease conditions

natural products. Further, the mode of interaction of NPs
to PKC presented in Table 1 and the past and present clini-
cal trials using these NPs have been given in Table 2.

Result and discussion

PKC: Structure and regulation

The PKC enzymes were discovered by Nishizuka in 1977
as kinases that gets activated by proteolysis and later by
diacylglycerol (DAG) [6, 7]. Soon after, in 1982 when it

was found that phorbol ester (cancer-promoting agent) may
activate intact PKC [8], raise a hope to target PKC in cancer
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Fig.3 The Structure of natural products from terrestrial plant

primarily, and, later in other disease conditions. PKC family
consists of 10 members, which is further divided into three
groups depends on the virtue of their structure and co-factor
requirement for activation [9]. Structurally, PKC comprises
a single polypeptide structure with four conserved (C1-C4)
regions which are interspersed by five (V1-V5) variable
regions. Further, this polypeptide structure may be divided
into two domains i.e. regulatory domain at N-terminal and
a catalytic domain at C-terminal, linked via a short variable
(V3) hinge region. The regulatory domain comprises C1 and
C2 regions that interact with diacylglycerol (DAG), phos-
phatidylserine (PS), and Ca”" thereby act as the membrane
targeting module [9, 10]. The catalytic core comprises C3
for ATP binding and C4 domain for substrate-binding lobes
to make the business end of the kinase. The C1 site contains
two cysteine-rich zinc finger motif that comprises tandem
C1A and C1B repeats that bind DAG and phorbol esters; by
contrast, the C2 site is involved in Ca** dependent mem-
brane binding. Classical PKCs (cPKCs: a,  and y), consist
of tandem C1 domains and C2 domain thus required DAG,
PS, and Ca** for activation. Novel PKCs (nPKCs: d, €, 1, 0)
contain tandem C1 domain and a variant of the C2 (novel
C2) domain that were observed not sensitive to Ca?,
therefore, nPKC activation only required DAG. Atypical
PKCs (aPKCs: 1 and {) have an atypical C1 domain that
does not bind DAG and lack a C2 domain altogether, but
instead, contain a Phox/Bem 1 (PB1) domain that mediates

Ingenol 3 angelate

protein—protein interaction (Fig. 1) [10-12]. Additionally,
it has been found that aPKCs and PKCa also contain a
PDZ ligand at the C-terminal that mediates protein—protein
interactions thereby scaffolding and localization of these
isozymes. In addition, an auto-inhibitory pseudosubstrate
sequence (similar in sequence to the optimal PKC substrate
sequence, but lacks the serine/threonine phosphoaccep-
tor residue) is found in all isozymes that maintain PKC in
an inactive state by masking the substrate-binding cavity
[13-15].

PKC: Activation and function

For PKC to become activated in response to second mes-
sengers the protein must first be undergone phosphorylation
on several critical residues, a process called priming of PKC
[16]. The activation of newly synthesized PKC within the
cell relies on three molecular mechanisms (i) phosphoryla-
tion, (ii) cofactor binding, and (iii) intracellular translocation
[12]. For all PKC isoforms, phosphorylation of the threonine
residue in the activation loop (AP) [17-19], makes a confor-
mational change and triggers subsequent phosphorylation at
the turn motif (TM) and hydrophobic motif (HM). The final
phosphorylation step releases the enzyme into the cytosol in
a catalytically competent close-conformation in which the
pseudosubstrate region masks the substrate-binding cavity
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Fig.4 The structure of natural product from marine origin

[12]. The priming phosphorylation at AP, TM, and HM of
PKC required Hsp90, Cdc34, and mTORC?2 activity [12]. In
response to extracellular agonists which may activate effector
molecules, such as the membrane-associated phospholipase C
(PLC), which hydrolyzes the membrane phospholipid phos-
phatidylinositol 4,5-bisphosphate (PIP2) to form two hydro-
lytic products: DAG and inositol 1,4,5-trisphosphate (IP5); a
Ca** mobilizer. Accumulation of membrane-associated DAG

Staurosporine

Midostaurine

Fig.5 The structure of natural products from bacteria
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provokes the translocation of inactive PKC to the membrane
[11]. At plasma membrane binding of inactive PKC to phos-
phatidylserine and DAG (in the case of cPKCs and nPKCs)
expel autoinhibitory pseudosubstrate from substrate binding
cavity and make an active open-confirmation. Due to confor-
mational changes, PKC isoforms could bind with their specific
anchoring and scaffold proteins. This binding may determine
the intracellular translocation and functional activity of PKC
[10-12]. The finding that most PKC isozymes are ubiquitously
expressed and activated by a plethora of signals in all tissues
makes it difficult to define its functions. The expression profile
represents that a high steady-state expression level of PKCa
is present in the adult liver, heart, epithelium, and brain, in
contrast, PKCp and PKCy are detectable but expressed at sub-
stantially lower levels in the heart [20, 21]. Additionally, PKC3
and PKCe are also present in the heart [22]. PKCe is present
in the adult brain, heart, and liver, but not the adult kidney and
lung. PKCC is expressed in the fetal/neonatal than in the adult
brain, lung, kidney, and heart. PKCS is detected in vascular
smooth muscle cells [5, 23]. PKCB is predominantly found
in the thymus and responsible for T cell maturation [24]. The
cell-specific function of PKC may be conferred by binding
with different anchoring proteins and translocation towards
intracellular compartments. Functional analysis revealed that
PKC isozymes have specific and sometimes opposing roles in
the same cell type, depending on the place and time of acti-
vation and the nature of the substrate it acts on [10, 11]. Ini-
tially, phorbol ester and later isozyme specific pharmacologi-
cal inhibitors and siRNAs demonstrated that PKC was found
to regulate myriad cellular functions, including regulation of
cell survival by apoptosis, proliferation, differentiation and
autophagy, regulation of cell shape and migration, cell—cell
contact, adhesion, and secretion, regulation of receptors and
ion channels, regulation of metabolism, regulation of immune
system [9, 10, 24-26]. PKC also plays a crucial role in normal
physiological functions. PKC could regulate a variety of neural
functions including neurotransmitter release [27], and synap-
tic plasticity [28], thereby responsible for muscle contraction,
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Table 1 The basic information of natural products and their interaction with PKC activity presented in this review
Natural products Sources Natural product class Binding to site ~ Target
Curcumin curcumin longa Polyphenol C1 domain PKCa
Rottlerin Mallotus philippensis Polyphenol - PKCd
Quercetin Apples, honey, onions, red grapes, and green leafy Flavonoid - PKC5,¢
vegetables
Ellagic acid Oak species, and mushroom Polyphenol ~  --—-- PKCa
Epigallocatechin-3gallate Dried leaf of tea Polyphenol ~  --—-- PKC, PKCa,y
Ingenol 3 angelate Sap of the plantEuphorbia peplus Diterpene ester ~ ------ PKCd
Resveratrol Grapes, red wine, olive oil, and other foods Polyphenol C1 domain PKCa,p, e
Protocatechuic acid Raspberry, Boswellia dalzielii, Cardiospermum hali- Phenolic acid - PKC
cacabum, and Diospyros melanoxylon
Tannic acid Black tea, Caesalpinia spinosa, Rhus semialata, Quercus Polyphenol - PKC
infectoria, and Terminalia chebula
Bryostatin Bryozoan Bugula neritina Macrocyclic lactones  ------ cPKC and nPKC
Staurosporine Streptomyces Sp Alkaloids ATP binding site PKC
Midostaurin Staurosporine derivative Alkaloids ATP binding site PKC
Sangivamycin Streptomyces rimosus Nucleoside analog =~ ------ PKC

hippocampal learning, and memory [29]. In cardiac tissues,
PKC particularly o isoform can phosphorylate several car-
diac-specific substrates like troponin, PP1, a1C- subunit of
the L-type calcium complex channel, and titin [30, 31], and
regulates cardiac contractility and Ca>* handling in myocytes
[32]. Moreover, PKC activity also responsible for proper reti-
nal function and thus essential for proper vision [33]. PKC
plays a putative role in kidney functions [34, 35]. Therefore
it is unsurprising that perturbation in PKC signaling cascade
plays a major role in disease conditions including cardiac dis-
eases like ischemic heart disease [36], heart failure [20], stroke
[37], neurodegenerative disease like Alzheimer’s disease [38],
Parkinson’s disease [39], bipolar disorder[40], amyotrophic
lateral sclerosis [41], autoimmune disease [42], skin disease
like psoriasis[43], lung disease [44], diabetic complications
[45], ocular diseases [46], post-traumatic stress disorder [47]
and others.

Natural products: As PKC modulators

NPs have been used for the treatment of various ailments
dates back to the Neanderthal period. Natural products-
compounds that are derived from natural sources like
plants, microbial metabolites, and marine organisms [4].
Since ancient times, due to the mostly non-formal nature,
and lack of knowledge, the utilities of many of these NPs are
mainly anecdotal. Modern scientific practices provide a way
to extract, identify, characterize and explore the functions of
bioactive compounds which, in turn, has given insights into
their activities on the human body [48]. Owing to the fact
that NPs and their analogs could modulate basic cellular
functions including survival, proliferation, effective immune

system, and metabolism, therefore, it is not surprising that
NPs possesses anti-proliferative, antioxidant, cardiopro-
tective, hepatoprotective, antibacterial, anti-inflammatory,
modulation of ion channels, and immunomodulatory effects
[48-51]. Due to their incomparable structural diversity, and
novel biological functions, NPs have become an important
research area for drug discovery, particularly in the area of
antibiotics and cancer treatment [48, 52, 53]. In 1805, Ger-
man pharmacist Friedrich Wilhelm Sertiirner, isolated mor-
phine from opium, and it became both the first pure natu-
rally derived medicine and the first to be commercialized,
by Merck in 1826. This attracts pharmaceutical scientists to
prefer purified natural compounds and make medicines. Sub-
sequently, many natural compounds were isolated, purified,
and characterized by various sources such as salicin, colchi-
cine, caffeine, cocaine, etc. [54]. Since 2014, the search for
an anti-cancer agent, mostly of anti-tumor drugs are closely
related to natural products that were established [55]. Recent
efforts by both academic and pharmaceutical researchers
make some promising drug candidates such as huperzine
A, triptolide, celastrol, capsaicin, vinca alkaloids, taxanes,
camptothecins, ingenol mebutate, trabectedin, curcumin, and
others [56, 57].1t is noteworthy that aberrant PKC activ-
ity was noticed in pathological conditions. In recent years,
due to their unique property (least side effects, structural
diversity, and cost-effectiveness), NPs became an attractive
target as kinase modulators [58, 59]. These compounds are
isolated from a variety of natural sources and grouped into
flavonoid, alkaloid, indolocarbazole, nucleoside analogous,
and polyphenol compounds, which may modulate PKC
activity (Fig. 2) [5, 59]. Further, subsequent studies have
shown natural product’s therapeutic effect against various
ailments including cancer [60], neurodegenerative disease
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Table2 A summary of past and current clinical trials in different diseases conditions using natural products

Drug Other Drugs Disease (S) Phase Status Identifier comments
Curcumin Placebo Prostate Cancer 3 Active and recruiting NCT03769766 @ Well tolerable and
——————— Breast Cancer 1 Active and recruiting ~ NCT03980509 ~ shown antic.ancer )
Placebo Breast Cancer - Active and recruiting NCT03865992 efficacy against variety
. . . of cancer.
Nanoemulsion Joint Pain . .. .
@ Ongoing clinical trial
Placebo Cervical Cancer, Stage 2 Active ?pd not yet NCT04294836 4 anticancer agent,
B recruiting cardioprotective, and
Placebo Cancer Cachexia, 2 Active and recruiting NCT04208334  nephropretective agent.
Head and Neck Cancer
Head and Neck neo-
plasma
Placebo Prostate cancer 3 Active and recruiting NCT02064673
Piperine Extract Bladder Spasm 1 Active and recruiting NCT02598726
Malignant Neoplasm
Pain
Urinary Urgency
Ursolic Acid Prostate Cancer 1 Active and not yet NCT04403568
recruiting
Placebo Neoplasm Cervix 2 Active and not yet NCT04266275
recruiting
Pembrolizumab Cervical Cancer 2 Active and recruiting NCT03192059
Radiation: Radiation, Endometrial Cancer
Vitamin D, Aspirin, Uterine Cancer
Lansoprazole, Cyclo-
phosphamide
————— Chronic Atrophic 2 Active and recruiting NCT02782949
Gastritis
------ Amyloidosis, -----  Active and recruiting NCT03431896
Amyloid,
Amyloid Neuropathies
Familial Amyloid
Cardiomyopathy
Amyloid Primary
Transthyretin Amy-
loidosis,
AL Amyloidosis
—————— Obesity, - Active and not yet NCT03542240
High Blood Pressure, recruiting
High Cholesterol,
Type2 Diabetes
Heart Diseses
Placebo Chronic Kidney Dis- ---- Active and recruiting NCTO03475017
eases
—————— Chronic Kidney Dis- - Active and not yet NCT04413266
eases recruiting
Peritoneal Dialysis
Hemodialysis
Placebo Chronic Kidney Dis- 2 Active and recruiting NCT03223883
eases
Cognitive Decline
Placebo Chronic Kidney Dis- 2 Active and not yet NCT04132648
eases recruiting
Blood Pressure
Hyperemia
Vasoconstriction
Homotaurine, vitamin ~ Diabetic Retinopathy Completed NCT04378972

D3
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Table 2 (continued)

Drug Other Drugs Disease (S) Phase Status Identifier comments
Quercetin =~ ------ Fanconi Anemia 2 Active and recruiting NCT03476330 @ Not show effective
Squamous Cell Carci- anticancer property.
noma @ Ongoing clinical
. . trail in chornory artery
—————— Adenocarcinoma of the 1 Active ?pd not yet NCT01912820 disease, kidney disease
Prostate recruiting . .
and anemia pateints.
Recurrent Prostate
Cancer
Stage I Prostate Cancer
Stage IIA Prostate
Cancer
Stage IIB Prostate
Cancer
Stage III Prostate
Cancer
Stage IV Prostate
Cancer
—————— Coronary Artery Dis- 3 Active and recruiting NCT03943459
ease Progression
—————— Chronic Kidney 2 Active and recruiting NCT02848131
Disease
—————— Fanconi Anemia 1 Active and recruiting NCTO01720147
EGCG - Colon Cancer 1 Active and recruiting NCT02891538 @ Ongoing study in
------ Small Cell Lung Car-  -—  Active and recruiting ~ NCT01317953  cancer patient.
cinoma
—————— Diabetic Nephropathy 2 Completed NCTO01923597
Hypertension
Ingenol3 - Actinic Keratosis 4 Completed NCT02446223 @ Well tolerable and
angelateor Actinic Keratosis 4 Completed NCT02866695  effective against actinic
PEEPO5 keratosis
Resveratrol Pazopanib and Pacli- Stage III Melanoma 2 Completed NCTO01107665 @ Not effective against
taxel Stage IV Melanoma cancer patients.
Unresectable Mela- @ Ongoing clinical trial
noma in cardiac dieses and
—————— Chemoprevention Active and not yet NCT04266353  diabetic patients.
recruiting
Placebo Congestive Heart Fail- 2 Active and recruiting NCT03525379
ure Chronic
Placebo Dilated Cardiomyo- 3 Active and recruiting NCTO01914081
pathy
Placebo Type 1 Diabetes 1 Active and recruiting NCT04449198
————— Diabetes Mellitus, Active and recruiting NCT03762096
Type 2
Coronary Artery
Disease
Bryostatin ~ ----—- Breast Cancer completed NCT00003205 @ Not effective, and no
------ Lung Cancer completed NCT00005849 ~ any study is ongoing.
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Table 2 (continued)

Drug Other Drugs Disease (S)

Phase Status

Identifier comments

Midostaurin =~ ------ Core Binding Factor 2
Acute Myeloid Leu-

kemia (CBF-AML)

______ Acute Myeloid Leu- 3
kemia

—————— Acute Myeloid Leuke-  -----

mia (AML) With

FLT3 Mutation, Inter-
nal Tandem Duplica-
tion (ITD) or Tyrosine
Kinase Domain
(TKD)

Active and recruiting NCT03686345 @ Effective against
Acute Myeloid Leu-

kemia

Active and recruiting NCT03379727

Active and recruiting NCT02624570

[61], cardiac disease [62], diabetic complications [63], kid-
ney disease [64], and food-borne illness [65] through PKC
signaling pathway.

In 1982, it was shown that quercetin and related polyphe-
nols selectively inhibited protein kinase CK2 [66], soon after
in 1986 the discovery of staurosporine; an Indolocarbazoles
isolated from Streptomyces staurosporeous, as PKC inhibitor
shift paradigm in discovery and screening of natural com-
pounds as potential PKC modulators [67]. Accordingly,
some natural compounds have served as a resource for the
discovery of next-generation potential PKC inhibitors that
target the ATP binding site as well as other allosteric regions
(Table 1). This section makes efforts to provide a detailed
account of PKC modulators obtained from terrestrial plants
and marine organisms.

PKC modulatory agents obtained
from terrestrial plants

Historically, plant products have been used since ancient
times in health care based upon the knowledge passed from
generation to generation. Plant-derived products contributed
80% of total natural compounds [58]. It is also a vast source
of protein kinase C modulators (Fig. 3). These compounds
are found in a variety of fruits, vegetables, and medicinal
plants with various therapeutic properties [5, 68].

Curcumin

Curcumin; also known as diferuloylmethane is extracted
and obtained from rhizomes of curcumin longa. It com-
prises hydrophobic polyphenol molecular structure with
many bioactivities such as anti-oxidant, anti-inflamma-
tory, and antiproliferative [69, 70]. Curcumin selectively

@ Springer

inhibited PKCa through interactions with the C1 domain
[71]. Subsequent studies showed that curcumin regu-
lates PKC signaling during various disease conditions
including cancer. Curcumin inhibits invasion in lung can-
cer cells by lowering the expression of PKCa, P47phox,
NOX2, ATF2 phosphorylation, and ROS generation [60].
Interferon-induced protein with tetratricopeptide repeats 2
(IFIT2) had property to modulate aPKC signaling in oral
squamous cell carcinoma migration and invasion [72]. It
has been found that curcumin induces apoptosis in U937
human leukemia cells through the upregulation of IFIT2
[73], augmented the role of curcumin in aPKC regula-
tion indirectly. Moreover, an elegant study by Madhumita
Roy et al. demonstrated that curcumin treatment could sen-
sitize breast cancer cells to the chemotherapeutic drugs by
downregulating the PKC, telomerase, NF-kB, and HDAC
activity [74]. Although, the in vivo application of curcumin
has been limited for its unsatisfactory pharmacokinetics
like low efficacy, bioavailability, and selectivity [75, 76].
Different synthetic methods have been used to develop
many curcumin analogs, among them C-150 (N-((E)-5-(3-
hydroxyphenyl)-2-((E)-3-(3-hydroxyphenyl)acryloyl)-3-
oxo-1-phenylpent-4-en-1-yl)acrylamide) which effectively
downregulates the NF-xB and PKCa mediated glioblas-
toma, in vitro as well as in vivo study [77]. Further, a recent
study demonstrated that another curcumin analogue 1,5-
bis (4-hydroxy-3-((4-methylpiperazin- 1-yl)methyl)phenyl)
penta-1,4-dien-3-one attributed to cell cycle arrest and apop-
tosis induction in breast cancer cells through PI3K/AKT/
mTOR/PKCSH signaling pathway [78]. Additionally, the
therapeutic efficacy of curcumin was also observed in food-
borne diseases. Recently, it has been found that curcumin
suppressed the PKC pathway, thereby attenuates foodborne
illness [65]. Moreover, curcumin regulates the PKC pathway
and relaxes precontracted guinea pig gallbladder strips [79],
attenuates diabetic nephropathy [64], suppresses diabetic
cardiomyopathy [63], prevents hepatic insulin resistance



DARU Journal of Pharmaceutical Sciences (2021) 29:397-414

405

[80], and oxidative stress in the liver with typel diabetic
mice [81]. Finally, curcumin is engaged in various stages of
clinical trial studies in patients with prostate cancer, breast
cancer, advanced stage head and neck cancer (stage 111, I'V),
and chronic atrophic gastritis cancer (https://clinicaltrials.
gov/). Besides various clinical trials are ongoing to validate
the efficacy of curcumin in neurodegenerative diseases and
metabolic syndrome (Table 2) (https://clinicaltrials.gov/).

Rottlerin

Rottlerin is obtained from Mallotus philippensis also known as
Kamala tree. This compound has anti-oxidant, anti-proliferative,
and cardioprotective properties [82]. Initially, it was observed
that rottlerin selectively inhibited PKC9, but, recent research
demonstrates, it can inhibit a broad range of ser/ thr kinases
[83]. Rottlerin inhibited PKCS and decreased cell viability
and induced apoptosis of HTLV-1-infected T cells [84]. Fur-
thermore, rottlerin along with hypericin has shown synergism
and induced apoptosis in U87 MG glioma cells via regulation
of PKC$ [85]. PKC$ associated with modulation of collagen
gene expression thereby pathogenesis of tissue fibrogenesis. It
has been observed that PKCS inhibition by rottlerin resulted in
the downregulation of type-1 collagen expression and altered
NF-xB gene transcription to attenuate fibrotic diseases [86].

Quercetin

Quercetin is a dietary bioflavonoid obtained from apples,
honey, onions, red grapes, and green leafy vegetables.
Quercetin has been shown to anti-oxidant, radio-protective,
anti-proliferative, and hepato-protective properties [87].
Membrane-bound PKC was associated with histamine release
and basophil activation. Quercetin has been shown to regu-
late basophil activity accompanied by PKC signaling [88].
Moreover, quercetin has shown its anticancer efficacy by
modulating PKC activity against mouse melanoma [89], and
Hepg?2 cancer cells [90]. Neuroprotective effect of quercetin
associated with the downregulation of the PKCe pathway.
Mechanistically, quercetin and Allium cepa extract attenuates
oxidative stress and protects neuronal cells by downregula-
tion of PKCe [91]. Recently, Sanguine Byun et al. observed
that quercetin can directly target PKCS and JAK?2 in the skin
to elicit protective effects against UV-mediated skin aging
and inflammation [92]. Clinical studies are ongoing to assess
the anticancer efficacy of quercetin in patients with squa-
mous cell carcinoma and prostate adenocarcinoma (Table 2).
In addition, quercetin is engaged with dasatinib in phasel,
phase2 clinical trial study in patients with Alzheimer’s
disease (Table 2). Quercetin has also proved its therapeu-
tic effect and clinical trial study is ongoing in patients with

coronary artery disease progression in phase 3, and chronic
kidney disease (https://clinicaltrials.gov/).

Ellagic acid

Ellagic acid is present in oak species such as Quercus
alba and Quercus robus, and can be extracted from mush-
room Phellinus linteus. Mostly, in nature, they exist as
complexes called ellagitannins and geranilins, which usu-
ally undergo hydrolysis in the gastrointestinal tract to form
ellagic acid [93]. Subsequent studies proved its anti-diabetic
[94] anti-inflammatory [95], anti-neoplastic [96] property.
Initially, it was observed that ellagic acid inhibited PLCy
thus PKC cascade and thereby inhibited platelet aggregation
[97]. Studies revealed that ellagic acid improves antioxidant
activity, induces apoptosis, and inhibits tumor progression,
via regulation of the PKC pathway in Dalton’s lymphoma
cells [98-100]. Moreover, ellagic acid exerts a cardioprotec-
tive role and attenuates atherosclerosis formation by modu-
lating PKCoa/ ERK/ PPARy/ NF-xB pathway. The inhibi-
tion of this pathway resulted in decreased ROS production
and ultimately inhibition of matrix metalloproteinases 1
(MMP1), and matrix metalloproteinases3 (MMP3) expres-
sion in human umbilical vein endothelial cells (HUVECsSs)
[62].

Epigallocatechin-3 gallate

Epigallocatechin-3 gallate (EGCG) is an antioxidant poly-
phenol, mainly obtained from the dried leaf of tea [101].
Several observational studies have demonstrated that EGCG
had therapeutic effects against metabolic syndrome, neuro-
degenerative disorders, inflammatory diseases, and cancer
via regulation of many signaling pathways including PKC. It
has been demonstrated that EGCG competitively inhibits the
binding of ATP and TPA to PKC thereby suppressed PKC
activity [102]. Several studies are showing that EGCG might
play a neuroprotective role by regulating the PKC pathway.
Molecular analysis reveals that EGCG attenuates amyloid
B and 6-hydroxydopamine induced cell death in PC12 and
SH-SYSY cells accompanied through PKC activation [103,
104]. Accordingly, EGCG can activate PKC activity and
promote the degradation of Bad protein, thereby increasing
cell survival and provide neuroprotection [105]. Further-
more, it has been observed that EGCG restores neuronal
integrity through PKCy activation [106]. Recently, Zhao
et al. demonstrated that EGCG could regulate extracellular
signal-regulated kinase 1/2 (ERK1/2) and PKCa signal-
ing pathways during stress-induced neuronal injury [107].
Moreover, EGCG downregulates the high glucose-induced
PKCa and BII in glomerular epithelial cells and shown its
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nephroprotection role [108]. Further, EGCG attenuates high
glucose-induced proliferation of vascular smooth muscle
cells by inhibiting PKC and ERK1/2 pathway to attenuate
diabetic vascular complications [109, 110]. Multiple clini-
cal trial studies are ongoing to assess anticancer effects of
EGCG in patients with colon cancer, small cell lung carci-
noma, prostate cancer, and uterine fibroids (Table 2) (https://
clinicaltrials.gov/). The clinical trial has demonstrated the
efficacy of EGCG in patients with diabetic nephropathy, and
hypertension [ClinicalTrials.gov Identifier: NCT01923597].

Ingenol 3 angelate

The diterpene ester ingenol 3 angelate (I3A) or PEEPOOS is
obtained from the sap of the plant Euphorbia peplus. Struc-
turally, I3A is analogous to phorbol ester and potentially
modulates PKC isozymes by binding with the C1 domain
[111]. In human myeloid leukemia cancer cells, I3A activates
PKCS and induces cellular apoptosis [112]. Furthermore,
Meria Serova et al. demonstrated that the treatment of [3A
induces cell cycle arrest and apoptosis in colon cancer cells
by induced the activation of PKCS and reduced the expres-
sion of PKCa [113]. Moreover, I3A induces T cell survival
by activation of PKCd and simultaneously upregulation of
mcl-1 and BclxL [114]. The compound has completed vari-
ous phases of clinical trials in patients with actinic keratosis
with great success (Table 2) (https://clinicaltrials.gov/).

Resveratrol

Resveratrol is a polyphenol nonflavonoid compound
obtained from grapes, red wine, olive oil, and other foods
with anti-proliferative and anti-oxidant properties [115].
It inhibited PKCa and PI isoform at puM concentration,
whereas € and { isoform were unaffected. It may interact
with the C1 domain of PKCa and thereby regulate associ-
ated signaling networks [116]. Resveratrol inhibited TPA
induced PKC expression and attenuates metastasis in human
cervical cancer cells [117], and human colon carcinoma cells
[118]. It has been observed that PKCe activation resulted
in protection from neuro-degeneration in both cortex and
hippocampus. Morris-Blanco et al. revealed that resvera-
trol elicits neuroprotective effect via PKCe activation [119].
Nanoparticles are a causative factor for oxidative stress,
inflammation, and apoptosis in lung cells. Carbon nanopar-
ticles (CBNPs) induce inflammation in lung epithelial cells
by upregulation of Nox2, iNOS, COX-2, NO, PGE, mem-
brane expression of p67phox, increase of ROS production,
and activation of PKCa. Recent research established that
resveratrol attenuates CBNPs induced PKCa protein expres-
sion and inflammatory factors in lung epithelial cells [120].
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A hyperglycemic condition associated with increased ROS
production and vascular complications. Resveratrol treat-
ment resulted in the downregulation of ROS production
in human leukocytes cells through PKC inhibition during
hyperglycemic conditions [121]. Phase2 clinical trial study
of resveratrol in combination with Pazopanib and Paclitaxel
were tried in stage IIT and IV melanoma. This compound is
currently in phase 2 clinical trial for the treatment of conges-
tive heart failure chronic, Phase 3 for dilated cardiomyopa-
thy, and early phase 1 study for Type 1 diabetes (Table 2)
(https://clinicaltrials.gov/).

Protocatechuic acid

Protocatechuic acid (PCA) is a type of phenolic acid that can
be obtained from raspberry, Boswellia dalzielii, Cardiosper-
mum halicacabum, and Diospyros melanoxylon [122, 123].
It has been shown to have anti-inflammatory, anti-diabetic
and cognitive improving properties [122, 123]. PCA exten-
sively interacts with PKCa and affects its translocation and
reduces activity by 59% in mouse epidermal cells [124]. It
also affects PKCC, and PKCy translocation to membrane
fractions, however, PKCPI and BII remain unaffected. PCA
is reported to be an anti-diabetic drug by suppressing the
expression of PKCa and PKCp activity [125]. It was also
found that PCA could significantly attenuates inflamma-
tion in the myocardial tissue via inhibition of PKC/ PARP/
NF-«B signaling pathway [126].

Tannic acid

Tannic acid, a type of polyphenol, can be found in black
tea, Caesalpinia spinosa, Rhus semialata, Quercus infecto-
ria, and Terminalia chebula [5, 127]. Multiple studies have
shown tannic acid to exert anti-tumor, anti-bacterial, anti-
viral, anti-hypersensitive, neuroprotective and hepatopro-
tective properties [5, 128, 129]. Tannic acid reported being
decreased PKCa, BI and BII activities in mouse epidermal
cell lines [124]. Mechanistically, tannic acid increased the
levels of PKCa, BI, and BII in the cytosolic fraction and
decreased their activity in the membrane fraction of mouse
epidermis [124]. Tannic acid exerts anti-tumor activities by
inhibiting PKC activity in human carcinoma cells [130].

Miscellaneous

Other NPs from terrestrial plants have shown modulatory effects
on PKC activity. Caffeic acid isolated from coffee, blueberry,
pears and apple was reported to be a non-competitive inhibi-
tor of PKC [131]. Apegenin, belongs to flavone polyphenol
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subclass, which acts as a competitive inhibitor of ATP to PKC
[132], and induced apoptosis in leukemia cells via up-regulation
of the PKCS [133]. A study demonstrated that verbascoside
competitively and non-competitively inhibits PKC [134]. At
lower micromolar concentration viniferin inhibits PKCa, BII,
v, O, and € in non-competitive manner. Furthermore, a group
of flavonoids such as fistenluteolin, morin, and rutin has been
reported to inhibit PKC[135, 136]. It has been also observed that
hydroxytyrosol, possesses vascular protective effects via inhibi-
tion of PKC o and fI activity [137].

PKC modulators from marine organism

Oceans and seas with 70% of the earth’s surface and approx-
imately 80% of all leaving organisms are the largest ecosys-
tems [138]. According to the MarinLit database (http://pubs.
rsc.org/marinlit), more than 28,000 marine products have
been reported after being isolated from a variety of marine
sources; such as algae, bryozoa, corals, microorganisms,
sea squirts, sponges, etc. [139]. Although, the majority of
the current natural compound-derived drugs are associated
with the terrestrial origin; however, the marine organism
has attracted researchers due to inherent property to pro-
duce incomparable chemical and biological novelties [59].
A comparative study showed that marine isolated natural
compounds are superior to terrestrial natural products in
terms of chemical novelty [140]. Marine sources as kinase
modulators are vast [59]. In recent years, a variety of marine
organisms have also provided important PKC modulators
such as bryostatin-1, from the marine bryozoan Bugula neri-
tina [141]. Further, Marine sponges are also a great source
of PKC inhibitors [142].

Bryostatin

Bryostatins are a family of at least 20 macrocyclic lactones
extracted from bryozoan Bugula neritina since the late
1960s [141]. Bryostatin-1 is a prototype member of this
family (Fig. 4.). Bryostatin-1 can bind to PKC isozymes
at nanomolar concentration and modulate the activity of
cPKC and nPKC [143]. It was observed that bryostatin 1
has the highest affinity for PKCa and € isoform [144]. Most
of the pharmacological and clinical research established
bryostatinl as an anticancer and neuroprotective agent.
Several pharmacological and clinical studies have shown
that bryostatin exhibits growth-inhibiting, anti-angiogenic
effects on a variety of cancer [145]. Conversely, the anti-
apoptotic action of bryostatinl was observed in prostate can-
cer cells. Molecular study reveals that bryostatinl inhibits

PMA induced PKCS translocation and release of TNFa and
thereby apoptosis in prostate cancer cells [146]. Tumor cells
have impaired T cell functions including IFN-y production
and MHCII functions. Interestingly, bryostatinl possesses
immunomodulatory effects and abrogate cancer progression.
It has been demonstrated that bryostatin with IL2 synergisti-
cally control transcription and post the transcription of IFNy
by p38 mitogen-activated protein kinase-dependent pathway,
independent of PKC pathway [147]. Later, it has been found
that the introduction of PKC agonist bryostatinl and PMA
may improve IFNy mediated signaling cascade thereby
MHCII function in colorectal carcinoma cells [148]. Fur-
ther, bryostatin reactivates HIV1 latent expression in NHA
and U87 cells via the upregulation of PKC mainly o and
0 isoforms[149]. Nevertheless, it abrogates acute infection
in a receptor-independent manner and exerts its antiviral
property. Mechanistically, bryostatin particularly modulates
nPKC involving stress-induced AMPK, compound C par-
tially ablated viral reactivation effect [150]. As previously
described bryostatin can modulate T cell functions during
cancer progression might be a strategy to target HIV infec-
tion. Furthermore, bryostatin 1 may modulate PKC activity
and provide substantial benefit in the treatment of Alzhei-
mer’s disease, and acute ischemic stroke. It was shown that
repeated bryostatinl introduction improves survival rate,
reduced lesion volume salvaged tissue infarcted hemisphere
by reducing inflammation in acute cerebral ischemia rat by
changes in PKCa, and PKCe expression in neurons [151].
Alzheimer’s disease associated with loss of PKC activity,
mainly a and € isoforms, and accumulation of - amyloid.
Bryostatinl treatments may restores PKCa and € activity and
thus abrogate the level of soluble 3- amyloid to prevents and/
or reverses the loss of hippocampal synapses, and improve
the memory [152]. Therefore, bryostatin was studied in sev-
eral phases I and II clinical studies to check the efficacy,
tolerability, and assessing safety against moderate to severe
Alzheimer’s disease patients [153]. Reports have been sug-
gested that it was a preferable dose up to 20 pg with safety,
and effectiveness. Further, Bryostatin is involved in epithe-
lial barrier function through phosphorylation of the occludin
and recruitment of tight junction proteins like claudin-1 and
Z0-2, by PKC dependent pathway [154]. In phase I clini-
cal study bryostatin has shown anticancer efficacy against
metastatic renal cell carcinoma and soft tissue sarcoma, syn-
ergizing with temsirolimus; an mTORC inhibitor. Moreover,
bryostatin has displayed some clinical activity as a single
agent and was able to potentiate the anti-tumor activity of
some of the clinically-used cytotoxins (Taxol® and doxo-
rubicin) (https://clinicaltrials.gov/). Currently, there is no
clinical study on the therapeutic value of individual PKC
isozymes in terms of bryostatin efficacy.
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Marine sponges as PKC modulators

Marine Sponges are the richest source of PKC regulators
including xestocyclamine A from Xestospongia sp [155];
(Z)-Axinohydantoin and debromo-Z-axinohydantoin from
Stylotella aurantium [156]; frondosins A—E from Dysidea
frondosa [157], BRS1 from class Calcarea [158], naki-
jiquinones A-D from Okinawan [159], sesterpenes spon-
gianolides from genus Spongia [160], lasonolide from
Caribbean sponge Forcepia sp. [161], penazetidine A from
the Indo-Pacific marine sponge Penares sollasi [162], cor-
allidictyals A and B, from Aka (= Siphonodictyon) coral-
liphaga. Among them Frondosins A-E were also reported
to target interleukin-8 [157] and (—)-frondosins A (6) and
D (9) have shown comparable activity against the HIV virus
[163]. nakijiquinones G-I derived from Okinawan marine
sponge has shown anticancer activity against various cancer
cell lines with inhibitory effects on multiple kinases [164].

PKC modulators from bacteria
Staurosporine

It is the first reported ATP competitive PKC inhibitor, iso-
lated from Streptomyces Sp with an anti-proliferative prop-
erty [165]. However, despite its cytotoxicity activity stauro-
sporine is less selective towards PKC isozymes. Therefore
various compounds were designed based on parental stau-
rosporine structure including midostaurin, enzastaurin,
ruboxistaurin which have been evaluated in various disease
conditions (Fig. 5.) [68, 166].

Midostaurin (PKC412
or n-benzoylstaurosporine)

A semisynthetic derivative of staurosporine that recognized
as multiple kinases inhibitor including PKC with modest
isozyme selectivity. Midostaurin has shown broad anticancer
activity against solid tumor [167], melanoma cells [168],
therefore already have been approved by the FDA for the
treatment of acute myelocytic leukemia (AML) with Fms-
like tyrosine kinase 3 (FLT3)-mutant subtype [169]. In pre-
clinical studies, midostaurin has potentiated the cytotoxic
effect of various chemotherapeutic drugs against various
cancer types [170, 171]. Midostaurin was shown to have
induced antiapoptotic activity of rituximab in Burkitt’s lym-
phoma cells by reducing the phosphorylation of PKC and
consequently downstream molecules such as Bad, Bcl-2,
and NF-xB [172]. Midostaurin was well-tolerated in phase
I/IT study with few side effects and prolonged the survival
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of patients with newly diagnosed Flt3-mutated AML [173].
Additionally, midostaurin improved the overall survival and
relapse-free survival in patients with advanced systemic
mastocytosis compared with historical controls. Besides,
midostaurin was found to improve mast cell mediator-related
symptoms and quality of life [174]. Moreover, this com-
pound is currently being employed in multiple phase clinical
trials for AML with or without FLT3 mutation (Table 2)
(https://clinicaltrials.gov/).

Sangivamycin

4-Amino-5-carboxamide-7-(D-ribofuranosyl)pyrrolo[2,3-
d]pyrimidine or sangivamycin; a naturally occurring deaza
purine nucleoside analog originally isolated from the culture
broth of Streptomyces rimosus, which is known as an antitu-
mor antibiotic [175]. It is a potent PKCs inhibitor competes
with the binding of ATP at catalytic site [176]. Sangivamy-
cin and its derivatives have been evaluated as anticancer
agents against various cancer types. This drug can induce
apoptosis in breast cancer cells via Protein Kinase C6 and
JNK activation [177]. Moreover, in a comprehensive study,
it was found that ARC (ARC (NSC 188,491, SMA-491),
4-amino-6-hydrazino-7-f-d-ribofuranosyl-7H-pyrrolo-
(2,3-d)-pyrimidine-5-carboxamide) and Sangivamycin
exhibit identical activity in terms of cytotoxicity, cell cycle
arrest, inhibition of positive transcription elongation factor
b (P-TEFb), inhibition of VEGF secretion, and simultaneous
inhibition of PKC activity [178]. The antineoplastic behavior
of sangivamycin is interesting given that several reports exist
of Phase I trials of sangivamycin in patients with a range of
malignancies [166].

PKC pharmacology: Future aspects

The frequently observed perturbation of PKC signalling in
various pathological conditions, generated interest in the
designing of PKC-based drugs with isoform-specificity
and therapeutic efficacy [1]. The most common modulators
that target PKC include; ATP-binding site modulators, C1
domain binding modulators, peptides that disrupt PKC inter-
action with binding partners, and PKC-isoform specific anti-
sense oligonucleotides [10]. Despite promising preclinical
results, PKC modulators failed to produce therapeutic effects
during clinical trials. However, with the continuous emer-
gence of the non-isoform specific target of PKC modulators,
unforeseen side effects, inadequate therapeutic efficacy, the
development of PKC-modulators become very challenging.
[1]. Further, the development of isozyme selective drugs
became very difficult due to the structural homology, and
antagonistic biological effect [1, 11]. Therefore, natural
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products, which are an important source of drugs, continue
to rise in the development of new PKC modulators. The
search for PKC modulator from natural sources has proven
effective with the advent of curcumin [71], rottlerin [84],
quercetin [89], ellagic acid [98], epigallocatechin-3 gallate
[102], ingenol 3 angelate [111], resveratrol [116], protocat-
echuic acid [124], tannic acid [124], staurosporine [165].
Indeed, the involvements of PKC in life threatening diseases
and unavailability of PKC isoform specific modulators war-
rants research in PKC biology. Although scanty literature
on the NPs as PKC modulators are available, the modern
technology brings to access previously unexplored NPs, it
is certain that many more metabolites with incomparable
structures and potent PKC modulatory activities will be dis-
covered in the future.

Perspective and conclusion

The involvement of PKC in the regulation of both normal
physiology and disease condition makes it an enticing target
for drug development. In light of the above study, this article
provides few highlights in terms of NPs derived PKC modu-
lators such as (a) NPs and their derivatives can modulate
PKC signaling cascade during various pathological condi-
tions, (b) NPs could regulate PKC in isoform and context-
dependent manner (c) Few of them have proved their clinical
efficacy against various disease conditions (d) Many NPs can
bind to various kinases in a single cell or tissue type.Since
NPs and their derivatives play a critical role as therapeutic
regimes and that approximately 70% of anti-cancer drugs
are derived from natural products, and possess unique struc-
tural features, NPs have become an important research area
for drug discovery. Although the NPs have been extensively
studied in various disease conditions in vitro, clinical effi-
cacy is still under debate. The development of NPs as a PKC
modulator is expected to access unexplored new biologi-
cal targets with novel structure and potent PKC modulatory
activities. A systematic and comprehensive study of isoform-
selective PKC NPs, determining the sites of action of NPs
on PKC, so that new molecules could be developed based on
these sites. Furthermore, as our understanding of the mecha-
nism and regulation of PKC continues to grow, NPs-derived
kinase inhibitors are destined to play an expanding role in
the treatment and prevention of various diseases.
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