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Foreword

Honey is one of the nature's marvellous gifts to mankind finding mention in various
valued ancient texts. This delicious edible substance produced by honey bees has
been consumed by humans since times immemorial to supplement diet and cure
various ailments. For its innumerable medicinal properties and health benefits, from
ancient times honey has been used in traditional medicines to cure wounds, eye
diseases, hiccups, constipation, piles, eczema, ulcers, etc. The various medicinal
benefits of honey based on its antioxidant, anti-inflammatory, anti-cancerous,
neuroprotective, anti-fibrotic and anti-diabetic properties are attributed to the pres-
ence of certain active ingredients in it. Flavonoids and polyphenols, the main
bioactive compounds found in honey, are known potent antioxidants. Recent and
modern studies have attributed the presence of these bioactive compounds to its
therapeutic effects against illnesses related to nervous system, cardiovascular sys-
tem, diabetes mellitus, gastrointestinal system and even the most dreaded cancers.
The book entitled Therapeutic Applications of Honey and its Phytochemicals
(Volume II) is an in-depth compilation of recent research on this subject. The editors
Dr. Muneeb U. Rehman and Prof. Sabhiya Majid have compiled the book splendidly
shedding light on all the valuable research literature currently available on the topic.
Volume II is based on prevention and treatment of various diseases by honey and its
phytochemicals, providing finest details related to their possible mechanism of
action. The main highlights of this volume are book chapters by collaborators
from around the globe. Scientists from USA and Saudi Arabia have detailed the
molecular mechanistic approach of anti-leukemic bioactive compounds in honey.
Another chapter deals with the neuro-protective effect of honey and its mechanistic
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viii Foreword

basis. A group from Saudi Arabia and UAE has discussed neuro-protection via
NAD™ pathway in various neuro-degenerative diseases. Collaborators from India
and Saudi Arabia have discussed the molecular mechanisms underlying prevention
and treatment of cancers by honey and its phytochemicals. Another group from India
has elaborated upon the role of the phytochemicals from honey as MAP-kinase
inhibitors. Besides these, the other major chapters included in this book are focussed
on mechanistic basis of prevention and treatment of various diseases including
fibrosis, diabetes, metabolic disorders, dermatitis, cardiovascular diseases, arthritis,
wound healing and fatty liver disease by honey and its phytochemicals.

Therapeutic Applications of Honey and its Phytochemicals (Volume II) is an
exhaustive and finest compilation of its kind. It specifically presents a holistic view
of the available literature on honey and its medicinal value. The editors have
incredibly provided solid foundation of the subject to meet the requirements of
researchers, medical practitioners and entrepreneurs. For medical practitioners
including those of alternative medicine, herbal therapists, and dieticians this book
will be of immense clinical benefit. For academicians, scientists, teachers and
students, this book will be a rich source of information from where they can satiate
their quest for knowledge.

University of Kashmir Khurshid Igbal Andrabi
Srinagar, India
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Sheikh Bilal Ahmad, Manzoor Ur Rahman Mir, Wajhul Qamar,
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Abstract

Homeostasis is a collective name for the self-regulating cellular processes that
maintain cell stability and survival. Any variation from normal functioning in any
biological process can lead to different diseases or syndromes such as cancer,
diabetes, and metabolic syndromes. Cancer results by the uncontrolled division of
cells in any organ or tissue and can metastasize to other organs as well. Derail-
ment in the process of cell division is the main cause for caner development.
Leukemia—a type of cancer in which the function and production of blood cells
gets affected, is one of the leading cancers-related mortalities throughout the
world. Scientific research has witnessed a great interest in the pharmacodynamics
of naturally occurring food products or other plants or plant products of medicinal
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value in order to make them novel drug agents to target various diseases including
cancer. This chapter vividly describes phenolic compounds that can be used as
signature drugs to target leukemias. Gene expression and microarray studies have
depicted the various signaling pathways regulated by these compounds and,
hence, serve in inducing decreased cell growth and malignancy in leukemias.
Honey is well-known for its nutritional and medicinal properties since ages and is
continuously being explored for its wide pharmacological properties. Studies
have attributed significant anti-cancerous action to honey, but very less literature
is available on its antileukemic action. In this present chapter, we have
summarized the anti-leukemic activities associated with bioactive components
present in honey. Honey is a storehouse of biologically essential phenolic
compounds such as phenolic acids, tannins, flavonoids, terpenoids, and
coumarins. These compounds show tumor reduction or inhibitory action by
arresting the cell cycle, up- or downregulating mRNA expression of proteins
involved in apoptotic cascades like Bax, caspase-3, Bcl-2, NOXA, MCL-1,
rTRAIL, FAS, SCF/c-Kit complex, p-ATM, p-ATR, 14-3-3 proteins sigma,
MGMT, and HDAC:S:; deactivating drug efflux ABC transporters; various cyclins
and CDKs; and decreasing mitochondrial membrane potential. Till date no study
elucidating the effect of raw honey-derived phenolic compounds has been
undertaken and, therefore, a wide scope exists for studying the effective chemo-
therapeutic mechanisms of these compounds.

Keywords

Cancer - Leukemia - Blood cancer - Honey - Phytochemicals - Apoptosis -
Chemoprevention - Chrysin - Quercetin - Apigenin - Kaempferol - Galangin -
Hesperetin - Coumarin

1.1 Introduction

Several self-regulating biological processes take place in cells to maintain stability
with survival conditions (homeostasis). To maintain cell homeostasis, many physio-
logical processes take place inside the cell. Any derailment or fluctuation in the basic
mechanisms maintaining cellular metabolism leads to different diseases (Biswal
et al. 2017). Cancers occur due to the overgrowth of cells of any organ and can
metastasize leading to various malignancies (Cooper 2000). Leukemia is one of the
leading cancers affecting blood cell components and resulting in high risks to the life
of patients, with a global prevalence of approximately 300,000 new cases every year.
The cellular growth in these cancer cells can be kept under control by either
apoptosis or autophagy. Hence, the escape of cells from apoptosis or autophagy
stimulates proliferation of cells that can continue to grow rapidly leading to cancer,
which can eventually metastasize to other organs. Scientific research has witnessed a
great interest in the pharmacodynamics of naturally occurring food products or other
plants or plant products of medicinal value in order to make them novel drug agents
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to target various diseases. In this regard, phenolic compounds have been expressed
notable potential. The antioxidant and antiinflammatory properties of phenolics
make them potential candidates for therapeutic agents against remarkable diseases
including cancers.

Honey is well known for its nutritional and medicinal importance and is continu-
ously being explored for its wide pharmacological properties. Studies have revealed,
potential anti-cancerous action to honey, but very less literature is available related to
its anti-leukemic action. Honey is considered as a storehouse of biologically essen-
tial phenolic compounds such as phenolic acids, tannins, flavonoids, terpenoids, and
coumarins. All these compounds have been studied to possess pronounced anti-
tumorigenic action in various cancers including leukemias of different types. These
compounds show tumor reduction or inhibitory action by arresting the cell cycle
(Fig. 1.1), up- or downregulating mRNA expression of proteins involved in apopto-
tic cascades like Bax, caspase-3, Bcl-2, NOXA, MCL-1, rTRAIL, FAS, SCF/c-Kit
complex, p-ATM, p-ATR, 14-3-3 proteins sigma, MGMT, and HDACs. Moreover,
these compounds exhibit their anti-cancer action by deactivating drug efflux ABC
transporters, various cyclins and CDKs, and decreasing mitochondrial membrane
potential. But, in particular, further research is required to elucidate the antileukemic
properties of these compounds after being isolated and characterized from honey.
This chapter summarizes the molecular mechanisms associated with the antileuke-
mic action of bioactive compounds present in natural honey.

Chryzin CAPE
Galangin
Apigenin l e
idin
Hesperidi G1p
[Normal gmwlh and
a0 ) metabolism]
S phase
[Synthetic M phase | Quercitin
Phase/DNA [Mitotic phase]
replication]
G2 phase | Apigenin
[Growth and
preparatory phase]
mm
Quercitin

Fig. 1.1 Different chemical components present in honey causing cell cycle arrest at different
phases of cell division during leukemia. Caffeic acid phenylethyl ester (CAPE) leads to cell cycle
arrest at the G1 phase of cell division. Chrysin, galangin and hesperidin arrest cell cycle at the
G1/GO stages while apigenin does so at the G1/G0 and G2/M stages. Kaempferol induces arrest of
the cell cycle at the G2 phase and quercitin at the G2/M phases of the cell cycle during leukemia
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1.2 Leukemias

Hematologic cancers include myeloproliferative neoplasms, acute myeloid leukemia
(AML), Hodgkin lymphoma, myelodysplastic syndromes, and chronic lymphocytic
leukemia (CLL) (Genovese et al. 2014). AML is a major blood cell malignancy
causing increase in the proliferation of clonal myeloid cell precursors and finally
increased concentration of myeloid cells in the bone marrow (Zhu et al. 2019). It has
been studied that most commonly CLL occurs due to an imbalance of lymphocyte
apoptotic mechanisms leading to the abnormal proliferation of lymphocytes (Billard
2014).

Cancers occur due to any dysregulation in the normal physiological suicide
programs. Programmed cell deaths can be widely of two types, viz., I and II, and
are quite essential for the maintenance of steady cellular state (Nikoletopoulou et al.
2013). Hence, execution of these cellular death programs helps in the prevention of
tumorigenesis. Apoptosis is an important suicidal program and is regarded as type |
programmed cell death whereas cell death due to autophagy is regarded as type 11
programmed cell death (Towers et al. 2020). Interplay between apoptosis and
autophagy is a vital phenomenon for cellular homeostasis (Li et al. 2020). Apoptosis
in a cell is characterized by mitochondrial membrane potential loss, cytoplasmic
blebbing, DNA fragmentation, and apoptotic body formation (Li et al. 2020).
Another mechanism for cell death is autophagy characterized by lysosomal activa-
tion and the subsequent activation of degradation or phagocytotic pathways. A large
set of proteins are associated with the activation of the apoptotic cascade or signaling
in a cell. There may be proapoptotic and antiapoptotic classes of proteins which
execute simultaneously to induce apoptosis. Cell death or apoptosis is notably
induced by the upregulation of proapoptotic proteins and concomitant
downregulation of antiapoptotic proteins. Bcl-2 family of proteins like Bcl-2,
Bcl-XL, and Mcl-1 are regarded as antiapoptotic and are present in mitochondria
(Bae et al. 2020). On the other hand, proapoptotic molecules like Bax, Bad, Bck, and
BH3 domain (Puma, Noxa, Bid, Bim) are upregulated in cancer cells and cause
decrease in the survival of cells (Bae et al. 2020; Yan et al. 2020).

Furthermore, any derangement in the cell cycle progression has a pivotal role in
cancer development (Pirtoli et al. 2020). Cellular growth involves a series of
molecular events in which a parent cell converts into new daughter cells, enabling
cells to grow. The cell cycle has four important phases, namely gap 1 or the G1
phase, synthesis or the S phase, gap 2 or the G2 phase, and mitosis or the M phase.
At the molecular level, two enzyme complexes, viz., cyclin A—cyclin T and the
cyclin-dependent protein kinases (CDK 1-CDK 9) (Abubakar et al. 2012) are
involved in the course of cell cycle.

1.3  Anticancer Compounds in Honey
Honey is a miraculous food and is a depot of almost 200 substances such as sugars

including fructose and glucose, amino acids, proteins, trace amount of vitamins and
enzymes, water, etc. (Wang and Li 2011) Phenolic acids and flavonoids are the two
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Table 1.1 Phenolic
Compounds Found in
Honey

S. no. Main bioactive compound Type

1. Phenolic acids Caffeic acid
Ellagic acid
Ferulic acid
p-Coumaric acids

2. Flavonoids Chrysin
Apigenin
Kaempferol
Galangin
Quercetin
Pinocembrin
Hesperetin

3. Coumarins Coumarin

major pharmacopotent classes of compounds present in honey (Stephens et al. 2010)
(Table 1.1). Catalase, superoxide dismutase, reduced glutathione, tocopherols, and
ascorbic acid are the major compounds present in honey with antioxidative
properties. Honey and its many bioactive compounds possess antioxidative,
antiinflammatory, chemopreventive, immunoregulatory, antiatherogenic, and
wound healing properties (Fig. 1.2).

Phenolic acids are bioactive molecules present in many valuable foods including
honey. They possess many essential biological activities like antiinflammatory,
anticancerous, antioxidative, and antiatherogenic. Protocatechuic, p-coumaric,
caffeic, and vanillic acids are the various constituents of honey derived from
hydroxybenzoic acid and have potential antitumorigenic activity (Rocha et al.
2012; Tanaka et al. 2011).

1.4  Honey in Other Cancers

Honey has been used in its raw form to treat a number of cancers and has shown
significant activity in combating cancerous growth. Several studies have reported
potent anticancerous activities against many cancers like liver (Baig and Attique
2014), cervical (Fauzi et al. 2011), oral, bladder (Swellam et al. 2003), bone, and
breast (Fauzi et al. 2011) cancers (Fig. 1.2). Vascular cell adhesion molecules
(VCAM-1) and intercellular adhesion molecule or cluster differentiation 54 (ICAM-
1 or CD54) are the important endothelial cell-associated adhesion molecules which
are downregulated in prostrate (PC-3) and breast (MCF-7) cancer cell lines when
exposed to different types of Greek honey (Spilioti et al. 2014). Furthermore, honey is
a treasure of many compounds with properties of mitigating oxidative stress in cells.
Spilioti and colleagues have reported that anticancer properties of honey were
associated with its oxygen radical absorbance capacity (ORAC).


https://www.sciencedirect.com/topics/medicine-and-dentistry/catalase
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/superoxide-dismutase
https://www.sciencedirect.com/topics/medicine-and-dentistry/glutathione
https://www.sciencedirect.com/topics/medicine-and-dentistry/tocopherol
https://www.sciencedirect.com/topics/medicine-and-dentistry/ascorbic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/chrysin
https://www.sciencedirect.com/topics/medicine-and-dentistry/apigenin
https://www.sciencedirect.com/topics/medicine-and-dentistry/kaempferol
https://www.sciencedirect.com/topics/medicine-and-dentistry/galangin
https://www.sciencedirect.com/topics/medicine-and-dentistry/quercetin
https://www.sciencedirect.com/topics/medicine-and-dentistry/pinocembrine
https://www.sciencedirect.com/topics/medicine-and-dentistry/hesperetin
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Fig. 1.2 Pharmacological activities of raw honey. Natural honey possesses numerous biological
activities such as scavenging of toxic free radicals in the body by its antioxidant activity. Honey is a
potent antiinflammatory agent resulting in the downregulation of key inflammatory markers (iNOS,
Cox-2). Honey is a natural immunostimulant that protects cells from several pathogens. Honey
enhances the wound healing process that may be interrelated with its antioxidant, antiinflammatory,
and immunoregulatory activities. In addition, honey has been proved to be very beneficial against
various cancers including leukemia, and bone, liver, oral, and prostate cancers

1.5 Honey in Leukemia

Till now very little literature is available reporting honey as an antileukemic sub-
stance in either in vitro or in vivo trials. Tualang honey (TH) is a widely studied
variety of honey obtained from wild honey bees. Tualang trees present in the rain
forests of Malaysia are home to these wild honey bees. It is the source of a number of
biologically active compounds. It shows significant antileukemic effects by inducing
apoptosis in leukemic cell lines. Microscopically apoptotic changes like membrane
blebbing, apoptotic bodies, cell roundness, and fragmentations were seen in the
TH-treated cell lines, which clearly depict the apoptosis-inducing ability of TH (Man
et al. 2015). However, TH showed more pronounced antileukemic effects in acute
leukemia as compared to chronic leukemic models.

An in vivo study revealed that raw honey and one of its phenolic compounds,
eugenol, could not produce significant antileukemic activity against the rat leukemia
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model. The median survival time (MST) showed nonsignificant increase using all
the honey samples in comparison to the positive control (Jaganathan et al. 2014).
However, additional research designed to validate the effective molecules in honey
possessing antileukemic effects needs to be conducted in future.

1.6  Kaempferol

Bestwick et al. (2007) deduced the antiproliferative action of kaempferol in
promyelocytic leukemia cells (HL-60), leading to various changes in cell cycle. A
significant increase in the S-phase of cell cycle showed apoptotic changes like
increased caspase-3 activity and decreased antiapoptotic Bcl-2 expression. In acute
promyelocytic leukemia (APL), kaempferol treatment led to increase in apoptotic
gene expression and concomitantly inhibited multidrug resistance. In HL-60 and
NB4 leukemia cell models, kaempferol induced apoptosis by Akt and BCL2
downregulation while causing CASP3 and BAX/BCL 2 ratio upregulation
(Moradzadeh et al. 2018). Cancer cells show prominent multidrug resistance that
makes the anticarcinogens ineffective in these cells. ABC (ATP-binding cassette)
transporters are upregulated in these cells causing efflux of the anticancerous drugs
from the cancer cell, thus impeding the action of drug in the cancer cell (Chang et al.
2020). Kaempferol lead to a concentration-dependent decrease in the expression of
ABCBland ABCCI, which indicated inhibition of multiple drug resistance in
leukemic cell lines (Moradzadeh et al. 2018). This suggests that kaempferol can be
used as a potential anticancer drug substitute in cells that show resistance to
chemotherapeutic drugs. Kim et al. (2016) found that G2 cell cycle arrest and
mitochondrial system apoptosis led to cytotoxic effects due to kaempferol in leuke-
mia. It was proposed that the antitumor activity of kaempferol might be due to
hyperactivation of the ATM/ATR-Chk1/Chk2 pathway, which is important for
inducing DNA damages in the cell. Furthermore, increase in phosphorylation at
Ser-15 of the tumor suppressor pS3 gene; upregulation of proapoptotic genes like
Bak, PUMA (p53 upregulated modulator of apoptosis), and caspase enzyme
(caspase 3, 8, and 9); and significant loss in mitochondrial membrane potential
(Aym) were responsible for antitumorigenic activity in leukemia cells (Fig. 1.3).

Comet tail formation and fragmentation of cellular DNA depicting cell apoptosis
occurred in human promyelocytic leukemia cells (HL-60) when treated with
kaempferol. Inhibition of the expression of a set of DNA damage repair associated
protein like 14-3-3 proteins sigma (14-3-30), p-ATM, p-ATR, O6-methylguanine-
DNA methyltransferase (MGMT), DNA-dependent protein kinases, p53 and
MDCI1, have been depicted in kaempferol-treated leukemic cell lines (Wu et al.
2015).
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Decreasein  ¢==— Kaempferol s Apoptotic effect

chemotherapeuticdrug
resistance
ATP Binding Cassette

Leukemia Cell Models

NB4 HL-60
[ABCC]- Otherwise cause
effiux of drugs = =
ABCB1) wMitochondna
| “Caspase-8 BCL-2
*Caspase-9 Atk
“BAX/BCL-2 ratio |
| *'membrane y
| potential (Ajm)
phesphorylation
p53
gene

ATM/ATR- DNA damage -

Chk1/Chk2 pathway \ sl BAK
P-ATR PUMA
MGMT

14-3-30

Fig. 1.3 Role of kaempferol in cell signaling pathways in leukemia cells. In leukemia cell models,
kaempferol induces apoptosis by downregulating Akt and BCL2 and upregulating caspases and the
BAX/BCL 2 ratio. Furthermore, kaempferol enhances the effect of other chemotherapeutic drugs
(when given in combination) by inhibiting the ATP binding cassette (such as P-gp efflux pump),
thus leading to increasing bioavailability of chemotherapeutic drugs during the treatment of
leukemias. Kaempferol halts cell division by arresting cell cycle at the Gl stage resulting in
cytotoxicity in leukemia. The antitumor activity of kaempferol is due to hyperactivation of the
ATM/ATR-Chk1/Chk2 pathway, which is important for inducing DNA damages in the cell.
Furthermore, increase in phosphorylation at Ser-15 of the tumor suppressor p53 gene; upregulation
of proapoptotic genes like Bak, PUMA (p53 up-regulated modulator of apoptosis), and caspase
enzyme (caspase 3, 8 and 9); and significant loss in mitochondrial membrane potential (Aym) were
responsible for the antitumorigenic activity in leukemia cells

1.7 Quercitin

Chemically, quercetin (3,3',4',5,7-penta-hydroxyflavone) is an important bioactive
compound found in honey. Quercitin shows proapoptotic synergistic effect with
cisplatin, when given in combined treatment in murine leukemia cell lines (L.1210)
(Cipék et al. 2003). Quercetin resulted in time- and dose-dependent decreases in the
proliferation of HL-60 cells by trapping of cells in G(2) and M phases of cell cycle
and over expression of apoptotic genes (Ren et al. 2010). Potentiating the effect of
antileukemic drugs has been found with quercetin treatment in human leukemic cell
lines like U937, HL-60, and THP-1. It has been reported that several anti-cancer
drugs exert their anti-cancer action by inducing apoptosis in cancer cells due to loss
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of mitochondrial membrane potential and decrease in reduced glutathione (GSH)
content (Ramos and Aller 2008). Apoptotic cascade-like activation of Bax, caspase-
8, cytochrome c, and Omi/Htra2 with Bcl-XL downregulation might be the driving
mechanisms for the antileukemic effect in these cells. Kang and Liang demonstrated
inhibition of proliferation of HL-60 cells by quercetin in a dose- and time-dependent
manner via inhibition in the activities of TPK (tyrosine protein kinase) in the
membrane and PKC (protein kinase C) in the cytosol (Kang and Liang 1997).

Quercitin led to enhanced Bax and caspase-3 expression activity with concomi-
tant downregulated expression of Bcl-2 and NF-kB p65 mRNA levels, leading to
cell cycle arrest at S phase in leukemic rat models (Han et al. 2015). Quercitin is a
highly advantageous pharmacologically active compound showing prominent anti-
leukemic effects but suffers due to its slow solubility and, therefore, decreased
bioavailability. Therefore, to potentiate the pharmacokinetics and pharmacodynam-
ics of quercetin, pharmaceutical nanotechnology comes to the rescue. Recently,
quercetin-loaded polymer-lipid hybrid nanoparticles were used to potentiate the
antileukemic effect of quercetin (Yin et al. 2019). Epigenetic modification, including
posttranslational modifications, and DNA methylation of various proapoptotic genes
also led to the antileukemic effects of quercitin. STAT-3-dependent increase in the
expression of DNA methyltransferase (DNMT1 and DNMT3a) downregulated class
I histone deacetylases (HDACs) and increased demethylation of apoptosis inducers,
BCL2L11; DAPKI1 genes were also seen in AML models in both in vivo and in vitro
studies (Alvarez et al. 2018).

A crosstalk between apoptosis and autophagy has been reported by many studies
for the pronounced antileukemic effect of quercetin. Quercetin in combination with
green tea was able to cause significant reduction in BCL-2, BCL-XL, and MCL-1
proteins, overexpression of BAX, and caspase-3 stopping tumor growth in HL-60
(Calgarotto et al. 2018). Cells were trapped in the G1 phase of the cell cycle, and the
activity of autophagy-inducing proteins was also enhanced by quercitin treatment.
Chang et al. (2017) further demonstrated inhibition of CDK2/4, hence halting the
cell cycle progression. Activation of proapoptotic signaling like the caspase pathway
and poly (ADP ribose) polymerase (PARP)-1 cleavage are regarded as key
mechanisms for tumor regression. Activation of the autophagic cascade marked by
upregulated expression of LC3-II (light chain 3), downregulation of p62, and
formation of acidic vesicular organelles were found to be associated with antileuke-
mic effects in HL-60. Recently, a study on the CML cell line K-562 inferred the
antiproliferative effect of quercetin as there was a reduction in the expression of
some of the vital prosurvival proteins, especially heat shock proteins (HSP70),
Bcl-X(L), and Forkhead box protein M1 (FOXM1), and simultaneous upregulation
in proapoptotic genes like caspases (3 and 8) and Bax (Hassanzadeh et al. 2019).
This suggests quercetin can be a candidate flavonoid for attenuating the proliferative
mechanism by increasing apoptosis and antisurvival mechanism in leukemic cells.

Quercitin results in a dose-dependent reduction in levels of inositol 1,4,5-
triphosphate (IP3) and expression of oncogenes, viz., c-myc and ki-ras, leading to
a fragmentation of nucleosomal DNA in K562 human leukemia cells (Csokay et al.
1997). G2/M arrest associated with significant decline of cyclin D, cyclin E, and



10 I. Amin et al.

elongation factors (E2Fland E2F2), and cyclin B overexpression occurred in
quercetin-treated HL60 cells (Lee et al. 2006). Caspase-3 activation indicated by
proteolytic cleavages of its target, i.e., PLC-y1, led to DNA lysis and death in these
leukemic cells. Spagnuolo et al. (2012) demonstrated that transcriptional activity of
cell death-inducing proteins like recombinant tumor necrosis factor-alpha-related
apoptosis-inducing ligand ({fTRAIL) and CD95/FAS/apoptosis antigen 1 (APO-1)
was upregulated in ALL when exposed to quercetin. Also, both mRNA and protein
levels of Mcl-1 were decreased depicting the proapoptotic activity of quercetin.

Multiple myeloma (MM), a hematological cancer of plasma cells of bone mar-
row, incidence has increased recently all over the world. Quercitin led to the
activation of a proapoptotic pathway in MM by upregulating p21, caspases (3,9),
and poly(ADP-ribose)polymerase expression; c-myc downregulation; and G2/M
cell cycle arrest (He et al. 2016). Furthermore, in vivo studies in xenograft models
also revealed tumor growth inhibition using quercetin.

1.8  Chrysin

Chrysin or 5,7-dihydroxyflavone is a bioactive flavonoid found in honey and
possesses a wide range of pharmacological activities including anticancer effects.
Chrysin treatment in leukemic BALB/c mice enhanced the T and B cell populations
and increased macrophage-induced phagocytosis and natural killer cell cytotoxicity,
ascertaining the probable mechanism for antileukemia (Lin et al. 2012). These
immunological effects were seen by increased number of cell surface markers of
CD3 which is a T-cell maker, CD19, a B-cell marker, and Mac-3, indicating
initiation of phagocytosis in the cells. Methylated chrysin, viz.,
5,7-dimethoxyflavone (DMF), could be a potential candidate to treat ALL. DMF
produces antileukemic effects by arresting the cell cycle (G0/G1), downregulates
phosphorylated retinoblastoma-associated protein 1, and induces apoptotic changes
in ALL (Goto et al. 2012). The apoptotic effect of chrysin has been established in
ALL cell lines such as U937, MO7e, THP-1, and HL-60. However, Zaric et al.
(2015) found that chrysin can induce proapoptotic and decrease antiapoptotic
mechanisms in chronic leukemic cell lines like MOLT-4 and JVM-13 and
lymphocytes isolated from B-CLL patients. A decrease in cell viability, lowered
expression of Bcl-2, and activation of Bax, caspases, and mitochondrial cytochromes
led to apoptosis in leukemic cell lines (Fig. 1.4). Stem cell factor (SCF) in combina-
tion with c-Kit executes its function in the proliferation and differentiation of
hematopoietic stem cells. Chrysin shuts down the SCF/c-Kit-complex mediated
pathways of cell differentiation via downregulation of the PI3K pathway and a
concomitant upregulation of ERKS, CREB, and STAT3 (Lee et al. 2007). Woo
et al. (2004) found an overexpression of caspase 3 and myr-Akt signaling pathways
to be associated with apoptosis induction in U937 leukemic cell lines.

Decreased expressional activity of myeloid cell leukemia-1 (MCL-1) is
associated with antileukemic properties of chrysin (Polier et al. 2011). MCL-1
belongs to the BCL-2 family and is, thus, a key regulator in the maintenance of


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/caspase-3

1 Molecular Mechanistic Approach of Important Antileukemic Compounds Present in... 11

Fig. 1.4 Anticancer activity of chrysin, endorsing apoptosis. Chrysin influences death factors
present on cell membranes (such as TNF-related apoptosis inducing ligands—TRAIL),
downregulating antiapoptotic protein Bcl 2, and activation of Bax, caspases and mitochondrial
cytochromes leading to apoptosis in leukemic cell lines

homeostasis and growth (Xiang et al. 2018). Hence, inhibition of MCL-1 is a target
for designing drugs effective for cancer prevention. Polier et al. (2011) found the
association of Mcl-1 gene downregulation with the inhibition of cyclin-dependent
kinase 9 (CDK9) and Ser2 phosphorylation at the COO™ (carboxy) end of RNA
polymerase II (RNA pol II). This decreased transcriptional activation of Ser2 finally
stops the mRNA synthesis and protein formation. Chrysin-mediated apoptosis
occurs due to the induction of mitochondrial membrane collapse, increased reactive
oxygen species, caspase 3 activation, and selective inhibition of complex II and
complex V (ATPases) in CLL (Salimi et al. 2017). Activation of caspase 3 and
8 pathways in human leukemia cell lines (U937) has also been linked with the
chrysin-dependent antileukemic effect (Monasterio et al. 2004).

1.9 Galangin

Galangin’s antileukemic effect in human leukemia cell lines (U937) was found to be
associated with overactivation of caspases 3 and 8 inducing apoptosis and DNA
fragmentation of cancerous cells (Monasterio et al. 2004). Tolomeo et al. (2008)
found galangin potentiated imatinib’s apoptotic and antiproliferative activity in
sensitive and resistant leukemic cell lines. This was linked to an arrest of the cell
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cycle at the GO—G1lphase with a concomitant decrease in the level of cyclins (cdkl1,
cdk4, and cycline B), retinoblastoma (pRb) and BCL-2. Galangin (1-100 pM)
exerted a dose- and time-responsive antiproliferative effect in HL-60, a human
leukemia cell line (Bestwick and Milne 2006). Furthermore, DNA abnormalities
like increased hyopodiplody, membrane disruptions, and caspase-3 activation in
cancer cells were attributed with the antileukemic efficacy of galangin. Galangin
has significantly shown antiproliferative potential in other cell lines like human
hepatocellular carcinoma (HepG2) as well, by inhibiting protein kinase C/extracel-
lular signal-regulated kinase (PKC/ERK)-mediated signaling pathway (Chien et al.
2015). It was also found that G2/M or G1 phase of the cell cycle are inhibited in
colorectal cell lines (HCT116) on exposure to galangin (Sulaiman 2016).

1.10 Apigenin

Apigenin is a vital dietary flavonoid and has a chemical formula of 4',5,7-
trihydroxyflavone. Budhraja et al. (2012) found that apigenin treatment led to a
pronounced apoptotic pathway through Akt, JNK, and caspase hyperactivation with
concomitant cytochrome c release from mitochondria in human leukemic cells in
dose- and time-responsive ways. In vivo administration resulted in decreased prolif-
eration and subsequent apoptosis of tumors in U937 xenografts. Activation of
caspase (9 and 3) and PKCS, MAPKs, p38, and ERK as a result of their phosphory-
lation and induction of oxidative stress (ROS) inside the leukemic cells led to
apoptosis and cellular death (Vargo et al. 2006). This study signifies the essential
and pronounced role of PKC$ for the antileukemic nature of apigenin as was also
observed after PKCS silencing in leukemia cells.

Another mechanism for apigenin’s apoptotic activity might be its potent CDK
inhibition which, in turn, led to the downregulation of the prosurvival or
antiapoptotic gene, Mcl-1 (Polier et al. 2011). Both MCL-1 and PI3K/AKT inhibi-
tion is known to cause apoptosis and, hence, significant antileukemic effects in CLL
[Shehata et al. 2010]. Along with CDK, apigenin is believed to produce pronounced
proteasomal inhibition which is linked in attenuating tumor growth, therefore,
producing antileukemic actions in CLL cells (Chen et al. 2005).

NOXA or phorbol-12-myristate-13-acetate-induced protein 1, one of the major
proteosome inhibitors, led to proapoptotic action in CLL when exposed to apigenin
(Fennell et al. 2008). NOXA is responsible for stimulating various processes like
caspase activation, changes in mitochondrial membrane constitution and potential,
and proapoptotic cascade leading to apoptosis in cells. The Noxa/Mcl-1 axis serves
as an effective target for generating apoptotic signals in CLL as NOXA is linked to
proteosomal degeneration of MCL1 (Billard 2014) leading to decrease in survivabil-
ity in cells.

Ruela-de-Sousa and colleagues have reported apigenin as a potent
chemopreventive agent in erythroid and myeloid leukemic cell lines. Apigenin
induced a G2/M and GO/G1 phase arrest of the cell cycle in myeloid myeloid
(HL60) and erythroid (TF1) cells, respectively, which might be through
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downregulation of the JAK/STAT pathway. Antiproliferation through the PI3K/
PKB pathway inhibition which is, in turn, due to the mechanistic activation of PTEN
and apoptotic caspase pathway activation was observed in myeloid cells only. On the
other side, only increased autophagic activity was seen in erythroleukemic cells,
indicating a dominant effect of apigenin in leukemia. Apigenin also induced
autophagy through mTOR and P70S6K downregulation, in turn, reducing S6 protein
phosphorylation. TF1 cells also showed reduction of autophagy-related genes, viz.,
Atg5, 7, and 12 with apigenin treatment.

1.11 Hesperidin

Hesperidin, a flavanone, is a bioactive component in many citrus fruits and honey
that activates proapoptotic mechanisms in tumor cells leading to decrease in cell
proliferation. However, very less research has been conducted until now regarding
the antileukemic potential of hesperidin. One study by Ghorbani et al. (2012)
showed the antileukemic effects of hesperidin in human pre-B cell lines (NALM-
6). Further, significant growth inhibition was seen in these cell lines particularly
through the overexpression of PPARY under a hesperidin dosage of 10-50 pM.
Apoptosis was induced by upregulation of antisurvival or proapoptotic protein, Bax,
and a concomitant reduction in Bcl-2 and XIAP expression under a dose of
10-100 pM. Furthermore, involvement of p53 in tumor suppression was suggested
as there was upregulated expression of p53 when NALM-6 cells were pretreated
with hesperidin. Another study available suggests that hesperidin causes reduced cell
proliferation in human CML cells (K562) by arresting cell cycle at GO/G1 phase and
triggering programmed cell death (Adan and Baran 2016). Microarray analysis
revealed involvement of downstream signaling pathways like JAK/STAT, KIT
receptor, and growth hormone receptor for the antiproliferative tools of hesperidin.
Interestingly, mitochondrial membrane depolarization and activation of caspase-3
led to apoptosis and cellular death in CML cells. This suggests hesperidin as an
effective target for chemotherapeutic strategy in CML treatment protocols.

1.12 Caffeic Acid Phenylethyl Ester (CAPE)

Chemically CAPE is 2-phenylethyl, 3-(3,4-dihydroxyphenyl) acrylate and is also
known as phenethyl caffeate or phenylethyl caffeate (Kumazawa et al. 2010). CAPE
shows distinct pharmacological actions due to its varied properties, viz.,
antiinflammatory, antimicrobial, and cytotoxic (Murtaza et al. 2014). Probably the
first study conducted by Chen and coworkers demonstrated decrease in cellular
progression in HL-60 with exposure to CAPE in a dose-dependent manner. Almost
about 74% growth inhibition was observed with 10 pM of CAPE exposure within
48 h. CAPE treatment was found to induce cytoplasmic blebbing, membrane
disruptions, and chromatin condensation in HL-60 cell lines with about 25% and
67% growth reduction following 6 and 72 h treatment, respectively (Chen et al.
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2001). Furthermore, apoptotic mechanisms like the activation of caspase-3 and Bax
simultaneously with Bcl-2 expression caused inhibition to occur in CAPE-treated
HL-60 cells. Mitochondria-mediated apoptosis involved increase in cytosolic cyto-
chrome c, downregulation of Bcl-2 expression, and activation/cleavage of caspase-3
and PARP with overexpression of Bax in U937 cells when treated with CAPE (Jin
et al. 2008).

Differentiation is a leading mechanism in cancerous cells that decreases
malignancies, generating benign tumors and decreases self-renewal properties in
cancer cells (Deng et al. 2018). CAPE enhances the granulocytic differentiation
property of ATRA (all-trans retinoic acid) in HL-60 by causing arrest at the G1 phase
via inhibition of cdk2-cyclin E complex formation (Kuo et al. 2006). Also, RARa,
p21, and C/EBPe proteins showed enhanced activity leading to differentiation in
ALL cells.

Recently CAPE exposure in lymphoblastoid cell line, PL104, lead to the activa-
tion of apoptotic mechanisms like loss of mitochondrial potential (Aym), nuclear
fragmentation, and G1 stage arrest (Cavaliere et al. 2014). Transcriptional analysis
showed that survivin and Bcl-2 expressions were downregulated with subsequent
increase in Bax, and caspases 3, 7, and 9.

1.13 Conclusion

Dietary phenolic acids and flavonoids, in general, and, specifically, in honey can be
widely exploited as chemotherapeutic agents that can help in alleviating diseases and
fight critical health conditions including cancer. Most of these antiproliferative
compounds cause decrease in cell growth by putting the cell into an apoptotic
environment, halting cell cycle, and activating tumor suppressor pathways. How-
ever, the mechanism of action of these compounds is still very ambiguous. This
chapter vividly describes phenolic compounds that can be used as signature drugs to
target leukemias. Gene expression and microarray studies have depicted the various
signaling pathways regulated by these compounds and, hence, serve in inducing
decrease cell growth and malignancy in leukemias. Till date no study elucidating the
effect of raw honey—derived phenolic compounds has been undertaken and, there-
fore, a wide scope exists for studying the effective chemotherapeutic mechanisms of
these compounds.

References

Abubakar MB, Abdullah WZ, Sulaiman SA, Suen AB (2012) A review of molecular mechanisms
of the anti-leukemic effects of phenolic compounds in honey. Int J Mol Sci 13
(11):15054-15073

Adan A, Baran Y (2016) Fisetin and hesperetin induced apoptosis and cell cycle arrest in chronic
myeloid leukemia cells accompanied by modulation of cellular signaling. Tumor Biol 37
(5):5781-5795


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/retinoic-acid

1 Molecular Mechanistic Approach of Important Antileukemic Compounds Presentin... 15

Alvarez MC, Maso V, Torello CO, Ferro KP, Saad STO (2018) The polyphenol quercetin induces
cell death in leukemia by targeting epigenetic regulators of pro-apoptotic genes. Clin
Epigenetics 10(1):139

Bae CS, Lee CM, Ahn T (2020) Encapsulation of apoptotic proteins in lipid nanoparticles to induce
death of cancer cells. Biotechnol Bioproc Eng 25:264-271

Baig S, Attique H (2014) Cytotoxic activity of honey in hepatoma cells: in vitro evaluation. Pak J
Med Dent 3(1):12-16

Bestwick CS, Milne L (2006) Influence of galangin on HL-60 cell proliferation and survival.
Cancer Lett 243(1):80-89

Bestwick CS, Milne L, Duthie SJ (2007) Kaempferol induced inhibition of HL-60 cell growth
results from a heterogeneous response, dominated by cell cycle alterations. Chemico-Biol
Interact 170(2):76-85

Billard C (2014) Apoptosis inducers in chronic lymphocytic leukemia. Oncotarget 5(2):309

Biswal BN, Das SN, Das BK, Rath R (2017) Alteration of cellular metabolism in cancer cells and its
therapeutic prospects. J Oral Maxillofac Pathol 21:244-251

Budhraja A, Gao N, Zhang Z, Son YO, Cheng S, Wang X, Shi X (2012) Apigenin induces
apoptosis in human leukemia cells and exhibits anti-leukemic activity in vivo. Mol Canc
Therapeut 11(1):132-142

Calgarotto AK, Maso V, Junior GCF, Nowill AE, Latuf Filho P, Vassallo J, Saad STO (2018)
Antitumor activities of Quercetin and Green Tea in xenografts of human leukemia HL60 cells.
Sci Rep 8(1):1-7

Cavaliere V, Papademetrio DL, Lombardo T, Costantino SN, Blanco GA, Alvarez EM (2014)
Caffeic acid phenylethyl ester and MG132, two novel nonconventional chemotherapeutic
agents, induce apoptosis of human leukemic cells by disrupting mitochondrial function. Target
Oncol 9(1):25-42

Chang JL, Chow JM, Chang JH, Wen YC, Lin YW, Yang SF, Chien MH (2017) Quercetin
simultaneously induces GO/G1-phase arrest and caspase-mediated crosstalk between apoptosis
and autophagy in human leukemia HL-60 cells. Environ Toxicol 32(7):1857-1868

Chang L, Hou Y, Zhu L, Wang Z, Chen G, Shu C, Liu Y (2020) Veliparib overcomes multidrug
resistance in liver cancer cells. Biochem Biophys Res Commun 521(3):596-602

Chen D, Daniel KG, Chen MS, Kuhn DJ, Landis-Piwowar KR, Dou QP (2005) Dietary flavonoids
as proteasome inhibitors and apoptosis inducers in human leukemia cells. Biochem Pharmacol
69(10):1421-1432

Chen YJ, Shiao MS, Hsu ML, Tsai TH, Wang SY (2001) Effect of caffeic acid phenethyl ester, an
antioxidant from propolis, on inducing apoptosis in human leukemic HL-60 cells. J Agri Food
Chem 49(11):5615-5619

Chien ST, Shi MD, Lee YC, Te CC, Shih YW (2015) Galangin, a novel dietary flavonoid,
attenuates metastatic feature via PKC/ERK signaling pathway in TPA-treated liver cancer
HepG2 cells. Cancer Cell Int 15(1):15

Cipék L, Rauko P, Miadokova E, Cipékové I, Novotny L (2003) Effects of flavonoids on cisplatin-
induced apoptosis of HL-60 and L1210 leukemia cells. Leukemia Res 27(1):65-72

Cooper GM (2000) The cell: a molecular approach, 2nd edn. Sinauer Associates, Sunderland,
MA. The Development and Causes of Cancer. https://www.ncbi.nlm.nih.gov/books/NBK9963/.
Accessed 5 May 2020

Csokay B, Prajda N, Weber G, Olah E (1997) Molecular mechanisms in the antiproliferative action
of quercetin. Life Sci 60(24):2157-2163

Deng X, Zhang X, Li W, Feng RX, Li L, Yi GR, Lu B (2018) Chronic liver injury induces
conversion of biliary epithelial cells into hepatocytes. Cell Stem Cell 23(1):114-122

Fauzi AN, Norazmi MN, Yaacob NS (2011) Tualang honey induces apoptosis and disrupts the
mitochondrial membrane potential of human breast and cervical cancer cell lines. Food Chem
Toxicol 49(4):871-878

Fennell DA, Chacko A, Mutti L (2008) BCL-2 family regulation by the 20S proteasome inhibitor
bortezomib. Oncogene 27(9):1189-1197


https://www.ncbi.nlm.nih.gov/books/NBK9963/

16 I. Amin et al.

Genovese G, Kihler AK, Handsaker RE, Lindberg J, Rose SA, Bakhoum SF, Purcell SM (2014)
Clonal hematopoiesis and blood-cancer risk inferred from blood DNA sequence. N Engl J Med
371(26):2477-2487

Ghorbani A, Nazari M, Jeddi-Tehrani M, Zand H (2012) The citrus flavonoid hesperidin induces
p53 and inhibits NF-kB activation in order to trigger apoptosis in NALM-6 cells: involvement of
PPARY-dependent mechanism. Eur J Nutr 51(1):39-46

Goto H, Yanagimachi M, Goto S, Takeuchi M, Kato H, Yokosuka T, Yokota S (2012) Methylated
chrysin reduced cell proliferation, but antagonized cytotoxicity of other anticancer drugs in
acute lymphoblastic leukemia. Anti-Cancer Drugs 23(4):417-425

Han Y, YuH, Wang J,Ren Y, Su X, Shi Y (2015) Quercetin alleviates myocyte toxic and sensitizes
anti-leukemic effect of adriamycin. Hematology 20(5):276-283

Hassanzadeh A, Hosseinzadeh E, Rezapour S, Vahedi G, Haghnavaz N, Marofi F (2019) Quercetin
promotes cell cycle arrest and apoptosis and attenuates the proliferation of human chronic
myeloid leukemia cell line-K562 through interaction with HSPs (70 and 90), MAT2A and
FOXMI1. Anticancer Agents Med Chem 19(12):1523-1534

He D, Guo X, Zhang E, Zi F, Chen J, Chen Q, Yang Y (2016) Quercetin induces cell apoptosis of
myeloma and displays a synergistic effect with dexamethasone in vitro and in vivo xenograft
models. Oncotarget 7(29):45489

Jaganathan SK, Mondhe D, Wani ZA, Supriyanto E (2014) Evaluation of selected honey and one of
its phenolic constituent eugenol against L1210 lymphoid leukemia. Sci World J 2014:912051

Jin UH, Song KH, Motomura M, Suzuki I, Gu YH, Kang YJ, Kim CH (2008) Caffeic acid
phenethyl ester induces mitochondria-mediated apoptosis in human myeloid leukemia U937
cells. Mol Cell Biochem 310(1-2):43-48

Kang TB, Liang NC (1997) Studies on the inhibitory effects of quercetin on the growth of HL-60
leukemia cells. Biochem Pharmacol 54(9):1013-1018

Kim KY, Jang WY, Lee JY, Jun DY, Ko JY, Yun YH, Kim YH (2016) Kaempferol activates
G2-checkpoint of the cell cycle resulting in G2-arrest and mitochondria-dependent apoptosis in
human acute leukemia Jurkat T cells. J Microbiol Biotechnol 26(2):287-294

Kumazawa S, Ahn MR, Fujimoto T, Kato M (2010) Radical-scavenging activity and phenolic
constituents of propolis from different regions of Argentina. Nat Prod Res 24(9):804-812

Kuo HC, Kuo WH, Lee YJ, Wang CJ, Tseng TH (2006) Enhancement of caffeic acid phenethyl
ester on all-trans retinoic acid-induced differentiation in human leukemia HL-60 cells. Toxicol
App Pharmacol 216(1):80-88

Lee SJ, Yoon JH, Song KS (2007) Chrysin inhibited stem cell factor (SCF)/c-Kit complex-induced
cell proliferation in human myeloid leukemia cells. Biochem Pharmacol 74(2):215-225

Lee TJ, Kim OH, Kim YH, Lim JH, Kim S, Park JW, Kwon TK (2006) Quercetin arrests G2/M
phase and induces caspase-dependent cell death in U937 cells. Cancer Lett 240(2):234-242

Li B, Zhou P, Xu K, Chen T, Jiao J, Wei H, Xiao J (2020) Metformin induces cell cycle arrest,
apoptosis and autophagy through ROS/INK signaling pathway in human osteosarcoma. Int J
Biol Sci 16(1):74

Lin CC, Yu CS, Yang JS, Lu CC, Chiang JH, Lin JP, Chung JG (2012) Chrysin, a natural and
biologically active flavonoid, influences a murine leukemia model in vivo through enhancing
populations of T-and B-cells, and promoting macrophage phagocytosis and NK cell cytotoxic-
ity. In Vivo 26(4):665-670

Man N, Khuzaimi NM, Hassan R, Ang CY, Abdullah AD, Radzi M, Sulaiman SA (2015)
Antileukemic effect of tualang honey on acute and chronic leukemia cell lines. Bio Med Res
Int 2015:307094

Monasterio A, Urdaci MC, Pinchuk IV, Lopez-Moratalla N, Martinez-Irujo JJ (2004) Flavonoids
induce apoptosis in human leukemia U937 cells through caspase-and caspase-calpain-depen-
dent pathways. Nutr Cancer 50(1):90-100

Moradzadeh M, Tabarraei A, Sadeghnia HR, Ghorbani A, Mohamadkhani A, Erfanian S, Sahebkar
A (2018) Kaempferol increases apoptosis in human acute promyelocytic leukemia cells and
inhibits multidrug resistance genes. J Cell Biochem 119(2):2288-2297



1 Molecular Mechanistic Approach of Important Antileukemic Compounds Present in... 17

Murtaza G, Karim S, Akram MR, Khan SA, Azhar S, Mumtaz A, Hassan MH (2014) Caffeic acid
phenethyl ester and therapeutic potentials. Bio Med Res Int 2014:145342

Nikoletopoulou V, Markaki M, Palikaras K, Tavernarakis N (2013) Crosstalk between apoptosis,
necrosis and autophagy. Biochim Biophys Acta 1833(12):3448-3459

Pirtoli L, Belmonte G, Toscano M, Tini P, Miracco C (2020) Comment on “Everolimus induces G1
cell cycle arrest through autophagy-mediated protein degradation of cyclin D1 in breast cancer
cells”. Am J Physiol Cell Physiol 18(2):448-449

Polier G, Ding J, Konkimalla BV, Eick D, Ribeiro N, Kohler R, Li-Weber M (2011) Wogonin and
related natural flavones are inhibitors of CDK9 that induce apoptosis in cancer cells by
transcriptional suppression of Mcl-1. Cell Death Dis 2(7):182-182

Ramos AM, Aller P (2008) Quercetin decreases intracellular GSH content and potentiates the
apoptotic action of the antileukemic drug arsenic trioxide in human leukemia cell lines. Biochem
Pharmacol 75(10):912-1923

Ren HJ, Hao HJ, Shi YJ, Meng XM, Han YQ (2010) Apoptosis-inducing effect of quercetin and
kaempferol on human HL-60 cells and its mechanism. Zhongguo Shi Yan Xue Ye Xue Za Zhi
18(3):629-633

Rocha LD, Monteiro MC, Teodoro AJ (2012) Anticancer properties of hydroxycinnamic acids—a
review. Cancer Clin Oncol 1(2):109-121

Salimi A, Roudkenar MH, Seydi E, Sadeghi L, Mohseni A, Pirahmadi N, Pourahmad J (2017)
Chrysin as an anti-cancer agent exerts selective toxicity by directly inhibiting mitochondrial
complex II and V in CLL B-lymphocytes. Cancer Investig 35(3):174-186

Shehata M, Schnabl S, Demirtas D, Hilgarth M, Hubmann R, Ponath E, Gaiger A (2010) Reconsti-
tution of PTEN activity by CK2 inhibitors and interference with the PI3-K/Akt cascade
counteract the antiapoptotic effect of human stromal cells in chronic lymphocytic leukemia.
Blood 116(14):2513-2521

Spagnuolo C, Russo M, Bilotto S, Tedesco I, Laratta B, Russo GL (2012) Dietary polyphenols in
cancer prevention: the example of the flavonoid quercetin in leukemia. Ann N 'Y Acad Sci 1259
(1):95-103

Spilioti E, Jaakkola M, Tolonen T, Lipponen M, Virtanen V, Chinou I, Kassi E, Karabournioti S,
Moutsatsou P (2014) Phenolic acid composition, antiatherogenic and anticancer potential of
honeys derived from various regions in Greece. PLoS One 9(4):¢94860

Stephens JM, Schlothauer RC, Morris BD, Yang D, Fearnley L, Greenwood DR, Loomes KM
(2010) Phenolic compounds and methylglyoxal in some New Zealand manuka and kanuka
honeys. Food Chem 120(1):78-86

Sulaiman GM (2016) Molecular structure and anti-proliferative effect of galangin in HCT-116 cells:
in vitro study. Food Sci Biotechnol 25(1):247-252

Swellam T, Miyanaga N, Onozawa M, Hattori K, Kawai K, Shimazui T, Akaza H (2003)
Antineoplastic activity of honey in an experimental bladder cancer implantation model:
in vivo and in vitro studies. Int J Urol 10(4):213-219

Tanaka T, Tanaka T, Tanaka M (2011) Potential cancer chemopreventive activity of protocatechuic
acid. J Exp Clin Med 3(1):27-33

Tolomeo M, Grimaudo S, Di Cristina A, Pipitone RM, Dusonchet L, Meli M, Simoni D (2008)
Galangin increases the cytotoxic activity of imatinib mesylate in imatinib-sensitive and
imatinib-resistant Ber-Abl expressing leukemia cells. Cancer Lett 265(2):289-297

Towers CG, Wodetzki D, Thorburn A (2020) Autophagy and cancer: modulation of cell death
pathways and cancer cell adaptations. J Cell Biol 219(1):e201909033

Vargo MA, Voss OH, Poustka F, Cardounel AJ, Grotewold E, Doseff Al (2006) Apigenin-induced-
apoptosis is mediated by the activation of PKCS and caspases in leukemia cells. Biochem
Pharmacol 72(6):681-692

Wang J, Li QX (2011) Chemical composition, characterization, and differentiation of honey
botanical and geographical origins. Adv Food Nutr Res 62:89-137



18 I. Amin et al.

Woo K1, Jeong YJ, Park JW, Kwon TK (2004) Chrysin-induced apoptosis is mediated through
caspase activation and Akt inactivation in U937 leukemia cells. Biochem Biophys Res Commun
325(4):1215-1222

Wu LY, Lu HF, Chou YC, Shih YL, Bau DT, Chen JC, Chung JG (2015) Kaempferol induces DNA
damage and inhibits DNA repair associated protein expressions in human promyelocytic
leukemia HL-60 cells. Am J Chin Med 43(02):365-382

Xiang W, Yang CY, Bai L (2018) MCL-1 inhibition in cancer treatment. Onco Targets Ther
11:7301-7314

Yan YY, Shi KY, Teng F, Chen J, Che JX, Dong XW, Zhang B (2020) A novel derivative of
valepotriate inhibits the PI3K/AKT pathway and causes Noxa-dependent apoptosis in human
pancreatic cancer cells. Acta Pharmacol Sin 41:835-842

Yin J, Hou Y, Song X, Wang P, Li Y (2019) Cholate-modified polymer-lipid hybrid nanoparticles
for oral delivery of quercetin to potentiate the antileukemic effect. Int ] Nanomedicine 14:4045

Zaric M, Mitrovic M, Nikolic I, Baskic D, Popovic S, Djurdjevic P, Zelen I (2015) Chrysin induces
apoptosis in peripheral blood lymphocytes isolated from human chronic lymphocytic leukemia.
Anticancer Agents Med Chem 15(2):189-195

Zhu B, Xi X, Liu Q, Cheng Y, Yang H (2019) MiR-9 functions as a tumor suppressor in acute
myeloid leukemia by targeting CX chemokine receptor 4. Am J Transl Res 11(6):3384



®

Check for
updates

Possible Therapeutic Potential

of Flavonoids and Phenolic Acids from
Honey in Age-Related Neurodegenerative
Diseases Via Targeting NAD* Degradation

Andleeb Khan, Saeed Alshahrani, Azher Arafah, Wajhul Qamar,
Ambreen Shoaib, Adil Farooq Wali, Insha Amin,
Saad Saeed Algahtani, and Muneeb U. Rehman

Abstract

Neurodegenerative disorder is the major age-related problem with no specific
cure. The drugs available in the market relieve the severity of the disease and
increase the average life span. There is always room for more novel therapeutic
strategies for the prevention of neurodegenerative diseases. Honey has been used
since ages for various disease prevention, and recently it has been used to combat
these diseases too. The flavonoids and the phenolic acids of honey have preven-
tive effects and have been known to exhibit antioxidant, anti-inflammatory, and
anti-apoptotic effects. These phytochemicals can prevent the neurodegeneration
via NAD pathway where they are responsible for inhibiting CD38, PARP and
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activating SIRT1 overall by increasing the concentration of NAD in the neurons.
With an increase in the amount of NAD, Sirtuins can be activated which protects
age-related neurodegenerative diseases. Therefore, honey can be used as “NAD
compounds” in clinics but with further mechanistic research.
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2.1 Introduction

Neurodegenerative disorders including Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), temporal
lobe epilepsy, and ischemia/hypoxia are major problems with aging. All these
diseases are a cause of increased burden on individuals, families, society, and
country as a whole (Rotermund et al. 2018). A lot of studies are conducted to
underline the biological and genetic cause of these diseases but still there are only
symptomatic treatments for majority of them. Moreover, the chemical-induced
treatment has introduced many side effects and drug resistance in patients on
long-term usage (Ahmed et al. 2018). Therefore, despite new researches in the
development of the prevention of these diseases, still there is room for more novel
therapeutic strategies.

Alternative treatment has profound advantages over traditional western medicines
as they have less side effects. A lot of studies are going on to introduce the
complementary and alternative medicines (CAM) in all forms of diseases. Honey
is a product of nature which has pull off the attention of investigators as a comple-
mentary and alternative medicine (Othman 2012a, b; Ahmed and Othman 2013).

Honey is employed for its sanative effects since ages. It has around 200 substances
(Eteraf-Oskouei and Najafi 2013). It is a trusted source for vitamins and minerals
(White 1979). Honey constituents vary as bees feed on different plants. Almost all
kinds of honey contain flavonoids and antioxidant enzymes which can work together
to improve the condition of any disease (Alvarez-Suarez et al. 2010; Rakha et al.
2008; Turkmen et al. 2006; Johnston et al. 2005; Al-Mamary et al. 2002).

In many recent studies, Honey per os has been indicated for anorexia, insomnia,
intestinal and stomach ulcers, osteoporosis, and respiratory tract infections. Applied
externally, honey can be used to treat many skin disorders including eczema, lip
sores, athlete’s foot, and different kinds of wounds (like accidents, surgery,
bedsores, or burns) (Olaitan et al. 2007). Regrettably, research on
neuropharmacological effects of honey is exiguous, still a fact that honey has
memory enhancer properties cannot be ignored (Rahman et al. 2014). The isolated
flavonoids and polyphenols from natural products possess antioxidant activity as
suggested by these studies (Jimenez-Del-Rio et al. 2010; Ortega-Arellano et al.
2011). Still we do not have adequate amount of knowledge regarding the use of
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honey in neurodegenerative disorder, we tried to summarize some in this book
chapter.

Neurodegenerative disorder is multifactorial and has many pathways working
together to exhibit the neurological systems. One of the main pathways which is
attributed to neurodegenerative disorder is NAD™ metabolism (Johnson and Imai
2018). Biogenesis and regulation of NAD" have attracted competing interests in
recent years. It has been found that aging is accentuated by reduction in NAD*
throughout various tissues (Johnson and Imai 2018). Many studies have implicated
NAD biosynthesis as a promising target for preventing neurodegenerative diseases.

Mitochondria dysfunction is a diagnostic factor of many neurodegenerative
diseases and leads to NAD" depletion, which is monitored with aging in humans
too (Kerr et al. 2017). NAD" is a vital coenzyme for many enzymes responsible for
various metabolic processes particularly with regard to glycolysis, TCA cycle, and
oxidative phosphorylation (Imai and Yoshino 2013; Verdin 2014; Haigis and
Sinclair 2010). It is also a crucial substrate for NAD"-exhausting enzymes like
sirtuins (SIRT), poly-ADP-ribose polymerases (PARPs), and cluster of differentia-
tion 38 (CD38) (Johnson and Imai 2018) which are already known to regulate
numerous fundamental and cellular processes (Imai and Guarente 2014). In
mammals, NAD" biosynthesis is done by three processes: salvage pathway from
nicotinamide (NIC), de novo pathway from tryptophan, and Preiss-Handler pathway
from nicotinic acid. Several enzymes in metabolic pathways use this generated
NAD"*. From all these enzymes, three are very important, viz. CD38, PARPs, and
SIRTs. Maximum cellular degradation of NAD™ is attributed to CD38 and PARPs,
whereas SIRTs have minor role in NAD™ degradation (Chini et al. 2017).

NAD"-dependent pathway activation has multiplied oxidative stress to several
folds as a consequence of intonation of mitochondrial function. As major or auxiliary
component of pathological processes, dysfunction of mitochondria and cellular
oxidative stress simultaneously are responsible for pathogenesis of AD, PD, ALS,
and HD (Sasaki et al. 2009; Summers et al. 2014; Yang et al. 2015; Dellinger et al.
2017). Hence, NAD" metabolism has come into existence as a new therapeutic focus
for aging and neurodegenerative disorders.

There is reduction of NAD" with age and the significant cause of this decline is
the depletion of nicotinamide phosphoribosyltransferase (NAMPT)-mediated NAD*
biosynthesis (Yoshino et al. 2011; Stein and Imai 2014). Another cause for this
decline is the increased breakdown of NAD" by activation of NAD exhausting
enzymes like PARP and CD38. Together, the decrease in synthesis and elevation
in the consumption of NAD™ is responsible for a variety of age-affiliated pathologies
(Ramsey et al. 2008; Mouchiroud et al. 2013; Stein and Imai 2014).

All these studies summarize that NAD* depletion signaling is a key process in
aging, still a detailed mechanism of this pathway is not available. It can be
hypothesized that increasing the availability of NAD™ can lead to protection of
neurodegenerative disorders. This chapter replenishes the subsisting literature in
this area with emphasis on mechanisms dealing with regulation of NAD* homeosta-
sis and how this equilibrium is disrupted in aging and neurodegeneration with focus
on AD, PD, and ALS will be discussed. It also focuses on the supplementation with
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honey to combat the adverse effects of these diseases by the NAD* homeostasis
leading to prevention of disease.

2.2  Age-Related Neurodegenerative Pathologies (ANP)

Age-related neurodegenerative pathologies (ANP) affect aging individuals is a
known stuff now. The rise in the age of people over 65 years was 703 million in
2019 which is likely to be higher than two billion in 2050 (UN 2019). It is estimated
that in aging demographics, by 2050, there will be 120% change between 2019 and
2050 and for first-time ever in history, young people in the world will undershoot in
number than the aged people (World Health Organization 2018).

With increase in the population age, ANPs like AD and PD have turned to be
most prevalent (Reitz et al. 2011; Reeve et al. 2014), and ALS also seems to have
followed the similar trend but still has to be proved (Beghi et al. 2006).

Aging can be defined as the physical variations established in adulthood, causing
decline in efficiency of functions, decline homeostasis, leading to death. Aging of
living beings is a continuous process, but its rate varies from individual to individual.
The nervous system is damaged with age accounting to the shrinking of the brain
mass with less or nonfunctional neurons. The nervous system network is deeply
impaired leading to alterations in the nervous circuits and synapses. The most
important areas of hypothalamus lose nerve cells which may lead to various physio-
logical changes. These changes could be impaired metabolism and circadian rhythm
leading to mental and emotional vagary in such people. Aging contributes to a
decrease of important neurotransmitters like dopamine, tyrosine hydroxylase, sero-
tonin, noradrenaline, and cholinesterase and an elevation in the activity of mono-
amine oxidase (Hung et al. 2010).

The major risk factor of neurodegenerative pathologies is aging. It leads the
patients to various neurological problems with inability of self-repair. Bishop et al.
2010 in order to control aging have proposed various signaling pathways. To name a
few are target of rapamycin (TOR) signaling, SIRTs, insulin/IGF-1 signaling, and
mitochondrial function. Recent investigations have proved the engagement of these
pathways in ANP.

At cellular level, many harmful processes like oxidative stress, dysfunction of
mitochondria, DNA damage, and death of cells lead to aging (Sahin and Depinho
2010). It was found in pathological reports that oxidative stress is present in the brain
samples of patients with common ANPs including AD, PD, and ALS (Andersen
2004). Smith et al. 2010 suggested that the cortex and medulla of the brain of
patients with preclinical Alzheimer and mild cognitive impairment have elevated
iron and free radical generation. Numerous reports suggest that antioxidant enzyme
activities (catalase, glutathione peroxidase, glutathione reductase, and superoxide
dismutase (SOD)) were significantly inhibited in the AD brains (Zemlan et al. 1989;
Pappolla et al. 1992). Glutathione, the master antioxidant in the brain, is also
reported to reduce in PD brains particularly in substantia nigra region (Pearce
et al. 1997; Perry et al. 1982; Perry and Yong 1986). The major cause of
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neurodegenerative disorders is elevation of oxidative stress which results due to the
deterioration of antioxidant defense and repair mechanism. Longevity and
epigenetics have an association between each other. It is found that the SIRT1
gene promotes longevity of mammals (Frye 1999; Blander and Guarente 2004).

2.2.1 Alzheimer’s Disease

With the modern lifestyle at ease, the span of life increases due to which dementia is
a rising issue in developed countries. The most widespread of dementias is
Alzheimer’s. Due to variability in humans, Alzheimer’s disease has been reported
to affect people in a variety of ways, but forgetfulness is considered to be the most
common symptom. This could be due to brain cell disruption mainly in new memory
forming region, viz. hippocampus and frontal cortex. Alzheimer’s disease is a
multifactorial disease having more than one cause with age as the major risk factor.

Neurofibrillary tangles and senile plaques are the major pathological
characteristics of AD in the cortex and hippocampus. In AD brain, there is accumu-
lation of beta-amyloid protein outside neurons and the accumulation of the tau
protein in the cytosol of nerve cells. In this disease, the cell-to-cell communication
is lost due to decrease in synapses and neurotransmitters and accumulation of beta-
amyloid protein in extracellular matrix and eventually the neurons die. Inside the
neuron, there is accumulation of abnormal tau protein forming neurofibrillary
tangles blocking the nutrient and essential molecules transport leading to the cell
death. Van Ham et al. 2009 suggested that the cellular changes as a result of aging
may contribute to the protein misfolding and aggregation mechanisms. Aged brain is
more prone to oxidative stress and mitochondria dysfunction. The brain is highly
susceptible to oxidative damage due to its high fat content and defective mitochon-
drial function due to high bioenergetics demands (Bishop et al. 2010). The main
target contributing to the aging of brain is disruption of mitochondrial functions of
neurons which make neurons more susceptible to age-dependent pathological
changes (Bishop et al. 2010). Numerous studies have revealed that antioxidants
may play a protective role in the prevention of the pathogenesis of AD (Javed et al.
2012; Khan et al. 2012; Ishrat et al. 2009).

2.2.2 Parkinson’s Disease

Second commonest neurodegenerative disease in aged population is PD. It is
stemming disorder of the nervous system consisting of both motor and nonmotor
systems. It involves formation of Lewy bodies by accumulation of misfolded protein
called a-synuclein (van Ham et al. 2009). These Lewy bodies are located in lower
brain stem and olfactory regions, cortex, and midbrain (Braak et al. 2003, 2006). In
PD, degeneration of dopaminergic neurons is confined to substantia nigra pars
compacta that project to the striatum (Samii et al. 2004). PD like AD is multifactorial
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with aging, family history, pesticide exposure, and environmental chemicals (e.g.,
synthetic heroin use) to name a few.

The main signs and symptoms of PD include rest tremor, bradykinesia, rigidity,
and stoopy posture which becomes evident when striatal dopamine (80%) and nigral
neurons (50%) are diminished (Fearnley and Lees 1991). Other symptoms include
dementia, depression and anxiety, speech changes, writing changes, orthostasis, and
hyperhidrosis.

Hindle 2010 stated in his study the greatest risk factor for PD is progressive age.
The clinical course and pathological progression of PD can be influenced by
age-related factors. In one of the longitudinal cohort study by Halliday and McCann
2010, it was found that dementia appeared earlier in PD patients with age >70 years
with much shorter course as compared to the younger onset patients. The other
finding describes that in older onset patients, more a-synuclein-containing Lewy
bodies were found in the whole brain contributing to age-related plaque in the older
onset patients (Halliday and McCann 2010). Even the responsiveness to different
medications was also affected by the age.

2.2.3 Amyotrophic Lateral Sclerosis (ALS)

ALS is heterogeneous age-related neurodegenerative disease triggered by the con-
tinuous degeneration of upper motor neurons and lower motor neurons leading to
inexorably weakness. There is muscle atrophy and fasciculation due to the death of
lower motor neurons, whereas the death of upper motor neurons causes spasticity
and elevated reflex activity. The resulting effect of these neuronal loss leads to the
death of the patient within 1-5 years from symptoms onset. Generally the etiology of
ALS is unknown. Mostly this disease has sporadic nature (SALS) with unknown
nature (Renton et al. 2014), but around 5-10% of all the reported cases are genetic
contributing to familial ALS (FALS). There are around 30 different genes which
have been linked to the familial form of ALS (Renton et al. 2014), but the main
enzyme responsible for FALS is superoxide dismutase 1 (SOD1) (Rosen et al. 1993).

The clinical diagnosis of the disease is still a challenge, hence there are substantial
delays in the treatment. A substantial research has to be done to eliminate these
disease mimics. At present, the only drugs available are Rilutek (riluzole) and
Radicava (edavarone) which are disease-modifying therapies. As a result, ALS is
an effective area of research aiming at exploring novel therapeutic strategies.

23 Nicotinamide Adenine Dinucleotide (NAD™): A Key
Metabolic Regulator

NAD" is a pyridine nucleotide which serves as energy provider to the cells by
catabolism of fuel substrates. Sir Arthur Harden and colleagues discovered NAD*
(Harden and Young 1906) more than a 100 years ago. It is a vital coenzyme that
serves two functions: it act as coenzymes for enzymes that are responsible for
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reduction—oxidation reactions in many metabolic pathways like glycolysis and
oxidative phosphorylation, where electron is carried by this molecule from one
reaction to the other, and second function is that it acts as a cofactor for several
other enzymes like DNA repair protein poly(adenosine diphosphate—ribose)
polymerases (PARP), for deacetylases of the sirtuins, for activity of cyclic
ADP-ribose hydrolases CD38 and for normal functioning of sterile alpha and toll/
interleukin-1 receptor motif-containing 1 (SARM1) (Essuman et al. 2017).

2.3.1 NAD* Concentration in Cells

There is always homeostasis between consumption and biosynthesis of NAD*
making its concentration stable in cells. There are many enzymes involved in
these processes which have different roles in maintaining the homeostasis.

2.3.2 Biosynthesis of NAD*

Nikiforov et al. 2015 and Yang and Sauve 2016 have extensively studied the NAD*
synthesis mechanisms. In this chapter, we will focus on the effect of NAD* on the
conditions related to aging and neurodegeneration.

The synthesis of NAD* can be done by five major precursors: tryptophan,
nicotinic acid, nicotinamide, nicotinamide mononucleotide (NMN), and nicotin-
amide riboside (NR). Different pathways are responsible for the NAD* synthesis.
The three main pathways synthesizing NAD" are Preiss-Handler pathway, de novo
pathway, and salvage pathways which are described in Fig. 2.1.

In Preiss-Handler pathway, dietary nicotinic acid is converted to nicotinic acid
mononucleotide (NAMN) in the presence of the enzyme nicotinic acid
phosphoribosyltransferase (NAPRT). NAMN transferase (NMNAT) converts
NAMN into NAAD. NMNAT have three isoforms: NMNATI, -2, and -3 which
are found in distinct subcellular localizations. NAAD thus formed is then
transformed to NAD* by NAD" synthase (NADS) enzyme.

NAD" is formed by essential amino acid L-tryptophan in de novo pathway. This
process of conversion is completed in eight steps (Nikiforov et al. 2015). The first
reaction constitutes the tryptophan conversion to N-formylkynurenine, which in
mammals can be catalyzed by two enzymes (tryptophan-2,3-dioxygenase (TDO)
and indoleamine 2,3-dioxygenase (IDO)). This step is considered to be the rate-
limiting step of the process. TDO is found in liver and leads to production of NAD*
in liver while IDO is expressed in extrahepatic tissues including lungs, intestine, and
spleen (Yamazaki et al. 1985; Kudo and Boyd 2000). Formamidase (KFase)
converts N-formyl kynurenine into kynurenine. Kynurenine is converted into
3-OH kynurenine in a reaction catalyzed by kynurenine 3-hydroxylase (K3H).
Kynureninase (Kyase) then forms 3-hydroxyanthranilate, which gets transformed
into a-amino-fB-carboxymuconate-y-semialdehyde (ACMS) by
3-hydroxyanthranilate 3,4-dioxygenase (3HAO). This is the branching point of de
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Fig. 2.1 The pathways for maintaining the NAD* levels in neurons. The cells maintain the NAD*
concentration by maintaining the homeostasis between the catabolism and anabolism of NAD*. The
generation of NAD" is done by three pathways. First is the Preiss-Handler pathway where dietary
nicotinic acid is converted to nicotinic acid mononucleotide (NAMN) in the presence of the enzyme
nicotinic acid phosphoribosyltransferase (NAPRT). NAAD is generated from NAMN by NAMN
transferase (NMNAT). The final step is carried out in the presence of NAD* synthase (NADS) by
conversion of NAAD into NAD™. Second pathway is de novo synthesis where the formation of
NAD is done from tryptophan. Tryptophan is converted to quinolinic acid in a number of steps
generating NAMN as final product. NAMN generated then converges to Preiss-Handler pathway.
The NAD" salvage pathway is the third pathway wherein the nicotinamide produced as a
by-product of the enzymatic activities of sirtuins, PARPs, and the cADPR synthases CD38 is
recycled. Initially, nicotinamide is converted into nicotinamide mononucleotide (NMN) by nicotin-
amide phosphoribosyltransferase (NAMPT) which is then converted into NAD™ via different
nicotinamide mononucleotide adenylyltransferases (NMNATS)

novo NAD* synthesis pathway (Bender 1983; Houtkooper et al. 2010). By cycliza-
tion, the ACMS formed will be converted to quinolinic acid (QA), which is then
converted to NAMN by quinolinate phosphoribosyltransferase (QPRT). At this
point, NAMN fuses with the Preiss—Handler pathway and produced NAD". The
other fate of ACMS could be removal of its carbon group which either leads to the
production of picolinic acid or is directed to total oxidation to CO, and H,O.

In salvage pathway, nicotinamide (NAM) is converted to form nicotinamide
mononucleotide (NMN) by nicotinamide phosphoribosyltransferase (NAMPT).
This step is rate limiting (Revollo et al. 2004). NMN adenylyltransferases
(NMNAT) then transforms NMN into NAD* (Wang et al. 2006; Bogan and Brenner
2008). Many enzymes consume NAD" to generate NIC again along with various
products. This NIC can again be used in the salvage pathway.
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Fig. 2.2 NAD"-consuming enzymes in neurodegeneration. NAD™ concentration in the cell has the
ability to affect the activities of regulator enzymes: the sirtuins, the poly(ADP-ribose) polymerases
(PARPs), cyclic ADP-ribose synthases, and sterile alpha and Toll/interleukin-1 receptor motif-
containing 1 (SARM1). These enzymes serve to regulate various significant processes by using
NAD?, thus limiting its concentration in the cell

2.3.3 Catabolism of NAD"

The consumption of NAD™ is involved in many proteins and pathways (Osborne
et al. 2016; Kupis et al. 2016; Gibson and Kraus 2012; Malavasi et al. 2008) but only
briefly described here (Fig. 2.2).

2.3.3.1 Sirtuins

These are family of proteins that regulate the cellular health by maintaining the
cellular homeostasis. It can work only in the presence of NAD*, hence acts as
NAD*-dependent deacetylases or deacylases which is responsible for regulation of
many regulating proteins. In mammals, there are seven sirtuin members, SIRT1-7.
The localization of these members is in different subcellular regions having different
enzymatic functions (Bheda et al. 2016). SIRT1 is located in the nucleus as well as
cytosol (Tanno et al. 2007). Cytosol is the main location of SIRT2, but it can also be
found in the nucleus (Vaquero et al. 2006). SIRTS is localized in the mitochondrial
compartments (Verdin et al. 2010), while the locations of SIRT6 (Mostoslavsky
et al. 2006) and SIRT7 are nucleus and nucleolus, respectively (Ford et al. 2006). All
the functions carried out by these proteins require NAD* compulsorily.

2.3.3.2 PARPs
PARPs are NAD"-consuming enzymes which act by breaking it into nicotinamide
and ADP-ribose (ADPR). PARP1 and 2 are major enzymes responsible for DNA



28 A. Khan et al.

repair, consuming major NAD™ molecules in the nucleus (Morales et al. 2014).
Exaggerated PARP-1 activation leads to cellular NAD™ and ATP pools depletion.
PARPs and SIRT1, both have NAD™ as common substrate and as a result there is
always a competition in their activities. When there is an increase in DNA damage,
PARP activation decreases the functions of SIRT and vice versa. PARP1 inhibition
by genes and drugs increases the total cellular NAD" levels (Bai et al. 2011; Pirinen
et al. 2014).

2.3.3.3 CD38

Another molecule known to catabolize NAD which is found in mammals is CD38. It
acts on NAD" hydrolyzing it into ADPR and nicotinamide. The secondary role of
CD38 mediating cellular signaling is generation of cyclic ADPR (cADPR), a potent
Ca* inducer (De Flora et al. 2004). CD38 also degrades the precursors of NAD*,
viz. NMN and NR along with consumption of NAD™ directly, thus decreasing the
total cellular NAD™ content (Grozio et al. 2013; Preugschat et al. 2014).

2.3.3.4 SARM1

Sterile alpha and toll/interleukin-1 receptor motif-containing 1 (SARM]1) is a new
class of NAD™ hydrolases (Essuman et al. 2017). SARMI is responsible for axonal
degeneration after injury. NAD" depletion is found in axonal injury, and SARMI
function loss delays axonal degeneration. In this enzyme, presence of the toll/
interleukin-1 receptor (TIR) domain promotes axonal degeneration by acting as
NAD" hydrolase enzyme (Essuman et al. 2017).

2.3.4 Neurodegenerative Disease and NAD"

Neurodegenerative disease is a large title for any damage to nerve cells in the human
brain. It comprises most common nervous system diseases like Alzheimer’s disease,
Parkinson’s disease, Amyotrophic lateral sclerosis, Huntington’s disease, temporal
lobe epilepsy, prion disease, spinocerebellar ataxia, and hypoxia/ischemia. Meta-
bolic dysfunction is one of the dominant causes of neurodegenerative diseases which
alter the homeostasis of energy in mitochondria leading to the progression of disease
(Procaccini et al. 2016; Karbowski and Neutzner 2012). A handful of studies
suggested the relationship between aging and metabolic dysfunction (Harman
1981; Sun et al. 2016; Bratic and Larsson 2013). As discussed, reactive oxygen
species (ROS) generation is the main culprit that carry off aging. Metabolic dys-
function and elevation of ROS are observed in various neurodegenerative diseases
(Uttara et al. 2009; Pehar et al. 2018). According to some reports, the mutation in
mitochondrial proteins causes neurodegenerative diseases (Lin and Beal 2006; Zuo
and Motherwell 2013). DNA damage and inflammation are also leading to aging.
Glucose and lipid metabolism abnormalities are also linked with these diseases
(Clarke et al. 2015; Kennedy et al. 2016; Dunn et al. 2014; Knight et al. 2014).
Thus, almost all neurodegenerative diseases have disrupted energy metabolism in
neurons which could be a potential target for drugs to treat these diseases (Fig. 2.3).
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Fig. 2.3 Detailed schematic representation of the causes and effects of aging: Aging is caused by
various factors (like neuronal loss, protein aggregation, oxidative stress, inflammation, and apopto-
sis) leading to the formation of age-related neurodegenerative complex which produces various
symptoms like mood fluctuations, movement difficulty, and memory loss

=
.&

The contributing factor for neurodegenerative diseases may be NAD* depletion
which is also found with aging (Kerr et al. 2017). This depletion can be due to less
production of NAD* or overconsumption of it by NAD"-consuming enzymes
(Fig. 2.4).

NAD™ reportedly wanes over the years in the human brain, and several animal
studies imply that boosting it could extend lifespan (Zhu et al. 2015; Zhang et al.
2016). Differentially altered Sirtuin levels were also observed in postmortem brain
and spinal cord samples suggesting role of NAD" in neurodegeneration (Korner
et al. 2013).

24 Honey and Its Components

Honey is a naturally occurring product by honeybees which they form from the
nectar of flowers. Honey has different varieties which depends mainly on the variety
of the plant which honey bees feeds on (Mijanur Rahman et al. 2014). Evidence
suggest that it has more than 200 substances which gives it medicinal importance.
The main constituents of Honey are enlisted in Table 2.1. Almost all natural honey
are enriched in flavonoids and phenolic acids together with antioxidant agents. The
list of the common flavonoids and phenolic acids is given in Table 2.2.
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Fig. 2.4 A pathway suggested for tissue NAD™ decline and damage during ageing. During aging
and neurodegenerative disorders, oxidative damage, inflammation, and DNA damage lead to
activation of NAD"-consuming enzymes contributing to scarcity of NAD" in tissue. At the same
time, these processes decrease the NAD™ synthesis enzymes again contributing to NAD™ deficiency
causing metabolic dysfunction and ultimately causing disease

Table 2.1 Conventional

- Honey (nutritional value/100 g)
constituents of honey

Constituents Average (g)
Sugars 80-87

Fat 0

Water 15-20
Protein <1
Vitamins 0.05-0.11
Minerals 0.5-0.9
Ash 0.1-04

2.4.1 Maedicinal Importance of Honey as Neuroprotective Gel

Honey is extensively utilized as folk medicine in traditional therapies (Molan 2001).
The limited use of honey in modern therapy is based on the lack of scientific data
(Ali et al. 1991). With recent research, it was found that honey is an enigmatic gel
with several health benefits including antioxidant (Jeffrey and Echazarreta 1996;
Ahmed and Othman 2013), wound healing and antibacterial activity (Medhi et al.
2008), anti-fungal (Tonks et al. 2003), anti-inflammatory (Al-Waili and Boni 2003),
gastroprotective (Ezz El-Arab et al. 2006), cardioprotective (Khalil and Sulaiman
2010), hepatoprotective (Meda et al. 2004; Al-Waili 2003b; Kilicoglu et al. 2008),
antidiabetic (Al-Waili 2004; Bansal et al. 2005) and antihypertensive (Bilsel et al.
2002), and many more. There are a lot of reports suggesting the free radical
scavenging property of honey (Beretta et al. 2007). It has proved to be an effective
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Table 2.2 Common
flavonoids and phenolic

Flavonoids

acids in honey Apigenin C15H100s
Chrysin Ci5H1004
Galangin Ci5H100s
Kaempferol Ci5H1006
Luteolin Ci5H1006
Pinobanksin Ci5H100s
Pinocembrin Ci5H,00s
Quercetin CisH1004
Rutin C27H30016
Acacetin Ci6H120s
Hesperetin Ci6H1406
Triacetin CoH 405
Myricetin CisH,00s
Tsorhamnetin Ci6H1207
Phenolic acids
Caffeic acid CoHgO4
Cinnamic acid CoHgO,
Chlorogenic acid Ci6H1509
Ferulic acid Ci0H004
Gallic acid C7HqOs
p-Coumaric acid CoHgO5
Syringic acid CoH;405
Ellagic acid C14HsOg
Vanillic acid CgHgO4
Benzoic acid C7HsO,

antioxidant both in vivo and in vitro (Erejuwa et al. 2012). Antioxidant property of
honey may be allocated to the presence of flavonoids and phenolic acids in it
(Ahmed et al. 2018). It also comprises many other small compounds like sugars,
proteins, amino acids, carotenes, and other components in traces contributing to its
antioxidant effect (Nagai et al. 2001; Diplock et al. 1994). Honey increases stimula-
tion and production of monocytes, phagocytes, lymphocytes, and/or macrophages
which in turn releases different cytokines and interleukins such as TNF-a, IL-6, and
IL-1p and hence will lead to healing process (Tonks et al. 2007). Inflammation is the
defensive way of response by tissues against any pathogen or xenobiotics which
causes injury in the body. Honey has anti-inflammatory effect which is well
documented in cell cultures (Jaganathan and Mandal 2009) as well as in animal
models and clinical trials (Subrahmanyam 1998; Al-Waili and Boni 2003). Inflam-
mation starts by activation of nuclear factor kappa B (NF-xB) and mitogen-activated
protein kinase (MAPK) pathways leading to the release of various mediators of
inflammation like enzymes, cytokines, cyclooxygenase-2 (COX-2), C-reactive pro-
tein (CRP), and interleukins. All of these inflammatory markers lead to stepwise
processes causing inflammation in the cells (Erejuwa et al. 2010; Erejuwa et al.
2012). The anti-inflammatory mechanisms of honey have been enumerated in
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several in vivo studies by decreasing edema, swelling, fluid infiltration, and plasma
levels of proinflammatory cytokines. There are studies reporting that the phenolic
acids and flavonoid contents of honey are able to ameliorate the proinflammatory
enzymes activity, like COX-2, iNOS, and prostaglandins (Murtaza et al. 2014;
Candiracci et al. 2012). Honey also demonstrates immunomodulatory activities
(Al-Waili 2003a). Apart from all these qualities of honey, it also has remarkable
effect on nervous system. Unfortunately, nootropic and neuropharmacological
effects of honey have scare report, but nevertheless, it is believed that honey is a
memory booster tonic (Mijanur Rahman et al. 2014). In one of the studies, it is
reported that honey has nootropic activity as it helps in mental development in
newborn babies and preschool children which later developed improved memory,
decreased anxiety, and increased IQ levels late in life (Cantarelli et al. 2008).
Another experiment suggests that honey consumption decreased the degenerated
neurons in CA1 region, mainly responsible for memory (Cai et al. 2011). As enlisted
above, honey is a very strong antioxidant, and many neurological diseases like AD,
MCI, PD, ALS, and HD have evidence of oxidative stress in them (Mariani et al.
2005), hence honey could be used as an ameliorating agent for these diseases too.
Honey has also been used as nutraceutical exhibiting its neuropharmacological
effect. Reports indicate that honey possesses antinociceptive, anxiolytic, anticonvul-
sant, and antidepressant effects (Akanmu et al. 2011). The common symptom of
various biochemical insults to functional and structural integrity of neurons like
aging, neuroinflammation, and neurotoxicity is oxidative stress, which is due to the
presence of high fat contents in brain and more oxygen demand (Schmitt-Schillig
et al. 2005). The neuroprotective effect of honey has been found by many
experiments as to be mediated by dopaminergic and non-opioid central mechanisms
(Oyekunle et al. 2010; Young and Gauthier 1981). Not only neural cells but glial
cells have also responded to honey treatment as a study shows honey having
neuroprotective effect in the MCAO model of ischemia in rats (Z’arraga-Galindo
et al. 2011; Fig. 2.5).

2,5 Flavonoids and Phenolic Acids in Honey Preventing
Neurodegeneration by NAD* Pathway

In age-related neurodegenerative diseases, NAD" plays an imperative role. If the
amount of NAD* can be maintained in the cell either by decrease in its catabolism or
increase in its production, mitochondrial health can be maintained and aging and its
associated conditions could be prolonged. The main NAD"ase in humans are CD38,
PARP, and SARMI as discussed in this chapter. Any compound which is inhibitor
of the abovementioned NAD™ase can lead to an increase in NAD" levels. The dire
paucity of these inhibitors, however, translates the search for new molecular tools
highly desirable in the field of prevention of neurodegenerative diseases. Honey is a
natural gel containing a large quantity of flavonoids and phenolic acids which is
thought to give all the medicinal properties.
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Fig. 2.5 Illustrates the medicinal uses of honey in neuroprotection by acting as anti-oxidant and
anti-inflammatory agent leading to protection against age related neurodegenerative diseases. ANPs
lead to the increase of oxidative stress, inflammation and subsequently apoptosis. Honey and its
components have been shown protection against these effects by decreasing mitochondrial dys-
function and overall oxidative stress. It has been known to decrease COX-2, NF-kB, iNOS and NO
production as a result of ANP pathogenesis. By combating these effects Honey can behave as anti-
apoptotic agent leading to the protection of neuronal loss during these diseases

Apigenin, a natural flavonoid of honey, is reported to be an inhibitor of NADase,
CD38 (Escande et al. 2013). He recorded that flavonoids including luteolin, querce-
tin, and apigenin have lowered the major NAD"ase CD38 at low micromolar range
in vitro with a strong impact on SIRT1 activity. These flavonoids have also targeted
CD38 in vivo. As CD38 is a major molecule responsible for NAD* catabolism hence
its decrease availability by honey can lead to the increase of NAD™ pool in the cells,
leading to the decrease in the mitochondrial damage. Camacho-Pereira et al. 2016
also reported that NAD™ levels were elevated in many tissues by apigenin which
decreased the overall proteome acetylation through sirtuin activation. Luteolin, an
another CD38 inhibitor, had neuroprotective effects on children suffering from
autism (Tsilioni et al. 2015). These studies indicate that CD38 could be a novel
therapeutic target for the treatment of neurodegenerative diseases by blocking it with
its inhibitor leading to increase in the total NAD" levels.

Another target could be PARP, an enzyme responsible for DNA repair and
various other cellular processes. The flavonoids quercetin, rutin, and tricetin present
in honey are natural inhibitors of PARP1 (Geraets et al. 2007). PARP activity
inhibition by flavonoids in honey can ameliorate the cancer, and this could be a
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new approach (Pasupuleti et al. 2017). Many scientists including Kauppinen et al.
2011, Martire et al. 2013, and Strosznajder et al. 2012 demonstrated relationship
between PARP-1 and neurodegenerative diseases. Recent reports have already
reported that inhibition of PARP-1 inflects mitochondrial activity by NAD* pathway
(Bai et al. 2015; Ying et al. 2005). In various experimental models of neurological
injuries both acute and chronic in nature, the use of PARP-1 inhibitors can reveal an
enormous potential as a treatment (Bai and Virag 2012; Rom et al. 2015). Acacetin
found in honey has also decreased the level of PARP activity in in vitro model of PD
(Kim et al. 2017). Wu et al. (2015) studied the cytoprotective effect of apigenin and
luteolin and reported that they could restore the cell viability and inhibited the
activation of both caspase-3 and PARP-1 in 4-HNE-treated PC12 cells. One side
of the coin describes PARP-1 inhibition as an effective approach for neurodegenera-
tive disorders, the other side uses PARP-1 inhibitors as clinical treatment for cancer-
inducing cell death as well. Thus, these two opposite paths of PARP 1 underline its
complex role in fate of cell subject to types of cell and experimental methodology
(Virag and Szabo 2002).

SARMI could be a promising therapeutic target for several neuropathies includ-
ing axonopathy (Essuman et al. 2017), but still its preclinical development is
ongoing and no drugs are available which could target SARMI.

It is believed that increasing NAD™ levels can increase sirtuin activity which acts
by multiple pathways to stop the neurodegeneration in various diseases. SIRT1 is
known as NAD" deacetylase which deacetylates proteins contributing to longevity
(Satoh et al. 2011). It is also known to regulate autophagy in the brain by activation
of AMP-activated protein kinase (AMPK) pathway (Salminen and Kaarniranta
2012). In case of AD, SIRTI1 is known to upregulate the a-secretase ADAMI10
and decrease NF-«B leading to downregulation of B-secretase f-site ApPP-cleaving
enzyme 1 (BACE1) (Gao et al. 2015). This also reduces the Ap levels, oxidative
stress, and neuronal loss in AD pathogenesis (Godoy et al. 2014) with protection of
synaptic loss too (Godoy et al. 2014). The leptin-dependent Tau phosphorylation is
also known to be inhibited by SIRT1 (Greco et al. 2011). Sirtuins are also known to
have influence on the pathways involved in neuroprotection and brain tissue renewal
by inducing Notch receptor cleavage (Costa et al. 2005). Notch pathway is thought
to be indispensable element of neurogenesis and differentiation of new cell develop-
ment in case of any pathogenesis. SIRT1 is known to have protective effects in PD
too, by restoring several pathways linked to general stress resistance and more
specifically to a-synuclein (ASN) metabolism. The role of SIRT is somewhat
controversial in case of Huntington’s disease. So, leucine, isoleucine, and valine of
honey which have been known to enhance the SIRT levels and reduced ROS
generation results in an increase in the lifespan of male mice (D’Antona et al.
2010). Quercetin have also activated SIRT1, thus exhibiting potential in multiple
sclerosis treatment (Davis et al. 2009). The neuroprotective effects of quercetin by
activation of SIRT1 would lead to repression of Bax-dependent apoptosis and
multiple proapoptotic transcription factors. Similar finding was reported by Leyton
et al. (2015) in which the effects of quercetin on this pathway were studied which
inhibited herpes simplex virus type l-induced neurodegeneration by activating
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Fig. 2.6 A summarized diagram of the damage in neurons due to age-related neurodegenerative
pathology (ANP) and the effect of components of honey in maintaining NAD levels in cells and the
prevention by Sirtuin activation: Age-related neurodegenerative disease decreases NAD* pool in
the cells. NAD* decrease leads to mitochondrial dysfunction and overall ATP decrease, oxidative
stress elevating the ROS generation, inflammatory markers, and PARP activation. The components
of honey (apigenin, luteolin, quercetin, rutin, tricetin, acacetin) has ameliorated these effects by
maintaining the overall NAD™ pools in the cells. The adequate amount of NAD leads to activation
of Sirtuins which are specially activated at stress conditions leading to several neuroprotective
pathways. Sirtuins are known to decrease mitochondrial dysfunction, oxidative stress, intracellular
and extracellular protein aggregation, and loss of synapse. Sirtuins are also known to activate
neurogenesis by activating the Notch signaling pathway and leads to cell survival increasing
longevity of neurons

SIRT]1. Several preclinical data have reported polyphenols as exhibiting potential to
activate SIRT1 pathway blocking neural inflammation and alteration of inflamma-
tory cytokines. Chrysin can exert the activation of SIRT1/NRF2 in carrageenan-
induced pleurisy and pulmonary injury (Zhiping et al. 2018). All the studies clearly
signify that honey and its constituents have potential effect on the NAD™ catabolic
pathway. These reports support that the enzymes responsible to degrade NAD™ are
downregulated leading to increase NAD™ to the total pool in the cells. With increase
in the amount of NAD?, sirtuins can be activated which protects age-related neuro-
degenerative diseases (Fig. 2.6).
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2.6 Future Prospective

This review describes the preventive effect of honey and its constituents on
age-related neurodegenerative disorders via NAD" pathway. The flavonoids and
phenolic acids have supportive roles related to the disease, but the data available is
less and requires further studies. A totally new area of research with extensive
clinical potential has come into existence by the discovery of the NAD™ sirtuin
mitochondria axis. Few hypotheses suggest the direct relationship of the NAD*
sirtuin pathway on mitochondrial stability and metabolic homeostasis in neurode-
generative diseases, still, future research is needed to increase the insight in the
clinical use of honey to combat these pathways. Honey can be expected to be used as
“NAD* compounds” in clinics with further mechanistic research. “NAD*
compounds” like honey may not be wonderful drugs to cure the disease but could
be promising agent to maintain the mitochondrial health and supporting healthier
lifestyles.

2.7 Conclusion

The preponderance of age-related neurodegenerative disease like Alzheimer’s dis-
ease, Parkinson’s disease, and ALS is increasing in the population with increased life
expectancy. This chapter summarizes that decreased NAD™ concentrations in the
cells can lead to the aging causing various pathogenesis of the age-related disorders.
It also suggests that if NAD* supplementation is provided, it can ameliorate the
aging effects and their associated conditions. Honey has been reported to be a health
booster preventing neurological disorders and memory as well. This book chapter
has underlined the pathway of this prevention of honey in age-related neurodegen-
erative disorder. The studies discussed in this book chapter have torched keen
interest in maintaining the total NAD" concentrations in the cells which could be
therapeutic efforts leading to prevention of disease and increasing overall life
expectancy. Future meticulous clinical trials in humans are necessary to come to
any conclusion related to the hypothesis discussed above and suggesting whether
this early promise can be changed to a reality or not.
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Mechanistic View
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Abstract

Honey has been used as food and medicine by humans since the beginning of
civilizations. It has been used to treat a multitude of ailments due to its numerous
biological activities like anti-bacterial, anti-inflammatory, anti-mutagenic, anti-
tumor, and anti-oxidant. More recent reports have shown that honey possess
neuroprotective potential as well. Several pre-clinical reports have demonstrated
that honey is able to modulate the neurobehavioral outcomes and improve
learning and memory in mice models by regulating the anti-oxidant mechanisms,
neurotrophic factors, and cholinergic system. Honey is a rich source of pharmaco-
logically potent natural compounds like polyphenols that have been demonstrated
to attenuate microglia-induced inflammation and improve memory deficits in
different neurotoxicity models. In this chapter, I will be summarizing the
neuroprotective potential of honey in various paradigms of neurological ailments
and discuss its mechanism of action with possible therapeutic applications.
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BDNF Brain-derived neurotrophic factor
CAT Catalase

GPx Glutathione peroxidase

GSH Glutathione

H,0, Hydrogen peroxide

iNOS inducible nitric oxide species
MCAO Middle cerebral artery occlusion
MK Manuka honey

NO Nitric oxide

ovX Ovariectomized

ROS Reactive oxygen species

SOD Superoxide dismutase

TH Taulang honey

3.1 Introduction

Honey is a viscous, sweet, and natural food product produced from the nectar of
flowers by worker honeybees (Apis mellifera; Family: Apidae). It is a rich blend of
different bioactive compounds like polyphenols, flavonoids, organic acids, minerals,
peptides, enzymes, and vitamins. However, the composition as well as the pharma-
cological potential of honey from different regions of the world varies. Studies have
shown that Malaysian tualang honey, which is produced by the rock bee (Apis
dorsata) by building hives on tualang trees (Koompassia excelsa) found mainly in
the northwestern region of peninsular Malaysia, is the richest source of bioactive
compounds. It was reported that tualang honey contains more phenolic acids and
flavonoids than manuka honey and other local Malaysian honey. In addition, it has
demonstrated higher anti-oxidant activity compared to gelam honey, Indian forest
honey, and pineapple honey (Kishore et al. 2011). Most of the pharmacological
studies have been carried out using tualang honey. Due to its rich nutraceutical
composition, it has demonstrated anti-oxidant potential against different ailments
including brain-related disorders (Erejuwa et al. 2012, 2011; Alvarez-Suarez et al.
2010). Oxidative stress is one of the common contributors in neurological ailments
and, in particular, degenerative disorders like Alzheimer’s, Parkinson’s, and
Huntington’s diseases where disturbed equilibrium between pro-oxidants and anti-
oxidants with associated disruption of redox circuitry and macromolecular damage
results in reactive oxygen species (ROS) and other free radical generation that
ultimately leads to brain injury. Oxidative stress continues to remain a key therapeu-
tic target for neurological diseases (Halliwell 1992; Patel 2016). Oral intake of honey
has been shown to increase anti-oxidant, vitamin C, and other trace element levels in
plasma as well as brain (Al-Waili 2003). Moreover, it has increased the production
of neurotrophic factors such as brain-derived neurotrophic factor (BDNF),
attenuating oxidative stress and anxiety-like behavior (Fig. 3.1) in stressed ovariec-
tomized rats (Al-Rahbi et al. 2014a). Honey has been shown to attenuate the kainic
acid-induced oxidative stress and neurodegeneration in the cortical region of the rat



3 Neuroprotective Effects of Honey: A Mechanistic View 47

lead or almunium i

_\\ induced toxic

Huney\ W i
=N Qm |,m|ru| eme
oy and sy napuc

— N
1 . Plasticity
modulation of cell oo
abnormal p?'ntein B —+ signalling pathways | Q: 5 \ .__..
aggregation * Resue in spatial
I' . protection of neurons leaming & memnry
ta and anryloid %\ .’J__ from Amyliod and tau
peplil{t‘s = VR inducd Ineurmm:ily
U
‘l' ik A enhancement of
neuronal death = ('@ — neuronal function Qﬂ
: z sy A0

1 and rege ration
—_—

reduction in hyperactivity and
anxiety like behaviour

prevention from
degeneration
-

Neurodegenartion

—p—

upregulates production
of BDNF

‘/ increases vitmain-c content |

rmeclmn el S .
“‘%% P — amelioration of =— peytralising free radicals

from neuronal damage
degeneration

4

leading to attenuation
of oxidative stress

levels low production of BDNF
) r'%-” Neurodegeneration :
low vitamin-c cqlﬁenl

| @

= - o J neuronal damage * ,’. "
== r il
= =0 nltermi!u? in

~N

S generation /" o .

= upregulates permeability of of ROS oxldative sticas
oxidative mitochondrial
stress level membrane

Fig. 3.1 Graphical depiction of neuroprotective effect of honey: Honey and its active constituents
have been demonstrated to possess anti-oxidant properties, enhance learning and memory, regulate
neurodevelopment and neurobehavioral activities, and rescue neuronal cells from various regions of
the brain against different neurotoxic insults via regulating anti-oxidant enzymes, neurotrophic
levels, protein aggregation and subsequent inflammation, and other detrimental cascades in neuro-
degenerative diseases like Alzheimer’s disease

brain (Sairazi et al. 2017). It has been found that honey also contains choline and
acetylcholine, which are neurotransmitters in nature performing vital brain functions
(White Jr 1975). It has demonstrated significant potential at early developmental
stages in newborns and pre-school age children, improving their memory, growth,
and enhance their performance at later stages of life (Cantarelli et al. 2008; Sairazi
et al. 2017). Studies using animal models have shown that early feeding with honey
is beneficial and may improve age-associated cognitive decline and memory loss
(Chepulis et al. 2009). Honey has been shown to protect neuronal cells and prevent
neurobehavioral deficits (Abdulmajeed et al. 2016) as well as other tissues against
different toxic insults (Fig. 3.1) like lead acetate-induced hepatorenal toxicity
(Elmenoufy 2012) acetaminophen-induced acute renal hepato-nephrotoxicity
(Afroz et al. 2014) and bisphenol A-induced ovarian toxicity in pre-pubertal rats
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(Zaid et al. 2014). Although, honey has numerous biological activities; here I will be
specifically discussing the neuroprotective effects of honey in general from a
mechanistic point of view.

3.2 Chemical Composition of Honey

Honey is a mixture of numerous components such as sugars, enzymes, organic acids,
vitamins, amino acids, and trace elements. It contains phenolic compounds and
flavonoids, and the anti-oxidant activity of honey is mostly attributed to these
compounds. The chemical structures of some flavonoids and phenolic compounds

Flavonoid compounds:

Luteolin Galangin
’ : O
O\Q/\:J“ H HO\Q:J‘\
OH © CH © OH ©
Apigenin Hesperetin Quercetin Pinocembrin
Phenolic compounds:
COOH
Bnzeic acid Caffeic acid p-Coumaric acid GI”DC acid Ascoerbic acid
2 o COCH
HO =) COzH
OH
oL
OH OH OH
o
Ellagic acid 3-Hydroxbenzoic acid Vanillic acid Reosmarinic acid
HO, SOCH
’ (=]
H“COD/\\\)]T;'H
HO'
Ferulic acid

Chlorogenic acid

Fig. 3.2 Chemical structures of pharmacologically active components present in honey with
neuroprotective activities
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with pharmacological potential and neuroprotective activities are shown in (Fig. 3.2)
as follows.

3.3 Honey and Oxidative Stress

Honey is a natural anti-oxidant due to the presence of flavonoids, phenolic acids,
enzymes (e.g., glucose oxidase, catalase, ascorbic acid, carotenoid-like substances,
and organic acids. It is assumed that the primary anti-oxidant potential of honey is
due to the presence of phenolic compounds (Kenjeri¢ et al. 2007). These
polyphenols have demonstrated their potential by neutralizing free radicals, which
is achieved by donating an electron or hydrogen atom (Rice-Evans et al. 1996). The
cellular architecture of central nervous system is vulnerable to oxidative stress
because of its high oxygen consumption and relative insufficiency of reactive
oxygen species (ROS) scavenging, and this oxidative stress has been shown to
play an important role in age-associated neurodegenerative diseases such as
Alzheimer’s disease (Floyd 1991; Zhu et al. 2014). Honey has been shown to
attenuate the oxidative stress in different brain regions and improve cognitive
deficits after kainic acid— and paraquat-induced toxicity in rats (Sairazi et al. 2017,
Tang et al. 2017). It has been further demonstrated to reduce lead-induced oxidative
stress and prevent neurobehavioral deficits in Wistar rats. (Abdulmajeed et al. 2016).
Manuka honey has been shown to protect HDFa fibroblasts against apoptosis,
intracellular ROS production, and lipid peroxidation. It has been further
demonstrated to protect mitochondrial functionality, promoted cell proliferation,
and activated the AMPK/Nrf2/ARE signaling pathway, as well as the expression
of the anti-oxidant enzymes such as SOD and CAT (Alvarez-Suarez et al. 2016).
Oxidative stress and inflammation are fundamentally connected in pathophysiologi-
cal events where redox imbalance occurs due to the disruption of redox homeostasis
(Shao et al. 2012). Honey polyphenols have been demonstrated to prevent chronic
diseases with associated oxidative stress and inflammation. It has been shown to
reduce ROS and stress markers and restore anti-oxidant enzymes. Moreover, honey
polyphenols have been shown to ameliorate mitochondrial functions and modulate
inflammatory processes. These beneficial properties are mediated in part through
their ability to target numerous signaling pathways, such as p38 MAPK, AMPK,
PI3K/Akt, NF-xB, and Nrf2 (Battino et al. 2020). Tualang honey treatments in
ovariectomized (OVX) rats exposed to social instability stress have shown to
improve both short-term and long-term memories and enhanced the neuronal prolif-
eration of hippocampal CA2, CA3, and DG regions compared to untreated stressed
OVX rats (Al-Rahbi et al. 2014b). Taulang honey in combination with DHA-rich
fish oil has been demonstrated to reduce pro-inflammatory cytokine levels (TNF-a,
IL6, and IFN-g) in the brain homogenates of rats under chronic stress conditions
compared to untreated groups; however, there was no significant difference when
these agents were consumed separately (Asari et al. 2019). Taulang honey treatment
in loud-noise-induced stressed rats has shown significant decrease in stress hormone
levels and brain oxidation indices. Further, there was an increase in memory, anti-
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oxidant enzymes activities, and neuronal density in medial prefrontal cortex (mPFC)
and hippocampus in comparison to vehicle-treated stressed rats. These restoration in
functionalities were more prominent in younger rats compared to aged ones (Azman
et al. 2018).

3.4 Honey and Neurotoxicity

Honey has been shown to protect neuronal cells and ameliorate neuronal deficits in
different neurotoxicity models. Excitotoxicity is a neurotoxic process where post-
synaptic glutamate receptors are overactivated in various neurological ailments
leading to oxidative stress (Dar et al. 2017). Polyphenolic compounds and flavonoids
present in honey have demonstrated diverse pharmacological potential. Apigenin
(a common flavonoid present in honey) has been shown to protect hippocampal
neurons in a concentration-dependent fashion by attenuating reactive oxygen species
(ROS) and inhibiting the depleted levels of reduced glutathione (GSH) in kainic
acid-induced excitotoxicity (Han et al. 2012). It has been further shown to improve
and rescue primary hippocampal neurons by modulating sodium/potassium-ATPase
(Na+/K+-ATPase) activities in oxygen-glucose deprivation/reperfusion-induced
injury models (Liu et al. 2010). Pre-treatment with honey has been shown to prevent
cell death and protect astrocytes against HyO,-induced stress compared to the H,O,
only group (Ali and Kunugi 2019). Another study using rat models has reported that
pre-treatment with taulang honey significantly reduced neuronal degeneration in the
piriform cortex but failed to prevent the kainic acid-induced seizures. It has been
further shown to attenuate locomotor activity and hyperactivity in kainic acid-
induced excitotoxicity (Sairazi et al. 2017). Animals fed with taulang honey for
2 weeks and then exposed to paraquat (dopaminergic neurotoxin) by intraperitoneal
injections have shown to ameliorate glutathione peroxidase activity and a number of
tyrosine-hydroxylase immune-positive neurons in the midbrain region compared to
paraquat-only treated group (Tang et al. 2017). Studies have reported that aluminum
chloride (AlCl;), which is a neurotoxic agent when administered alone, has shown to
reduce the anti-oxidant levels and increase lipid peroxidation in mice. While as
honey syrup administered at 500 mg/kg b.w. for 45 days has resulted in the
amelioration of anti-oxidant enzyme levels (SOD, CAT, GSH) and lipid peroxida-
tion levels (Shati et al. 2011), honey has been shown to protect the brain against lead-
induced toxicity by enhancing anti-oxidant activities as demonstrated by increasing
superoxide dismutase (SOD), glutathione-S-transferase (GST), and glutathione per-
oxidase (GPx) activities. Moreover it has been shown to reduce the lipid peroxida-
tion levels in the brain after lead exposure (Abdulmajeed et al. 2016). Studies have
suggested that microglial-associated neuroinflammation could be a therapeutic target
in neurodegenerative disorders. Honey extract has been demonstrated to decrease the
secretion of pro-inflammatory mediators such as interleukin (IL-1p) and tumor
necrotic factor (TNF-a) in N13 microglia after lipopolysaccharide induction. It has
also been shown to reduce inducible nitric oxide synthase expressions and reactive
oxygen species levels (Candiracci et al. 2012). Chrysin (flavonoid present in honey)
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has been shown to attenuate the neuroinflammatory processes by modulating COX-2
and protected rats against formalin-induced neuropathic pain by regulating cortico-
sterone and noradrenaline levels in serum (Farkhondeh et al. 2015; Rauf et al. 2015).
It has been further shown to protect rats against 6-hydroxydopamine (6-OHDA)-
induced neurotoxicity by modulating anti-oxidant capacity in the striatum, tyrosine
hydroxylase, BDNF, dopamine, and glial cell line-derived neurotrophic factor
levels. Moreover, it has reduced inflammatory markers like TNF-a, IL-1f, 1L-2,
IL-6, and NF-KB and increased IL-10 levels (Goes et al. 2018). In addition, chrysin
has demonstrated anti-convulsant potential in pentylenetetrazole (PTZ)-induced
convulsions in rats (Sharma et al. 2019).

3.5 Honey and Neurodegeneration

Honey is a nootropic agent which helps in the growth and development of the central
nervous system predominantly in newborns, improving memory and growth. It has
been shown to enhance the overall rational performance at later stages of life
(Cantarelli et al. 2008). Studies have demonstrated that taulang honey protected
neurons and could improve spatial learning and memory in chronic cerebral
hypoperfusion-induced neurodegeneration (Saxena et al. 2016, 2014). Honey has
been shown to reduce the number of degenerating neurons in CA1l hippocampal
region that are highly susceptible to oxidative stress (Cai et al. 2011). In addition, its
consumption could prevent hippocampal morphological impairment in adult male
rats and improve hippocampal morphological impairment in ovariectomized rats
(Kamarulzaidi et al. 2016; Al-Rahbi et al. 2014b). Due to its anti-oxidant potential
and ability to modulate the cholinergic system, honey consumption has been shown
to improve cognitive functions in middle-aged, adult, and old-aged rats (Azman et al.
2016). Further, a 5-year pilot study in human subjects with mild cognitive
impairment aged 65 and older have shown improvements in cognitive behavior
and decline in dementia development after daily consumption of one teaspoon of
honey (Al-Himyari 2009). Animal studies have concluded that honey is a functional
food that improves spatial working memory and possesses anxiolytic, anti-
nociceptive, anti-convulsant, and anti-depressant effects (Akanmu et al. 2011).
Recent studies have reported that honey could be a potential source of cholinesterase
inhibitors and may play a vital role in inhibiting pathogenesis of degenerative
disorders like Alzheimer’s disease. Cholinergic neurotransmission is found to be
deregulated in Alzheimer’s disease due to depletion of acetylcholine via acetylcho-
linesterase activity (AChE), therefore inhibiting acetylcholinesterase activity and
increasing acetylcholine levels in neurons is hypothesized to inhibit the progression
of this disease (Baranowska-W¢jcik et al. 2020; Tundis et al. 2016). A recent study
has evaluated the anti-AChE and anti-BChE activity of 47 Polish honeys and found
that the highest potential for AChE inhibition was in the case of buckwheat honey
(39.51% inhibition) while multi-floral honey showed the highest capacity for BChE
inhibition (39.76%) (Baranowska-Wojcik et al. 2020). This report is consistent with
previous studies where Acacia honey consumption for 1 week has been shown to
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significantly decrease AChE activity in the cerebrum and cerebellum of male Wistar
albino rats (Warad et al. 2014). Luteolin (a flavonoid found in honey) has been
demonstrated to protect neurons against microglia-associated inflammation and
improve spatial working memory in aged rats. Further, it has ameliorated basal
synaptic transmission via modulation of long-term potentiation (LTP) and activated
cAMP response element-binding protein (CREB), thereby restoring synaptic func-
tion and memory in neurodegenerative disorders (Jang et al. 2010; Xu et al. 2010).
Kaempferol, a natural flavonol present in honey, has been shown to prevent
1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP)-induced parkinsonism by
preventing the loss of TH-positive neurons (Li and Pu 2011). Taulang honey has
been shown to attenuate the hypoxia-induced neuronal damage and improved short-
term, spatial, and long-term memories compared to normoxic and hypoxic groups
(Qaid et al. 2020). Ferulic acid (polyphenol in honey) has demonstrated
neuroprotective effects by regulating phospho-PDK1, pAkt, and p-Bad levels in
the middle cerebral artery occlusion (MCAO) injury model. It has been further
shown to attenuate the escalated levels of caspase-3 as well. Moreover, ferulic acid
has reduced the oxidative stress levels and inhibited ICAM-1 mRNA expression,
thereby decreasing the number of microglia/macrophages and apoptosis in cerebral
ischemia/reperfusion injury in rats (Koh 2012; Cheng et al. 2008). Cholinergic acid
from honey has been shown to protect neuronal cells against methyl mercury-
induced apoptosis by attenuating reactive oxygen species (ROS), modulating the
glutathione peroxidase (GPx) levels and inhibiting the activation of caspase-3. It has
also been demonstrated to protect neurons against scopolamine-induced toxicity by
ameliorating the learning and memory impairments and impeding acetylcholine
esterase activity. It has further decreased malonaldehyde (MDA) levels in frontal
cortex and hippocampal regions in the mouse brain (Li et al. 2008; Kwon et al.
2010). Honey has shown a myriad of pharmacological activities against several other
ailments and needs to be evaluated thoroughly with a specific set of active
constituents to develop a therapeutic strategy targeting specific pathways in disease
progression.

3.6 Novel Phenolic and Flavonoid Compounds
with Neuroprotective Potential

Among the active constituents present in honey, it has been reported that
polyphenols and flavonoid are the most potent anti-oxidants (Khalil et al. 2011;
Kishore et al. 2011). These potent molecules have demonstrated significant pharma-
cological actions against several disease models when given either singly or in
combination. Ferulic acid (FA) (a phenolic compound present in honey) has
shown to have scavenging potential toward free radicals like superoxide radicals,
peroxynitrite, hydroxyl radical, and oxidized low-density lipoprotein. It has been
demonstrated to have the anti-oxidant potential due to its ability to form a resonance
stabilized phenoxy radical. It has been further shown to attenuate lipid peroxidation
levels and counter alkoxyl and peroxyl radicals in synaptosomal and neuronal cell
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populations (Trombino et al. 2004; Kanski et al. 2002; Kikuzaki et al. 2002). In vitro
studies have shown that ferulic acid pre-treatment protected neurons against
hydroxyl- and peroxyl-induced oxidative damage and further attenuated protein
carbonyls, 4-hydroxynonenal (HNE) protein adduct, and 3-nitrotyrosine (3-NT)
levels in gerbils (Kanski et al. 2002). Moreover, it has attenuated
4-hydroxynonenal (HNE) levels and protected neurons against noise-induced oxi-
dative stress and hearing loss in guinea pigs (Fetoni et al. 2010). Ferulic acid has
been shown to ameliorate cognitive impairments and reduce protein carbonyl levels
in buthionine sulfoximine (BSO)-treated mice (Griffith 1982). Reports have
demonstrated the sodium ferulate was able to protect neurons in cerebral ischemia/
reperfusion injury in rats (Wang et al. 2003), and long-term administration of ferulic
acid was able to improve learning and memory impairments against Ap-induced
toxicity in mice (Kim et al. 2004). Additionally, ferulic acid has reduced the standard
length of A fibrils in transgenic C. elegans expressing human Af in their body walls
(Jagota and Rajadas 2012). Ferulic acid has been shown to modulate the levels of
pro- and anti-apoptotic proteins like Bax, tBid, and Bcl2, thereby regulating mito-
chondrial apoptosis. Moreover, it has been shown to exert its neuroprotective effects
via downregulation of the JNK pathway (Kim and Lee 2012). Quercetin (flavonoid
present in honey) has shown a myriad of pharmacological activities and is regarded
as one of the potent molecules to regulate different biological pathways. Quercetin
has been demonstrated to protect neuronal cells SHSYSY against 6-OHDA-induced
toxicity and cell death; however, its effect was found to be time dependent and for
longer exposure either no significant protection or detrimental effects were found
(Ossola et al. 2008). It has been shown to improve GSH concentration in SHSYSY
cells and decrease oxidative damage to DNA, lipids, and proteins (Lee et al. 2016).
Quercetin has been demonstrated to ameliorate the tau protein—associated neuropa-
thology by inhibiting cyclin-dependent kinase 5 (CDKS5) activity, which acts as a
crucial enzyme in regulating tau protein and blocks the Ca2+-calpain-p25-CDKS5
signaling pathway. It has further attenuated tau protein hyperphosphorylation at the
Ser396, Ser199, Thr231, and Thr205 sites in okadaic acid-induced tau
hyperphosphorylation in HT22 hippocampal cells (Shen et al. 2018). Quercetin
has been shown to decrease f-amyloidosis in aged 3xTg-AD mice and has been
revealed to increase AMPK activity in the APPswe/PS1dE9 transgenic mouse model
of AD promoting AP intracellular clearance (Espargard et al. 2017; Sabogal-
Guaqueta et al. 2015). It has been shown to ameliorate the endoplasmic reticulum
stress-induced apoptosis and rotenone-induced behavioral impairments (El-Horany
et al. 2016). In addition, quercetin has been demonstrated to promote pro-survival
signals in dopaminergic cells by activating polycystin 1, transient receptor potential
channel interacting (PKD1). Moreover, it induces Akt and CREB phosphorylation
and modulates BDNF expression, thereby affording neuroprotective effects. It has an
ability to bind with a-syn and the resulting quercetin-a-syn adducts have revealed to
attach to the a-syn oligomers or monomers, increasing the surface hydrophilicity,
and inhibiting further fibrillation. It has been shown to modulate the impaired
respiratory chain function in dopaminergic neurons and afforded protection against
dopaminergic neurodegeneration in the MitoPark transgenic mouse model of
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Parkinson’s disease (Ay et al. 2017; Zhu et al. 2013). Together with resveratrol, it
has been shown to attenuate the decrease of dopaminergic neurons induced by a
dopaminergic neurotoxin, 1-methyl-4-phenyl pyridinium (MPTP) (Okawara et al.
2007). Apigenin (a phenolic compound in honey) has been demonstrated to reduce
the activity of caspase-3, up-regulated Bcl-2, and down-regulated Bax levels. It has
been further shown to inhibit p38 MAPK (mitogen-activated protein kinase) signal-
ing during ischemic/reperfusion injury, thereby decreasing myocardial infarction
and conferred cardioprotective effects (Hu et al. 2015). It has been shown to recue
neuronal cells against oxidative stress and reduce Af burden via down-regulating
BACEI and B-CTF levels (Zhao et al. 2013a). Additionally, apigenin has been
shown to attenuate the mitochondrial machinery by impeding ROS-induced activa-
tion of p38-MAPK and stress-activated protein kinase (SAPK)/c-JNK pathways
(Zhao et al. 2013b). Apigenin has been further demonstrated to inhibit p-secretase
activity, which is crucial in Alzheimer’s disease progression in enzyme as well as
cell-based assays (Ebrahimi and Schluesener 2012; Shimmyo et al. 2008). Apigenin
in combination with other anti-oxidants has been demonstrated to rescue the tyrosine
hydroxylase (TH) and neurotrophic factor levels in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced toxicity (Patil et al. 2014). Apigenin has been
revealed to stimulate neurogenesis and synaptogenesis in human pluripotent stem
cells by regulating estrogen receptors and correspondingly via modulation of retinoic
acid receptors a and b and retinoic X receptor c levels (Souza et al. 2015). Gallic acid
(a phenolic compound present in honey) has been demonstrated to inhibit Af
oligomerization and free radicals attenuating brain amyloid neuropathology, neural
damage, and ameliorate cognitive functions (Hajipour et al. 2016). It has been shown
to attenuate learning and memory deficits and enhance cognitive functions in aged
rats following intra-cerebroventricular (ICV) infusion of Ap (McDaid et al. 2005).
Gallic acid has been demonstrated to have protective effects against NMDA-induced
excitotoxicity, thereby protecting neurons against toxicity insults (Korani et al.
2014). Pinocembrin (a flavonoid present in honey) has been shown to rescue
neuronal cells against H,O,-induced oxidative stress and neurotoxicity. Moreover,
it has been demonstrated to protect neuronal cells against Af, 6-OHDA, and MPTP-
induced toxicity, thereby ameliorating the neuronal functionalities (de Oliveira et al.
2018; Jin et al. 2015; Wang et al. 20164, b). Pinocembrin has been demonstrated to
regulate the Nrf2-HO-1 axis and further inhibit NF-«B, iNOS, COX-2, and
prostaglandin-E2 in LPS-stimulated BV-2 microglial cells (Wang et al. 2016b;
Zhou et al. 2015). In addition, pinocembrin has been shown to decrease protein
nitration, carbonylation, and lipid peroxidation in mitochondrial membranes in
methylglyoxal-treated SHSYSY cells, thereby ameliorating mitochondrial
dysfunctions (de Oliveira et al. 2017a). Moreover, it has been demonstrated to
reduce pro-apoptotic Bax, and inhibit cytochrome-C release and caspase-3-9 activa-
tion in paraquat-treated SHSYSY cells (de Oliveira et al. 2017b). Pinocembrin has
been shown to improve respiratory activity by increasing ADP/O, state 3 respiration
state, oxidative phosphorylation rate, and respiration control rate index in global
brain ischemia/reperfusion (four-vessel occlusion I/R) rat model. Moreover, it has
shown to increase mitochondrial ATP content in SHSYS5Y cells (Shi et al. 2011).
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Based on promising neuroprotective activities of pinocembrin, it has been approved
by China Food and Drug Administration (CFDA) as a new treatment drug for
ischemic stroke and is currently in phase II clinical trials (Shen et al. 2019).

3.7 Conclusion

The brain is extremely vulnerable to oxidative damage due to its high oxygen
demand, low anti-oxidant system, and remarkable vascularization with polyunsatu-
rated fatty acids. Oxidative stress is the underlying cause for most of the neurological
insults and neurodegenerative diseases; therefore strategies directed towards
regulating the anti-oxidant systems are always encouraged for improving the brain
health. Honey, due to its rich blend of phenolic compounds and flavonoids, has been
demonstrated to be a potent stress-relieving agent in numerous experimental models.
Due to its ample and pharmacologically useful composition, each component present
in the formulation has been shown to protect neurons against several neurotoxic
conditions and reduced the toxicity-induced oxidative stress via a multitude of
biological pathways, thereby impeding the progression of disease. However, further
studies are warranted to evaluate the promising phenolic and flavonoid compounds
targeting specific pathways in neurodegeneration.
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Honey—an important natural compound and a renowned native food product—is
exploited since immemorial times for its medical properties. Its medicinal
properties have fascinated the humans so much as it has earned a dominating
spot in conventional medicine. Currently more research is going on in exploring
the natural compounds present in the honey for promoting human health. Honey
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81:159-168, 2003). The polyphenolic compounds present in the honey have been
found to possesses anti-proliferative effects against various types of cancers
(Jaganathan and Mahitosh, J Biomed Biotechnol 2009:830616, 2009). These
studies summarized the significant role of the bioactive species present in
honey for different diseases. In this review, we critically examine the anticancer
properties and molecular mechanisms of different bioactive components present
in honey.
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4.1 Introduction

Honey—an important natural compound and a renowned native food product—is
exploited since immemorial times for its medical properties. Its medicinal properties
have fascinated the humans so much as it has earned a dominating spot in conven-
tional medicine. Currently more research is going on in exploring the natural
compounds present in the honey for promoting human health. Honey contains
more than 200 bioactive components besides glucose, fructose, minerals, vitamins,
amino acids and enzymes (Da Silva et al. 2016). The composition of honey depends
on the type of plants on which honeybee (Apis mellifera) nourishes. Different kinds
of phytochemicals present in the honey with high phenolic content, polyphenols and
flavonoids mainly contribute to its high medicinal properties including its antioxi-
dant and anticancer action (Iurlina et al. 2009; Pyrzynska and Biesaga 2009; Yao
et al. 2003). The polyphenolic compounds present in the honey have been found to
possesses anti-proliferative effects against various types of cancers (Jaganathan and
Mahitosh 2009). These studies summarized the significant role of the bioactive
species present in honey for different diseases. In this review, we critically examine
the anticancer properties and molecular mechanisms of different bioactive
components present in honey.

4.2 Honey and Its Composition

Honey is an absolute food containing more fructose than glucose and other
disaccharides like maltose ~ (glucose + glucose), sucrose ~ (glucose + fructose),
isomaltose, nigerose, turanose and maltulose. Nigerose is a rare sugar with potential
immune-boosting and probiotic effects. Turanose is as an analogue of sucrose. So,
all these carbohydrates (76%) are responsible for sweet taste of honey as well for its
high caloric value (300 kcal/100 g). Besides these carbohydrate moieties, honey
contains minerals and vitamins in trace amounts like tin, calcium, chromium,
lithium, nickel, phosphorus, sodium and zinc. The pH of honey is around 3.9 and
is so acidic, which was once considered to be due to formic acid present in bee
venom, but later studies showed the type of acid is like that in apple or lemon fruits
and its specific gravity is around 1.4.
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The secondary metabolites including various phytochemicals present in the
honey include phenolic acids (e.g., p-coumaric acid, ellagic acid, vanillic acid,
syringic acid, gallic acid) and flavonoids (apigenin, pinocembrin, Luteolin, chrysin,
galangin, Pinobanksin, hesperetin, kaempferol, luteolin, myricetin and quercetin)
(Nicolson et al. 2007). Hydroxybenzoic and hydroxy cinnamic acids are phenolic
compounds which possess antioxidant properties along with other phenolic groups
(Balasundram et al. 2006). The antioxidant and free radical scavenging properties of
non-flavonoid compounds and flavonoids in honey make it a key molecule in the
treatment and prevention of various types of cancers (Jaganathan et al. 2015).

4.3 Bioavailability and Biotransformation of Phytochemicals
from Honey

Polyphenolic compounds and phenolic compounds are the result of secondary
metabolism of plants, which possess inevitable role in various functions in plants.
These compounds possess antiapoptotic and antioxidant properties, so the bioavail-
ability of these compounds is important to understand. Many aspects play role in the
metabolism of these dietary compounds present in the honey like the type of flower
on which nectar is taken, structure, environmental factors, combination with other
compounds and gut microflora (D’ Archivio et al. 2010). Regarding the metabolism
of honey, one study demonstrated that when about 1.5 g/kg of buckwheat honey is
taken, there occurs significant increase in phenolics in blood which remains high up
to 6 h (Schramm et al. 2003). But limited studies are done on the bioavailability of
secondary metabolites of honey (D’ Archivio et al. 2010).

As honey is digested, the intestinal enzymes and intestinal bacteria cause
B-hydrolysis of flavonoids present in the honey. As the absorption of phenolic
compounds present in the honey in the upper GIT is very less (Clifford 2004), the
enterocyte specific enzyme lactase phlorizin hydrolase (LPH) present in the
enterocytes causes hydrolysis which leads to the formation of aglycon, which is
more easily absorbed by epithelial cells. Hydrolysis of flavonoid by other enzyme
cytosolic f-glucosidase (CBG) leads to formation of polar glucosides, which are also
easily transported inside the epithelial cells for further hydrolysis (Spencer et al.
1999; Gee et al. 2000). After absorbed by the intestinal epithelial cells, second phase
of metabolism starts causing formation of sulphates and uridine in the form of
transferases, the catechol-O-methyltransferases (COMTs). There occurs third
phase of metabolism where various proteins are required (Del Rio et al. 2010).
The various phenolic compounds act as prebiotics, which are highly important for
microflora of bowels (Jonsson and Backhed 2017).

4.4  Anticancer Mechanism of Action of Honey
Anticancer effect of honey includes the phytochemicals present in the honey like

various phenolic compounds and flavonoids. Various pathways are exploited in
various cancer cell lines, which has been reported by various studies (Fauzi et al.
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ANTICANCER ANTI INFLAMMATORY

“ ANTIOXIDANTS

ANTIPROLIFERATIVE ”

APOPTOSIS ANTI MUTAGENIC

Fig. 4.1 Various anticancer mechanisms of honey compounds. Honey shows various anticancer
mechanisms by acting as anti-proliferative, apoptotic, antimutagenic, antioxidant and anti-
inflammatory agent

2011). The probable anticancer mechanisms involved in honey supplementation is
briefly described in Fig. 4.1.

1. Honey possesses apoptotic effects and is known to upregulate caspase 3 and Bax
protein, which have antiapoptotic action.

2. Honey is known to upregulate tumour suppressor gene p53 (Jaganathan and
Mandal 2009).

3. Royal jelly protein present in honey shows effect on pro-inflammatory cytokines
TNF-a, IL-6, IL-1, and thus showed antitumour action.

4. Components in honey are shown to have antioxidant and free radical scavengers
which otherwise may lead to many inflammatory diseases and even cancer (Van
Acker et al. 1996).

5. Honey is shown to possess anti-proliferative activity as well by its effect on cell
cycle (Tomasin and Cintra Gomes-Marcondes 2011).

6. Honey acts as an anti-inflammatory agent which causes prevention of carcino-
genesis via various pathways.

7. Honey acts as antimutagenic compound as well.

4.5 Anticancer Effect of Honey Via Modulation of Signalling
Pathway

The main reason for death nowadays in the world is cancer, as this dreadful disease
not only causes death of an individual but also all the money he or his family have
earned. The treatment of this disease is very high. The available anticancer drugs in
the market are costly, non-specific, besides possessing high side effects. So, the need
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of hour is to switch on to the plant-based compounds which are economical and with
minimum or no side effects at all. Various dietary agents are observed to have
apoptotic, anti-proliferative and anti-inflammatory effects: the pathways of which
are found to be deregulated in carcinogenesis. Honey: full of antioxidants, readily
available, economical can be exploited for anticancer treatment. The anticancer
effect of honey by modulation of certain cell signalling and metabolic pathways is
discussed as follows.

4.5.1 Anticancer Activity of Honey by Interfering with Oxidative
Stress (Antioxidant)

Formation of reactive oxygen species (ROS), hydroxyl ions (OH’), superoxide
radicals and other free radicals is considered as a potent threat for the development
of not only cancer but other chronic diseases like coronary diseases, inflammatory
disorders, neurological degeneration, ageing as well. So, in order to counteract these
free radicals, antioxidants are needed. And honey is one such compound which
shows high antioxidant properties (Antony et al. 2000). Phenolics and flavonoids in
this naturally occurring compounds have such strong antioxidant properties as
observed by various studies that these compounds like chrysin and pinocembrin
are actively studied for the same (Viuda-Martos et al. 2008; Sun et al. 2015).

Consumption of honey is known to activate the levels of glutathione peroxidase,
Vitamin C and beta-carotene which are antioxidants (Al-Waili 2003). Quercetin at
high levels leads to decrease in ROS and increase in the production of H,O,. A
dihydroflavonoid pinobanksin-3-acetate is considered as the strongest antioxidant in
honey (Boisard et al. 2014). Several studies put forth that when these polyphenols
are tested in vitro separately for their antioxidant properties, they showed less
activity than when present in honey so one can conclude in honey these work
synergistically (Gheldof and Engeseth 2002).

Not only flavonoids and phenolics in honey have anti-scavenging properties but it
also contains vitamins (C and E), enzymes (catalase, peroxidase and glucose oxi-
dase), carotenoids and melanoidins which also leads to its antioxidant properties.
Honey melanoidins are high-molecular-weight proteins which are mostly present in
abundance in heat-treated honey and possess high antioxidant effect (Katrina and
Danielle 2011). These flavonoids in honey act as substrates for free radicals like
*OH and nitric oxides to limit free radicals in the body or called as free radical
sequestration method and thus helps in the prevention of various diseases including
cancer. The other mechanisms may include hydrogen donation and metal ion
chelation.

Anticancer signalling pathway for Caffeic acid (CA) and Caffeic acid Phenyl
esters (CAPE): A phenolic compound present in honey propolis possesses
anticarcinogenic properties via modulating antioxidant and anti-inflammatory
pathways. CAPE stops the formation of carcinogenic compounds in the body like
nitrosamines and nitroamides (Damasceno et al. 2017). One of the studies of
antioxidant effect of CAPE is on hepatocellular carcinoma (HCC) where it acts as
both primary as well as secondary oxidant (Gu et al. 2016; Won et al. 2010). CAPE
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due to its chemical structure helps in stopping chain reaction by donating its
hydrogen or electrons to free radicals in the body. It also forms complexes with
other metal ions like copper and iron, so preventing formation of peroxides and other
free radicals which otherwise would lead to attack on cell membranes, amino acids
and DNA (Angelo and Jorge 2007). Increase in ROS production causes damage to
mitochondrial membrane and proteins via lipid peroxidation, which leads to the
change in inner membrane permeability causing damage to mitochondrial DNA as
well as genetic/epigenetic changes in DNA which are known to be the causes of
various cancers (Dhanasekaran et al. 2016). Intracellular ROS are capable of induc-
ing damage and, in severe cases, cell death through mitochondrial alterations leading
to the release of cytochrome ¢ (Berman and Hastings 1999; Halestrap et al. 2000),
through activation of the JNK pathway (Tournier et al. 2000) or by activation of
nuclear factor-xB (NF-kB) transcription factors.

4.5.2 Anticancer Effects of Honey on Cell Proliferation

Deregulation of any proteins which are involved in cell cycle pathway leads to
tumorigenesis. Cell cycle pathway is a highly regulated and controlled mechanism.
Cell cycle phases include G¢/G,/S and M. The transition from G, to S phase is highly
important as when the cells pass to S phase, it has to undergo proliferation,
differentiation and programmed cell death. This pathway is controlled by various
cyclin-dependent kinases (cdks) (Diehl 2002). Ki-67—a protein present in the
nucleus is present in G;/S/M phases but absent in G, phase—is a new biomarker
to mark cell proliferation (Scholzen and Gerdes 2000).

Any agent which have the tendency to block cell proliferation can be used as
anticancer agents. Phenolics and flavonoids which includes chrysin, quercetin and
kaempferol present in the honey show effects on cell cycle by causing cell cycle
arrest at Go or G phase (Waheed et al. 2019). Ki-67 is shown to have less expression
when honey is added to cancer cell lines, so it means cell is not in active phase which
grows unchecked in cancer cell (Tomasin and Cintra Gomes-Marcondes 2011).

The various cell signalling mechanisms are known to be involved in the
antiproliferation action of honey like tyrosine cyclooxygenase, STAT 3 inhibition,
Wnt inhibition pathways (Lirdprapamongkol et al. 2013). Caffeic acid and other
phenyl esters in honey are shown to have profound effect on various regulatory
enzymes of cell division via various pathways like protein tyrosine kinase cycloox-
ygenase and ornithine decarboxylase pathways (Rao et al. 1993). Artepillin C in the
similar way has been shown to cause antiproliferation of prostate cancer cells by
reducing TNF-related, apoptosis-inducing ligand (TRAIL) resistance and impeding
NF-xB (Zhang et al. 2013). Flavonoid chrysin in honey has also exerted anti-
proliferative effect in various cancer cell lines like human Hep-3B, TCC, A549,
HeLa and colorectal cancer cells (Patel 2016). Apart from chrysin and galangin,
other flavones and phenolics present in the honey like caffeic acid phenethyl ester
(CAPE), benzyl ferulate, benzyl isoferulate, pinostrobin, 5-phenylpenta-2,4-dienoic
acid and tectochrysin showed anti-proliferative effects on various cancers like
gastric, esophagus and colon (Catchpole et al. 2015). CAPE causes upregulation
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of ROR2 pathway and causes cell cycle arrest at G; or M phase of cell cycle (Motawi
et al. 2016).

Catchpole et al. studied the anti-proliferative effects of chrysin, galangin and
CAPE besides other smaller compounds like benzyl ferulate, benzyl isoferulate,
pinostrobin, 5-phenylpenta-2,4-dienoic acid and tectochrysin on colon cancer cell
line DLD-1 and gastrointestinal cell lines (Owen et al. 2015). Benzyl caffeate, a
propolis, also showed anti-proliferative activity against murine colon cancer cell line
26-L5 (Usia et al. 2002). CA and CAPE showed anti-proliferative effects on tyrosine
protein kinase (TPK), lipoxygenase and cyclooxygenase pathways.

Quercetin, a flavanone, is known to decrease the cell proliferation rate in glioma
cells by either causing cell division stoppage at G, cell phase or by leading to its
apoptosis. Quercetin and Ellagic acid present in the honey via Wnt-f-catenin
pathway reduce cell proliferation and thus act as anti-tumorigenic compounds, as
shown in DU145 prostate cancer cell line (Giuseppe et al. 2019). Wnt signalling
pathway acts on cyclin D1 protein (cell cycle protein) important for cell division.
Ellagic acid and quercetin inhibits the formation of cyclin D1 and thus blocks cell
proliferation process. Quercetin prevents many proliferative pathways like protein
kinase c, tyrosine kinases and PI-3 kinases by inhibiting many enzymes in many
cancers like prostate, colon, gastric and leukaemia (Ranelletti et al. 1992; Yoshida
et al. 1992). Figure 4.2 shows how cyclins at different phases of cell cycle are
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Fig. 4.2 Figure representing oxidative stress and antioxidant effect of honey. The induction of
carcinogen (UV rays, chemical carcinogens, etc.) on the normal cell converts it to cancerous cell by
different intracellular pathways. Oxidative stress is one of the hallmarks of cancerous cells leading
to increased ROS generation and depletion of cellular antioxidants like GSH and dependent
enzymes, catalase and SOD. There is damage to DNA, protein and lipids in the cells due to the
deleterious effect of carcinogen. It is reported that honey and its components have powerful anti-
oxidative effects leading to decrease in total ROS generation in the cells
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inhibited by Quercetin. Like at G, phase, Quercetin inhibits cyclin D an p21, which
is a cyclin-dependant kinase inhibitor, which deactivates cyclin K2-E complex
formation at G; to S phase transition. P21 also inhibits CDK2-cyclin A and
CDKl-cyclin B complex formations which are needed for orderly progression
through S phase and G,/M (Rather and Bhagat 2019).

The attachment of P-catenin and the cell adhesion molecule E-cadherin also
regulates migration part of cell cycle process. This type of regulation is observed
among colon cancers, gastric cancers, prostate cancers, etc. (Bullions and Levine
1998; Refolo et al. 2015; Park et al. 2005). p-Coumaric acid also is observed to
possess anti-proliferative activity in colon cancer cell lines, by affecting cell cycle
phases (de Lana et al. 2018).

4.5.3 Anticancer Activity of Honey by Modulating Inflammatory
Pathways

Inflammation is actually body’s defence against outside stimuli, but chronic inflam-
mation leads to various diseases like diabetes, heart diseases and even can be the
cause of cancer. Various cytokines and macrophages are released in the body in
response to inflammation. Even the generation of free radicals in the body could lead
to tissue inflammation through various pathways which causes increase in
pro-inflammatory cytokines like cyclooxygenase-2 (COX-2), lipoxygenase-2,
IL-6, IL-12 and C-reactive proteins (CRP). Honey contains compounds which
have profound effect on various inflammatory pathways like mitogen-activated
protein kinase (MAPK) and nuclear factor kappa B (NF-kB) (Al-Waili 2003).
Pro-inflammatory cytokines like TNF-a and others activate NF-kB pathway which
in turn upregulates (COX-2), lipoxygenase-2, IL-6, nitric oxide, etc., which leads to
tumour progression (Sugarman et al. 1985). The pathway showing how honey com-
pound quercitin inhibits the inflammatory pathways at various checkpoints is shown
in Fig. 4.3.

Gangrein and Chrysin decrease inflammation by blocking an inflammatory pro-
tein COX-2, lipoxygenase-2 (Rossi et al. 2002; Ko et al. 2003). CAPE acts as an
anti-inflammatory compound in honey by preventing the release of arachidonic acid
from the cell (Mirzoeva and Calder 1996). It has been observed that CAPE decreases
the effect of radiations on skin cells due to its anti-inflammatory properties
(Staniforth et al. 2006). In rat models having breast cancer, honey is shown to
reduce TNF-a and other pro-inflammatory levels. Chrysin inhibited proliferation
of HTH7 and KAT18 cells of anaplastic thyroid carcinoma (Tram Anh et al. 2011).
CAPE is a potent and a specific inhibitor of NF-kB activation, and this may provide
the molecular basis for its multiple immunomodulatory and anti-inflammatory
activities of CAPE (Natarajan et al. 1996). Inflammatory agents like TNF, ceramide,
hydrogen peroxide and phorbol esters activate NF-xB, but CAPE blocks its activity
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Fig. 4.3 Representative diagram shows inhibition by Quercetin by acting on different proteins in
cell cycle. In cell cycle, various cyclins are responsible for cell division. Quercetin inhibits these
cyclins at different phases. At G; phase, Quercetin inhibits cyclin D and p21 which in turn by
various factors deactivates cyclin K2-E complex formation at transition phase of G; and S stopping
cell division. p21 also inhibits cyclin A-CDK2 complex and cyclin K1-cyclin B complex in S phase
and G, phase/M phase leading to arrest of cell division

by acting on its sulphydryl groups. CAPE also prevents the translocation of p65 to
the nucleus, which is a subunit of NF-kB, which further stops the formation of
NF-xB as demonstrated in Fig. 4.4. The blocking and inactivation of NF-kB by
CAPE provides the molecular basis for its immunomodulatory and anti-
inflammatory activities. NF-kB signalling besides causing formation of COX-2
and lipoxygenase also leads to the transition of epithelial cells to mesenchymal
cells, which further causes the slackening of ECF via metalloproteinases leading to
metastasis (Hoesel and Schmid 2013).

Chrysin also inhibits NF-kB at various check points like blocks formation of
COX-2, iNOS, TNF and cytokines and hence shows anti-inflammatory effect (Rauf
et al. 2015; Xiao et al. 2014).

Various research studies have observed that other secondary metabolites from
honey like daidzein, apigenin, luteolin, kaempferol and quercetin possess inflamma-
tory activity. They have the potential to decrease the production of TNF-a and IL-1
in N13 microglia cell line (Candiracci et al. 2012). Honey is known to have
protective effect against neuro-degenerative diseases especially Alzheimer’s/
Parkinson’s, where inflammation is known to be the cause. Other proteins in the
honey such as apalbumin-1, Major Royal Jelling Proteins (MRJP-1) an MRJP-3,
have been shown to decrease pro-inflammatory adipocytokines by either blocking
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Fig. 4.4 Inflammatory pathway is inhibited by honey (products) at various checkpoints. The
inflammation in cancerous cells is a combined effect of multiple factors acting together. The
carcinogens increase pro-inflammatory cytokines (TNF-a, IL-6, IL-12, IL-1p) in the cells which
activated NF-xB pathway which in turn upregulates COX-2 and NOS-2 pathways leading to
inflammation in the cells. Honey and its components have been reported to decrease these
activations of inflammatory markers leading to anti-inflammatory effect of honey

mannose receptors of phagocytic cells or activating antigen-stimulated T-cells
(Okamoto et al. 2003; Molan and Rhodes 2015).

4.5.4 Anticancer Effect of Honey Via Regulating Angiogenesis

Angiogenesis plays an important role in tumour formation. It is the formation of new
blood vessels to provide more oxygen to tissues. But in some mechanisms in the
body, this process is important like wound healing. During angiogenesis, the inflam-
matory cytokine like vascular endothelial growth factor (VEGF) level and prosta-
glandin E2 (PGE2) acts as an important marker of angiogenesis. Researchers
observed the angiogenetic effects of honey but at less concentration, so we can
conclude that at low concentration the honey helps in angiogenesis, but at high
concentration it is shown to decrease the levels of VEGF and PGE2 (Eteraf-Oskouei
et al. 2014). However, some type of honey is so potent that even as low as 0.2 g/kg
concentrations the cancer cells showed decrease in growth and VEGF and hence
minimized vasculature around tumour. A study was conducted to observe the effect
of honey products on bladder cancer in rats, and 300 mg/kg of propolis was found to
inhibit bladder cancer angiogenesis in these animals (Dornelas et al. 2012). CAPE
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also leads to decrease in colon cancer progression by downregulation of VEGF gene
expression and PGE-2 synthesis (Michaluart et al. 1999). Genes like GLI3, CRABP-
II, calmodulin, galectin-7, conexin-26, cytokeratin I and E-cadherin, which are
expressed during angiogenesis, are found to be regulated by honey products.

Phenolics as Antiangiogenic compound: CA in honey as discussed works in
number of ways as anticancer agent. CAPE via c-Jun N-terminal kinases (JNK-1
pathway) leads to decrease in HIF-1a (hypoxia-inducible factor 1) by dephosphory-
lation of JNK-1 protein causing less VEGF production and thus decrease in
vascularisation (Gu et al. 2016). Alike chrysin, epigallocatechin-3-gallate (EGCG)
also acts as angiogenic compound and works via the same pathway causing dephos-
phorylation of gp130/JINK-1/STAT-3 leading to reduction of VEGF and IL-6 (Chiu-
Mei et al. 2010; Choi et al. 2008). This type of anti-angiogenesis is observed in
breast, liver, prostate cancers and renal cell carcinoma (Jung et al. 2007). Another
flavonoid silibinin is shown to have antiangiogenic effect in lung cancer via STAT-3
pathway causing upregulation of antiangiogenic compounds like Ang-2 and Tie-2
(Tyagi et al. 2009). Figure 4.5 shows how Chrysin downregulated VCAM-1 protein
expression and chrysin blocked adhesion of monocytes in cerebral vascular endo-
thelial cells. NF-xB, p38 mitogen-activated protein kinase (MAPK) and c-Jun
N-terminal kinase, which are all activated by lipopolysaccharide, were significantly
inhibited by chrysin.
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Fig. 4.5 Representative diagram showed the inhibition of Chrysin in downregulation of VCAM.
Chrysin blocked monocytes adhesion in cerebral vascular endothelial cells. NF-xB, p38 mitogen-
activated protein kinase (MAPK) and c-Jun N-terminal kinase, which are all activated by
lipopolysaccharide, were significantly inhibited by chrysin
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4.5.5 Anticancer Effect of Honey on Immunity

Honey is considered as ‘super-charged immunity booster’ by University of
Michigan. Honey is a powerhouse of antioxidants, effective for exclusion of free
radicals from the body. Persons with low immune status in the body are more prone
to develop not only cancer but also a number of diseases. Honey products provoke
production of antibodies against both thymus-independent as well as thymus-
dependent antigens. Daily consumption of honey is known to increase production
of prostaglandins among AIDS patients (Al-Waili et al. 2006). Among humans, it
has known to increase monocyte production and even causes neutrophil migration,
eventually lessening tumour growth (Miki et al. 2010). Flavonoids and phenolics in
natural honey increase various pro- and anti-inflammatory cytokines like TNF-a,
interleukin (IL)-1f3 and IL-6 release which activate the immune response to fight
against infection. Honey has been shown to induce the number of B-cells, T-cells,
natural killer cells, neutrophils and monocytes, all of which boosts immunity in the
body (Hussein et al. 2012).

Honey is metabolized into short chain fatty acids in the body, which are shown to
have immunomodulatory effects. Not only phenolics and flavones, even
oligosaccharides present in the honey show prebiotic effects in the gut and increases
the gut microbe population like bifidobacterial and lactobacilli. Nigeria honey is
shown to have high immunomodulating effects (Chepulis 2007). Given to its positive
effects on immune system, the body has less chance of getting diseases, tumour cells
at first are recognized and destroyed by the cytokines and so less chance of getting
cancer. CAPE in propolis is effective in treating asthma and allergic reactions by
reducing TNF-a, intercellular adhesion molecule ICAM)-1, IL-6, IL-8, leukotrienes
and prostaglandin E2 (PGE2) via inhibiting NF-kB pathway (Wang et al. 2010).

4.5.6 Anticancer Activity of Honey on Telomerase

Telomeres are part of chromosomes containing short tandemly repeats (STRs) and
important constituents in a chromosome which have associated proteins to preserve
chromosome integrity and stability. Telomerase, a reverse transcriptase enzyme, is
known to maintain telomere length. During ageing, the length of telomere shortens
causing tissue dysfunction. During carcinogenesis, there occurs upregulation of
these telomerase, so more cell proliferation. So, by blocking or decreasing telome-
rase expression can be used as anticancer mechanism. Honey is known to have this
effect on telomerase activity. Flavones in honey like acacetin and chrysin were
known to mitigate telomere position effect (TPE genes): a heterochromatic region
which causes transcriptional silencing of telomerase activity, and hence leads to
decrease in tumour formation (Amina et al. 2013). An another study conducted on
ethanol extracts of propolis (EEP) showed decreased expression of telomerase by
about 93% by silencing telomerase reverse transcriptase gene in T-cell acute lym-
phoblastic leukaemia cell line (Gunduz et al. 2005).
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4.5.7 Anticancer Activity of Honey by Causing Apoptosis

During carcinogenesis, antiapoptotic activity of cells increases due to deregulation of
apoptotic pathways. Inadequate apoptosis or programmed cell death results in
carcinogenesis, but it has been observed that honey showed apoptotic effect. In
various cancer cell lines like in T24, RT4, 253] and MBT-2 honey is known to
induce apoptosis (Jaganathan and Mandal 2009; Tareq et al. 2003). Through various
pathways like via caspase or p53 pathways, the various metabolites of honey cause
apoptosis. Caspases are known to possess proapoptotic effect and works via death
signalling pathway or mitochondrial pathway. In one way, galangin and chrysin in
honey leads to the regulation of caspase 3 and then cell apoptosis (Hsu et al. 2003).
Chrysin also leads to decrease in Akt and p-38 in various cancer cell lines (Woo et al.
2004). Apigenin-constituent of honey causes downregulation of Bcl 2- and Akt, an
antiapoptotic protein, and increases expression of Bax (proapoptotic protein)
(Tomasin and Cintra Gomes-Marcondes 2011). p53 is activated by reactive oxygen
species (ROS) generated by caffeic acid, p-coumaric acid and eugenol (phenolic
compounds of honey), which in turn activates apoptotic proteins (Jaganathan 2012;
Jaganathan et al. 2013). One mechanism involves decrease in mitochondrial mem-
brane potential which is caused by caffeic acid present in honey and is observed in
among breast and colon cancer cases. So, honey or secondary metabolites present in
it works in both ways to have apoptotic effect on cells. Honey is therefore used as
apoptotic inducer which makes it a best chemotherapeutic agent (Figs. 4.6 and 4.7).
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Fig. 4.6 Apoptotic effect of honey. In cancerous cells, there is antiapoptotic activity of cells by
activation of MAPK activating p38 which leads to cell proliferation and differentiation. Along with
this, another pathway activating Akt is working in cancerous cells where BCI2 is increased and Bax
is decreased leading to Caspases inactivation and inhibiting apoptosis. In this figure, honey and its
components have been shown to activate different cascades leading to apoptosis of the cells
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Fig. 4.7 Overall anticancerous mechanisms of honey and its components. This figure is
summarized effects of honey and its components on the cancerous cell. Honey acts as
antimutagenic, apoptotic, antioxidant, anti-proliferative, anti-inflammatory, anti-angiogenesis, and
immune booster in cancerous cell inhibiting factors required for cancer and activation of
anticancerous factors. T means activation and | means suppression

Sirtuin family protein (SIRT-1), a histone deacetylase, is found to be highly
expressed in various cancers like colon, acute myeloid leukaemia, prostate (Jang
et al. 2008; Tseng et al. 2009). Ellagic acid in honey causes inhibition of SIRT-1
protein and in turn activates apoptotic genes like Bax, p53 and retinoblastoma
(Rb) protein and thus supresses cancer growth (Giuseppe et al. 2019). Vanillic
acid also leads to apoptosis by regulating procaspase-3, procaspase-9, Bax and
p53 proteins as shown in small cell lung carcinoma and colon cancers (Kumar
et al. 2013).

4.5.8 Antimutagenic Effect of Honey on Different Cancers

Mutation or mutagenicity is a process which causes damage/lesions to the DNA that
result in cell death or some undesirable changes which are permanent and leads to
carcinogenesis. The compounds in honey are shown to have antimutagenic effects
and hence makes it as an anticancer potential contender. Very few studies are
conducted to check the antimutagenic effect of honey on cells. In one such study,
E. coli after exposing them with UV radiation (as UV radiation causes DNA
damage) and in order to check the mutation, Selectable--In-Vivo Expression Tech-
nology (SIVET) assay frequency was found to be high. Supplementing the cells with
honey, SIVET levels which measure damage were observed to be low, so confirming
its antimutagenic effect (Saxena et al. 2012). In fact, bee pollen is also known to have
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mutagenic effect and so anticarcinogenic as well (Denisow and Denisow-Pietrzyk
2016). Trp-p-1 is a mutagen present in numerous foods and is considered as a
carcinogen. But honey also showed a significant decrease of Trp-p-1 with increase
in its concentration (Wang et al. 2002). The exact mechanism is still a mystery.

4.6 Effect of Honey on Different Carcinomas
4.6.1 Effect of Honey on Leukaemia

Leukaemia is a common malignancy of white blood cells, which is further
categorized into chronic myeloid leukaemia (CML) and acute myeloid leukaemia
(AML). The current treatment besides chemotherapy is imatinib (a tyrosine kinase
inhibitor) but with time patients develop resistance to this drug. So new, cost-
effective drug is need of the hour, and honey is such a natural compound which
have tremendous effect on cancer cells.

Various reports suggested that honey compounds like galangin and kaempferol
act as anti-proliferative agents on promyelocytic leukaemia cells line (HL60)
(Bestwick et al. 2007). Another flavonoid quercetin acts on both CML and AML
cell lines (K562 and MV4-11) but via apoptosis (Akan and Garip 2011).

4.6.2 Effect of Honey on Breast Cancer

Breast cancer is the second largest causing death among women. The cells,
i.e. cancer stem cells (CSC), from which this deadly disease is known to cause are
resistant to chemotherapy. So, to find a novel therapeutic drug is important to
decrease the mortality associated with breast cancer (Rathore and Wang 2013).
Different types of honey like Manuka honey (UMF 10+), Tualang honey and
Thyme honey were shown to inhibit abnormal cell division at a concentration of
0.6% (w/v) in multiple cell lines (human breast cancer MCF-7 and MDA-MB-231).
Quercetin showed anti-proliferative action on MCF-7 cell lines. CAPE
downregulates breast cancer cells by inhibiting the phosphorylation of epidermal
growth factor receptor (EGFR) (Wu et al. 2011). EGFR in carcinogenesis binds with
EGR (receptors) and via mitogen-activated protein kinase (MAPK), protein kinase B
(Akt) and c-Jun N-terminal kinase (JNK) pathways, resulting in abnormal DNA
synthesis and proliferation (Wagner and Nebreda 2009). Honey compounds in breast
cancer cells work by increase in apoptotic cells and decrease in VEGF levels, so
decrease in angiogenesis (Kadir et al. 2013). In one of the study supplementation of
breast cancer patients with honey overall showed a good effect on WBC and platelet
counts (Zaida et al. 2018).
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4.6.3 Effect of Honey on Gastrointestinal Carcinomas

Gastrointestinal cancers include cancers of stomach, oesophagus, gallbladder, pan-
creas, liver, intestine, colon, and rectum, which are the most common human cancers
in both men and women worldwide. Gastric cancer is the second leading cause of
death in the world. Due to the failure of conventional therapies, there has been a shift
to dietary and lifestyle modifications since several years (Oh et al. 2010).
Helicobacter pylori (H. pylori) is considered as a risk factor for developing gastric
cancer and other associated diseases. Ellagic acid, gallic acid, and other phenolic
constituents in honey are known to act as anti-inflammatory and antioxidant agents
to decrease GIT-related cancers. These compounds decrease the inflammation of the
tumour cells by causing deactivation of NF-kB pathway which in turn leads to
decrease in pro-inflammatory markers (Abdel-Latif et al. 2005; Hussein et al.
2012). As inflammation is reduced so does the cancer cells. Even gastric ulcers,
gastritis is healed by honey, as it showed sucralfate effects on epithelial cells of
stomach lining. Chrysin works by decreasing matrix metalloproteinases (MMP-9)
expression in gastric cancer (Xia et al. 2015). In colon carcinoma, honey along with
ginger acts on various cancer-related pathways like Ras/ERK and P13K/AKT (Tahir
et al. 2015). Ellagic acid downregulates insulin-like growth factor 2 (IGF-II) signal-
ling pathway to inhibit colon carcinogenesis (Narayanan and Re 2001). Quercetin
shows anti-proliferative effect on colon cancer cell line Caco-2 (Salucci et al. 2002),
and via NF-xB and MAPK pathways it helps to reduce pancreatic cancer as well
(Batumalaie et al. 2013).

4.6.4 Effect of Honey on Oral Cancer

Infections in mouth by a fungi Candida albicans is one of the causes of oral cancer
(Hooper et al. 2009). Honey is known to have effect on fungal infections and other
aerobic pathogens. One of the side effects of chemotherapy is oral mucositis. In one
study the use of honey among chemotherapeutic patients shows significant effect on
oral mucositis among paediatric cancer patients (Soad et al. 2017). Honey is
economical and easily available and can be used to treat inflammation associated
with oral mucosa, ulcers, etc.

4.6.5 Effect of Honey on Prostate Cancer

One of the common cancers among males is prostate cancer, and many deaths are
associated with it annually. It was reported that honey shows anti-metastatic effects
on prostate cancer cell lines. The phenolic compounds like caffeic acid reduce the
cell proliferation and invasion in prostate cancer cell lines around 50% (Lansky et al.
2005). Not only phenolic compounds but sugars present in honey shows inhibition in
cell invasion process: which is one of the important characteristics of metastasis
(Ho et al. 2010). Gallic acid causes inhibition of MMPs via NF-kB pathway: which
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leads to breakdown of extracellular matrix (ECM) of the cell. The honey compounds
are known to reduce both enzymatic action of MMPs as well as translocation of
NF-kB. Quercetin is also shown to have same effect on prostate cancer cell lines
(Vijayababu et al. 2000).

4.7 Clinical Trials

Trials on mice models have indicated potential anticancer and antitumour properties
of honey (Maria et al. 2013). A 50% solution of honey in saline injected in the mice
showed about 33% inhibition of tumour growth. Further studies suggest that direct
injection of honey could have potent antitumour properties. The high sugar content
in honey is suggested to shrink the size of tumour through osmolarity effect.
However, further studies are needed to evaluate the effectiveness of this approach.

Other studies (Al-Waili 2004) on the immunomodulatory effects of honey on
humans have indicated that the consumption of 1.2 g/kg bodyweight leads to 50%
increase in blood monocytes count and a marginal rise in lymphocytes and
eosinophils. These encouraging studies suggest that further studies are required to
firmly establish the utility in clinical trials.

4.8 Conclusion

This chapter summarizes the mechanisms of phenolics and flavonoids of honey in
preventing the process of carcinogenesis by multiple mechanisms like acting as
apoptotic agent, anti-proliferative agent, antiangiogenetic agent and antioxidant
agent. The compounds in the honey work cumulatively to combat cancers. From
wound healing to boosting immunity, honey compounds work synergistically
adopting different mechanisms. However, limited data is available on its effect on
humans, but in animal models its anticancer effect is well cited. Therefore, it could
be developed as a natural cancer ‘vaccine’ or anticancer drug in future. So it is highly
advisable to have daily consumption of honey in our diets.
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Abstract

Fibrosis is a consequence of diverse continual compensation of various connec-
tive tissue in the body. That results in the formation of extracellular matrix that is
why it forms a sandwiched between matrix and deterioration. It is well resolute
and articulated as scarring and as of particular cell lines fibrosis is developed,
such conditions are known as a fibroma. Immune cells produce several factors
like cytokines, chemokines, etc. that serves as the best factors which affects the
inflammation. A variety of synthetic and herbal drugs are accessible in the market
that are specially designed for the treatment of fibrosis. Throughout the remedies,
honey is one of the most common and easily available ingredient of our kitchen
that contains numerous enzymes, vitamins, organic acids, flavonoids, phenolic
acids, amino acids, and volatile components. These phytochemicals are responsi-
ble for different pharmacological activities including anti-fibrotic effect. In this
chapter, we focused on mechanisms of the anti-fibrotic effects of honey and we
conclude that how honey inhibits the inflammatory cytokines, chemokines, and
other factors viz. PDGF, IL-4, TGF-f, and interleukin-13. These biomarkers are
incorporated with proliferation and causes activation of myofibroblast cells.
Balance for the extracellular matrix degradation and its synthesis helps determine
ECM homeostasis. At last, these immune cells, endothelial or epithelial cells lead
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to apoptosis, proliferation, and repair at the damage site, resulting in the healing
of the wound and showed a strong anti-fibrotic effect.

Keywords

Honey - Fibrosis - Anti-fibrotic effect - Extracellular matrix - Chemokines

5.1 Introduction

Nowadays numerous herbal preparations are used by the physicians for the treatment
of different diseases due to various side effects of allopathic preparations. The
research is going on in search of natural drugs having less or minimal side effects.
In this journey, we can’t forget the name of honey as it is used for the preparation of
various ancient Egyptian and Greeks along with numerous Unani, Ayurvedic,
Naturopathic, and Traditional Chinese preparations (Eteraf-Oskouei and Najafi
2013; Miguel et al. 2017). Honey is naturally sweet and viscous food product
prepared by honey bees with the help of nectar obtained for flowers.

It is determined by color and odor. Light color honeys have high value of
marketed price as compare to darker one. Sweetness of honey is due to presence
of monosaccharides, glucose, and fructose. Rest of constituents are various enzymes,
vitamins, organic acids, flavonoids, phenolic acids, amino acids, and volatile
components (Algarni et al. 2014).

Fibrosis can be defined as the development, overgrowth, hardening, and/or
scarring of additional connective tissue (fibrous) in any part of the human body
especially organ or tissue which has a role in a reactive process (Birbrair et al. 2014).
When we focus on fibrosis we found that there is a deposition of large amount of
components, especially at the matrix portion behind it (Glick et al. 2010; Wynn
2011). It is well determined and expressed as scarring and from specified cell lines
fibrosis is developed, such conditions are known as fibroma (Birbrair et al. 2014).
When chronic inflammation is developed in the body then, at last, it is referred to
fibrosis due to various stimuli, especially immune reactions, allergic reactions,
persistent infections, radiations, and various tissue damages. Recent facts show
that there are several novel pathogenic mechanism that plays a critical role in the
progression and reverse establishment of fibrosis (Wynn 2011). There are different
types of fibrosis depending on the organ they are present. Some of them are enlisted
in Table 5.1.

5.1.1 Diagnosis

It can be diagnosed with the help of computerized tomography images of fibrosis,
gross pathology of fibrosis, histopathology of fibrosis, X-rays of fibrosis, etc. (Sica
et al. 2019).
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Table 5.1 Major organs affected by fibrosis, types of fibrosis, and possible contributing factors

Organ
Liver

Lung

Kidney

Heart

Eye

Skin

Pancreas
Intestine
Brain

Bone
marrow

Others

Type of fibrosis

Cirrhosis
Bridging fibrosis

Cystic fibrosis, replacement
fibrosis, focal fibrosis, diffuse
parenchymal lung disease,
idiopathic pulmonary fibrosis,
radiation-induced lung injury
Renal fibrosis

Cystic fibrosis

Nephrogenic systemic fibrosis
Atrial fibrosis
Endomyocardial fibrosis

Old myocardial infarction

Subretinal fibrosis,

Epiretinal fibrosis

Keloid (skin fibrosis)
Nephrogenic systemic fibrosis

Pancreatic fibrosis
Crohn’s disease
Glial scar

Myelofibrosis

Arthrofibrosis (knee, shoulder,
other joints)

Dupuytren’s contracture
(hands, fingers)

Mediastinal fibrosis (soft tissue
of the mediastinum)
Peyronie’s disease (penis)

5.1.2 Physiology

Possible contributing factors

Viral hepatitis, hepatocellular
carcinoma, schistosomiasis,
and alcoholism

Sarcoidosis, silicosis, drug
reactions, rheumatoid arthritis,
systemic sclerosis, and
idiopathic pulmonary fibrosis

Chronic kidney diseases,
diabetes and hypertension

Cardiac fibrosis, hypertrophic
cardiomyopathy, heart attack,
hypertension, atherosclerosis
and arrhythmia

Macular degeneration, retinal
and vitreal retinopathy
Hypertrophic scars, systemic
sclerosis, scleroderma, multiple
cancers, and pulmonary arterial
hypertension

Autoimmune and hereditary
causes

Inflammatory bowel disease
and pathogenic organisms

Alzheimer’s disease and AIDS

Chronic myelogenous
leukemia, Myelodysplastic
syndrome and aging

Surgical complications, scar
tissues, chemotherapeutic drug-
induced fibrosis, radiation-
induced fibrosis, and
mechanical injuries
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In case of fibrosis, myofibroblast is the cellular mediator. These fibroblasts serve as
initial collagen developing cells and upon maturation, they produce mesenchymal,
endothelial, and epithelial cells. Cellular mediators were activated with the help of

various mechanisms,

especially paracrine signals developed from various

macrophages and lymphocytes. Myofibroblast secretes autocrine factors and patho-
gen species produce pathogen-associated molecular patterns (PAMPS). These
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PAMPS then interacts with recognition receptors, chemokines, cytokines,
monocytes, chemoattractant protein-1 (MCP-1), and macrophage inflammatory
protein-1  (MIP-1 B).

Cytokines that are present in human body are transforming growth factor-beta
1 (TGF-p1) and interleukins (IL). Growth factors are platelet-derived growth factors
(PDGF) and angiogenic factors are vascular endothelial growth factor (VEGF),
caspase, acute-phase proteins, and peroxisome proliferator-activated receptors
(PPARs). Rennin angiotensin aldosterone II acts as a manager of fibrosis and
targeted for drugs which were used for the treatment of fibrosis.

5.1.3 Prevalence and Incidence

There are several studies reported for the evaluation of incidence and effectiveness
of fibrosis. According to different agencies, the most afferent data range from 4.6 to
7.4 cases/100,000 and 13 to 20 cases/100,000 for females and males, respectively
(Flume et al. 2009). On the basis of earlier data, it is understandable that in Europe,
fibrosis affect near about 7500 people. There is an unknown concept for the
incidence and prevalence of the fibrosis, that is why geographical and racial factors
influenced it most (Kim et al. 2015). Level of prevalence is increased nowdays due to
strong optimization of latest diagnostic methods and lifestyle increment.

5.1.4 Prognosis and Etiological Causes

The prognosis of fibrosis is underprivileged and the survival rate is only 2-3 years
after its diagnosis (Kim et al. 2015). Delay in progression leads to chronic respiratory
failure. In rest of cases, there are periods of comparable stability with particular
worsening in complications and sometime death also. In small number of patients,
the duration of disease is very short with fast progression. Generally average rate of
survival is 2-5 years as determined in symptoms (Raghu et al. 2011).

The etiological causes of fibrosis are not well determined due to diagnostic
complications. As this disease occurs due to various predetermined factors like
genetic, environment, immunological, and others; that plays an important role in
the etiology of fibrosis. Genetic mutation is one of the most effective alterations that
maintain the length of telomeres. Fibrosis is commonly due to the presence of
various surfactants like mucin 5B promoter region and protein C gene. It is deter-
mined that there is no well-established genetic test to carry out predisposition for
fibrosis (Wu et al. 2018). Apart from genetic, environmental factors also a predomi-
nant risk factor for the development of fibrosis. Examples like exposure of silicon,
steel, brass, lead, farming, smoking, and wooden houses (Cystic Fibrosis Trust
2014). Some studies also determine that gastroesophageal reflux, autoimmune
diseases, and immunosuppressive therapy are major and effective risk factors for
progression and predisposition of fibrosis (Ng and Moore 2016; Michael et al. 2015;
Abdalla et al. 2009). The other factors like radiology and histology are also well-
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Fig. 5.1 Diagrammatic representation of how honey acts in the pathogenesis of fibrosis

established manifestation of fibrosis along with the factors associated with connec-
tive tissue create fibrosis (Al-Momani et al. 2016).

5.1.5 Pathogenesis

Fibrosis is the pathological result of normal wound healing process. Generally, when
injuries generated at that time endothelial and epithelial cells are destroyed and
release pro-inflammatory cytokines with the help of cascade coagulation and
immune cell replacement (Darby and Hewitson 2007). The most important of
them are macrophages and neutrophils. Tissue damage and dead cells are removed
by the determined immune cells due to acute inflammation (Klingberg et al. 2013).
At the same time, these immune cells produce several factors like cytokines,
chemokines, which serve as best factors that affected inflammation. The other factors
are like growth factors viz. PDGF, IL-4, TGF-f, and interleukin-13 which are
incorporate a limited amount of proliferation and activation of myofibroblast cells
(Wynn and Vannella 2016). Myofibroblasts were derived from various multiple cells
like epithelial cells, bone marrow cells, and epithelial endothelial mesenchymal
transitional cells. These cells are properly related to various blood vessels except
resident fibroblast. Precursor cells such as pancreatic stellate cells (PSC) and hepatic
stellate cells (HSC) may also develop myofibroblastic phenotype in the liver and
pancreas.
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Therefore, myofibroblast may achieve the balance for the extracellular matrix
(ECM) degradation and its synthesis is helpful in determining ECM homeostasis. At
last, these immune cells, endothelial, or epithelial cells lead to apoptosis, prolifera-
tion, and repair at the damage site, resulting in healing of wound (Darby et al. 2014;
Ghosh et al. 2013) (Fig. 5.1).

5.2  Factors Affecting the Progression of Fibrosis
5.2.1 Extracellular Factors

Most of the extracellular factors associated with fibrosis are ligands that bind with
receptors, like growth factors and cytokines. In endocrine signaling pathways,
autocrine and paracrine are the factors which target distant cells and adjacent cells
(Gabbiani 2003). They instead bind to specific cell membrane receptors which
activate intracellular signaling, culminating in cellular level pro-fibrotic responses.
Various extracellular factors, particularly enzymes which are effective for their
property such as metalloproteinases matrix (MMPs), can diminish ECM to prevent
excessive level of accumulation (Vettori 2012).

5.2.2 Growth Factors

These are the large protein molecules that trigger the proliferation and growth of
various cells. They are released by different cells to produce cellular responses as
well as fibroblast proliferation (Kendall and Feghali-Bostwick 2014; Marvig et al.
2015). Transforming growth factor beta (TGF-p) is the chief determinant which
plays an important role in fibrogenesis by regulating cell growth through small
mothers against decapentaplegic (Smad) (Scales and Huffnagle 2013). Along with
that, it also causes the overexpression of o-hallmark muscle actin (a-SMA)
myofibroblast. However, TGF-p signaling responds to collagen I and III gene
transcription contributing to ECM accumulation (Luchetti et al. 2014). Platelet-
derived growth factor (PDGF) can induce the hematopoietic stem cell derived
proliferation and collagen expression. Hepatocyte growth factors (HGF) are also
responsible for fibrosis which helps reduce overexpression (Fan et al. 2018). In case
of inflammatory type of wound healing process, excessive level of cytokines espe-
cially chemokines are released by the immune cells which include neutrophil, T
cells, and macrophages. When we compare growth factors to that of cytokines, it acts
as a transmitter for the cell signaling and results in increased immunological
response of cell and ultimately leads to inflammation in cells. Chemokines having
the property to migrate into liver and there they produce fibrosis (Gressner and
Gressner 2008). Interleukin 6 is also reported as agent that moves various tissue
conservation via signal transducer and transcription activator 3 that type of signaling
pathway in some peritoneal type of fibrosis to a chronic inflammatory state (Luchetti
et al. 2014).
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5.2.3 Broad Range of Proteins/Peptides

Wide range of protein and peptides are other extracellular variables that differentiate
myofibroblast with growth factor. For example, during embryonic growth and
responds to defect through Snail and Twist’s inhibition of epithelial-cadherin signal.
Hh signaling pathway epigenetic regulation refers to biliary level of fibrosis along
with that it is also associated with liver fibrosis. The up determinant type of signaling
was well reported in an ample supply of f catenin in either fibrotic kidney. The
pathways control epithelial-to-mesenchymal transition (EMT) induced genes like
Twist, LEF 1, which aggravates disorder (Van Mourik 2017).

5.2.4 Matrix Metalloproteinases (MMPs)

Extracellular endopeptidases (laminins, fibronectin, proteoglycans, and collagens)
are the factors that degrade the ECM metalloproteinase tissue inhibitors (TIMPs) can
also function as MMPs inhibitors. To maintain the homeostasis, MMPs and TIMPs
modulate the system either by development of fibrosis or cell injuries. It can be in
balance position by the activation of various latent immune cells and some
myofibroblast (Barr et al. 2018).

5.2.5 Intracellular Factors

Intracellular factors also modulate and relocate the expression of some extracellular
factors, such as cytokines and growth factors. Certain inflammatory pathways and
metabolize them from cells to enhance immune responses. In addition, epigenetic
factors function as a new way of manipulating gene expression correlated with
fibrosis (Xu et al. 2016).

5.2.6 Nuclear Receptors

These types of receptors are located in the cytoplasm and nucleus. They receive
various signals from intercellular ligands to bind with specific receptor inside the
DNA and regulate genetic expression (Rieger et al. 2015). Some examples are like
proliferator-activated receptor y (PPAR-y), peroxisome which may completely and
directly manage and regulate type I collagen gene expression and can block TGF £
signaling pathways. Other receptors are also found in nucleus like farnesoid-X
receptor (FXR) which can exhibit an fibrotic protecting effect via the reduction of
various proliferation type of cholangiocytes and subsequent reduction in TGF
(Manley and Ding 2015). The strong activation of FXR which can also decrease and
diminish a series of strong type of profibrotic factors especially including a-SMA,
collagens, TIMP-1, and MMP-2 (Ali et al. 2015).
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5.2.7 Multiple Kinases

There are different intracellular kinase which serves as a reservoir in the inflamma-
tory process like TNF-a, epidermal growth factors, and TGF-f. They initiate the
mitogen-activated protein kinase pathway (MAPK). Among all of them, TNF-a
activates another important deterministic mammalian target of rapamycin (mTOR).
This mTOR receptor causes activation of transcription factor -1 and decreases the
accumulation of collagen and fibrosis (Afroz et al. 2016a, b).

5.2.8 Galectin-3/Lysyl Oxidase Homolog 2 (LOXL2)/Oxygen Species
(ROS)

There are such factors influencing either extra/intracellular mechanisms of fibrosis,
particularly species with galectin-3, reactive oxygen species (ROS), and homolo-
gous lysyl oxidase. Tissue damages, cell damage, and nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase activities will produce ROS. The ligand
binding oxygen species targets the paptides and triggers TGF-f signals, whereas
inteacellular oxidative stress in human body targets p53 cells. That causes apoptosis
and activation of mitochondrial caspase inside the cells. So far as galectin-3 is
involved, extracellular type of galectin-3 which can induce apoptosis in T type of
cells performs as well-defined dual activity in and outermost side of cells (Tzou et al.
2014). The LOXL2 variable is usually considered as extracellular enzymes, which
then in reaction to excessive pressure promotes the production of collagen and
crosslink with collagen fibers. Moreover, intracellular type of LOXL2 has been
well reported to induced EMT in the development of carcinoma. On such basis,
the targets involved in these mechanisms will have to be reexamined and their
possible functions determined in fibrosis type of treatment across tissues and organs
(Table 5.2; Aydin and Akcali 2018).

5.3 A Honey Boon for a Human Being

Honey is a historic item whose background can be directly attributed 8000 years in
Europe but still has popular being used as a popular food product (Alvarez-Suarez
et al. 2014). Unlike the other traditional food items, honey also has its cultural
importance and symbolic significance in certain communities, which has led its
effectiveness as therapeutic agent. Overall, honey is a result arising from any insects
that store nectar in hives, but perhaps the item produced by honeybees, the subfamily
Apis, is usually referred to as honey (Kwakman et al. 2010). Honey in the severe
form is generated via a process of network rehashing and evaporation ability to
concentrate in the beehive. Honey continues to develop within beehives as the main
bee food in wax honeycombs. Honey’s deep taste derives from the very high sugar
content of fructose and glucose (Jull et al. 2015). The organic mechanism is derived
from indicating that honey contains many biochemical and biochemical compounds.
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Table 5.2 List of targeting factors for prognosis of fibrosis

Target or mechanism

Group type
Targeting intracellular factors
Enzymes mTOR
Nuclear PPAR
receptors

Other proteins Intracellular TGF-$

signaling

miRNA
Targeting extracellular factors

Extracellular TGF-$
signaling TGF-8

Epigenetics

Growth factors

Cytokine Interleukin
MMP/TIMP MMP/TIMP
Other proteins Endothelin

and peptides

Target or

mechanism Organs

mTOR
complex 1/2

Liver,
kidney,
Lung, heart,
Skin, gut
PPAR-y Liver,
kidney,
Lung, heart,
Pancreas,
skin
SMAD?2/3 Liver,
kidney,
Lung, heart

miR-21

Liver,
kidney,
Lung, heat,
Pancreas,
skin

TGF-p

1L-13 Liver,
kidney,
Lung, heart,
pancreas,
Skin, gut
MMP-2/
MMP-9/
TIMP-1

Liver,
kidney,
Lung, skin,
Heart,
pancreas
Liver,
kidney,
Lung, heart,
Skin, gut

ET-1 receptor
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Honey from its natural state is commonly used as fresh produce. Honey can also be
used in many baking procedures and goods where natural tartness is supplied.
Honey’s physiological structure is that its base is water having high osmolality.
That is why pathogens do not develop in honey, their biological source means that
they might exhibit bacteria and microorganism spores along with highly poisonous
types such as Clostridium botulinum, some of the most toxic substances known to
mankind (Rybak-Chmielewska 2003). The many substances and growth factors
used in honey have led in their use for medical purposes (Fig. 5.2). Various variety
of honey with their specification is given in Table 5.3.
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Fig. 5.2 Different uses and health benefits of honey for human beings

5.4  Adulteration of Honey

As the need for any food item is increased as well as its supply is less in that case
suppliers opt for adulteration process. The production and cost of honey depend
upon weather and harvesting condition. It is subjected to two types of adulteration:

1. Indirect.
2. Direct.

5.4.1 Indirect

Indirectly honey is adulterated by proving factory sugar to the honeybees at natural
breeding stage. Such indirect adulteration is very difficult to detect. For discrimina-
tion between pure and impure, several chromatographic techniques are used. These
chromatographic techniques are useful only when there is an adulteration between
10 and 40% (Siddiqui et al. 2017).
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Table 5.3 Different types of honey with their specifications

Type of
honey

Acacia honey

Alfalfa honey

Aster honey

Avocado
honey

Basswood
honey

Beechwood
honey

Blueberry
honey

Bluegum
honey

Buckwheat
honey

Clover honey

Dandelion
honey

Specification

Most popular honey
Identification: light and clear
Taste: floral

Fructose concentration is high to retain in the liquid state

Popular in diabetics

Majority production in Canada and the United States
Light in color

Made from purple-blue blossoms

Taste and aroma: mild floral

Used for backing purpose

Light color Honey

Extracted from Midsouth region and the United States
The thick and smooth consistency

Crystallize faster than other honey

Used as a natural sweetener

Extracted from California avocado blossoms
Dark-colored honey
Buttery flavor

Found throughout North America

Most popular for biting taste

White color and exceptional malleability quality
Produced from cream-colored basswood blossoms

Known as Honeydew

Found in New Zealand

Produced by aphids on the bark of beechwood tree
Used as a syrup for pancakes

Regular consumption increase body immunity, better
digestive system, high nutritional value

Pleasant flavor

Produced in New England

Extracted from white flowers of blueberry bush
Light amber-colored

Eucalyptus honey species

Grows in South Australia and Tasmania

Dense texture and amber color

Strongest and darkest honey

Produced in Minnesota, Ohio

Rich source of iron and other essential nutrients
Antioxidant property

Most widely available and popular honey

Produced across Canada and New Zealand

Classic one because of pleasant and floral sweet taste
Relatively strong honey

Widely produced in New Zealand

Bears dandelion aroma considered a medicinal herb in
China, Tibet, India due to its healing nature
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Table 5.3 (continued)

Type of
honey

Eucalyptus
honey

Fireweed
honey

Heather
honey

Iron bank
honey

Jarrah honey

Leatherwood
honey

Linden honey

Macadamia
honey

Manuka
honey

Orange
blossom
honey
Pinetree
honey

Sourwood
honey

Sage honey

Specification

Produced in Australia and California

Strong medicinal honey variety

Used for cold and headaches

The herbal flavor and a slight aftertaste of menthol

Obtained from a tall herb grown in open woods of north-
west United States

Light color

Sweet and complex at the same time

The smooth, delicate and buttery taste

Strongest and most pungent flavors

Amber in color and a rich source of protein

Almost bitter

Eucalyptus floral variety with bold taste

Extracted throughout the year in eastern Australia
Dark- amber eucalyptus variety

Caramel aftertaste

An effective remedy for wounds, burns, skin allergies
Obtained from leatherwood blossom

Available in Southwest region Tasmania, Australia
Unique taste and strong flavor

Known as Tasmanian honey

Light yellow color

The very delicate and fresh woody scent

Medically rich verities

Sedative properties help immensely in cases of anxiety and
insomnia

Used for treatment of cold, cough, and bronchitis
Sourced in Australia

Floral nectar of Macadamia Nut tree

Deep in color with a complex aroma and has a subtle nutty
flavor

Produced in New Zealand coastal areas

Collected from the flower of Tea Tree bush

Rich antibacterial, effectively treating stomach ulcers sore
throat, indigestion, and acne and pimples
Combination of citrus sources

Light in color and mild flavor with a fruity scent
Obtained from Spain and Mexico

Mainly comes from Greece

Slightly bitter taste with a strong aroma

Rich minerals and proteins

Light color, caramel kind of taste

Sweet and nutty

Heavy bodied Sage honey

Produced in California

Packed with the property of granulate

Delightful taste
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Table 5.3 (continued)

Type of
honey Specification Reference
Tupelo honey | Most premium honey Umesh et al.

Southern gold tupelo honey (2008)
Produced in southeastern US swamps
Granulating like quality

5.4.2 Direct

Inclusion of other substances in honey is termed as clear adulteration. This type of
adulteration is detected by the means of characterization of physical and chemical
properties. S86 honey is the example of that type of characterization which requires
extensive sample preparation and complex analytical equipment along with it is a
time-consuming process. This type of adulteration can be characterized by the help
of modern analytical techniques such as nuclear magnetic resonance and calorimet-
ric analysis (Siddiqui et al. 2017; Padovan et al. 2003).

5.5 The Pharmacological Effect of Honey
5.5.1 Antioxidant Activity

A lot of diseases are due to the generation of reactive oxygen species, which are
generated during the metabolism. The antioxidants are the agent that intercepts free
radicals prior to they get damage. Darkness of honey is directly proportional to its
antioxidant activity; hence, we can say that darker the honey, richer the source of
antioxidants. Honey is an ample source of phenolic compounds and flavonoids,
which act as a reservoir for antioxidant activity. These compounds act as an antioxi-
dant due to its donating ability of hydrogen ion and electrons, which result in the
generation of free radical as a consequence due to oxidative stress (Afroz et al.
20164, b).

5.5.2 Antimicrobial Property

The dynamic cause of antimicrobial property of honey is due to the presence of
glucose oxidase enzyme and the physical properties of honey. Rest factors are
increase osmotic pressure; down pH; protein in less amount; increase in reducing
sugar, carbon, and nitrogen ratio; viscosity; and other phytochemical constituents
present in the honey (Abd Jalil et al. 2017; Allen et al. 1991).
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5.5.3 Antibacterial Property

The antibacterial effect of honey is due to its property to release the peroxide ion
commencing due to glucose oxidation to form gluconolactone and gluconic acid in
the existence of oxidase enzyme. This activity was called peroxide activity and
constitutes, at variable extent, the mode of action of some honey (Henriques et al.
2006).

5.5.4 Antiviral Property

The antiviral property of honey owes due to the presence of flavonoids (chrysin,
acacetin, and apigenin). Several researches suggest that honey can inhibit the human
immunodeficiency virus (HIV) either due to the activation via inhibiting the tran-
scription of virus. Chrysin a constituent of honey shows activity against herpes
simplex virus (type 1). One study suggests that the chrysin and apigenin have
significant antiviral activity against HIV-1 in acutely infected H9 lymphocytes.
Apigenin also exhibited antiviral activity against the influenza virus (H3N2)
in vitro (Liu et al. 2008).

5.5.5 Anticancer

Honey shows its anticancer property by the potent inhibition on the progression of
malignant cells. Its inhibitory