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Chapter 1
Curcumin and Its Role in Chronic
Diseases

A. Kunwar and K.I. Priyadarsini

Abstract Curcumin, a yellow pigment from the spice turmeric, is used in Indian
and Chinese medicine since ancient times for wide range of diseases. Extensive
scientific research on this molecule performed over the last 3 to 4 decades has
proved its potential as an important pharmacological agent. The antioxidant,
anti-inflammatory, antimicrobial and chemopreventive activities of curcumin have
been extended to explore this molecule against many chronic diseases with
promising results. Further, its multitargeting ability and nontoxic nature to humans
even up to 12 g/day have attracted scientists to explore this as an anticancer agent in
the clinic, which is in different phases of trials. With much more scope to be
investigated and understood, curcumin becomes one of the very few inexpensive
botanical molecules with potent therapeutic abilities.

Keywords Curcumin - Antioxidant . Anti-inflammatory . Anticancer
Turmeric - Polyphenol

1.1 Introduction

Curcumin, a natural polyphenol, is one of the most investigated biomolecules from
Mother Nature. Its natural source, Curcuma longa or turmeric is used in Indian
Ayurvedic and Siddha medicines and also in Chinese medicines since thousands of
years [3, 6, 22, 107]. Turmeric is a perennial plant of the ginger family, cultivated in
tropical and subtropical regions of South Asia, and India is one of the largest
producers of turmeric [35]. In Ayurveda, turmeric is used to treat ailments like
arthritis, sprains, open wounds, acnes, stomach upset, flatulence, dysentery, ulcers,
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jaundice, skin and eye infections. As a dietary agent, turmeric is regularly used as a
spice and also as a coloring agent in Indian cuisine. Both turmeric and its active
principle, curcumin, are permitted like other natural pigments and the food additive,
E number for curcumin is E100. Depending on the origin and soil conditions, the
percentage of curcuminoids in turmeric varies from 2 to 9 % of its dry weight. The
word “curcuminoid” refers to a mixture of four polyphenols, such as curcumin,
demethoxycurcumin and bis-demethoxy curcumin and cyclic curcumin. Out of
these, curcumin is nearly 70 % of the total curcuminoids. In addition to these
curcuminoids, turmeric also contains essential oils primarily composed of mono
and sesquiterpenes, like turmerones, turmerol, etc. The strong yellow color of
turmeric is mainly due to curcuminoids.

Historically, the first scientific report on isolation and chemical characteristics of
curcumin was made in 1815 [115], and its molecular formula and chemical
structure was published in 1910 [74]. Its first laboratory synthesis was demonstrated
in 1913 [68], subsequently in 1964 a method for producing curcumin in high yields
was published [80], and much later, its biosynthesis was understood [35]. Curcumin
is extracted commercially from turmeric by solvent extraction with ethanol fol-
lowed by column chromatography. Using high-performance liquid chromatography
coupled with absorption, fluorescence and mass detectors, curcumin can be detected
in nanomolar quantities in food samples and biological tissues [35, 90].

Apart from the ancient medicinal documents, early research report on therapeutic
use of curcumin appears to date back to 1748; however, the first scientific document
for treating human disease was reported in 1937 [79], wherein at least 67 patients
were treated for chronic cholecystitis, using curcunat, which is equivalent of cur-
cumin. In this study, oral administration for 3 weeks showed symptomatic
improvement in all cases and radiologic improvement by cholecystogram in 18
patients. Interestingly, no ill effects were observed even when the treatment con-
tinued for several months. The efficacy of curcumin was attributed to its ability to
cause the emptying of the gallbladder. Later in 1949, the antibacterial activity of
curcumin [96] was established, since then and till 1970s there were very few reports
on its biological activities [98, 106]. Initial research investigations were focused
mostly on antioxidant and antibacterial activity and the first anticancer report in
human participants was undertaken by Kuttan et al. [67]. However, after the report
by Singh and Aggarwal [108], confirming the anti-inflammatory activity of cur-
cumin by suppressing NF-«xB activity, the pace of curcumin research has progressed
systematically. With several encouraging results in rodent models, curcumin
attracted researchers all over the world, to be developed as a potent anticancer drug.
As per Pubmed website, (as of October 2015) there are 8247 articles reported with
the word “curcumin” in the title, including 808 reviews and 141 clinical trials, out
of these more than half have appeared in the last 5 years. It is well accepted by the
scientific community that no other botanical molecule is as efficient and as scien-
tifically celebrated as curcumin.
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1.2 Physical, Chemical and Metabolic Reactions
Influencing Curcumin Pharmacology

1.2.1 Physicochemical Properties

Curcumin is a diarylheptanoid, having three important functional moieties. It has
two o-methoxyphenolic groups linked through a heptanoid linker consisting of an
enone moiety and 1,3-diketone group in conjugation (Fig. 1.1). All these groups are
involved in the biological activity of curcumin [35, 42, 88, 89]. Important
physicochemical properties of curcumin are listed in Table 1.1. Like other
B-diketones, curcumin exhibits keto-enol tautomerism, and in solution phase it
mostly exists in the enol form [88]. Curcumin has three acidic protons two from the
phenolic-OH groups (in the range 8.5-10.7) and one from the enolic OH (<8.5).
Curcumin is yellow at neutral and acidic pH with absorption maximum ~420-
430 nm and in alkaline solutions, it becomes red in color and the absorption
maximum is shifted to 465 nm. It is practically insoluble in neutral and acidic

PN
0O o 9 o
CH;0 l . pZ l OCH; CH;0 ‘ NS ‘ % P ‘ OCH;
HO OH HO OH
Keto Enol

Fig. 1.1 Chemical structure of curcumin in keto and enol tautomeric forms

Table 1.1 Physico-chemical properties of curcumin

IUPAC name (1E,6E)-1,7-bis (4-hydroxy-3-methoxy phenyl)-
1,6-heptadiene 3,5-dione

Molecular formula C,1H500¢

Molecular weight 368.39

Melting point 170-175 °C

Experimental dipole moment in dioxane 332D

Absorption maximum and extinction 425 nm, 55,000 dm?® mol™! cm™!

coefficient fluorescence maximum in 530 nm

methanol

Solubility

Insoluble in water
Soluble in ethanol, methanol, chloroform,
hexane, DMSO

Prototropic equilibrium constant
(pKa) (three pKas)

pKa (1), Enolic proton: 7.7-8.5; pKa (2),
Phenolic proton: 8.5-10.4; pKa (3), Phenolic
proton: 9.5-10.7

log P value

~3.0

Color and odor

Yellow at neutral pH, red in alkaline pH; odorless




4 A. Kunwar and K.I. Priyadarsini

water, but is readily soluble in moderately polar solvents like methanol, acetonitrile,
chloroform, dimethylsulfoxide (DMSO), etc. In aqueous solutions its solubility can
be increased by the addition of surfactants, polymers, lipids and proteins. Because
of the presence of serum albumin, clear curcumin solutions in micromolar con-
centration can be prepared in cell culture medium.

1.2.2 Chemical Structural Features Influencing
the Biological Activity of Curcumin

Curcumin has three important functional groups, two o-methoxy phenolic groups,
one enone moiety and an o,B-unsaturated diketone group. Each functional group
has some specific role in crucial biological activity in curcumin. The o-methoxy
phenolic-OH group of curcumin is primarily involved in direct scavenging of
reactive oxygen species (ROS), where it donates an electron or hydrogen atom to
the oxidizing radicals and the resultant curcumin phenoxyl radical acquires stability
through the conjugation and resonating structures [87]. This phenoxyl radical is
regenerated back to curcumin by water-soluble antioxidants like ascorbic acid
making it an excellent chain-breaking antioxidant that has been reported to be at
least ten times better than vitamin E. Curcumin binds to many biomolecules like
proteins, lipids and DNA [42, 88]. The proteins that interact with curcumin include
transcription factors, inflammatory molecules, kinases, tubulins, amyloid-f aggre-
gates, adhesion molecules, growth factors, receptor proteins, protofilaments, prion
proteins, etc. The experimentally reported dipole moment [84] and log P values
(partition coefficient in octanol and water system) of curcumin (Table 1.1) indicate
that the molecule has partial charge transfer character and is moderately polar to be
soluble in lipid-like systems. Because of these properties and flexibility in its
structure, curcumin binds to most of the biomolecules. The hydrophobic interac-
tions and hydrogen-bonding interactions are mainly responsible for the efficient
binding. It is still premature to clarify the role of any single moiety for these
interactions but it appears that the orientation of the enolic group plays a crucial
role.

The o,B-unsaturated B-diketo moiety of curcumin participates in nucleophilic
addition reactions with molecules having functional groups like —SH, —SeH. This
1,4-addition reaction known as Michael addition reaction is of great significance in
curcumin biology, like it reacts with glutathione (GSH) and depletes the GSH in
cells [13]. Similarly through the reaction with the —SeH group, it inhibits thiore-
doxin reductase, an enzyme involved in cellular redox homeostasis [36].

Curcumin undergoes a fast chemical degradation in solution, where products like
ferulic aldehyde, ferulic acid, vanillin, etc. are formed [102, 116]. The degradation
occurs through the B-diketo moiety of curcumin and is increased in presence of light
and decreased when solubilised in aqueous solutions along with lipids, proteins,
surfactants, cyclodextrins, starch etc.
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Metabolism of curcumin in mice produced varieties of products. Important
products identified are curcumin glucuronide and curcumin sulfate along with
reduction products like tetrahydrocurcumin, hexahydrocurcumin and octahy-
drocurcumin [11, 37, 56]. The orally administered curcumin undergoes conjugation
whereas the systemically and/or intraperionial (i.p.) administered curcumin
undergoes reduction. These processes occur by phase I and phase II enzymes like
for example, phenol sulfur transferase enzyme is involved in sulfonation and
alcohol dehydrogenase in reduction. Other minor products identified during cur-
cumin metabolism are ferulic acid, dihydroferulic acid, etc. It is still not confirmed
how enzymatic metabolism of curcumin competes with its chemical degradation,
and there is a need to investigate the role of these metabolic and degradation
products in the overall bioactivity of curcumin.

1.2.3 Curcumin—Metal Interactions: Role in Curcumin
Biology

Curcumin binds to many metals and metalloproteins, and the binding is through
covalent interactions, as the diketo group is an excellent metal chelator [89, 90,
117]. Binding of curcumin to metals ions has several biological consequences. Its
binding to AI** ions is proposed to be one of the key factors involved in its role in
preventing the pathogenesis of Alzheimer’s disease (AD) [58]. Zn>*-curcumin
complex showed anticancer activity and Au®" complexes exhibit anti-arthritic
activity [99]. Curcumin—metal chelation can be used to reduce toxicity of heavy
metals like Hg?*, Cd**, Pb>* [1, 81]. Several mixed ligand complexes of curcumin
with metals like Cu®*, Ni**, Mn’*, Pd** are also finding applications as antioxi-
dants, superoxide dismutase mimics and anticancer agents [15, 114]. Recently
curcumin derived radiopharmaceuticals are being prepared and explored as new
diagnostic and therapeutic agents. For example, *™Tc** and **Ga™ complexes of
curcumin reported to bind to amyloid-f (Ap) fibrils and plaques, are being explored
as novel radiodiagnostic agents for AD [12, 95].

1.2.4 Curcumin Bioavailability

The major issue concerning the development of curcumin based drugs is its
extremely low bioavailability [9, 86]. Due to relatively low intestinal absorption
and rapid metabolism in the liver, the oral bioavailability of curcumin is very low,
while most of it is excreted through the feces within 3—6 h after administration.
Even after oral administration in grams, no significant curcumin was detected in the
plasma, and the highest curcumin levels were found in the intestines and detectable
amounts were observed in the serum, but they fall below detection limit in other
tissues. However, i.p. and intravenous (i.v.) administration has shown better
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Table 1.2 Examples of important formulations used to enhance in vivo bioavailability of
curcumin

Formulation Piperine Curcumin— Cyclodextrin— | Pegylated-curcumin | Curcumin—
(20 mg/kg) | phospholipid | curcumin (2.5 mg/kg) phosphatidylcholine
+ curcumin | complex (Mervia)
2 g/kg) (100 mg/kg)
Increase in 1.5-fold in 2.2-fold in 1.8-fold in 2-fold in serum 5-fold increase in
bioavailability | serum plasma skin plasma

bioavailability than oral administration. The maximum tissue concentrations
recorded after an i.p. injection of 100 mg/kg of curcumin was 73 &£ 20, 200 + 23,
9.1 £ 1.1, 16 £3, 84 £ 6.0, 78 £ 3 and 2.9 £ 0.4 nmol/g in liver, intestine
mucosa, heart, lungs, muscle, kidneys, and brain respectively [85]. At 10 mg/kg i.
v., maximum serum levels were 0.36 pg/ml, while in another study 2 mg/kg
through tail vain showed plasma concentration of 6.6 pg/ml [9, 86]. Increasing the
dose of curcumin did not result in higher bioabsorption. Being a lipophilic mole-
cule, curcumin is expected to cross blood-brain barrier and reach brain tissue.
However, dietary supplementation did not show significant accumulation in the
brain tissue, but long-term supplementation of mice for nearly 4 months at a dose of
0.5-2 g/kg showed a maximum detectable concentration of 1.5 nmol/g in the brain
tissue [9, 86].

The poor bioavailability of curcumin has thus emerged as one of the major
limitations for its therapeutic applications. To increase the bioavailability of cur-
cumin, researchers have developed several novel formulations. Important among
these are liposomes, nanoemulsions, pegylation, polymers, hydrogels, cyclodex-
trins, piperine-combined, gold and mesoporous silica nanoconjugates and cur-
cumin—iron oxide magnetic nanoparticles [9, 65, 71, 86, 89, 90, 105, 120].
Employing them a significant improvement, not only in the bioavailability of
curcumin but also in its in vivo bioactivity was reported. Most of these formulations
could be dispersed in aqueous buffer medium. There are several reports describing
the preparation and characterization of these nano formulations. Important formu-
lations that showed significant improvement in curcumin bioavailability are given
in Table 1.2.

1.3 Modulation of Cell Signaling Pathways by Curcumin

All the biological activities/functions of a living cell are regulated by a dense
network of signal transduction pathways. The components of signal transduction
pathways are growth factors and their receptors, cytokines and their receptors,
protein kinases, transcription factors and gene expression. Curcumin has been
shown to affect many cellular or molecular pathways in executing its crucial bio-
logical activities. Figure 1.2 gives important signaling molecules involved in bio-
logical activities of curcumin. Some important results are discussed below.
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Fig. 1.2 Important biological

activities of curcumin and v g
their associated major g2 o
signaling molecules. The text \*
in green and red fonts indicate

upregulation and
downregulation, respectively

ICAM-1

COX-2

Anti-oxidant/ Anti-inflammatory activity Anti-tumor activity
Cyto-protective activity

I l 1

Therapeutic effect against Cancer, Inflammatory
bowel disease, Neuro-degeneration, Diabetes,
Arthritis, Cardiovascular diseases, Psoriasis
and Microbial infection

1.3.1 Growth Factors/Cytokines and Their Receptors

Growth factors/cytokines are proteins which upon binding to their specific receptors
present on the plasma membrane of the cells stimulate multiple signal transduction
pathways leading to the expression of genes controlling various cellular processes
such as cell cycle, division, apoptosis, movement, inflammatory response to
external stimuli, etc. One of the hallmarks of a cancer cell is the constitutive or
increased expression of growth factors and their receptors inducing signals for the
uncontrolled proliferation or the growth [46]. Recent studies provide evidence that
curcumin targets such growth factors and their receptors to inhibit the growth and
proliferation of cancer cells [4, 6, 49, 110]. For example, curcumin was reported to
inhibit the effects of epidermal growth factor (EGF) and insulin growth factor
(IGF) by downregulating the expression and tyrosine kinase activity of EGF and
IGF receptors in colon cancer cells [93] and MCF-7 breast cancer cells [118].
Similarly curcumin has also been shown to downregulate the expression and
activity of HER-2/erbB2/neu/p185, another member of the EGF receptor super
family closely associated with breast, lung, kidney, and prostate cancers [52].
Further, the overexpression of other growth factors such as platelet-derived
growth factor (PDGF), vascular endothelial growth factor (VEGF) and their
receptors PDGFR and VEGFR, respectively have also been seen in many types of
solid tumors [28, 39]. Park et al. [82] showed that curcumin inhibits
PDGFR-induced proliferation of human hepatic myofibroblasts. In another study
curcumin was shown to block the angiogenesis or the formation of new blood
vessels in various cancer types by inhibiting both VEGF and VEGFR [28].
Some reports indicate that TNF acts as a growth factor for tumor cells.
Similarly other cytokines such as IL6 and IL2 regulate the proliferation of T cells
through the autocrine stimulation and play important roles in mounting the
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inflammatory response. Curcumin has been shown to negatively regulate the
expression of these cytokines both at mRNA and protein levels by inhibiting the
downstream signaling pathways [7, 19, 92]. These effects of curcumin have also
been accounted for its ability to show the antitumor and the anti-inflammatory
activities in various cellular and in vivo model systems.

1.3.2 Protein Kinases

Protein kinases are a class of enzymes, which activate the downstream signaling
molecules through phosphorylation using ATP as a source of inorganic phosphate
(Pi). They are the key transducers such as mitogen activated protein kinases
(MAPKSs)/extracellular signal regulated kinases (ERKSs), protein kinase A (PKA),
protein kinase B (PKB)/AKT, and protein kinase C (PKC), phosphatidyl inositol 3
phosphate kinase (PI3K), and mammalian target of rapamycin (mTOR) controlling
cell growth, proliferation, cytoprotection, cytokines production and death [3, 4, 49,
110]. Interestingly, curcumin has been shown to modulate the expression and
activity of MAPKs including ERKs, C-Jun, N terminal kinases (JNKs), p38
kinases, and the stress activated protein kinases (SAPK) in suppressing inflam-
mation and cancer [49]. Although inhibitory effect of curcumin on MAPKSs has
been documented in several independent studies, there are also some reports, which
indicate that curcumin activates JNKs leading to apoptosis or cell death in tumor
cells [29]. Further, PI3K is the upstream regulator of PKB/AKT and the mTOR
pathways playing a central role in the genesis of cancer. Recent studies have shown
that curcumin inhibits proliferation/growth and induces apoptosis in tumor cells by
inhibiting mTOR pathway and it is mediated through the suppression of PI3K and
PKB/AKT. Additionally, the inhibitory effect of curcumin on mTOR signaling has
also been attributed to its ability to activate adenosine monophosphate kinase
(AMPK1), which senses cellular ATP levels and inhibits mTOR indirectly [122]. In
a separate study, curcumin was shown to block the signals transmitted from EGFR
by inhibiting the PI3K/AKT pathway in colon carcinoma cells [54]. On the con-
trary, curcumin activates the same PI3K and PKB/AKT signaling to induce the
expression of antioxidant genes in pre-cancer cells and thus prevents both tumor
initiation and promotion, a critical stage in carcinogenesis [61, 64]. Further, cur-
cumin also modulates PKC differentially, depending on the cell type and nature of
exogenous/endogenous stimuli. For example it has been shown to inhibit the tumor
promoting action of 12-o-tetradecanoylphorbol-13-acetate (TPA) by inactivating
PKC through oxidizing the vicinal thiols present within catalytic domain [72]. On
the other hand, the chemopreventive activity of curcumin has been linked with its
ability to activate PKC and the downstream p38 MAPK in human monocytes
leading to induction of antioxidant genes [94].
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1.3.3 Transcription Factors

Transcription factors are the cellular proteins, which upon activation through sig-
naling cascades bind to the promoter/enhancer regions of their target genes and
regulate their transcription/expression. Curcumin by modulating various signal
transduction pathways affects the activation of a number of transcription factors
such as nuclear factor-kB (NF-«kB), activator protein-1 (AP-1), early growth
response-1 (Egr-1), signal transducer and activator of transcription (STAT), per-
oxisome proliferator activated receptor-gamma (PPAR-y), nuclear factor erythroid
2-related factor 2 (Nrf2), beta ()-catenin and tumor suppressor p53 [19, 20, 24, 26,
57, 108, 110].

The NF-«B is reported to be constitutively activated in a variety of cancers and
inflammatory disorders. Researchers working on the various aspects of biological
activity have unanimously shown that curcumin is a strong suppressor of NF-kB
activation [104, 108]. The inactivation of NF-kB by curcumin is mediated through
the inhibition of IxkBa kinase (IKK) directly and/or by modulating upstream sig-
naling cascade [108]. AP-1 is another transcription factor associated with growth
regulation, cell transformation, inflammation, and innate immune response.
Curcumin suppresses the activation of AP-1 either by inhibiting the upstream
kinases such as JNK, p38 and ERK or by directly interacting with AP-1 DNA
binding motifs present in the promoter regions of the target genes [20]. The tran-
scription factor Egr-1 is one of the immediate early induced gene products in
response to growth factor or carcinogen mediated signaling. Curcumin suppresses
the induction/de novo synthesis of Egr-1 protein in different cell types such as
endothelial cells, fibroblast, and colon cancer cells [26]. The family of STAT pro-
teins (STAT1-STAT?7) performs the dual function of signal transducer as well as the
transcription factor. Of the seven STAT proteins, the elevated activity of STAT3 and
STATS has been mainly implicated in the angiogenic response and in growth of
various cancer types. Curcumin has been found to inhibit the phosphorylation of
STAT3 and STATS by upstream kinases (like janus kinase (JAK) and/or the growth
factor/G-protein-coupled receptor kinases) and their subsequent translocation to
nucleus there by suppressing the tumor cell proliferation and the pro-inflammatory
immune responses [19, 25]. The protein PPAR-y also plays the dual role of nuclear
receptors of hormones and transcription factor. Curcumin has been shown to induce
the expression of PPAR-y in various cell types such as colon cancer cells [24] and
hepatocytes leading to suppression of tumor cell proliferation, and the prevention of
liver fibrosis and sepsis [119]. The transcription factor Nrf2 induces the expression
of genes related to cytoprotection, antioxidant enzymes and phase II detoxification
enzymes. Curcumin induces the antioxidant and cytoprotective responses in various
cell types such as epithelial, monocytes, hepatocytes by activating Nrf2. The
mechanism of activation is either through directly interacting with Keap-1 (inhibitor
of Nrf2) or by positively regulating upstream kinases such as PI3K, PKC and MAPK
[53, 94]. The B-catenin and p53 are some of other important transcription factors,
which control the expression of genes involved in cell cycle progression and check
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points. Curcumin has been reported to induce as well as inhibit the transcriptional
activity of B-catenin by differentially modulating the activity of glycogen synthase
kinase-3 (GSK3) [57, 123]. The inhibition of B-catenin activation by curcumin has
been liked with the suppression of tumor cell proliferation and the induction of
apoptosis. Whereas curcumin mediated activation of B-catenin has been attributed
toits anti-AD activity. The p53 protein is a tumor suppressor protein. Depending on
cell type, curcumin regulates the level of p53 in different ways. For example, in
normal thymocytes and myeloid leukemic cells, curcumin downregulates the
expression of p53 and inhibits pS3-induced apoptosis [45, 112]. In contrast to such
studies, curcumin has been shown to upregulate p53 in colon, neuroblastoma,
lymphoma, prostate, and human breast cancer cells to induce apoptosis [27, 110].

1.3.4 Gene Expression

Through modulating various signal transduction pathways, curcumin affects the
expression of a number of genes [3, 4, 49, 110]. For example, the antioxidant and
chemopreventive activities of curcumin have been attributed to the upregulated
expression of hemeoxygenase-1 (HO-1), glutathione peroxidase (GPx),
gamma-glutamyl-cysteine ligase (yGCL), and phase II detoxification enzymes like
glutathione S transferase (GST), glutathione reductase (GR), NAD(P)H:
quinonecidoreductase 1 (NOQ1), quinone reductase and epoxide hydrolase [53, 61,
62, 94, 103]. The anti-inflammatory activity of curcumin is associated with its
ability to downregulate the expressions of genes like cyclooxygenase-1 (COX-1),
cyclooxygenase-2 (COX-2), inducible nitrogen oxide synthase (iNOS), and
cytokines such as interleukin-2 (IL-2), interferon-y (IFNy), tumor necrosis factor-a
(TNFa), intracellular adhesion molecule-1 (ICAM-1), vascular adhesion
molecule-1 (VCAM-1) and E-selectin [3, 51]. The anticancer effect of curcumin is
mediated through downregulating the expressions of oncogenes (c-Met, c-Myc,
c-Jun, Ras and Mdm?2) and anti-apoptotic genes (Bcl,, BelXy, IAP, hTERT, Cyclin
D1, survivin) and upregulating the expressions of tumor suppressor genes (p53, Rb,
PTEN) and apoptotic genes (Bax, FASL and Bim) [49]. Additionally, curcumin has
also been shown to affect the expression of genes like matrix metalloprotease-2,9
(MMP-2,9), macrophage inhibitor protein-1 (MIP-1), vascular endothelial growth
factor (VEGF), endothelial growth factor (EGF), hypoxia-inducible factor-1
(HIF-1), p21, poly-ADP ribose polymerase (PRAP), growth arrest and DNA
damage-inducible (GADD), cytochrome P450 (CYP1Al), and p-glycoprotein
(pgp) associated with varied biological responses such as immunomodulation,
angiogenesis, anti-tumor and drug metabolism [10, 14, 49, 78].
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1.4 Biological Activities of Curcumin in Animal Models

Curcumin is one of the most extensively evaluated natural products in rodent
models for therapeutic efficacy against various pathological conditions/diseases.
Among the various activities, the effect of curcumin on carcinogenesis has been
majorly studied in rodents [3, 63, 83, 110]. The transformation of a normal cell to
cancerous cell is a complex process and occurs in three stages namely initiation,
promotion and progression. Interestingly, oral administration of curcumin has been
shown to affect all the three stages of carcinogenesis in chemical and/or genetic
mice models of skin, stomach, duodenum, colon, liver, lung, and breast cancers [63,
83, 110]. Further, several reports are also available on the ability of topically
applied curcumin to inhibit the tumor imitation and tumor promotion of skin car-
cinogenesis [30]. Similar effects of curcumin have been reported in Syrian golden
hamsters, where it prevented chemical induced oral carcinogenesis [70]. In another
interesting set of studies, oral curcumin was shown to inhibit the tumor progression
in a xenograft model of human cancers of prostate, colon, pancreas, bladder and
ovary [3, 110]. There are also reports indicating that curcumin inhibits metastasis of
human breast cancer to the lungs in nude mice [5]. Taken together, curcumin has
shown significant activity of inhibiting carcinogenesis in rodent models.
Curcumin has also been studied in rodent models for its effect on metabolic
enzyme systems and antioxidant activity. For example in F344 mice, curcumin
administered orally at a dosage of 270 mg/kg decreased the levels of metabolizing
enzymes such as cytochrome p450 (CYP) isoforms CYP2B1 and CYP2EI and
prevented the n-nitrosomethylbenzamine (NMBA) induced oesophageal carcino-
genesis [77]. Since the enzymes CYP2B1 and CYP2E1 are known to metabolize
NMBA into an active carcinogen, the ability of curcumin to suppress their levels is
in line with the hypothesis that curcumin inhibits carcinogenesis at initiation stage.
Additionally, dietary curcumin is shown to play a role in preventing the early stage
of carcinogenesis by inducing phase II enzymes such as GST and epoxy hydrolase
in both mice and rat. Further, curcumin administration (75-300 mg/kg) in rodents is
also associated with the increased expression of antioxidant enzymes like heme
oxygenase (HO-1), glutathione peroxidase (GPx) and y-glutamate cysteine ligase
(yGCL) in liver, brain, small intestine and kidney tissues [8]. These effects of
curcumin are associated with its ability to prevent nephrotoxicity in rats, reduce
oxidative damage in the heart of diabetes-afflicted mice and brain of transgenic AD
rats. It was also found to inhibit chemically induced hepatic injury and neurode-
generation in rats [8]. There are also studies indicating that curcumin lowered ROS
production in vivo. For example, in mice the orally administered curcumin
(100 mg/kg) prevented lipopolysaccharide induced inflammatory responses in liver
by suppressing the expression of iNOS responsible for nitric oxide (NO) production
[21]. Similarly, oral curcumin was also seen to prevent oxidative damage during
indomethacin-induced gastric lesion by blocking inactivation of gastric peroxidase
as well as directly scavenging peroxide (H,O,) and hydroxyl (OH) radicals [23].
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Oral curcumin is also effective against carrageenan-induced edema and enhanced
wound-healing in diabetic rats and mice, documenting its anti-inflammatory
activity. Some of the other potential biological effects of curcumin studied in rodent
models through oral administration (50-300 mg/kg) include cardioprotective,
neuroprotective, anti/pro-mutagenic, antifertility, antidiabetic, antifibrotic, anti-
venom, anti-HIV, and anticoagulant activities [22].

1.5 Role of Curcumin in Chronic Diseases

It has been confirmed by several researchers that oxidative stress and oxidative
damage are directly associated with chronic inflammation, which in turn leads to
several chronic diseases, like cancer, metabolic, neurological, pulmonary, intestinal
and cardiovascular diseases. Since curcumin has been identified as an important
remedy against oxidative stress and inflammation, extensive research work has been
undertaken to use curcumin against many chronic diseases. Important examples are
mentioned briefly here [3, 51, 101].

Inflammatory bowel disease (IBD), symptomatic with severe diarrhea, pain,
fatigue and weight loss, involves chronic inflammation of all or part of digestive
tract. Both turmeric extract and polymer loaded curcumin formulations have been
examined in animals and humans for treatment against IBD and many encouraging
results were obtained without any side effects [18, 47, 48, 111]. In mice, oral
administration of curcumin (100 mg/kg per day) for ten consecutive days prior to
the induction of colitis by acetic acid and further continuation for 2 days showed
decreased colon injury and ameliorated macroscopic and microscopic colitis sores.
IBD patients treated with curcumin (550 mg twice daily for 1 month) showed
decreased symptoms and inflammation indices, without any significant side effects.

Rheumatoid arthritis (RA), a long-lasting autoimmune disorder that primarily
affects joints on both sides of the body, is a systemic chronic inflammatory disorder.
To reduce arthritic reaction, it is essential to start early treatment and combination
therapy. As a nonsteroid anti-inflammatory drug and antioxidant, curcumin has
been examined as a potential therapy for RA, accordingly RA patients treated with
curcumin showed significant symptomatic improvement [76, 90]. Similarly cur-
cumin (500 mg) alone and in combination with diclofenac sodium (50 mg)
administered in patients with RA showed best improvement in the overall disease
scores. In a short term, a double-blind crossover study involving 18 young patients
suffering from RA, oral curcumin at a daily dose of 12 g for 2 weeks exerted an
anti-RA activity comparable to that of a standard drug phenylbutazone.

Diabetes mellitus (DM), commonly referred to as diabetes, is a metabolic disease
in which there are high blood sugar levels over a prolonged period. Serious
long-term complications include cardiovascular disease, stroke, chronic kidney
failure, foot ulcers, and damage to the eyes. Effect of curcumin against diabetes was
successfully demonstrated first in one patient in 1972 [109] and since then more
than 200 papers have been published in this related subject [2, 73, 124]. Curcumin
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has been shown to reduce blood glucose and glycosylated hemoglobin levels and
prevented weight loss in rodent models. Oral administration of curcumin
(80 mg/kg) showed anti-hyperglycemic effect and improved insulin sensitivity. It
was also effective in improving glucose intolerance. One or two contradicting
effects were also reported, where intragastric administration of curcumin did not
show any effect in blood glucose. Curcumin has been shown to reduce several other
complications associated with diabetes like fatty liver, diabetic neuropathy, diabetic
nephropathy, vascular diseases, musculoskeletal diseases and also islet viability.

Neurodegenerative diseases including Parkinson’s and AD occur due to the
progressive loss of structure or function of neurons, including death of neurons.
Curcumin was considered as a potent drug mainly due to the fact that the epi-
demiological studies indicating reduced risk of AD amongst Indians consuming
turmeric in their diet. In line with this, several experimental studies in mice models
confirmed anti-AD effects of curcumin [44]. It significantly lowered the levels of
oxidized proteins, IL-1p, insoluble and soluble plaque burden in AD transgenic
Tg2576 mice brain. There are several ongoing clinical trials on the effect of cur-
cumin for the prevention of AD. In one such study, daily intake of curcumin 1-
4 g/day over 6 months found a trend towards increased serum AP levels which is
considered as a possible clearance of AP plaques from the brain, but improvement
in cognitive performance was not observed during the 6 months trial [16]. A few
other studies indicate that curcumin also exhibits antidepressant and neuroprotec-
tive properties [32, 69, 75].

Psoriasis, a chronic skin disease, occurs when the immune system overreacts,
causing inflammation and flaking of skin and is characterized by thick red and scaly
lesions on any part of the body. Since ancient times turmeric has been used as a skin
protectant in the Indian subcontinent. Further experimental evidences strongly
indicate that curcumin is a potential natural product to suppress psoriasis by
inhibiting the keratinocyte proliferation [59]. In a clinical trial, orally administered
curcumin demonstrated therapeutic effects with no adverse reaction in patients with
psoriasis and reduced psoriasis area and severity index [66]. Curcumin skin for-
mulations are being marketed for skin diseases including psoriasis.

In addition to these important diseases, curcumin has been examined for treat-
ment of other chronic diseases like cardiovascular diseases, allergy, asthma,
bronchitis, kidney diseases, obesity, scleroderma, vitiligo, peptic ulcer, pylori
infection and ophthalmic disorders and encouraging results are reported [3, 51]. The
anticancer effects are discussed in detail in the next section.

1.6 Biological Activities of Curcumin in Humans

The remarkable success of curcumin as a therapeutic agent against various chronic
diseases including cancer in preclinical studies has prompted clinicians to undertake
many clinical trials in human subjects [4, 43, 97, 121]. As of October 2015, as
many as 137 clinical trials with curcumin/turmeric extract are listed on a search
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engine (www.clinicaltrials.gov) of which 67 have been completed, 3 terminated, 9
withdrawn and rest are at recruitment (enrolment of human subjects) stage. Table 1.
3 gives the list of clinical trials from different countries and also the purpose. The
maximum number of clinical trials has been reported from USA and the most
common human disease evaluated is the cancer. The trials were primarily under-
taken for safety and efficacy under different disease conditions. Important com-
pleted studies are discussed below.

The phase I clinical trials for safety evaluation of curcumin have indicated that
its intake as high as 12 g/day orally for 3 months is safe. In order to determine the
curcumin’s maximum tolerated dose and safety, a dose-escalation trial has been
recently completed. In this study, curcumin was administered to 24 healthy vol-
unteers at a single oral dose ranging from 0.5 to 12 g and safety was assessed for
72 h after administration. Remarkably, only 7 out of 24 subjects showed minimal
behavioral toxicities like diarrhea, headache, rash, and yellow stool. The pharma-
cokinetics studies in human (sample size ~ 1-30) involving healthy volunteers and
the cancer/IBD/AD patients have revealed that the oral intake of curcumin
(2-12 g/day) results in poor bioabsorption. However, in colorectal cancer
(CRC) patients administered with 3.6 g of curcumin/day for 7 days, although
indicated lower bioavailability in the tumor compared to normal tissue, the
reduction in the levels of a DNA adduct, used as a biomarker, established that a
daily dose of 3.6 g curcumin is pharmacologically efficacious against CRC [38].
Surprisingly, administration of oral curcumin at a similar daily dosage in patients
suffering from hepatic metastases of CRC did not attain the pharmacologically
effective concentration in the liver.

Due to multitargeting effects, curcumin has showed promising chemopreventive
and therapeutic effects against a range of human malignancies such as colorectal
cancer, aberrant crypt foci, familial adenomatous polyposis (FAP), pancreatic
cancer, multiple myeloma, hepatocellular carcinoma, gastric cancer, and colon
cancer in clinical trials. In the first study, topical curcumin applied, either as an
ethanol extract or as an ointment, showed remarkable relief in 62 patients reported
with external cancer lesions. Two phase I trials in CRC patients were conducted,
one in 2001 with 15 patients with 36—180 mg daily for 4 months and another trial
with 15 patients with escalated doses of 0.45-3.6 g daily for 4 months [100]. The
drug was well tolerated by all except three patients with minor side effects along
with improvement in the status of biological parameters indicating efficacy against
CRC. In another study, CRC patients when treated with 0.36 g (in capsule form)
curcumin daily for 10-30 days showed improvement in general health [50].

Curcumin was tested against pancreatic cancer with moderate results. In a single,
blind, randomized, placebo-controlled study in 20 patients with 0.5 g curcumin
with 5 mg piperine for 6 weeks showed reduction in oxidative stress with no
significant effect in pain relief [33]. In another phase II clinical trial on 25 patients
with advanced pancreatic cancer were treated orally with 8 g curcumin daily
showed moderate results [31]. In another open-label phase II trial involving 17
patients with advance pancreatic cancer treated with 8 g of curcumin along with
gemcitabine showed moderate results, while another recent study involving 21
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gemcitabine resistant, patients were safe and seem to tolerate well [34, 60]. In a
open-label phase I clinical trial, 14 patients with advanced and metastatic breast
cancer were examined for feasibility and tolerability of curcumin in combination
with docetaxel, based on which it has been recommended that 6 g curcumin/day for
seven consecutive days for 3 weeks would be safe in combination with a standard
dose of docataxel [17].

In a randomized double-blind study, curcumin (100 mg) in combination with
isoflavin (40 mg) for 6 months in 85 patients showed synergism and suppressed
prostrate specific antigen after treatment [55]. Curcumin was also examined against
multiple myeloma and two clinical trials were completed. In one single blinded
crossover pilot study in 26 patients with monoclonal gammopathy of undetermined
significance (MGUS), curcumin showed therapeutic potential against MGUS [41].
In another study, involving 29 patients with asymptomatic, relapsed multiple
myeloma, curcumin was found to be effective either alone or in combination with
bioperine [113]. In a randomized open-label study involving 25 patients with
chronic myeloid leukemia, curcumin (5 g) administered with imatinib (0.8 g)
showed better efficacy in decreasing the nitric oxide levels. This suggested that
curcumin can be used as an adjuvant to imatinib for the treatment of chronic
myeloid leukemia patients [40]. Curcumin has also showed encouraging results in
combination with other cancer drugs like paclitaxel, and cisplatin.

Oral curcumin has also been shown to prevent the H. pylori infection, a pre-
cursor of gastric cancer, prostatic intraepithelial neoplasia, a precursor of prostate
cancer and to reduce the poly numbers and size in patients with FAP. The efficacy
of curcumin against IBD has already been established in clinical trials. Similarly
curcumin could effectively induce the gallbladder emptying and reduce gall stone
formation, a potential risk factor for gallbladder cancer. In another study, oral
curcumin (400 mg three times a day) compared to placebo showed much better
anti-inflammatory response against spermatic cord edema in patients that underwent
surgical repair of hernia and/or hydrocele.

Many other clinical trials against variety of other diseases have also been ini-
tiated and are being continued, interested readers may refer to some of the recent
reviews on curcumin clinical trials [4, 43, 97, 121].

1.7 Conclusions

The natural product, “curcumin”, a constituent of the golden spice, turmeric, a
divine medicinal herb for the Indians, is now one of the highly researched mole-
cules, very often referred by the modern scientists as “Cure-cumin”. Extensive
preclinical studies over the last three to four decades have established the thera-
peutic potential of curcumin against many diseases. Its multitargeting ability and
direct interaction with signaling molecules have added advantage to exploit its use
against several chronic diseases. In the clinic, curcumin has been found to be safe
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and well tolerated by the patients under study. Its efficacy against diabetes,
inflammatory bowel disease and arthritis are well proven in the clinic. Extensive
clinical trials to develop curcumin as anticancer drug are still continuing, and the
results are moderately encouraging, mainly due to complexity of the disease and
low bioavailability of curcumin. To partly overcome this, new curcumin formula-
tions with improved bioavailability are successfully designed and developed. More
clinical trials with larger participants are warranted to translate the preclinical
research to the clinical cancer medicine. Curcumin- and turmeric-based nutraceu-
tical formulations are becoming very popular and more than hundred varieties of
products in the form of drinks, capsules, creams, gels, food supplements are
available in the market (Fig. 1.3 gives a few representative products). These
products are recommended for both healthy people and also for patients undergoing
treatment of chronic diseases. In view of all these gifted properties; it is not
exaggerating to say that this inexpensive and innocuous dietary agent, a highly
pleiotropic molecule, will be a “Panacea” in near future.
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Chapter 2
Berberine and Its Role in Chronic Disease

Arrigo F.G. Cicero and Alessandra Baggioni

Abstract Berberine is a quaternary ammonium salt from the protoberberine group
of isoquinoline alkaloids. It is found in such plants as Berberis [e.g. Berberis
aquifolium (Oregon grape), Berberis vulgaris (barberry), Berberis aristata (tree
turmeric)], Hydrastis canadensis (goldenseal), Xanthorhiza simplicissima (yel-
lowroot), Phellodendron amurense®! (Amur corktree), Coptis chinensis (Chinese
goldthread), Tinospora cordifolia, Argemone mexicana (prickly poppy) and
Eschscholzia californica (Californian poppy). In vitro it exerts significant
anti-inflammatory and antioxidant activities. In animal models berberine has neu-
roprotective and cardiovascular protective effects. In humans, its lipid-lowering and
insulin-resistance improving actions have clearly been demonstrated in numerous
randomized clinical trials. Moreover, preliminary clinical evidence suggest the
ability of berberine to reduce endothelial inflammation improving vascular health,
even in patients already affected by cardiovascular diseases. Altogether the avail-
able evidences suggest a possible application of berberine use in the management of
chronic cardiometabolic disorders.

Keywords Berberine - Antioxidant - Anti-inflammatory - Type 2 diabetes -
Cardiovascular disease - Depression

2.1 Introduction

Cardiovascular diseases are yet the most common causes of death and one of the
first causes of disability in industrialized countries and despite the efforts towards
primary prevention of cardiovascular disease, many patients still remain at risk [1].
Lifestyle interventions such as diet and/or physical activity are the most
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cost-effective approach in delaying or preventing the onset of cardiovascular dis-
ease [2]. Moreover, people without a history of cardiovascular disease who lack
common risk factors have a significantly greater risk of cardiovascular and all-cause
mortality if they do not adhere to a healthy lifestyle [3]. However, lifestyle pro-
grams are often difficult to follow for long periods and some risk parameters, such
as cholesterolemia, are relatively resistant to changes in dietary habits and physical
activity [4]. On the other hand, a relatively large number of dietary supplements and
nutraceuticals have been studied for their supposed or demonstrated ability to
reduce cholesterolemia in humans [5]. The third National Cholesterol Educational
Program suggested to integrate dietary supplements such as soluble fibres, omega-3
polyunsaturated fatty acids (PUFA), plant sterols and soy protein in the diet in order
to achieve an optimal LDL-cholesterolemia [6]. These suggestions have been
supported also by the recent new European guidelines of the management of
dyslipidemias [7] that also cite some other nutraceuticals as potentially useful
lipid-lowering substances. Since cardiovascular disease prevention needs a life
course  approach, both the tolerability and safety of dietary
supplements/nutraceuticals used to control plasma cholesterol levels has to be
adequately defined as well as the risk/benefit ratio of their assumption. A relatively
large number of recent reviews already described the mechanism of action and the
efficacy of the different nutraceuticals and botanicals with lipid-lowering effects [8—
10]. In particular, Berberine (BBR) exhibits many different biological activities;
among them, the best characterized are antioxidant, anti-inflammatory,
cholesterol-lowering and anti-hyperglycemic effects.

2.1.1 Physico-Chemical and Pharmacological Properties
of Berberine

Berberine is a quaternary ammonium salt from the group of isoquinoline alkaloids
(2,3-methylenedioxy-9,10-dimethoxyprotoberberine chloride; C>0H;gNO,*) with a
molar mass of 336.36122 g/mol [11]. It is highly concentrated in the roots, rhi-
zomes and stem bark of various plants including Coptis chinensis, Rhizoma cop-
tidis, Hydrastis canadensis, Berberis aquifolium, Berberis vulgaris, Berberis
aristata, Tinospora cordifolia, Arcangelisia flava and Cortex rhellodendri [12].
Berberine is strongly yellow coloured, which explains the fact that in the past
berberis species were used to dye wool, leather and wood. Under ultraviolet light,
berberine shows a strong yellow fluorescence with a Colour Index of 75,160 [13].

Berberis vulgaris as well as other berberine-containing plants [14] are used
medicinally in virtually all-traditional medical systems, and have a history of usage
in Ayurvedic, Iranian and Chinese medicine dating back at least 3000 years [16].
Ancient Egyptians used barberry fruit with fennel seeds to ward off pestilent fevers
[15]. Indian Ayurvedic physicians used barberry in the treatment of dysentery and
traditional Iranian medicine uses its fruit as a sedative [15, 17]. In northern Europe,
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barberry was used to treat gall bladder and liver problems, while it was used in the
treatment of abnormal uterine bleeds and rheumatism in Russia and Bulgaria [18,
19]. In North America, the Eclectics used barberry for treatment of malaria and as a
general tonic [20]. Also, the American Indians found it effective in improving
appetite and used its dried fruit as a gargle [21, 22].

Medicinal properties for all parts of the plant have been reported, including tonic,
antimicrobial, antiemetic, antipyretic, antipruritic, antioxidant, anti-inflammatory,
hypotensive, antiarrhythmic, sedative, antinociceptive, anticholinergic and chola-
gogue actions, and it has been used in some cases like cholecystitis, cholelithiasis,
jaundice, dysentery, leishmaniasis, malaria and gall stones [23]. Furthermore, ber-
berine has been used for treating diarrhoea and gastrointestinal disorders for a long
time [24, 25]. It has multiple pharmacological effects including; antimicrobial activity
against 54 microorganisms [26], inhibition of intestinal ion secretion and smooth
muscle contraction, inhibition of ventricular tachyarrhythmia, reduction of inflam-
mation, stimulation of bile secretion and bilirubin discharge [27].

Berberine has low bioavailability and poor absorption through the gut wall
(<5 %) and bowel P-glycoprotein contributes to that, actively expelling the alkaloid
from the lumen mucosal cells [28].

In a rat noncompartmental model [29], unbound berberine is transported to bile
through active transportation and it is metabolized by P450 enzyme system in liver,
with phase I demethylation and phase II glucuronidation. Berberine has four main
metabolites identified in rats: berberrubine, thalifendine, demethyleneberberine and
jatrorrhizine, and all of them have glucuronide conjugates [30]. Intestinal bacterial
flora takes role in enterohepatic circulation of berberine and its conjugated
metabolites [28]. On the other hand, very small amount of unchanged berberine is
eliminated in urines [31].

As other alkaloids are present in H. canadensis extracts (i.e. hydrastine and
canadine), berberine may inhibit cytochrome P450 2E1 (CYP2E1) [32] and 1A2
(CYP1A2) [33]. This inhibition is not related to a significant increase in pharma-
cological interactions since the largest part of the available drugs is not metabolized
by these enzymatic systems.

2.1.2 Berberine Modulation of Cell Signalling Pathways

Berberine is a potent antioxidant and anti-inflammatory agent: these properties
could be particularly relevant in the management of type 2 diabetes and cardio-
vascular diseases.

In metabolic disorders, as obesity and type 2 diabetes, increased oxidative stress
is a common feature [34, 35]. It could induce or deteriorate insulin resistance and
diabetes through multiple mechanisms. In the process of oxidative stress, excessive
reactive oxygen species (ROS) are produced, mainly by mitochondria [36, 37].
They could cause damage and apoptosis of pancreatic islet B-cells and reduction of
insulin secretion [38]. ROS also activate c-Jun N-terminal kinase (JNK), protein
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kinase C (PKC) and nuclear factor-xB (NF-xB), interfering with the insulin sig-
nalling pathway and causing insulin resistance [39—41]. In addition, oxidative stress
also contributes to the development of chronic complications of diabetes, such as
diabetic nephropathy, retinopathy and neuropathy [37].

Molecular mechanisms of berberine in reducing oxidative stress seem to be
related with multiple cellular pathways (Fig. 2.1).

The NOX family of ROS-generating NADPH oxidases, a family of
membrane-associated enzymatic complexes, is one of the major sources of ROS
production in cells [42]; its activation is often associated to high levels of fatty
acids, cholesterol, glucose or advanced glycation end products (AGEs) [43—45].
Among various NOX isoforms, berberine was reported to suppress the overex-
pression of NOX 2,4 and to decrease ROS production in macrophages and
endothelial cells upon stimulation with inflammatory stimuli [46, 47]. In endothelial
cells, berberine attenuated LDL oxidation induced by ROS and reduces the collapse
of mitochondrial membrane potential, the chromosome condensation, the cyto-
chrome C release and the caspase-3 activation [48]. Circulating endothelial
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Fig. 2.1 Schematic illustration of the molecular mechanisms and pathways of Berberine in
reducing oxidative stress and inflammation. / Berberine could inhibit oxidative stress by
upregulation of SOD, and downregulation of NADPH oxidase expression. 2 Berberine
administration induces the activation of the Nrf2 transcription. The effect of berberine on Nrf2
relies on the activation of AMPK, and P38 pathways. 3 Berberine could suppress inflammation by
blocking the MAPK pathways in an AMPK-dependent manner, inhibiting the classic NF-kB
transcription; inhibiting the Rho GTPase pathway, which plays a role in NF-xB regulation, and
attenuating the transcription activity of AP-1, which was possible to be mediated by PPARy
activation
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microparticles, vesicular structures found in plasma from patients with vascular
diseases so utilized as a surrogate marker of endothelial dysfunction, are oxidative
stress inducers; they promote upregulation of NOX4 expression and ROS pro-
duction. It has been reported that berberine reversed NOX4-derived ROS produc-
tion in human umbilical vein endothelial cells (HUVECsS) [46].

NOX could be negatively regulated by adenosine monophosphate-activated
protein kinase (AMPK) activation [49, 50]; in fact AMPK activators, such as
metformin, may exert their cardiovascular protective function through NOX inhi-
bition [51]. AMPK pathway is activated by berberine [52] and it seems to play a
pivotal role in mediating its antioxidant activity [53, 54].

The AMPK is a ubiquitously expressed cellular energy sensor and an essential
component of the adaptive response to cardiomyocyte stress that occurs during
ischemia. AMPK plays also an important role in regulating function of NO syn-
thesis in endothelial cells. In fact, AMPK is an upstream kinase of endothelial nitric
oxide synthase (eNOS) which promotes the phosphorylation of eNOS at Ser1177
site as well as the formation of eNOS and HSP90 complex and NO production [55].
Zhang et al. [56] observed that in HUVECs berberine ameliorated
palmitate-induced endothelial dysfunction by upregulating eNOS and downregu-
lating of NOX4 through the activation of AMPK. In both cultured endothelial cells
and blood vessels isolated from rat aorta berberine enhanced eNOS phosphorylation
and attenuated high glucose-induced generation of ROS, cellular apoptosis, NF-kB
activation and expression of adhesion molecules through AMPK signalling cascade
activation, a key event in preventing oxidative and inflammatory signalling [57].

Besides NADPH oxidase downregulation and NO production, AMPK activation
has been linked to upregulation of the antioxidant enzyme superoxide dismutase
(SOD) [58, 59], which is dismutated to hydrogen peroxide. It was observed an
increased SOD expression in berberine treated diabetic mice [60, 61]. Glutathione
(GSH) is another antioxidant molecule which helps to maintain the balance of redox
state in organisms and acting asco-substrate of glutathione peroxidase (GSH-Px) in
the clearance of peroxides [62]. Berberine treatment promoted a GSH-Px and SOD
hyperactivation in the liver of mice [63], attenuated ROS production and increased
detoxifying enzymes GSH-Px and SOD in NSC34 motor neuron-like cells [64].

Recent studies revealed that berberine suppressed oxidative stress through
induction of the nuclear factor erythroid-2-related factor-2 (Nrf2) pathway [65-67].
Nrf2 is a transcription factor which binds to antioxidative response elements
(ARE) in DNA, leading to transcription of phase II enzymes and cytoprotective
proteins genes such as NAD(P)H quinone oxidoreductase-1 (NQO-1) and heme
oxygenase-1 (HO-1) with a wide range of activities in regulating redox state and
energy metabolism in cells [68]. Now, Nrf2 is recognized as an important mediator
of berberine in reducing oxidative stress, as blocking Nrf2 abolishes the antioxidant
activity of berberine in macrophages and nerve cells [65-67]. The activation of
AMPK, phosphatidylinositol 3-kinase (PI3K)/Akt and p38 kinase cellular pathways
is involved in the effect of berberine on Nrf2, since the block of these pathways
diminishes the stimulating effect of berberine on Nrf2 [65-67].
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The anti-inflammatory activity of berberine was observed both in vitro and
in vivo and was noted by the reduction of proinflammatory cytokines as well as
acute phase proteins [69-78].

In cultured metabolically active cells (adipocytes and liver cells), immunocytes
(macrophages and splenocytes) or pancreatic -cells, berberine treatment reduced the
production of TNF-a, IL-6, IL-1[3, matrix metalloprotease 9 (MMP9), cyclooxygenase-2
(COX?2), inducible NOS (iNOS), monocyte chemoattractant protein 1 (MCP-1) and
C-reactive protein (CRP) and haptoglobin (HP) [70-100]. In insulin-resistant HepG2
cells, the anti-inflammatory activity of berberine was associated with its
insulin-sensitizing effect. Berberine administration significantly decreased cytokine
production, and reduced serine phosphorylation but increased insulin-mediated tyrosine
phosphorylation of IRS in HepG2 cells treated with palmitate [71].

Berberine could reduce proinflammatory cytokines, acute phase protein and
infiltration of inflammatory cells in animals with diabetes mellitus or insulin
resistance, either induced by streptozocin injection/high-fat diet (HFD) feeding or
spontaneously happened [69, 72, 74-76]. In these animal models, the
anti-inflammatory activity of berberine was observed in different tissues like serum,
liver, adipose tissue, and kidney and was associated with its effect against insulin
resistance or diabetes mellitus [69, 72, 74-76]. Besides evidences from cultured
cells and diabetic animal models, the anti-inflammatory effect of berberine was also
observed in humans: the berberine dose of 1g/day for 3 months significantly
reduced the serum hsCRP and IL-6 level in patients with acute coronary syndrome
following percutaneous coronary intervention [80].

Berberine suppresses inflammation through complex mechanisms. In addition to
antioxidant activity, the AMPK pathway was also crucial for the anti-inflammatory
efficacy of berberine [72]. Blocking AMPK could abolish the inhibitory effect of
berberine on the production of proinflammatory cytokines, like inducible nitric
oxide synthase (iNOS) and COX2 in macrophages [72]. Excessive iNOS in cells
could cause overproduction of NO and had close relationship with the development
of insulin resistance [82]. COX2 is a key enzyme for the synthesis of prostaglandins
[81], which are important mediators for the pathogenesis of diabetes mellitus and
diabetic nephropathy [82].

The anti-inflammatory activity of berberine was also associated with its inhi-
bitory effect on the mitogen-activated protein kinase (MAPK) signalling pathways,
which were activated by inflammatory stimuli [72, 83, 84]. The inhibitory effect of
berberine on MAPKs was dependent on AMPK activation in macrophages [72]. It
seems that conflicting results exist concerning the regulatory effect of berberine on
MAPK signalling. Although some results suggested that berberine suppressed the
inflammation through inhibiting MAPKs [72, 83, 84], others indicated that p38
kinase was activated by berberine which was considered important for berberine’s
efficacy against oxidative stress and inflammation [65-67].

The NF-kB pathway plays a key role in controlling inflammation [85]. In NF-xB
signalling pathway, IkB kinase-p (IKK-B) could be activated by inflammatory
stimuli like TNF-q, as well as nutritional factors like glucose and FFA [86]. The
activation of IKK-p required phosphorylation of the serine residue at position 181
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[87, 88]. In insulin-resistant 3T3-L1 adipocytes [89] and liver/adipose tissues from
obese mice feed with HFD [74], berberine administration greatly reduced phos-
phorylation of ser'®! and activation of IKK-p. In addition, the inhibitory effect of
berberine on IKK-P required a cysteine residue at position 179 of IKK-f [89].

Recent studies proved that berberine could reduce renal inflammation in diabetic
rats through inhibiting the Rho GTPase signalling pathway [69]. Rho GTPase is a
member of the superfamily of small GTP binding proteins with multiple biological
functions [90]; it was proven to positively regulate the NF-kB signalling pathway in
diabetic rats [91]. Therefore, in addition to regulation of the classic NF-xB sig-
nalling pathway, berberine could inhibit NF-kB by suppressing Rho GTPase [69,
92]. Furthermore, the inhibitory effect of berberine on Rho GTPase relied on its
antioxidant activity [69].

In addition to NF-«B, transcription factor activator protein 1 (AP-1) also played
a role in the anti-inflammatory activity of berberine [93, 94]. Administration of
berberine to macrophages or epithelial cells greatly attenuated the DNA binding
activity of AP-1 and reduced the production of cytokines like MCP-1 and COX2
[93]. There were reports that the transcription stimulating activity of AP-1 and
NF-«B could be inhibited by activation of peroxisome proliferator-activated
receptor Y (PPARYy) [95-99].

2.1.2.1 Berberine Effects on Glucose Metabolism

In general, there are two distinct pathways to activate glucose uptake in peripheral
tissues; one stimulated by insulin through the IRS-1/PI 3-kinase and the other by
exercise or hypoxia via activation of AMP activated protein kinase (AMPK). In
muscle, which is the major tissue responsible for whole body glucose disposal after
liver, both pathways stimulate the translocation of glucose transporter-4 (GLUT4)
to the cell membrane which accounts for the enhanced glucose uptake [100].

Current data suggest that the berberine effects are complex and may activate
portions of both the insulin and the exercise-induced glucose uptake pathways
[101]. In addition, berberine inhibits intestinal absorption of glucose, which also
contributes to berberine glucose-lowering effect [102].

There is increasing evidence that the most widely expressed GLUT]I, initially
thought to be responsible only for basal glucose uptake, can be acutely activated by
cell stressors such as azide [103, 104], osmotic stress [ 105, 106], methylene blue [107]
and glucose deprivation [108, 109]. In particular, the acute activation of GLUT1 by
hypoxia or azide has been attributed to activation of AMPK [110, 111]. In addition, it
has been recently shown that peptide C activates GLUT1 transport activity in ery-
throcytes, establishing a potential link between GLUT]1 activity and diabetes [112].

In cultured human liver cells and rat skeletal muscle, berberine increases insulin
receptor mRNA expression through Protein kinase C-dependent activation of its
promoter [113].

Since berberine was observed to act as an insulin-sensitizing agent in cultured
cells [114], its activity has been compared with that of metformin in different animal
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models. In rat models of type 2 diabetes (T2DM), berberine shows to have equal or
better fasting plasma glucose (FPG), insulin-resistance and low-density lipoprotein
cholesterol (LDL-C) lowering activity than metformin by a mechanism involving
retinol binding protein-4 (RBP-4) and (GLUT-4) [115, 116].

Berberine exhibited a high hypoglycemic potential; it has been shown that
berberine activates AMPK with subsequent induction of glycolysis [117]. AMPK,
as an intracellular energy receptor, has attracted more attention and become a new
target for the treatment of diabetes and its cardiovascular complications due to its
regulatory effect on endothelial cell function and energy homeostasis. In H9c2
myoblast cell line treated with insulin to induce insulin resistance, berberine
attenuated the reduction in glucose consumption and glucose uptake at least in part
via stimulation of AMPK activity [118]. berberine enhanced acute insulin-mediated
GLUT4 translocation and glucose transport in insulin-resistant myotubes through
activation of AMPK and PI3K pathway [119] (Fig. 2.2).
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Fig. 2.2 Main glucose-lowering effects of berberine in the human cells. Berberine administration
could decrease glycemia through the GLP-1 receptor activation in pancreas beta cells, the increase
of Insulin Receptor expression and the AMPK-modulated Glut-4 translocation in peripheral cells
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In a clinical study, the same group observed that berberine significantly lowered
FPG, hemoglobin Alc, triglycerides and insulin levels in patients with T2DM as
well as metformin and rosiglitazone (a combination commonly used for the T2DM
therapy); the percentages of peripheral blood lymphocytes expressing InsR were
significantly elevated after therapy [120].

In a recent meta-analysis of randomized clinical trials, berberine resulted to be
safe and effective in the treatment of patients with T2DM [121].

2.1.2.2 Berberine Effects on Lipid Metabolism and Vascular Health

The cholesterol and triglycerides lowering effect of berberine has been clearly
demonstrated by a recent meta-analysis of randomized clinical trials [122]. The
lipid-lowering activity of berberine, in association with other nutraceuticals, has
been also clearly confirmed in a relatively large number of randomized clinical
trials [123, 124].

The supposed mechanism of action is the increased expression of the liver
receptor for LDL mediated by the inhibition of the Pro-protein-convertase-
subtilisin-kexin-9 (PCSK9) activity [125]. Besides its upregulation effect on the
LDL receptor, berberine could also reduce triglycerides by AMP kinase activation
and MAPK/ERK pathway blocking [126] (Fig. 2.3).

High levels of LDL and their oxidized counterpart, oxidized LDL (oxLDL), in
the blood vessels represent a major risk factor for endothelial dysfunction and
atherosclerosis [127]. Inactivity of LDL receptor (LDLR) or its low-level expres-
sion initiates accumulation of LDL in blood vessels [128]. On the other hand, the
receptor of oxLDL, lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1)
identified as the main endothelial receptor for oxLDL also present in macrophages
and smooth muscle cells (SMC), activates a proatherogenic cascade by inducing
endothelial dysfunction, SMC proliferation, apoptosis and the transformation of
macrophages into foam cells and platelet activation via NF-kB activation [129].
LOX-1 contains a lectin-like extracellular C-terminal domain which interacts with
oxLDL, proteolytically cleaved and released as a soluble circulating form (sLOX-1)
that reflects the increased expression of membrane-bound receptors and disease
activities [130].

In human macrophage-derived foam cells treated with oxLDL, berberine inhibits
the expression of LOX-1 [131] as well as the oxLDL uptake of macrophages and
reduces foam cell formation in a dose-dependent manner [132] by activating the
AMPK-SIRT1-PPARYy pathway [133]. Chi and colleagues demonstrated that ber-
berine combined with atorvastatin is more effective in diminishing LOX 1
expression than atorvastatin alone in monocyte-derived macrophages both in vitro
and in rats through modulation of endothelin-1 receptor [134].

Berberine improves also the survival of TNFa-treated endothelial progenitor
cells (EPCs) via the activation of PI3K/AKT/eNOS transcription factor [135]
possibly through AMPK activation. Wu and colleagues showed, both in vitro and
in vivo that berberine reduces the leukocyte-endothelium adhesion and vascular cell
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decreases circulating LDLs by inducing LDLR expression in hepatic cells mediated by inhibition
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adhesion molecule-1 (VCAM-1) expression induced by LPS. Berberine was further
confirmed to inhibit the nuclear translocation and DNA binding activity of
LPS-activated NF-kB signalling pathway [136].

2.1.2.3 Berberine and Central Nervous System Disorders

A large number of preclinical evidence support a possible role of berberine in the
management of Alzheimer’s disease, cerebral ischemia, mental depression,
schizophrenia and anxiety, however the most part of these data have been obtained
in purely experimental models [137]. Of particular interest is the potential antide-
pressant effect of berberine.

Berberine inhibited the immobility period in mice in both forced swim and
tail-suspension test, two animal models of depression, in a dose independent
manner [138, 139]. Among the reported bioactivities of berberine, there is the
inhibition of monoamino oxidase (MAO)-A activity, [140] an enzyme catalyzing
the oxidative deamination of catecholamines, and thus inhibiting degradation of
these neurotransmitters. In fact acute and chronic administration of berberine in
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mice resulted in increased levels of norepinephrine, serotonin and dopamine,
neurotransmitters induced by MAO-A enzyme [140]. In accordance with Kulkarni
and colleagues data, Arora and Chopra [138] showed the protective
antidepressant-like effect of berberine against the reserpine-induced biogenic amine
depletion (a monoamine depletor commonly used to induce depression in animals.
However, at the best of our knowledge, there are no available data on the evaluation
of the potential antidepressant effects of berberine in humans [141].

2.1.2.4 Tolerability and Safety

Highly purified and concentrated berberine is safe, in fact, its Lethal Dose 50
(LD50) in mice is 25 mg/kg in mice [131].

Standard doses of berberine are usually well tolerated and adverse events are rare
and mild. The most studied side effects are those on the gastrointestinal system. In
fact, berberine and its derivatives can produce gastric lesions in animal models
[142]. As shown by the determination of small intestinal transit time measurements
by sorbitol and breath hydrogen test, berberine delays small intestinal transit time,
and this may account for a part of its gastrointestinal side effects (but also of its
antidiarrhoeal one) [143].

The main safety issue of berberine involves the risk of pharmacological inter-
actions. In fact, berberine displaces bilirubin from albumin about tenfold more than
phenylbutazone, thus any herb containing large amounts of berberine should be
avoided in jaundiced infants and pregnant women [144]. Berberine also displaces
warfarin, thiopental and tolbutamide from their protein binding sites, increasing
their plasma levels [145].

Then, berberine can markedly increase blood levels of cyclosporine A because
of CYP3A4 and P-glycoprotein inhibition in liver and gut wall, respectively, and
because of the increase in gastric emptying time, thus causing increased cyclos-
porine A bioavailability and reduced metabolism [146]. In renal transplant recipi-
ents who take cyclosporine 3 mg/kg twice daily, the coadministration of berberine
(0.2 g/day for three times a day for 3 months) increased the mean cyclosporine A
AUC of 34.5 % and its mean half-life of 2.7 h [147].

Even if the main mechanism of berberine pharmacological interaction involves
CYP3A4 and intestinal P-glycoprotein, it also inhibits CYP1A1, potentially inter-
acting with drugs metabolized by this cytochrome isophorm as well. The impact of
this observation in clinical practise has yet to be evaluated since the CYP1Al
metabolized drugs are relatively rare [148].

Overall, the assumption of berberine in dosages of 500-1000 mg/day has to be
considered safe for the most part of subjects and the risk of clinically relevant
pharmacological interaction is limited to cyclosporine and warfarin.
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2.2  Conclusion

Berberine is a natural alkaloid with proven antioxidant, anti-inflammatory,
glucose-lowering and lipid-lowering actions, both in animal models and in humans.
Altogether, these effects support the need to study the effects of the long-term
exposition to berberine for the management and prevention of numerous chronic
diseases such as type 2 diabetes and atherosclerosis.
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Chapter 3
Emodin and Its Role in Chronic Diseases

B. Anu Monisha, Niraj Kumar and Ashu Bhan Tiku

Abstract Diseases, such as heart disease, stroke, cancer, respiratory diseases, and
diabetes, are by far the leading cause of mortality in the world, representing 60 % of
all deaths. Although substantial medical advances have been made and many
therapeutic approaches proposed yet traditional medicine and medicinal plants find
an important place in therapy. They have been providing invaluable solutions to the
various health problems. Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is a
natural anthraquinone derivative found in various Chinese medicinal herbs.
Traditionally, it has been used as an active constituent of many herbal laxatives.
However, in the last few years, significant progress has been made in studying the
biological effects of emodin at cellular and molecular levels and it is emerging as an
important therapeutic agent. This review provides an overview of the modulatory
effects of emodin in various diseases and cell signaling pathways, which may have
important implications in its future clinical use.

Keywords Emodin - Bioavailability - Cancer - Anthraquinone - Radiosensitizer -
Chemosesitizer

3.1 Introduction

Emodin is a member of natural compounds known as anthraquinones. Natural
anthraquinones are found in diverse plant groups from higher plants to fungi and in
some insects. More than half of the natural anthraquinones are found in lower fungi,
mainly Penicillium and Aspergillus species and in lichens. Rest of them are found
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in higher plants and in isolated instances in insects [24, 131]. Among higher plants,
plants belonging to families Rubiaceae, Rhamnaceae, Fabaceae, Polygonaceae,
Bignoniaceae, Verbenaceae, Scrophulariaceae, and Liliaceae are rich sources of
anthraquinones [134]. Emodin, rhein, chrysophanol, aloe-emodin, and physcion are
the most common naturally occurring anthraquinonesin higher plants [24, 33].

The anthraquinone emodin is identified in 17 plant families distributed world-
wide but is primarily reported in three plant species Fabaceae (Cassia spp.),
Polygonaceae (Rheum, Rumex, and Polygonum spp.), and Rhamnaceae (Rhamnus
and Ventilago spp.) [43]. Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is
present in bark, root, vegetative organ (stem, foliage), reproductive organ (flower,
fruit, seeds, pods), and is produced as secondary metabolite by molds and lichens
[120].

Although emodin was first described more than 75 years ago (reported as
‘frangula-emodin,” [56], many of its diverse biological properties have been dis-
covered in the last decade (see reviews by Srinivas et al. [120] and Shrimali et al.
[117]). Emodin has also been reported to play a significant ecological role in the life
of many plant species by mediating their interactions with their biotic and abiotic
environment [43].

Emodin is a bioactive anthraquinone and has been an active constituent of many
laxatives and Chinese herbal medicines [71, 73]. It has antitumour, antibacterial,
diuretic, and vasorelaxant effects [39, 57, 175]. It induces growth inhibition in
cancer cells but not in normal cells [98, 122, 162] and modulates cellular redox
status in a dose- and time-dependent manner [58, 120, 163]. The photo-protective
function of emodin against ultraviolet (UV) region of the solar radiation (290-
400 nm) has also been reported [8]. Protective role of emodin against
radiation-induced oxidative and DNA damage in murine splenocytes and in the
concanavalin A (ConA)-induced hyperproliferation was also reported [109, 110]. It
possesses immunosuppressive activities also [85, 142, 145]. Various pharmaco-
logical properties of emodin in both animal and human model systems have been
tabulated (Tables 3.1, 3.2).

Emodin is highly effective in case of pancreatitis, asthma, myocarditis, arthritis,
atherosclerosis, glomerulonephritis, Alzheimer’s, hepatitis, and chronic obstructive
lung disease [117, 156, 157]. It modulates various signaling pathways and produces
many therapeutic effects (Table 3.3).

Besides the beneficial effects, emodin has been reported to cause some toxic side
effects, such as genotoxicity, developmental toxicity, nausea, diarrhea, and renal
failure. Recently, Sevcovicova et al. [108] showed emodin exhibited dual activities;
on one side it was genotoxic inducing primary DNA lesions as well as gene
mutations and on the other it exhibited DNA-protective activity via free radicals
scavenging and reducing activities. Therefore, safety and effectiveness of emodin in
naturopathic treatment is yet to be approved by the U.S. Food and Drug
Administration (FDA). The present review is the compilation of the literature on
effects of emodin in various disease conditions and the underlying molecular
mechanisms.
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Table 3.1 Therapeutic effects of emodin in animal model systems
Bioactivity Model Mechanism References
Antibacterial, E.coli, Mice, RAW 264.7 Anti-MRSA Alves et al.
antiviral activity cell line (Methicillin-resistant [2], Liu
Staphylococcus aureus) | et al. [85],
effect via damaging cell | Liu et al.
membrane, affecting [86]
phospholipid
membrane, and reducing
the entry of CVB4 in a
time-dependent manner
Anticancer effects Mice xenografts bearing Promotes cell cycle Ljubimov
LS1034 (in vivo), SW1990 | arrest, induces et al. [87],
cells, Mice leukemia apoptosis, inhibits cell Wang et al.
WEHI-3 cells, 4T1 and proliferation, migration, | [143],
EO771 breast cancer cells, | differentiation, and Kaneshiro
synthetic androgen receptor | downregulates androgen | et al. [51],
R1881cells, mice, rat, chick | receptor Kwak et al.
embryo, zebra fish, Mice Regulates the expression | [60], He
bearing gall bladder of NF-«xB and et al. [35],
carcinoma SGC-996, NF-«B-regulated Lietal. [71,
GBC-SD cells. angiogenesis-associated | 73], Wang
factors, blocks the et al. [140,
phosphorylation of 141], Chang
KDR/FIk-1 and et al. [9],
downstream effector Lin et al.
molecules including [78, 79], Ma
FAK, ERK1/2, p38, et al. [91],
Akt, endothelial nitric Li et al. [68,
oxide synthase and 74, 761, Jia
stimulates phagocytosis | et al. [45]
and macrophage
recruitment in vivo
Anti-inflammatory Mouse mammary epithelial | Inhibiting receptor Li et al.
activity cells, rat epithelial cells, expression and common | [76], Zhu
rats, mice inflammatory pathways, |et al. [177],
such as inhibiting Ni et al.
NF-xB activation and [100, 101],
TNF-a production, Sharma and
reducing neutrophil Tiku [109],
infiltration, and cytokine | Yang et al.
production [161], Chen
et al. [11],
Han et al.
[32], Li
et al. [69,
70, 75, 771,
Pang et al.
[104]

(continued)
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Bioactivity Model Mechanism References
Antiallergic activity Mice Acts primarily on Syk to | Lu et al.
suppress downstream [88],
signaling events and Nemmar
mast cell activation and | et al. [99]
prevents cardiac
inflammation, oxidative
stress, and thrombotic
complications
Anti-hyperlipidaemic | C57BL/6 J male mice, rat, | Enhances CPT-1 Zhao et al.
activity STZ-induced diabetic mice. | expression along with [173], Feng
increased AMPK and et al. [26],
ACC protein expression, | Tzeng et al.
protects against diabetic | [133], Wu
cardiomyopathy by et al. [148,
phosphorylation and 150]
regulation of
AKT/GSK-3p signaling
pathway
Therapy for hepatic D-galactosamine-sensitized | Deactivates MAPKs and | Yin et al.
failure mice, Liquid fructose NF-«B signaling [165], Li
feeding rats pathways, and inhibits et al. [75]
TNF-o production
Therapy for bone Mice Suppresses osteoclast Hwang
remodeling and differentiation and the et al. [41],
arthritis bone-resorbing activity | Zhu et al.
of mature osteoclasts by | [177], Kang
inhibiting et al. [52],
RANKL-induced Kim et al.
NF-«kB, c-Fos, and [54]
NFATc] expression
Treats schizophrenia | Rodent Attenuates Mizuno
phosphorylation of et al. [96]
ErbB1 and ErbB2 and
EGF receptor signaling
Cure for gall bladder | Guinea pig gall bladder Inhibits voltage Wau et al.
disorder smooth muscle, In vivo and | dependent potassium [151], Li
in vitro in SGC996 gall current in gall bladder et al. [74]

bladder carcinoma cell lines

smooth muscle cell
model
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Table 3.3 Therapeutic effects of emodin in chronic diseases and mechanisms of action

Diseases

Mechanism

References

Allergy

Inhibits TNF-a secretion through
the inhibition of PKC or
PKC-IKK?2 pathways

Lu et al. [88], Kim et al. [53],
Nemmar et al. [99]

Cancer

Targets PI3K/Akt pathway
Downregulates TGF-3 signaling
pathway and Inhibits B-catenin/Akt
Downregulates cytoprotective ERK
and Akt cascade

Elevates the levels of Bax, reduces
Bcl-2 and activates caspase-2, -3,
and -9, Suppresses the activation of
P210BRABL downstream
signaling pathways including
CrkL, Akt/mTOR and MEK/ERK
Inhibits TOR signaling pathway
and blocks autophagy

Inhibits ILK expression through
AMPKa-mediated reduction of Spl
and c-Jun proteins and suppresses
the activation of MAPK signaling
pathways

Inhibits Wnt signaling pathway like
(i) regulating the regulators-p300
and HBP1 (ii) increasing reactive
oxygen species

Su et al. [121], Olsen et al. [103],
Hsu et al. [37], Yan et al. [158],
Way et al. (2014), Thacker and
Karunagaran [129, 130], Li et al.
[77], Deng et al. [19], Hu et al.
[38], Tang et al. [128], Sun et al.
[124]

Cardiovascular
diseases

Enhances mitochondrial
antioxidant components and
inducesTNF-a upregulation and
cardiomyocyte apoptosis
Suppresses pro-inflammatory
cytokines TNF-a and IL-1B due to
inhibition of NF-kB activation
Inhibits IL-23/IL-17 inflammatory
axis, Th17cell proliferation and
viral replication mRNA/protein

Du et al. [23], Wu et al. [149],
Song et al. [119], Chen et al.
[10, 12, 14], Jiang et al. [46]

Diabetes

Regulates PPAR-y and
AKT/GSK-3p signaling pathway

Xue et al. [155], Wang et al. [142,
145], Wu et al. [148, 150],
Arvindekar et al. [3]

Kidney
diseases

Activates autophagy by modulating
AMPK/mTOR signaling pathways

Gao et al. [27], Liu et al. [81]

Liver diseases

Increases the mRNA levels of
PPAR-y

Inhibits p38 MAPK-NF-«B
pathway leading to suppression of
hepatic IFN-y, TNF-o, IL-1f,
IL-12, IL-6, iNOS, ITGAM, CCL2,
and MIP-2, MIP-2 receptor, and
CXCR2

Zhan et al. [167], Dong et al. [20],
Meng et al. [94], Dong et al. [22],
Lin et al. [81], Dang et al. [18],
Dong et al. [22], Lee et al. [61],
Tzeng et al. [133], Liu et al. [84],
Xue et al. [156]

(continued)



54

Table 3.3 (continued)

B.A. Monisha et al.

Diseases

Mechanism

References

Enhances CPT-1 expression along
with increase in AMPK and ACC
protein expression and
phosphorylation

Lung diseases

Inactivates NF-xB and p38 MAPK
pathway

Xiao et al. [153], Xue et al. [157],
Sun et al. [125], Yin et al. [164]

Neurological
disorders

Downregulates PI3K/Akt/GSK-3f3
signaling pathway, promotes
PI3K/Akt-dependent CREB
phosphorylation and activates class
III PI3K/Beclin-1/B-cell lymphoma
2 pathway

Gao et al. [28], Li et al. [72], Yang
et al. [160], Park et al. [105], Sun
and Liu [126]

Other diseases

Inhibits NF-xB and MAPKs signal
pathways, Blocks
HIF-10/NF-kB-COX-2 signaling
pathways, Interferes with
ROS-ERK1/2/p38 signal pathway
Upregulates PPAR-y expression
Inhibits AP-1 signaling pathway

Lee et al. [63], Ha et al. [31], Chu
etal. [17], Li et al. [68, 74, 76], Lee
et al. [66], Lei et al. [67], Chen

et al. [12], Pang et al. [104]

3.2 Chemical Structure, Biophysical Properties,
and Bioavailability

The basic chemical structure of anthraquinone is an anthracene ring (tricyclic
aromatic) with two ketone groups in position C9 and C10. The chemical structure
of emodin is depicted in Fig. 3.1 Zhang et al. [171] examined the relationship
between the chemical structure and the activity of emodin and proposed that one
methyl, one hydroxy, and one-carbonyl functional groups are critical for the bio-
logical activities of emodin. The keto forms of emodin are less stable than the enol
form, because the latter is stabilized by p-conjugation in the B ring. These differ-
ences in stability between the enol and keto forms indicate that the contribution of

OH O
8

H.C%6

3

O

OH
1

3'OH

Fig. 3.1 Structure of emodin, 1,3,8-trihydroxy-6-methyl-anthraquinone
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the keto forms can be considered negligible for emodin as a free molecule. It is clear
that emodin appears to be a planar molecule and the most stable radical in the gas
phase is the 3-OH species. Despite planarity of radical structures, there is no sig-
nificant electronic delocalisation between adjacent rings [92].

Emodin—DNA interaction mainly involves intercalation of emodin between
bases and with PO, backbone. Interaction occurs mainly through Ade and Thy
bases and PO, backbone of double helix. Binding constant for emodin—-DNA is
559 x 107 M™" [107]. Emodin has low DNA-binding affinity and has low
cytotoxicity against various cancer cells. Addition of pyrazole ring and certain
chemical groups like polymethyleneamine, sugar with anthraquinone chromophore
result in increased binding affinity and cytotoxicity against various cancers. Chain
of varying length, polarity, charge, rigidity, and steric bulk may impart different
DNA binding affinity. Emodin with mono-cationic amino side chain has stronger
cytotoxic potential against cancer cells than di-cationic amino side chain, as indi-
cated by cytotoxicity potency index (ICsq) value [154].

Absorption, excretion, tissue distribution, and metabolism of emodin were
studied after a single oral administration of C'*-labeled emodin (50 mg/kg) in rat
model [4]. Emodin was quickly absorbed from the gastrointestinal tract.
Radioactivity in the peripheral blood reached a peak 2 h after administration, and
within 24 h subsequently decreased to 30 % of the peak value. In two cannulated
rats, biliary excretion reached a maximum at approximately 6 h and amounted to
49 % dose within 15 h; 70 % of biliary activity was in the form of conjugated
emodin. Urinary excretion amounted to 18 and 22 % dose, in 24 and 72 h,
respectively and most metabolites in pooled urine found were free emodin and
emodic acid. Emodin glycosides are carried unabsorbed to the large intestine
(because of its chemical structure) where metabolism to the active aglycone takes
place by intestinal bacterial flora. The aglycone damages epithelial cells, which
leads directly and indirectly to changes in absorption, secretion, motility and exerts
its laxative effect [97, 135].

In Male Sprague-Dawley rats orally administered PC Polygonum cuspidatum a
widely used Chinese medicine which contains resveratrol and emodin, it was found
that the sulfates/glucuronides of resveratrol and emodin were the major forms in
circulation and in most assayed organs after oral intake [78, 79]. With regard to
tissue distribution emodin was detected as sulfates/glucuronides in lung and kidney,
as free form in liver, but was not detectable in brain and heart [113, 114]. In rats
poor oral bioavailability of emodin is thought to be the result of intestinal and
hepatic glucuronidation [83]. The activity and positional preference of glu-
curonidation of anthraquinones varies with organs, species, substrate concentra-
tions, UGT isoforms, and the substitution at b-positions [148, 150]. Generally, the
conjugated metabolites are recognized as the inactive product of drugs, however,
now there are increasing evidences showing that the conjugated metabolites of
polyphenols demonstrate various bioactivities [25, 111, 112, 116, 159, 166].
Emodin which mainly exists as conjugated metabolite in the circulation and in most
organs, needs to be extensively investigated in future.
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3.3 Role of Emodin in Various Chronic Disorders

3.3.1 Allergy

Emodin plays an important role in allergic diseases like asthma, rhinitis, and atopic
dermatitis [47, 88]. Asthma is a respiratory disease associated with symptoms like
airway hyper responsiveness, mucus hypersecretion, and bronchial inflammation
[139]. Emodin can be a therapeutic agent in treating allergic airway inflammation. It
inhibited ovalbumin-induced increase in eosinophil counts and hypersecretion of
mucus from goblet cells in air way passage [17]. Emodin also exhibited antiallergic
activities via increasing the stability of the cell membrane and inhibiting extracel-
lular Ca®* influx [142, 145].

Mast cells play a major role in allergic diseases. Emodin lowered mast
cell-dependent passive anaphylactic reaction in Ig-E sensitized mice and inhibited
degranulation, generation of eicosanoid, and secretion of cytokines in
dose-dependent manner in mast cell [53, 88, 117]. Mast cell degranulation inhi-
bition occurred via attenuation of protein kinase C and IKB kinase 2 signaling
pathway [53].

3.3.2 Arthritis

Rheumatoid arthritis is a chronic inflammatory disease that causes damage to the
joints and is characterized by inflammation and infiltration of inflammatory cells
into synovial tissue and joint destruction. One of the major transcriptional pathways
involved in joint inflammation is the nuclear factor-kB (NF-xB) pathway. Emodin
exerted anti-inflammatory effects in collagen-induced arthritic mice through inhi-
bition of the NF-kB pathway and has shown therapeutic value for the treatment of
rheumatoid arthritis [41, 177]. Synovial angiogenesis is the main characteristic
feature of rheumatoid arthritis. Emodin decreased expression of various
angiogenesis-related genes like vascular endothelial growth factor (VEGF), HIF-1a,
and cyclooxygenase 2 [31]. Emodin considerably inhibited IL-1p and
lipopolysaccharide (LPS)-stimulated proliferation of RA synoviocytes under
hypoxic condition and reduced the production of pro-inflammatory cytokines
(TNF-a, IL-6 and IL-8), prostaglandin E2, and matrix metalloproteinase (MMP-1,
MMP-13) [31, 117].

Emodin treatment was also helpful in treatment of osteoporosis as it stimulated
osteoblast formation and inhibited osteoclastogenesis. Mice treated with emodin
showed decrease of LPS-induced bone loss and increased bone formation [54].
Emodin is emerging as a potential therapeutic agent to treat arthritis, fractures,
muscle injury, and pain [41, 152, 177].
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3.3.3 Cancer

Recent studies on emodin are mostly focused on its antitumor properties. These
efforts led to unraveling both the effect of emodin against cancer development and
the underlying molecular mechanisms involved. A number of studies have
demonstrated that emodin inhibited the growth and proliferation of various cancer
cells derived from different tumors, such as cervical, breast, lung, colorectal, and
prostate cancers (Tables 3.1, 3.2). After evaluation with other anthraquinone
derivatives, including emodin 1-O-B-D-glucoside, physcion 1-O-B-D-glucoside,
and physcion, C1 and C3 position of emodin was supposed to be important for its
antitumor function [59]. Meanwhile, emodin displayed over 25-fold differential
cytotoxicity against ras-transformed bronchial epithelial cells to the normal human
bronchial epithelial cells [6]. Emodin also evoked a less or no cytotoxic effect in
several normal cells, together with human fibroblast-like lung WI-38 cells,
HBL-100 cells derived from normal human breast tissue and three primary cultured
rat normal cells [115, 170]. Recently, Sharma and Tiku [109] reported noncytotoxic
effects on murine splenocytes up to 100 uM of emodin. These observations sug-
gested that normal cells might be more resistant to emodin-induced cytotoxicity
than cancer cells. Cells contain various pathways designed to protect them from the
genomic instability or toxicity that can result when their DNA is damaged.
A pivotal role in this response is played by checkpoint proteins that control the
normal passage of cells through the cell cycle. The effect of emodin on cell cycle
has been demonstrated on various cancer cells. In Her2/neu-over expressing
MDA-MB-453 breast cancer cells emodin azide methyl derivative (AMAD) trig-
gered mitochondrial-dependent cell apoptosis involving caspase-8-mediated Bid
cleavage. This derivative-induced GO/G1 arrest by blocking Her2/neu binding to
Hsp90. This was associated with decreasing protein expression of c-Myc, Cyclin
D1, CDK4, and p-Rb [123, 158, 169]. Emodin-induced G2/M phase arrest in
v-ras-transformed cells [6] and the human hepatoma cell line HepG2/C3A cells
[115]. Elevation of p53 and p21 expression might be involved in this G2/M arrest
[115]. In addition to G2/M phase arrest, emodin was reported to block the G1 to S
phase of the cell cycle in human colon carcinoma HCT-15 cells [50] and breast
cancer MDA-MB-453 cells [170]. It downregulated Wnt signaling pathway in
human colorectal cancer cells SW480 and SW620 [129]. Emodin attenuated
radioresistance in the HepG2 cells via upregulation of the apoptotic signals and
downregulation of the proliferative signals [42]. Emodin also inhibited the lung
metastasis of human breast cancer in a mouse xenograft model, and inhibited the
invasion of MDA-MB-231 cells associated with the downregulation of MMP-2,
MMP-9, uPAR, and uPA expression as well as decreased activity of p38 and ERK
[124]. Combination of emodin with curcumin synergistically inhibited survival,
proliferation, and invasion of breast cancer cells and cervical cancer [130].
Apoptosis could be a potential general mechanism of the anti-proliferative and
antineoplastic effects of emodin. A number of studies have demonstrated that
emodin is capable of inducing apoptotic cell death in various cancer cells [120].
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Several studies revealed that emodin-induced apoptosis was mediated by reactive
oxygen species (ROS) generated from the semiquinone [48, 121], however there
was a report that emodin-induced apoptosis, ROS-independently [13]. It is believed
that the quinoid structure of emodin could be activated to the semiquinone radical
intermediate, which in turn could react with oxygen to generate ROS and induce
oxidative stress [121]. The generation of ROS may contribute to mitochondrial
injury, reduction of mitochondrial transmembrane potential, cytochrome c¢ and
Smac release, and subsequent caspase activation resulting in apoptosis [5].

Several groups examined the role of Bcl-2 family members to further explore the
mitochondria-related pathway involved in emodin-induced apoptosis. Emodin
treatment significantly increased expression level of Bax and Bak, pro-apoptotic
protein, and caused Bax mitochondrial translocation preceding apoptosis [48].
Besides, anti-apoptotic protein Bcl-2 was also involved in emodin-induced apop-
tosis: first, emodin caused a significant decrease in Bcl-2 expression; second,
ectopic expression of Bcl-2 markedly blocked emodin-induced apoptosis [68, 178].
Additionally, PKC-3 and € may also be involved in emodin-induced apoptosis. It
appeared that PKC was downstream of caspase-3 in the emodin-induced apoptosis
[62]. The inhibitory effects of emodin on tumor-induced metastasis and angio-
genesis in human breast cancer were caused by inhibition of MMPs and VEGFR-2,
which may be associated with the downregulation of Runx?2 transcriptional activity
[44, 89, 124].

Emodin also potentiates the anticancer effects of cisplatin on gallbladder and
ovarian cancer cells through ROS-dependent pathway [90, 140]. Emodin
co-treatment was found to downregulate multidrug-resistance-associated protein-1
(MRP-1) and increase the sensitivity of SGC996 cells to cisplatin, carboplatin, or
oxaliplatin [74, 140, 141]. Emodin was also found to be a potential agent for
radio-sensitization of hepatocellular carcinoma (HCC) HepG-2 cells [42, 169].

Alternatively emodin protects cultured human kidney (HEK 293) cells and
murine splenocytes against cisplatin-induced and gamma radiation-induced
oxidative stress, respectively [109, 136]. Theses reported studies showed that
emodin can have differential effects on normal cells and cancerous cells.

3.3.4 Cardiovascular Diseases

Myocarditis is an inflammatory disease of heart that leads to heart failure.
Inflammation and autoimmunity is the major cause of myocarditis. Emodin is a
promising candidate for treatment of myocarditis. The severity of myocarditis was
reduced by treatment with emodin. In a murine acute myocardial infarction model,
emodin reduced the myocardial infarct size [149]. In rat model of experimental
autoimmune myocarditis, it inhibited NF-«kB activity there by reducing the level of
pro-inflammatory cytokines TNF-o, IL-1B [119]. Besides it protected against viral
myocarditis by inhibiting IL-23/IL-17 inflammatory axis, Th17 cell proliferation,
and viral replication in mice [46]. Emodin was found to inhibit CVB3 replication
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(causal agent of viral myocarditis) by inhibiting CVB3 VP1 protein translation. The
fundamental signaling pathways involved in inhibition of CVB3 VPI1 protein
translation include Akt-mTORCI-4EBP1, mTORC1-p70S6K, ERK1/2-p90RSK,
and Ca**-calmodulin (Ca®*-CaM) cascades. Therefore, these pathways might be the
targets for emodin [168].

Atherosclerosis a chronic inflammatory disease characterized by the presence of
atherosclerotic plaque in the arterial intima can lead to hardening and narrowing of
the major arteries. Emodin inhibited NF-kB activation and TNF-o-induced migra-
tion, proliferation and MMP-2, MMP-9 expression in rat aortic smooth muscle cells
(RASMC:s) [95]. It also had beneficial effects on stability of atherosclerotic plaque
in Apo-E deficient mice (apo-E has anti-atherosclerosis property) and was found to
inhibit the expression of M-CSF and MMP-9, whereas it enhanced the PPAR-y
expression [174]. Cardiovascular protective actions of emodin have been attributed
to activation of cardiac natriuretic hormone secretion.

In isolated rabbit atria, emodin heighted atrial natriuretic peptide (ANP) secre-
tion via inhibition of L-type calcium channels and activation of potassium ATP
channels [176]. C-reactive protein (CRP) an inflammatory molecule plays a direct
role in atherogenesis. Emodin was also found to inhibit Hcy-induced CRP gener-
ation in vascular smooth muscles cells via ROS-ERK1/2/p38 signaling pathway and
upregulated PPARy expression [104]. The above-mentioned results provide a
rationale for the use of emodin in the treatment of cardiovascular homeostasis and
other heart diseases.

3.3.5 Diabetes

Diabetes mellitus is a disease characterized by chronic hyperglycemia, disorders of
lipid, carbohydrates, and microvascular pathology of retina, renal glomerulus, and
peripheral nerves. Emodin injected intraperitoneally for 3 weeks to diabetic mice
(high fat fed diet) and low dose of streptozotocin (STZ) showed significantly
reduced blood glucose, triglycerides, and cholesterol in serum. qRT-PCR results
further confirmed that emodin significantly elevated the mRNA expression level of
PPAR-y (regulates the mRNA expressions of LPL, FAT/CD36, resistin, and FABPs
(ap2) in liver and adipocyte tissues) [155]. Emodin at a concentration of 3 and
30 um/L suppressed 11-dehydrocorticosterone-induced lipolysis and adipogenesis,
respectively without affecting corticosterone-induced lipolysis and adipogenesis
[142, 145]. Emodin also reduced the activation of glucocorticoid, which is insulin
antagonizing hormone by inhibiting 11B-hydroxysteroid dehydrogenase type 1
(11p-HSD1) in 3T3-L1 adipocyte cells in a concentration-and time-dependent
manner. Adiponectin is an important insulin-sensitizing adipokine, emodin lead to
assembly of high-molecular weight adiponectin and increased the ratio of
high-molecular adiponectin (possesses insulin-sensitizing activity) to total adipo-
nectin in 3T1-L1 adipocytes [10, 14]. SREBP-1 and SREBP-2 (transcription fac-
tor involved in biosynthesis of cholesterol, fatty acid, and triglyceride) mRNA
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level was also significantly reduced in the liver and adipose tissue after emodin
treatment [69].

Emodin may also be a potential medication in treating the glucose dependent
structural and functional abnormalities in peritoneal membrane. Emodin regulated
the undesirable effects of concentrated glucose on human peritoneal mesothelial
cells by suppression of protein kinase C (PKC) activation and cyclic AMP response
element binding protein (CREB) phosphorylation [7]. Emodin was found to protect
against diabetic cardiomyopathy by regulating AKT/GSK-3f signaling pathway
[148, 150]. In the presence of high-glucose concentration human umbilical vein
endothelial cells (HUVECS) cultured with 3 pm of emodin showed protection from
endothelial cytotoxicity by suppressing MAPK pathway and inhibiting chemokine
ligand 5 (CCL5) expression [30].

Autoimmune diabetes (AID) is a metabolic disease that progresses through an
intricate relationship of environmental, genetic, and immune factor. Emodin was
able to suppress the chemotactic activity of leukocytes at the insulitis stage
(inflammation of the islets of Langerhans) of AID development [15].

3.3.6 Kidney Diseases

Emodin was also found to have beneficial effects in renal dysfunction. In diabetic
nephropathy it inhibited activation of p38 MAPK pathway and downregulated the
expression of fibronectin. This effect was independent of the blood glucose level
[137]. Emodin was able to protect mice from drug-induced kidney injury. In
cyclosporine-induced kidney nephropathy emodin prevented the overexpression of
Protein Kinase Casein Kinase II (PKCK?2) which has a role in apoptosis [118].
In LPS treated NRK-52E cells (Rat kidney epithelial cells) it inhibited
TLR2-mediated NF-xB signaling pathway [70]. Emodin was found to ameliorate
cisplatin-induced apoptosis of rat renal tubular cells in vitro through modulating the
AMPK/mTOR signaling pathways and activating autophagy. Emodin may have
therapeutic potential for the prevention of drug-induced nephrotoxicity [81].

3.3.7 Liver Ailments

Emodin has been found to be beneficial in various liver ailments like
fructose-induced nonalcoholic fatty liver in rat, Con A-induced liver injury, and
LPS-induced fulminant hepatic failure. High carbohydrate/high fat diet fed mice
treated with emodin were protected from hepatosteatosis and metabolic derange-
ment. The mechanism involved were modulation of glutathione homeostasis and
TNF-a inhibition [1]. Con A-induced hepatic injury is a well-characterized murine
model with a pathophysiology similar to that of human viral and autoimmune
hepatitis. Emodin pretreatment protected against Con A-induced liver injury in
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mice, partially through inhibition of both the infiltration of CD4(+) and F4/80(+)
cells and the activation of the p38 MAPK-NF-«B pathway in CD4(+) T cells and
macrophages [156, 165]. Emodin was capable of improving the lipid accumulation
through the ERS-SREBPIc pathway in fructose-induced nonalcoholic fatty liver
disease [75]. Thus emodin might be applied as a potential candidate for the pre-
vention and intervention of liver diseases. However, in a recent study toxic effects
of emodin were reported in idiosyncratic liver injury model by Tu et al. [132].
Emodin-potentiated liver injury induced by noninjurious dose of LPS. The mech-
anisms underlying this effect are yet to be fully understood.

3.3.8 Lung Diseases

Emodin is considered as a potential pulmonary protective agent against lung tox-
icity induced by particulate air pollution. Particulate air pollution is related with
inflammation, impairment of lung function, and oxidative stress. In lung diseases
emodin reduced oxidative stress and increased the expression and activity of HO-1,
Nrf-2 [99, 157]. Besides acute lung injury is a very well-known fatal disease.
Emodin has been reported to repress LPS-induced pulmonary inflammation, pul-
monary oedema, and can be used to treat acute lung injury (ALI) and acute res-
piratory distress syndrome (ARDS) [153].

3.3.9 Neurological Disorders

Abnormality in cytokine signaling is implicated in the neuropathology and emodin
has been reported to be an effective neuroprotective drug. Subchronic oral
administration of emodin (50 mg/kg) to an epidermal growth factor (EGF)-induced
schizophrenia rat model, resulted in suppressed acoustic startle responses and
abolished prepulse inhibition deficits. Emodin was found to both attenuate EGF
receptor signaling and ameliorate behavioral deficits [96]. Accumulation of
B-amyloid is an important step in pathogenesis of Alzheimer’s disease. Emodin
treatment protected cultured cortical neurons from Af,s_ss-induced toxicity and
inhibited abnormal aggregation of tau protein into paired helical filaments. The
mechanism mediating this neuroprotective effect involve the upregulation of Bcl-2,
the activation ER/PI3K/Akt pathway as well as the inhibition of JNK1/2 phos-
phorylation induced by AB,s_3s [82, 126].

Chronic emodin (20, 40 and 80 mg/kg) treatments remarkably improved
depression-like behavior in chronic unpredictable mild stress (CUMS) mice.
Abnormal activation of hypothalamic—pituitary—adrenal (HPA) axis is an important
marker of depression. Antidepressant activity of emodin was mediated, at least in
part, by the upregulating Glucocorticoid Respotor (GR) and Brain Derived
Neurotrophic Factor (BDNF) levels in hippocampus [72]. Epilepsy is another
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chronic brain dysfunction syndrome. COX-2, N-Methyl-D-Aspartate (NMDA)
receptor, and P-glycoprotein have a synergic relationship in the pathogenesis of
epilepsy. Epileptic seizures are tightly associated with upregulated MDRI1 gene,
and emodin showed good antagonistic effects on epileptic rats, possibly through
inhibition of NMDA-mediated overexpression of MDRI1 and its associated genes
[160]. Neurite outgrowth is an important marker of neuronal differentiation.
Emodin-induced neurite outgrowth in Neuro2a cell by P13K/Akt/GSK3 signaling
pathway [105]. Future studies aiming at precisely understanding the cellular
mechanisms involved in the neuroprotective effects of emodin could open new
avenues for the treatment of various neurodegenerative diseases, and other neuronal
disorders.

3.3.10 Other Diseases

Emodin has been reported to have anti-inflammatory effects in both in vitro and
in vivo system (Tables 3.1, 3.2). Emodin when administered intraperitoneally
reduced LPS-induced mammary gland injury in mastitis [76]. Emodin has also
proved to be a potential candidate in treating serious vascular inflammatory dis-
eases, such as sepsis and septic shock and had anti-inflammatory effects in sepsis
mouse model in vivo [64, 65]. Emodin inhibited inflammation in intestinal
epithelial cells by blocking HIF-1a/NF-«B-COX-2 signaling pathways [67].
Emodin also lessened ocular tissue inflammation and fibrosis by inhibition of
NF-«xB pathway after eye injury [11, 55]. Lee et al. [66] reported anti-inflammatory
effects of emodin derivative [6-O-f-D-glucoside emodin (EG)] in vitro in human
umbilical vein endothelial cells (HUVECS) as well as in mice. Recently, Han et al.
[32] reported that emodin attenuated NLRP3 inflammasome activation, leading to
decreased secretion of cleaved IL-1p, and blocking of the inflammasome-induced
pyroptosis. Ocular neovascularization is the origin of blindness related with
ischemic retinal ataxia in conjunction with proliferative diabetic retinopathy (PDR),
retinopathy of prematurity (ROP) and age-related macular degeneration. The
induction of angiogenesis in retina is due to VEGF. Emodin-MgSiO3 nanoparticles
could inhibit the expression of both VEGF gene and protein effectively and can be
an effective therapy for eye-related disorders [106].

3.3.11 Conclusions and Future Perspective

A detailed survey of the literature evaluating the efficacy of emodin in various
disorders, suggests that it can modulate multiple signaling pathways. The primary
signaling pathways affected by emodin are involved in cell proliferation, apoptosis,
differentiation, and have role in inflammation (Fig. 3.2). On one hand it inhibits
antiapoptotic pathways and prosurvival signals, and on the other can reduce
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Fig. 3.2 Common signaling pathways downregulated by emodin

cytotoxic effects through upregulation of autophagy. It can be an effective adjuvant
in cancer therapy by acting as a radiosensitizer making cancer cells more suscep-
tible to radiation, and at the same time protecting the normal cells. In combination
with various chemo therapeutic drugs it increases their efficacy and over comes
drug resistance in various cancers. The primary transcription factor downregulated
by emodin in different disorders is NF-xB that further regulates production/
transcription of cytokines (TNF-a, IL-6), cell adhesion molecules and MMPs that
have important role in various chronic disorders (Fig. 3.3). Recently, emodin has
been found to regulate energy metabolism. It upregulates transcription factor
PPAR-y that is involved in regulation of adipogenesis and thus can be helpful in
treating metabolic disorders. Thus emodin has potential to be an important drug
molecule. However, the therapeutic potential of emodin is limited by its low
bioavailability. Literature survey on methods to improve the bioavailability of
emodin shows work in this direction has just started and emodin loaded nanopar-
ticles and chemical modification of emodin could be a way forward.
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Chapter 4

Ursolic Acid and Chronic Disease:
An Overview of UA’s Effects On
Prevention and Treatment of Obesity
and Cancer

Anna M. Mancha-Ramirez and Thomas J. Slaga

Abstract Chronic diseases pose a worldwide problem and are only continuing to
increase in incidence. Two major factors contributing to the increased incidence in
chronic disease are a lack of physical activity and poor diet. As the link between
diet and lifestyle and the increased incidence of chronic disease has been well
established in the literature, novel preventive, and therapeutic methods should be
aimed at naturally derived compounds such as ursolic acid (UA), the focus of this
chapter. As chronic diseases, obesity and cancer share the common thread of
inflammation and dysregulation of many related pathways, the focus here will be on
these two chronic diseases. Significant evidence in the literature supports an
important role for natural compounds such as UA in the prevention and treatment of
chronic diseases like obesity and cancer, and here we have highlighted many of the
ways UA has been shown to be a beneficial and versatile phytochemical.

Keywords Cancer - Obesity - Inflammation - Ursolic acid - Triterpenoids -
Phytonutrients

4.1 Introduction

Over the past 50 years, trends in lifestyle and diet have drastically affected the way
human beings experience disease and aging. Tragically, the modern western diet is
poorly balanced and composed of many nutrient-deficient foods. With this in mind,
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it is not surprising that chronic disease poses a serious worldwide problem, and one
that has undoubtedly risen from a stark dissonance between today’s modern diet
and that which our ancestors once thrived upon.

The modern western diet is characterized by an excess of salt and refined sugar,
and the readily available low cost, high calorie, nutrient foods that are part of a
typical western diet are believed to be a key component in the increasing obesity
epidemic [77, 116]. Specifically, based on data obtained from the National Health
and Nutrition Examination Survey, some of the most concerning issues with the
typical modern western diet include an increased uptake of refined grains, added
sugars, and saturated fats [81]. Moreover, it has been suggested that some of the
modern agricultural practices and over-processed nature of the typical western diet
has contributed to the nutrient deficiency seen in many components of regularly
consumed food products [116].

As the link between diet and lifestyle and the increased incidence of chronic
disease has been well established in the literature, it makes sense to direct our
attention to phytonutrients as meaningful therapeutic agents for the prevention and
treatment of chronic illnesses such as those discussed in this chapter. Natural
remedies derived from plants play an important role both in the prevention of
chronic disease development and in the treatment of chronic inflammation-driven
diseases. Moreover, plant-derived compounds have been the primary source of
medication for centuries in the Asian subcontinent [3, 7].

Significant evidence in the literature suggests that persistent inflammation is the
primary initiating factor that causes major chronic disease. Unfortunately, novel
approaches towards prevention or treatment of chronic diseases is still moving quite
slowly [1]. It is well known that phytonutrients derived from plants and their
extracts have been widely used in Eastern medicine for thousands of years for a
variety of illnesses included but not limited to hypertension, inflammation, and of
course cancer [58, 74]. Modern epidemiological studies have shown that con-
sumption of nutrient-rich fruit and vegetable-based diets can decrease the risk of
many diseases including metabolic syndrome and cancer [10, 43, 70, 128]. One
such powerful and versatile phytonutrient is ursolic acid (UA), a pentacyclic
triterpene that can be found in apples and rosemary, among other sources [40]. In
this chapter, we will discuss this phytonutrient in great detail including the multi-
tude of ways UA has shown great efficacy in both metabolic disorder maladies as
well as against several types of cancer (Fig. 4.1).

When considering the importance of chronic illness, for perspectives sake, let us
picture a crowded football stadium where every seat is filled; now, imagine that the
people in this stadium represent the population of the United States. According to a
2012 CDC report, approximately half of the fans in our imaginary stadium had one
or more chronic health condition(s), and one in four had two or more chronic health
conditions. Stepping away from our stadium analogy, this translates to approxi-
mately 117 million Americans, half of the adult population, who were living with
chronic illnesses in 2012. Of the ten most common chronic diseases, this chapter will
focus on cancer, obesity, and other illnesses that result from the latter, such as those
associated with metabolic syndrome. Perhaps after using our imagination for the
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Fig. 4.1 Chemical structure
of ursolic acid (UA) [123]

football stadium exercise, it is not difficult to see why chronic diseases and condi-
tions are among the costliest of all health problems. However, what is difficult to
discern is why we have not managed to diminish this increasing trend of chronic
illness when much of it can be prevented. The unfortunate trend in poor diet choices
coupled with incredibly busy lifestyles, which do not leave any room for regular
exercise, has led to a startling incidence in obesity and subsequently, the rise of
metabolic syndrome in the western world. Metabolic syndrome is a generalized term
for maladies such as hypertension, heart disease, and type II diabetes, all of which
are typically developed as a consequence of an individual having low physical
activity, resulting in obesity. Interestingly, there are several different types of cancer
including colon and breast cancer where risk factor is greatly increased by being
overweight or obese. Consequently, there is growing evidence supporting a strong
link between metabolic syndrome and an increased risk of developing cancer,
making it quite easy to see how these two chronic illnesses are tightly intertwined.

4.1.1 A Brief Overview of Obesity and Metabolic Syndrome

According to the World Health Organization, being overweight is one of the top 10
risk conditions in the world, and one which will affect upwards of one billion people
by 2030 [37]. Perhaps the most devastating aspect of this chronic illness is the fact
that obesity brings about so many different comorbidities that can significantly
compromise a patient’s quality of life; one highly relevant example of this is dia-
betes. Current predictions for the prevalence of diabetes suggest that this disease will
globally increase from 285 million in 2010 to 439 million in 2030 [101]. Not only
has diabetes quickly become an epidemic, but the other characteristic aspects of the
disease such as damage to tissue in the liver, kidney, adipose tissue, pancreas, and
vasculature as a result of pro-inflammation and oxidative stress, generate unique
problems of their own [14]. It is vital to remember that the pathogenesis of obesity is
extremely complex and can be caused by a variety of factors such as a genetic
predisposition, metabolism, physiology, endocrine problems, and behavioral issues
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[134]. While obesity is traditionally considered fundamental to the development of
type II diabetes, it is now known that both insulin resistance and hyperinsulinemia
are part of this process as well [134]. As current antidiabetic drugs have minimal
efficacy and can often possess safety concerns, the need to identify novel therapies
for this devastating disease is immense. If new antidiabetic agents, ideally derived
from natural compounds, can be identified and utilized, these could hold great
promise for the hundreds of millions of individuals currently seeking better man-
agement of diabetes.

4.1.2 A Brief Overview of Cancer

“Cancer” is considered a rather oversimplified term for upwards of 100 malignant
neoplastic diseases [96]. As cancer is a multifactorial disease with many compli-
cated and intertwined causal pathways, choosing effective targets, and developing
novel therapies can be incredibly difficult. Despite significant time, money, and
effort put forth over the past several decades, the American Cancer Society reported
in 2013 that cancer still remains the second leading cause of death in the United
States. The startling difficulties of developing novel effective treatments coupled
with the fact that it is still one of the leading causes of death in the United States,
has directed a significant portion of research towards cancer chemoprevention.
Chemoprevention utilizes specific natural or synthetic chemical compounds to
inhibit or reverse carcinogenesis and/or to suppress the development of cancer [95].
As many studies have shown that the incidence of cancer could potentially be
decreased by chemoprevention, this strategy has become one that is heavily
investigated. Importantly, the majority of the chemopreventive agents currently
being evaluated are natural products or their derivatives. Many natural compounds,
or phytonutrients, have already been found to exhibit cancer chemopreventive
activities both in vitro and in vivo [49, 86]. Of course, one of the most beneficial
aspects of utilizing phytonutrients for chemoprevention is their nontoxic nature,
which is vastly different from traditional cancer therapies.

4.2 Mechanistic Links Between Obesity, Metabolic
Syndrome Diseases, and Cancer

Although cancer and obesity are two entirely different diseases by definition, they
share many cellular signaling pathways that play a part in their pathogenesis.
Moreover, both cancer and obesity-related diseases share a very important aspect of
pathogenesis, which is inflammation. Chronic inflammation has been linked with
most chronic illnesses including cancer, cardiovascular disease, diabetes, obesity,
and neurologic disease [3]. Significant epidemiological evidence shows an increased
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risk of acquiring several different types of cancer which is greatly increased by being
overweight or obese [5]. Specifically, a wide variety of cancers, including high-
grade prostate cancer, colorectal cancer, postmenopausal breast cancer, and mela-
noma have been shown to be linked to obesity in epidemiological studies [15, 25, 92,
105]. As you might expect, just as obesity and diabetes have been shown to be
associated with increase cancer incidence, conversely, exercise, and decreased
caloric intake have been shown to be associated with decreased cancer incidence. It
is well known that calorie restriction and exercise aid in the prevention of obesity
and diabetes, but both have also been correlated with decreased cancer incidences in
many epidemiological studies and can directly inhibit tumor formation in certain
cancer models [48, 75, 79]. For example, calorie restriction was able to prevent
tumor formation in various mouse models of cancer including the breast, colon,
brain, prostate, and chemically induced skin cancer [24, 69, 102].

When there is excess dietary intake in an individual, the result is excess fat
storage and improper processing of glucose and lipids [32]. The peptide hormone
insulin is secreted by the B cells of the pancreas and its job is to maintain normal
blood glucose levels by facilitating cellular glucose uptake, regulating carbohy-
drate, lipid, and protein metabolism and promoting cell division and growth [122].
The goal of insulin in healthy humans is to increase glucose uptake and tell the liver
to shut down the process of gluconeogenesis. Conversely, in overweight or obese
humans, this process is derailed by chronic exposure to high levels of glucose and
free fatty acids. Obesity-associated inflammation regulates insulin resistance in
target cells, ultimately resulting in more insulin production in order to reduce blood
glucose and fatty acid levels [51, 122]. The end result of the increased demand for
insulin production is the breakdown of insulin-producing B-cells in the pancreas,
and ultimately type II diabetes (Fig. 4.2).
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Fig. 4.2 The role of obesity and chronic inflammation in cytokine and hormone release
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Excess dietary energy is stored in the adipocytes, and as this process occurs,
cytokines are released along with adipocyte-related hormones which affect systemic
vasculature [28, 106, 115]. Of the cytokines released via the process described
above, some of the most notable are angiogenin, vascular endothelial growth factor,
endostatin, tumor necrosis factor-a, and interleukin (IL)-6 [28, 106, 115].

This release of cytokines that takes place results in the activation of various
signaling pathways including nuclear transcription factor kB (NFxB) [8, 112].
NFxB is a ubiquitous transcription factor that normally resides in the cytoplasm, but
when activated, is translocated to the nucleus, where it induces transcription of
many genes [2]. In terms of obesity and NFkB, the obese state in general is
associated with increased systemic inflammatory cytokine production and chronic
activation of NFxB [55, 71]. In addition to its role in metabolic disorders, NFkB is
also upregulated in a multitude of human cancers and contributes to tumor pro-
motion [19, 47, 62, 72, 109, 110]. The activated form of NFkB is capable of
mediating cancer, atherosclerosis, diabetes, arthritis, and many other inflammatory
diseases [2]. Specifically, the NFkB pathway is one of the most important signaling
pathways involved in immunity, inflammation, proliferation, and anti-apoptotic
defenses. In terms of cancer, inhibition of NFkB leads to downregulation of pro-
teins involved in anti-apoptotic defense mechanisms utilized by cancer cells such as
Bcl-2, Bel-xL, and c-FLIP; this process thereby promotes apoptotic cell death in
cancer cells [58]. The activation of IKKp plays a major role in inflammation
induced tumor promotion and progression [126]. Experimental studies have shown
the NFkB activity is necessary for the formation of a number of tumor types [38].
Increased NFkB activation may provide a link between obesity, diabetes, and a
range of tumor types [90, 91, 113].

It is well known that AMP-activated protein kinase (AMPK) is a fuel-sensing
enzyme that is activated by changes in the AMP/ATP ratio. The role of this enzyme
is to increase cellular ATP generation and diminish ATP use for less critical pro-
cesses depending upon the situation [93]. In addition to glucose transport, lipid and
protein synthesis, and fuel metabolism, AMPK is also responsible for regulating a
myriad of other physiological processes including but not limited to cellular growth
and proliferation, mitochondrial function, and factors linked to insulin resistance,
including inflammation, oxidative and ER stress, and autophagy [93]. AMPK
restores ATP levels by inhibiting anabolic processes like fatty acid synthesis and
gluconeogenesis and activating catabolic processes like fat oxidation and glucose
uptake [117]. Significant evidence in the literature supports a definite link between
dysregulation of AMPK and insulin resistance in both rodents and humans. In
addition, common antidiabetic drugs, as well as insulin-sensitizing hormones like
adiponectin, function via AMPK [23, 76, 121, 124, 136]. It has also been shown
that AMPK suppresses NFkB activities in different systems through a variety of
mechanisms, and antidiabetic drugs have also shown NFxB-suppressing properties
as a consequence of AMPK activation [9, 94, 133]. As many studies have shown
that calorie restriction can prevent tumor formation in various mouse models of
cancer, the link between obesity and cancer is one that is well represented in the
literature. Calorie restriction models have prevented tumor formation in brain,
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colon, breast, prostate, and chemically mediated skin cancer [11, 12, 24, 69, 102]. It
has been suggested that the anticancer effects of calorie restriction and exercise may
be mediated by the energy sensor AMPK [67].

Additional mechanistic links between metabolic syndrome and cancer include as
we would expect, many of the cell signaling pathways related to inflammation such
as TNF-a. Additionally, interleukin-6 (IL-6) is also shown to be elevated in obesity
and is positively correlated with BMI [50]. Increased IL-6 levels, as seen in obesity
models, leads to induced JAK-STAT3 signal transduction and stimulates cell
proliferation, differentiation, and metastasis [21, 125]. Data related to insulin
resistance and mechanistic links to cancer suggest that insulin resistance may lead
to a poorer response to cancer treatment and possibly a more aggressive phenotype
in patients with preexisting diabetes [66].

4.3 An Overview of Ursolic Acid

Ursolic acid (UA), 3B-hydroxy-olea-12-en-28-oic acid, is a pentacyclic triterpenoid
that is derived from various different sources such as berries, leaves, flowers, and
fruits of medicinal plants such as Eriobotrya japonica, Calluna vulgaris,
Rosmarinus officinalis, and Eugenia jambolana [64]. The pentacyclic triterpenoids
contain six isoprene units, the basic molecular formula C3oHy30,, and they have
five rings in their skeleton [40]. One of the benefits of UA is that it is widely
distributed in the plant kingdom [84]. Significant evidence in the literature suggests
that consumption of fruits and vegetables rich in triterpenoids have shown bene-
ficial effects against a variety of inflammation-driven diseases including several
different types of cancer such as breast, colon, and pancreas [3, 99] (Table 4.1).
Classified according to the number of isoprene units, the terpenoid compounds
are a large class of natural agents that are synthesized in plants by cyclization of
squalene [123]. Specifically, pentacyclic triterpenoids have been shown in the lit-
erature to have a myriad of functions, however the effective concentrations to
produce different cellular effects varies depending upon the exact phytonutrient in
question [126]. Some of the effects that pentacyclic triterpenoids have been cited as
eliciting include the induction of the anti-inflammatory response, cytoprotective
effects, and apoptotic effects [126]. Triterpenoids are capable of affecting multiple
signaling pathways, and the pentacyclic triterpenoids are particularly studied in the
literature having proven to have many useful clinical properties. The precise
mechanism by which UA derives its various efficacious properties is still unknown,
however it is believed that the presence of a,B-unsaturated carbonyl moieties sig-
nificantly enhances the potency of this specific class of terpenoids [126].
Additionally, pentacyclic triterpenoids have the ability to inhibit multiple targets, a
trait that is suggested to be mediated by the reversible Michael addition of these
phytonutrients to exposed nucleophilic groups of various susceptible signaling
proteins [126]. NF-xB, STAT3, Bcl-2, Bax, ICAM-1, p53, and PKC are all
examples of molecular targets of UA for anticancer and anti-inflammatory activities
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Table 4.1 Various medicinal plants containing ursolic acid (adapted from [6])

Botanical name Common name
Ocimum sanctum L. Holy Basil (Tulsi)
Eriobotrya japonica Loquat
Vaccinium macrocarpon Cranberry
Harpagophytum procumbens Devil’s Claw

DC

Sambucus nigra L. Elder flowers (European variety)
Mentha piperita L. Peppermint leaves
Eugenia jambolana Java plum

Perilla frutescens Beefsteak plant
Apocynaceae Lavender
Lavandula augustifolia Mill.

Origanum vulgare L. Oregano

Malus domestica Different apples
Melissa officinalis Lemon balm
Rosmarinus officinalis Rosemary
Plantago major Greater plantain
Thymus vulgaris L. Thyme

Crataegus laevigata (Poir) Hawthorn

DC

Coffea arabica Coffee

Calluna vulgaris Heather
Eucalyptus spp. Eucalyptus

[126]. Although the focus here is on chronic illnesses, cancer and obesity, UA has
also been shown to be effective in treatment of chronic diseases related to car-
diovascular conditions, atherosclerosis, and osteoporosis [126].

UA is a phytonutrient with great versatility and is capable of multiple biological
functions; however one potential drawback to its potential use is that despite low
toxicity, it has low water solubility [127]. To overcome this potential drawback and
improve upon its activity and bioavailability, many studies have been carried out in
order to identify structural modifications to achieve this goal. Specifically, UA
derivatives with modifications at the 3-OH and/or 17-COOH positions demonstrate
significant antitumor effects both in vitro and in vivo suggesting that these modi-
fications can enhance the bioavailability of UA [13, 26, 80]. Additionally, structural
studies have also shown that modification of UA with a piperazine group, specif-
ically a piperazine moiety at the C-28 position, can elicit a better inhibitory effect on
cancer cell growth [22, 100]. Overall, of the many reported UA analogs which have
been developed to date, some of the most important modifications include those on
the positions of C-3/C-28, C-11, C-17, and C-28, and modifications on C-2/C-3
positions and ring A [16].

Although there have not been any detailed studies on pure UA and its absorption
and distribution, one study investigating the intestinal uptake of UA (from the
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ethanolic extract of Sanbucus chinesis) reported that a dose contributing 80 mg/kg
body weight, UA had about 0.6 % oral bioavailability in rats [59]. Moreover, the
half-life was found to be about 4.3 h, and UA was detected in kidney tissue
(3.51 £ 0.57 nmol/mg) after oral administration of 0.2 % UA in the diet to rats
over a period of 11 weeks [59]. There are not any published studies on acute and/or
subacute toxicity of UA alone, but one study looked at a mixture of UA and
oleanolic acid (OA), a similar compound, also a triterpenoid [39, 107]. They found
that a single subcutaneous injection of OA (1.0 g/kg) to mice or rats during a 5-day
period did not cause mortality. Moreover, during multiple administrations of OA
(180 mg/kg, p.o.) for 10 days, no abnormalities were observed in brain, heart, lung,
liver, kidney, thyroid, testes, spleen, or intestines [39, 107]. Several studies aimed at
evaluating UA and/or OA found that these compounds also do not cause irritation
or inflammation when given either topically to the skin or in the diet [31, 39, 53, 59,
64, 107]. UA does not lead to liver damage or elevated liver enzymes which relate
to possible liver damage, and in fact, it is a very potent hepatoprotective component
of several medicinal herbs [29, 60, 68, 104]. UA has a wide range of pharma-
ceutical properties and is a secondary plant metabolite usually present in the stem,
bark, leaves, or fruit peel [123].

UA and its isomer oleanolic acid (OA) have been shown to have many valuable
abilities including inhibition of tumorigenesis, inhibition of tumor promotion, and
inhibition of angiogenesis. Moreover, UA and OA have been shown to possess
antiatherosclerotic, anti-inflammatory, hepatoprotective, gastroprotective, and car-
diovascular treatment abilities [83]. UA is considered to be nutritionally important
in the prevention of several chronic diseases, including diabetes and cancer, but of
course is not limited to only these two illnesses [56, 64]. Used because of its diverse
healing properties in traditional Chinese medicine for centuries, UA has in recent
years been studied in great detail in order to elucidate the exact mechanisms of
action by which it exerts its health beneficial effects, however the precise nature of
these mechanisms have yet to be determined [123]. Studies aimed at predicting the
molecular targets of UA have been carried out which analyze the signaling path-
ways of the predicted targets of UA. Bioinformatic data from these studies
demonstrated that there were 611 possible molecular proteins as targets for inter-
action with UA, and more than 49 functional clusters responding to it as well [36].
Notably, there were 76 pathways that were significantly enriched such as MAPK,
p53, and mTOR pathways [36].

In addition to effects in cancer and obesity, which are the focus of this chapter,
UA has also been shown to have an effect on the liver, on muscle and fat, exhibit
anti-atherogenic and cardioprotective effects, and antimicrobial activity. A very
potent hepatoprotective component of several medicinal herbs, UA is capable of
protecting the liver from chloroform-induced injury and against D-galactosamine-
induced liver injury in rats [29, 60, 68, 104]. Recent studies have also shown that
UA alone or in combination with resveratrol were effective in preventing obesity
and fatty liver disease in mice fed a high-fat diet (Digiovanni and Slaga, unpub-
lished results). UA alone has been shown to elicit an antifibrotic effect in the liver,
but the exact targets for this mechanism have not yet been discerned [36]. Many UA
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containing plants have anti-bacterial and antifungal activity; in fact, UA has been
shown to have antimicrobial activity against several strains of staphylococci [4,
130]. Finally, UA is a potent inhibitor of components of metabolic syndrome such
as hypertension, triglyceride levels, and accumulation of inflammatory monocytes
and associated atherosclerosis [41, 42, 108, 114].

4.4 Ursolic Acid and Its Effects on Obesity and Metabolic
Syndrome

Among other traditional Chinese medicinal agents such as anthraquinones, several
terpenes including UA have proven to be effective antiobesity agents. It is proposed
that these phytonutrients can aid against obesity by modulating body weight, blood
glucose levels, triglycerides, and total cholesterol [134]. Recently, it has been
demonstrated that UA along with several of its other triterpenoid family members,
can improve insulin signaling by enhancing insulin receptor B subunit phospho-
rylation and Akt in vitro [46, 61, 132]. UA has also been shown to promote glucose
uptake from the bloodstream into peripheral tissues through upregulation of
GLUT4 [20, 33, 119]. One study investigating the ability of UA to promote glucose
uptake found that UA achieved this by enhancing the translocation of GLUT4 to the
plasma membrane in 3T3-L1 adipocytes [46]. A final mechanism by which UA is
suggested to aid in lowering blood glucose levels is by lowering endogenous
glucose production through gluconeogenesis inhibition [14].

Another important target when considering insulin resistance therapies is
PTP1B, a molecule that negatively regulates insulin signaling. Targeting PTP1B is
a very useful approach because it can inhibit the PI3K/Akt signaling pathway to
induce insulin resistance by inhibition of the translocation of GLUT4 to the plasma
membrane [111]. Many studies have evaluated several triterpenoids including UA
for their ability to act as PTP1B inhibitors, and several in vitro findings suggest that
UA can directly inhibit PTP1B and improve insulin sensitivity [61, 78, 88].

Studies utilizing rodents on a high-fat diet showed UA’s ability to normalize
blood glucose levels in animals characterized by diet-induced obesity or diabetes
[73, 89]. One particular study utilized a hypertensive rat model, and showed that UA
was able to lower resting glucose, LDL cholesterol, and triglycerides to near control
levels; it also raised antioxidant enzymes and HDL cholesterol after 6 weeks of
treatment [108]. UA also reversed high-fat diet-induced NFxB signaling and deficits
in metabolic signaling in mice [54, 89]. One study produced findings which suggest
UA may function via a similar mechanism as exercise, due to results showing that
UA stimulates glucose uptake and activates AMPK in insulin resistant cells [34].

Among the many comorbidities associated with metabolic syndrome, in patients
with type II diabetes, hyperglycemia promotes an increase in free radicals and a
decrease in antioxidants leading to lipid peroxidation [14]. It is well established that
free radicals such as reactive oxygen species can have negative effects as they can
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ultimately lead to cellular dysfunction [30]. Animal studies showed that treatment
with UA was able to decrease liver damage caused by oxidative stress inducing
chemicals such as carbon tetrachloride [65]. Moreover, UA, and other triterpenoids
were also able to increase the activities of the antioxidant enzymes superoxide
dismutase and glutathione peroxidase [68, 118]. Another significant complication
of diabetes is diabetic nephropathy, and therefore UA was tested to determine what
effect it would have on renal function in streptozotocin-induced diabetes. The study
looking at diabetic nephropathy found that UA significantly prevented biochemical
and histopathologic changes in the kidneys associated with diabetes, and lowered
NF-kB activity and renal oxidative stress levels [63]. Finally, phase 2 clinical
studies evaluating the effect of UA on insulin sensitivity and metabolic syndrome
were carried out in 2015 but the results have not yet been published. Despite the
fact that recent studies have demonstrated that UA does exert an antiobesity effect,
the mechanisms of action are still under investigation. Currently, several of the
proposed mechanisms and targets include inhibition of PTP1B, lipolysis stimulation
via cAMP-dependent PKA pathway modulation, modulation of the LKB1/AMPK
pathway, and regulation of adipogenic differentiation [42, 57, 82, 89, 120].

4.5 Ursolic Acid and Its Effects on Cancer

With regards to cancer, UA has been studied in great detail. However, the precise
mechanisms of the many anticancer effects of UA and corresponding molecular
targets for these capabilities are still under investigation. UA has been shown to
have a variety of anticancer capabilities, including the ability to suppress prolif-
eration of several different types of tumor cells, induce apoptosis, and inhibit tumor
promotion, metastasis, and angiogenesis in cancer animal models [98]. Several
mechanisms which have been elucidated for the above mentioned anticancer
abilities of UA thus far and include the ability to suppress multiple cell signaling
pathways such as growth factor receptor activation (EGFR), signaling through
IKK/NF-kB, Akt/mTOR, Cox-2, STAT3, MMP9, and VEGF [97, 126, 131].

4.5.1 Ursolic Acid and Cancer: Notable in vitro Studies

UA has shown great efficacy as an anticancer therapy in many in vitro models,
many of which are accomplished via inhibition of DNA replication, caspase acti-
vation, inactivation of protein tyrosine kinases, induction of Ca*t release, and
finally via NFkB mediated downregulation of the cellular inhibitor of apoptosis
gene [98]. UA has been reported to induce apoptosis in diverse cell lines via its
immunomodulatory and anti-inflammatory actions [123]. In B16F10 and A375
melanoma cells, the combination of UA with chloroquine was able to synergisti-
cally decreased cell viability [45]. Additionally, studies carried out in mouse skin
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papilloma and carcinoma cell lines have indicated that the cytotoxic effects of UA
can be enhanced with p-glycoprotein inhibitors [44].

Cranberry-derived UA showed potent anti-proliferative activities against HepG2
liver cancer cells and MCF7 breast cancer cells [35]. UA-mediated apoptosis of
human bladder cancer cells was strongly suppressed by AMPK knockdown [135].
Additionally, UA reduced the viability of human colon cancer cell lines [27].
UA has also shown great promise in breast cancer studies as well, with an ability
to strongly decrease viability of a breast cancer cell line with an associated inhi-
bition of NFkB, as well as, a decrease size of breast cancer xenografts in murine
models [129].

Similar in vitro effects of UA have been seen in prostate cancer models as well
[99]. Notably, it was found that UA was able to suppress NFxB activation induced
by numerous carcinogens, such as TNFa, phorbol ester, okadaic acid, H,O,, and
cigarette smoke [103]. Inhibition of NF«B activation was mediated via IKK kinase
activation, IxBo phosphorylation and degradation, p65 phosphorylation, p65
nuclear translocation, and NFkB dependent reporter gene expression [98]. Results
from multiple myeloma in vitro studies showed that UA was able to inhibit both
constitutive and IL-6-inducible STAT3 activation, which was mediated through the
inhibition of upstream kinases C-SRC, JAK1, JAK2, and ERK1/2 [85]. Moreover,
they also showed that UA could induce expression of the SHP-1 protein, while
knockdown of SHP-1 via RNA interference was able to suppress the induction of
SHP-1 and reverse the inhibition of STAT3 activation. The results from the Pathak
group suggest a critical role of SHP-1 in the mechanism of action of UA, and show
that it can be effective in suppressing important inflammatory networks including
NFxB, STAT3, and AKT [85].

4.5.2 Ursolic Acid and Cancer: Notable in vivo Studies

In addition to the extensive work that has been carried out investigating the efficacy
of UA in in vitro cancer models, significant evidence supporting the versatility and
usefulness of UA has also been amassed in in vivo studies as well. For example, the
effect of UA was evaluated on early stages of skin tumorigenesis utilizing a
two-stage carcinogenesis SENCAR mouse model, and found topical application of
UA alone and/or in combination with calcium D-glutarate during the promotion
stage was able to inhibit tumor multiplicity and tumor incidence [52]. Results from
this study showed that UA is a potent inhibitor of skin tumor promotion and
inflammatory signaling in skin cancer and potentially other epithelial cancers in
humans as well [52]. UA isolated from P. frutescens was also evaluated in a
two-stage skin carcinogenesis mouse model, and was found to significantly inhibit
skin tumor promotion by the tumor promoting agent, TPA [17, 18]. Specifically,
pretreatment with UA resulted in a 42 % inhibition of papilloma formation [17, 18].
Furthermore, when UA was used in combination with resveratrol, a phytochemical
present in grapes, berries, peanuts, and red wine, the combination was found to
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have a greater inhibitory effect on skin tumor promotion by TPA in a mouse model
than with either agent used independently [17, 18]. Mechanistic studies into the
enhanced inhibitory effects observed in the UA + resveratrol combination showed
an upregulation of tumor suppressor genes such as p21 and PDCD4 as well as a
dramatic increase of p-AMPKa and its downstream target p-Ulk1-% [17, 18].

In a prostate cancer DU145 xenograft nude mouse model, one group analyzed
whether UA could inhibit the growth of prostate cancer and found that UA was able
to significantly suppress the tumor growth in vivo following 6 weeks of treatment
[99]. Also noteworthy in this xenograft prostate cancer study was that at the end-
point of the experiment, there was no significant change in body weight of
UA-treated mice suggesting that UA is a nontoxic compound when administered to
mice. Results from this in vivo prostate cancer mouse model showed a substantial
decrease in VEGF expression and an increase in caspase-3 expression in
UA-treated mice, suggesting that perhaps UA is functioning as an anti-angiogenic
and pro-apoptotic agent against prostate cancer in this model [99]. Additionally,
UA, when administered by gavage, also decreased incidence of chemically induced
preneoplastic lesions in rat colon [27] (Fig. 4.3).

Finally, a phase I trial was carried out in 2015 to evaluate the multiple-dose
safety and antitumor activity of UA liposomes (UAL) in patients with advanced
solid tumors. UA liposome is a new antitumor drug that has significant potential
therapeutic value as it utilizes liposomes to overcome the poor solubility of UA,
increase the therapeutic efficiency, reduce the side effects, and enhance the
bioavailability of the drug. Results from this clinical trial demonstrate that UAL
treatment of patients with advanced solid tumors via multiple-dose and consecutive
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Fig. 4.3 An overview of the many oncogenic targets UA has been shown to modulate
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14-day intravenous infusion every 21 days was safe. Additionally, the prelimi-
nary antitumor activity of UAL was evaluated for the first time in a clinical setting
and their results indicate UAL may be able to potentially improve patient
remission [87].

4.6 Conclusion

As obesity, metabolic syndrome, and cancer have been shown to have similar
mechanistic links, this presents a useful avenue for novel preventive and therapeutic
strategies aimed at fighting these chronic diseases. Dysregulation of important cell
signaling pathways occurs during the constant state of inflammation during obesity,
and this has been linked to an increased overall risk of certain cancers such as breast
and colorectal cancer. Moreover, as discussed earlier, patients with preexisting
conditions brought on by obesity, such as insulin resistance, tend to respond more
poorly to traditional chemotherapeutic agents than otherwise healthy individuals.
As cancer is a multifactorial disease, it is vital to investigate novel therapeutic
compounds that exhibit efficacy against key pathways often dysregulated in cancer
pathogenesis. Due to the unique nature of each individual cancer development,
multi-targeting therapies from natural resources are vital for targeting cancer
development and progression. Triterpenoids such as UA offer unique and novel
drug platforms for development due to the fact that they have been shown to target
critical inflammatory proteins for the prevention and treatment of cancer. As these
phytonutrient have been shown to be nontoxic, it is their safety and ability to affect
various key targets that makes compounds like UA very desirable as a starting point
for future drug development. It is quite possible that triterpenes such as UA could
be used in conjunction with commonly used chemotherapeutic agents to allow for
perhaps a decrease in the chemotherapeutic dose, less adverse effects of the
chemotherapeutic agent, or even synergistic effects between UA and the drug.
While there is significant data in the literature to support an important role for UA
in cancer prevention/therapy, future clinical investigations are needed to further
validate these findings. Here, we have discussed in detail the various ways in which
UA has shown great potential as an anticancer agent in many different types of
cancer; many of these results have significant clinical implications as UA has been
shown to target key cancer pathways.

UA is not only capable of acting as an anticancer compound, but it also has been
shown to have versatile antiobesity properties which we have described in detail.
These effects appear to be partially mediated by inhibition of NFxB and/or acti-
vation of AMPK, but due to the many various effects of UA seen in both cancer and
obesity, the precise mechanisms of action for these effects are still unclear.
Although diet and exercise plus a highly controlled blood glucose level is currently
the recommended treatment for obesity and type II diabetes, one of the major
drawbacks of this standard of care is of course compliance. Where patients may
exhibit poor compliance with a recommended course of diet and exercise,
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pharmacological agents targeting key disease pathways such as those targeted by
UA could significantly aid in the prevention/of obesity and obesity-related
comorbidities in addition to diet and exercise regimens.

Significant evidence in the literature supports an important role for natural
compounds such as UA in the prevention and treatment of chronic diseases like
obesity and cancer, and here we have highlighted many of the ways UA has been
shown to be a beneficial and versatile phytochemical in both of these diseases.
Although there is extensive data in the literature to support the efficacious nature of
UA in cancer and obesity, there is still significant work to be done in more
mechanistic-oriented research in order to determine the mechanisms by which this
versatile and effective compound exerts its action. Moreover, it is great importance
to undergo further structural studies of UA in order to develop novel derivatives
which may exhibit increased bioavailability while still maintaining the same effi-
cacy and low toxicity seen in the parent compound. As the link between diet and
lifestyle and the increased incidence of chronic disease has been well established in
the literature, it is extremely vital to investigate the use of phytonutrients as
meaningful therapeutic agents for the prevention and treatment of chronic illnesses
such as those discussed in this chapter as well as to elucidate the mechanisms by
which they elicit their action.
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Chapter 5
Tocotrienol and Its Role in Chronic
Diseases

Kok-Yong Chin, Kok-Lun Pang and Ima-Nirwana Soelaiman

Abstract Tocotrienol is a member of vitamin E family and is well-known for its
antioxidant and anti-inflammatory properties. It is also a suppressor of mevalonate
pathway responsible for cholesterol and prenylated protein synthesis. This review
aimed to discuss the health beneficial effects of tocotrienol, specifically in pre-
venting or treating hyperlipidaemia, diabetes mellitus, osteoporosis and cancer with
respect to these properties. Evidence from in vitro, in vivo and human studies has
been examined. It is revealed that tocotrienol shows promising effects in preventing
or treating the health conditions previously mentioned in in vivo and in vitro
models. In some cases, alpha-tocopherol attenuates the biological activity of
tocotrienol. Except for its cholesterol-lowering effects, data on the health-promoting
effects of tocotrienol in human are limited. As a conclusion, the encouraging results
on the health beneficial effects of tocotrienol should motivate researchers to explore
its potential use in human.

Keywords Bone - Cancer - Cholesterol - Diabetes - Glucose - Osteoporosis -
Tocopherol - Tocotrienol - Vitamin E

K.-Y. Chin - L-N. Soelaiman (D<)

Department of Pharmacology, Universiti Kebangsaan Malaysia Medical Centre,
Universiti Kebangsaan Malaysia, Jalan Yaacob Latif, Bandar Tun Razak, Cheras,
56000 Kuala Lumpur, Malaysia

e-mail: imasoel @ppukm.ukm.edu.my

K.-L. Pang

Biomedical Science Programme, School of Diagnostic and Applied Health Sciences,
Faculty of Health Sciences, Universiti Kebangsaan Malaysia,

Jalan Raja Abdul Aziz, 50300 Kuala Lumpur, Malaysia

© Springer International Publishing Switzerland 2016 97
S.C. Gupta et al. (eds.), Anti-inflammatory Nutraceuticals and Chronic Diseases,

Advances in Experimental Medicine and Biology 928,

DOI 10.1007/978-3-319-41334-1_5



98 K.-Y. Chin et al.

5.1 Tocotrienol

Tocotrienol and tocopherol are collectively known as tocochromanols, or com-
monly as vitamin E. They share a similar chemical structure, consisting of a
chromanol ring and a long carbon tail. The difference between tocotrienol and
tocopherol is that the carbon tail of tocotrienol contains three double bonds (an
unsaturated farnesyl tail), whereas the carbon tail of tocopherol contains only single
bonds (a saturated phytyl tail). The difference in the long carbon tail dictates the
difference in biological activity between these two compounds. Similar to toco-
pherol, tocotrienol can be further divided into 4 isomers (alpha, beta, gamma and
delta) based on the position of the methyl side chain on the chromanol ring. Beta-
and gamma-tocotrienols are structural isomers and possess the same number of
methyl group on the chromanol ring. Alpha-tocotrienol has an additional methyl
group whereas delta-tocotrienol has one less methyl group on the chromanol ring
compared to beta- and gamma-tocotrienol [6, 14] (Fig. 5.1).

Tocotrienol and tocopherol isomers are found together in a wide variety of
plants. Tocotrienol is more commonly found in the fruit and seed. Some of the
natural sources that yield the highest amount of tocotrienol include seeds of Bixa
orellana (achiote, annatto) (1.53 mg/g dry weight), Zea mays (maize) (1.42 mg/g
dry weight), Garcinia mangostana (purple mangosteen) (1.33 mg/g dry weight)
and oil of Elaeis guineensis (oil palm) (1.08 mg/g dry weight). Latex of Hevea
brasiliensis (rubber tree) (2.59 mg/g dry weight) also contains high amount of
tocotrienol, but this is not found in other latex-producing plants (summarized by
Miiller et al. [98]). Usually alpha-tocopherol is found together with tocotrienol
isomers in varying proportions in natural sources. In palm oil, the proportion of
alpha-tocopherol is around 30 % of the total vitamin E content [111]. In rice bran,
the average percentage of tocotrienol with respect to total vitamin E content is 61 %

Fig. 5.1 Chemical structure
of vitamin E isomers

d_J_ . \/Ivgr“il
Alpha-tocopherol

|
|
/\./\/lv e \w/x/i'\/!\%]
|

Beta-tocopherol

/-\T% o
/"‘v"“‘\JJ\_A---J\-»/"»/I'&/"‘T‘I\-

Gamma-tocopherol

e

Eaa \vJ\ J\ /*\/Iv \rf

Delta-tocopherol

_J.VVL,,%_M_M[:JTIf

Pe

Alpha-tocotrienol

|
g

/:%/x./l%/'“v-l”m-"m/i‘m/!‘“l

Beta-tocotrienol

P VS /L’g/“‘vl'm s /l\. /‘\;L
|
Gamma-tocotrienol

/L«/\/”“V’MJ%/‘\’{’)::/

Delta-tocotrienol



5 Tocotrienol and Its Role in Chronic Diseases 99

[156]. Vitamin E derived from the seed of Bixa orellana contains 10 %
gamma-tocotrienol and 90 % delta-tocotrienol with no traceable amount of
alpha-tocopherol [42]. Several studies on the tocotrienol content of common food
have been performed [31, 157]. The tocotrienol intake has been found to be very
low (1.9-2.1 mg/person/day) compared to alpha-tocopherol (8—10 mg/day/person)
in a Japanese study. This amount is insufficient compared to the doses used in
experimental studies to achieve the health-promoting benefits of tocotrienol.
Currently, the recommended dietary allowance (RDA) for vitamin E is 15 mg
(22.4 TU) for male and female aged 14 years and above [61]. This estimation is
based on alpha-tocopherol because it is the only fraction retained in the blood.
The RDA for tocotrienol has not been established.

The absorption of tocotrienol is increased with fat-rich food because it is a
lipophilic compound [185]. Tocotrienol and tocopherol are absorbed in the lumen
of the small intestine, whereby they enter the enterocytes via passive diffusion, and
secreted into the lymphatics [43]. They are transported in the form of chylomicron.
The release of vitamin E isomers from the liver to the blood stream is regulated by
alpha-tocopherol transporter protein. The transfer protein has the highest affinity
towards alpha-tocopherol (100 % binding affinity towards RRR-alpha-tocopherol)
and lower binding affinity towards other vitamin E isomers (12 % towards
alpha-tocotrienol, 38 % towards beta-tocopherol, 9 % towards gamma-tocopherol
and 2 % towards delta-tocopherol) [53]. Tocotrienol is distributed by the blood-
stream to various tissues. Significant accumulation of tocotrienol can be found in
the adipose and skin tissue, as demonstrated by rodent experiments [72, 147].
Similar to tocopherols, tocotrienols are also metabolised and excreted in the form of
carboxyethyl-hydroxychromans [81].

Tocotrienol features a variety of biological activities, which enable it to be used
as a candidate agent to prevent chronic diseases. The prominent antioxidant and
anti-inflammatory properties of tocotrienol will be discussed in the following sec-
tions. Tocotrienol is also a known suppressor of the mevalonate pathway involved
in cholesterol synthesis, bone metabolism and carcinogenesis. This will be dis-
cussed in the respective sections.

5.2 Antioxidant Effects of Tocotrienol

Oxidants such as reactive oxygen species (ROS) and reactive nitrogen species
(NOS) are essential for defence against infectious agents, for cell signalling and for
redox homeostasis [170]. They are balanced by endogenous and exogenous
antioxidants in our body, such as antioxidant enzymes, vitamins, thiols and glu-
tathione. Oxidative stress occurs when the production of oxidants overwhelms the
production of antioxidants in our body [152, 153]. Free radical species are capable
of damaging macromolecules such as carbohydrate, protein and DNA in the body
and generate more free radicals, thereby forming a vicious cycle [48]. Many adverse
health conditions, such as neurodegeneration [12], diabetes mellitus [9],
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cardiovascular disease [82] and osteoporosis [20], have been linked to oxidative
stress. This highlights a possible role of tocotrienol, a strong antioxidant, in pre-
venting these oxidative stress-related diseases.

Both tocotrienol and tocopherol exert their free radical scavenging activity by
donating phenolic hydrogen at the sixth position of the chromanol ring [113].
Tocotrienol has been shown to be a superior membrane antioxidant compared to its
tocopherol counterpart [161]. This is due to the uniform distribution of tocotrienol
in the membrane and its stronger ability to disorder membrane lipids, thus
enhancing its recycling efficiency [145]. In studies using lipid peroxidation in
microsomes extracted from rat liver, Serbinova et al. showed that the antioxidant
effect of alpha-tocotrienol was 40—60 times stronger than alpha-tocopherol [145].
They attributed the superior antioxidant effect of tocotrienol to its higher recycling
efficacy from chromanoxyl radicals, uniform distribution in the membrane bilayers
and stronger disordering of membrane lipids structure, resulting in a higher efficacy
in its interaction with free radicals [145]. Palozza et al. showed that tocotrienol
isomers inhibited lipid peroxidation, ROS production and heat shock protein
expression in rat liver microsomal membrane and in RAT-1 immortalized fibrob-
lasts challenged with free radicals [121]. The effectiveness of delta-tocotrienol was
found to be greater than gamma-tocotrienol, and similar between gamma- and
alpha-tocotrienol [121]. It was proposed that decreased methylation of the chro-
manol ring, as in delta-tocotrienol, allowed the molecule to be better incorporated
into cell membranes [121]. Kamat et al. showed that palm tocotrienol significantly
reduced the lipid and protein peroxidation products in the microsomal extracts of
the brain and liver from rats [66, 67]. Among the individual isomers, they identified
that gamma-tocotrienol had the highest antioxidant efficacy compared to delta- and
alpha-tocotrienol [66, 67].

The antioxidant properties of tocotrienol were also demonstrated in cell culture
studies. Tan et al. showed that alpha-tocotrienol prevented the decrease of glu-
tathione and mitochondrial depolarization induced by hydrogen peroxide in hepa-
tocytes [166]. The increase of cellular ROS and malondialdehyde, a lipid
peroxidation product, induced by hydrogen peroxide and paracetamol in hepato-
cytes were also suppressed by alpha-tocotrienol. Nizar et al. showed that
gamma-tocotrienol prevented the apoptosis of primary osteoblast induced by
hydrogen peroxide [115]. In a subsequent experiment, they showed that this was
achieved by the preservation of cellular antioxidant defence system, such as
superoxide dismutase, catalase and glutathione peroxidase, and the reduction of
lipid peroxidation product in the treated cells [1].

Tocotrienol also exhibited its antioxidant effect in animal models. Nesaretnam
et al. demonstrated that long-term feeding of rats with diet containing palm oil rich
in tocotrienol significantly reduced the peroxidation potential of hepatic mito-
chondria and microsomes compared to corn oil control [106]. The initial rate of
lipid peroxidation was also found to be slower in the palm oil supplemented group
compared to the corn oil control [106]. Lee et al. showed that rats supplemented
with tocotrienol-rich fraction at 25 or 50 mg/kg body weight for 28 days and forced
to undergo a swimming endurance test showed higher liver superoxide dismutase,
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catalase and glutathione peroxidase activity but lower liver lipid peroxidation and
reduced liver and muscle protein carbonyl levels compared to the vehicle and
alpha-tocopherol (25 mg/kg body weight) groups [79]. Supplementation of
alpha-tocotrienol (0.04 % weight diet) for one month in rats fed with vitamin
E-deficient diet reduced the level of hydroxyoctadecadienoic acid and isoprostane,
both markers of lipid peroxidation, in plasma and various organs of the rats [186].

The limited examples presented above showcased the antioxidant potential of
tocotrienol ex vivo and in vivo. The role of tocotrienol in suppressing oxidative
stress in relation to specific diseases will be discussed separately in the later
sections.

5.3 Anti-inflammatory Effects of Tocotrienol

Inflammation has been implicated in the pathogenesis of various diseases, such as
cardiovascular disease [80], diabetes mellitus [35], rheumatoid arthritis [30] and
osteoporosis [99]. Prostaglandin and leukotriene generated from arachidonic acid
are important mediators of the inflammatory process. Prostaglandin E2 (PGE2)
synthesized by cyclooxygenase (COX) 1 and 2 are important in activating cytokine
formation, apart from eliciting pain and fever. Leukotriene B4 is another important
chemotactic agent synthesized by 5-lipoxygenase (5-LOX). Nuclear factor
kappa-B, JAK-STAT6/3 (signal transducer and activator of transcription 6/3) and
CCAAT-enhancer binding protein B (C/EBPP) are transcription factors vital in
inducing the expression of proinflammatory cytokines (reviewed by Jiang [63]).
Wau et al. showed that palm tocotrienol-rich fraction inhibited the release of nitric
oxide and PGE2 in lipopolysaccharide (LPS)-treated human monocytic cells [181].
This was achieved by the suppression of inducible nitric oxide synthase and COX-2
(but not COX-1) expression by tocotrienol-rich fraction [181]. Concurrently, the
production of interleukin-4, interleukin-8 and tumor necrosis factor-alpha was
suppressed by tocotrienol treatment [181]. Using LPS-treated murine peritoneal
macrophages, Ng and Ko demonstrated that tocotrienol-rich fraction inhibited the
production of nitric oxide, PGE2 and proinflammatory cytokines, such as tumor
necrosis factor-alpha, interferon-gamma, interleukin-1 beta and interleukin-6 in
these cells [110]. This contributed to the suppressed protein expression of inducible
nitric oxide synthase, COX (but not COX-1) and nuclear factor kappa-B [110].
They further showed that the anti-inflammatory effects of tocotrienol-rich fraction
were better than alpha-tocopherol and alpha-tocopheryl acetate [110]. Yam et al.
compared the anti-inflammatory effects between alpha-tocopherol, tocotrienol-rich
fraction and individual tocotrienol isomers (alpha-, gamma- and delta-tocotrienol)
in LPS-treated RAW 264.7 murine macrophages [183]. Yam et al. found that
tocotrienol-rich fraction and all three tocotrienol isomers inhibited interleukin-6
and nitric oxide production [183]. Only alpha-tocotrienol could suppress the
production of tumor necrosis factor-alpha. Tocotrienol-rich fraction, alpha- and
delta-tocotrienol lowered the production of PGE2 [183]. The gene expression
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of COX-2 was downregulated by tocotrienol-rich fraction and individual isomers
but not by alpha-tocopherol [183]. Wang and Jiang showed that gamma-tocotrienol
inhibited LPS-induced interleukin-6 production in murine RAW267.4 macrophages
by blocking the activation of nuclear factor kappa-B [177]. It also suppressed the
LPS induced upregulation of C/EBPB needed for IL-6 production and the expres-
sion of its target gene, granulocyte-colony stimulating factor [177]. These effects
could be replicated in bone marrow derived macrophages [177]. Wang et al. further
showed that gamma-tocotrienol blocked the activation of nuclear factor kappa-B by
upregulating its inhibitor, A20, via modulating the synthesis of sphingolipids
involved in inflammatory response [178].

In an vivo study, Qureshi et al. showed that 4-week consumption of diet containing
tocotrienol derived from annatto seeds (100 ppm) in aged and young mice inhibited
the inflammation induced by LPS alone or in combination with interferon-gamma or
interferon-beta [133]. This was evidenced by a reduced nitric oxide and tumour
necrosis factor-alpha level in the treated group [133]. This was achieved by sup-
pression of genes related to proinflammatory cytokines, such as interleukin-1 beta,
interleukin-1 alpha, interleukin-1 RA, interleukin-6, interleukin-12, COX-2, tumor
necrosis factor-alpha etc. [133]. In another experiment, Qureshi et al. compared the
anti-inflammatory effects of alpha-, gamma- and delta-tocotrienol in LPS-treated
BALB/c mice [129]. A dose-dependent decrease of tumor necrosis factor-alpha
synthesis was observed in all tocotrienol-treated groups [129]. The inhibition was
strongest in the delta-tocotrienol group [129]. Using peritoneal macrophages derived
from these mice, it was shown that delta-tocotrienol could suppress the LPS-induced
gene expression of tumor necrosis factor-alpha, interleukin-1 beta, interleukin-6 and
inducible nitric oxide synthase [129]. Heng et al. demonstrated that supplementation
of tocotrienol mixture 400 mg daily for 16 weeks caused a significant reduction of
interleukin-1 and tumor necrosis factor-alpha in a group of subjects (aged 20—
60 years) with metabolic syndrome [50]. Supplementation of tocotrienol 15 mg daily
for 4 weeks significantly decreased the high-sensitivity C-reactive protein in a group
of patients with type-2 diabetes [47].

The role of tocotrienol in suppressing inflammation in individual diseases will be
discussed in detail in later sections.

5.4 Tocotrienol as a Hypocholesterolemic Agent

The mevalonate pathway is responsible for the synthesis of cholesterol and other
isoprenoids. The determining step in this multi-cascade pathway is the synthesis of
3-hydroxy-3-methyglutaryl-CoA (HMG-CoA) from acetyl-CoA via the enzyme
HMG-CoA reductase (HMGR). The expression of HMGR is in turn regulated by
sterol regulatory element-binding proteins (SREBPs), whereby the absence of sterol
isoprenoids in the cells upregulates its expression (reviewed by Buhaescu and
Izzedine [17]). Cholesterol is carried in lipoproteins with specific apolipoproteins
which direct the load to specific tissues. Excretion of cholesterol occurs in the form
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of bile acid. The rate-determining enzyme in this process is
cholesterol-7-alpha-hydroxylase [65]. Hypercholesterolemia is an important con-
tributing factor to cardiovascular disease and coronary heart disease [159].

Tocotrienol is known as an inhibitor of the mevalonate pathway. The structure of
tocotrienol with its three double bonds is similar to farnesyl, the compound pre-
ceding the formation of squalene in cholesterol synthesis [122]. Tocotrienol pro-
motes the formation of farnesol from farnesyl, thus reducing the formation of
squalene [122]. Gamma- and delta-tocotrienol have been shown to regulate HMGR
in different ways [155]. Delta-tocotrienol stimulates ubiquitination and degradation
of HMGR and blocks processing of SREBPs, while gamma-tocotrienol is more
selective in enhancing HMGR degradation than blocking SREBP processing [155].
In other studies, gamma-tocotrienol has been shown to stimulate apolipoprotein B
degradation by decreasing its translocation into the endoplasmic reticulum lumen
[168]. This also causes a reduction in the number of apolipoprotein B in lipoprotein
particles [168]. Gamma- and delta-tocotrienol have also been demonstrated to
downregulate the expression of genes involved in lipid homeostasis, such as
DGAT2. APOB100, SREBP1/2 and HMGR [190]. These tocotrienols also enhance
efflux of low density lipoprotein (LDL) cholesterol through increasing LDL
receptor expression [190]. Gamma-tocotrienol has been shown to decrease
triglyceride (TG) level in liver cells by decreasing the expression of fatty acid
synthase, SERBP1 and increasing the expression of carnitine palmitoyl transferase
1A [19] (Fig. 5.2).

The effects of tocotrienol on lipid profile have been tested in several animal
models of dyslipidaemia. Different species of animals have been used, including
chicken, swine and rodents (rats, hamsters, guinea pigs). Qureshi et al. found that
chicken supplemented with delta-tocotrienol (50 ppm for 4 weeks) showed reduced
level of total and LDL cholesterol [130]. It also suppressed the lipid elevating effects
of dexamethasone and potentiated the TG-lowering effects of riboflavin [130]. Using
chickens fed with different dosage (50-2000 ppm) of vitamin E isomers and mix-
tures, Yu et al. showed that gamma- and delta-tocotrienol reduced the level of total
and LDL cholesterol most significantly, followed by tocotrienol-rich fraction and
alpha-tocotrienol [188]. Alpha-tocopherol did not exhibit lipid-lowering effects in
their experiment [188]. In another experiment, Qureshi and Peterson demonstrated
that a combination of tocotrienol-rich fraction (50 ppm) and lovastatin (50 ppm) for
4 weeks suppressed HMGR activity more effectively than lovastatin alone in
chickens [125]. The combination was also more effective in reducing serum total and
LDL cholesterol, apolipoprotein B, TG, thromboxane B2 and platelet factor 4 than
individual treatments [125]. Qureshi et al. also showed that alpha-tocopherol
attenuated the inhibition of HMGR by gamma-tocotrienol in chickens [124]. They
concluded that the effective preparation of tocotrienol mixture to maximize its
hypocholesterolemic effects should contain 15-20 % alpha-tocopherol and 60 %
gamma- or delta-tocotrienol [124]. In an experiment using genetically hyperc-
holesterolemic swines, Qureshi et al. showed that 6 weeks treatment of 50 mg
tocotrienol-rich fraction derived from rice bran, gamma-tocotrienol, desmethyl
(d-P21-T3) or didesmethyl (d-P25-T3) tocotrienol individually could cause



104 K.-Y. Chin et al.

3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)

Stati
HMG-CoA reductase — atins

Tocotrienol

Mevalonic Acid

Mevalonate kinase

Mevalonate-5-phosphate

Phosphomevalonate kinase

Mevalonate-5-pyrophosphate
; Mevalonate-5-pyrophosphate decarboxylase
Isopentenyl-5-pyrophosphate (PP) _
Farnesyl-PP synthase | Bisphosphonates
Geranyl PP
Geranlygeranly-PP synthase AP Farnesyl-PP synthase : Bisphosphonates
Geranylgeranyl-PP <— — Farnesyl PP
Squalene synthase
| . Squalene
L |, squalene monooxygenase
Prenylated Proteins 2,3 oxidosqualene
Squalene epoxydase

Lanorsterol

Cholesterol

Fig. 5.2 The role of tocotrienol in suppressing cholesterol synthesis

significant reduction in serum total and LDL cholesterol, TG, apolipoprotein B,
platelet factor 4, thromboxane B2, glucose and glucagon [126]. These tocotrienols
also lowered HMGR activity but did not affect cholesterol-7-alpha-hydroxylase
activity [126]. After termination of the treatment, the cholesterol-lowering effects of
tocotrienols persisted for 10 weeks [126]. In another study using palm
tocotrienol-rich fraction (50 mg/g diet for 42 days), genetically hypercholes-
terolemic swine responded to the treatment by showing a significant decrease in
serum total and LDL cholesterol, apolipoprotein B, thromboxane B2 and platelet
factor 4 [127]. However, the effects on normal swine were limited to reduction of
total cholesterol and apolipoprotein B [127]. The activity of HMGR in adipose tissue
was reduced with treatment in both normal and hypercholesterolemic swine [127].

In experiment using rats, hamsters or genuine pigs, tocotrienol was shown to
prevent diet or chemical-induced hyperlipidaemia. Burdeos et al. demonstrated that
F344 rats on high fat diet receiving 5 or 10 mg rice bran tocotrienol per day for
3 weeks showed a reduction in TG and phospholipid hydroperoxides (oxidative
stress marker) in the liver and plasma [18]. This reduction could be due to sup-
pressed production and accumulation of TG by the hepatocytes [18]. However, the
cholesterol level did not change in these rats [18]. In a similar experiment by
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Watkins et al., rats were fed with an atherogenic diet for 6 weeks and the treatment
groups received 50 mg gamma-tocotrienol and 500 mg alpha-tocopherol per kg
diet [179]. The treatment group showed lower plasma cholesterol, LDL, very—
low-density lipoprotein (VLDL), TG, malondialdehyde and fatty acid hydroper-
oxides [179]. Minhajuddin et al. demonstrated that rats on a 3-week atherogenic
diet showed significant reduction in TG, total and LDL cholesterol, malondialde-
hyde and conjugated dienes after supplementation with tocotrienol-rich fraction (8-
48 mg/kg) for 1 week [91]. The activity of HMGR was suppressed with athero-
genic diet, probably due to physiological feedback mechanism [91].
Supplementation of tocotrienol-rich fraction led to further reduction in the activity
of HMGR [91].

Using a chemically induced hypercholesterolemic model, Igbal et al. showed
that supplementation of rice bran tocotrienol-rich fraction (10 mg/kg/day) signifi-
cantly suppressed the increase in plasma total and LDL cholesterol in rats admin-
istered with 7,12-dimethylbenz[alpha]anthracene [62]. It also suppressed the
activity and protein mass of hepatic HMGR [62]. Salman Khan et al. demonstrated
that Tocomin, a palm tocotrienol mixture, reduced the level of plasma lipoproteins,
cholesterol, apolipoprotein B, small dense LDL and LDL in inflammation-induced
hypercholesterolemia in Syrian hamsters [142]. In the same experiment using
computational modelling, they showed that the inhibition of HMGR was greater
with delta-tocotrienol, followed by gamma-, beta- and alpha-tocotrienol [142].
Raederstorff et al. compared the hypocholesterolemic effects of pure
gamma-tocotrienol and tocotrienol mixture in hamsters [134]. They found that both
gamma-tocotrienol (at 58 and 263 mg/kg) and tocotrienol mixture (at 263 mg/kg)
reduced plasma total and LDL cholesterol but TG and high density lipoprotein
(HDL) cholesterol were not affected [134]. Thus, the hypocholesterolemic effect of
pure gamma-tocotrienol was greater than the tocotrienol mixture [134]. Khor and
Ng showed that presence of alpha-tocopherol might attenuate the hypocholes-
terolemic effect of tocotrienol [74]. In male hamsters fed with diet containing
low-dose alpha-tocopherol (30 ppm), the activity of HMGR was inhibited [74].
However, diet containing high-dose alpha-tocopherol (81 ppm) significantly stim-
ulated the activity of HMGR [74]. On the other hand, in guinea pigs treated with
10 mg tocotrienol (i.p.), showed significant inhibition of HMGR activity but
mixture of 5 mg alpha-tocopherol and 10 mg tocotrienol caused less inhibition
[74]. This observation in turn validated the experiment of Qureshi et al. using
chickens [124]. In a further experiment using guinea pigs injected with palm olein
triglycerides containing either tocotrienol or alpha-tocopherol, Khor et al. indicated
that tocotrienol (1-5 mg) significantly reduced the activity of liver microsomal
HMGR and cholesterol-7-alpha-hydroxylase [73]. The inhibition by
alpha-tocopherol was less effective [73]. Furthermore, the inhibitory effect of
alpha-tocopherol was lost at 5 mg [73]. At a higher dose (50 mg), alpha-tocopherol
significantly elevated the activity of HMGR and reduced the inhibitory effects of
tocotrienol [73].

Effects of tocotrienol supplementation on lipid profile in humans were hetero-
geneous. This could be due to the differences in the composition of the tocotrienol
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mixture used, population studied, diet of the subjects, etc. In an earlier study using
palm vitamin E (containing 18 mg tocopherols and 42 mg tocotrienols), Tan et al.
showed that supplementation for 30 days lowered serum total and LDL cholesterol
but the TG and HDL cholesterol were not affected [167]. However, this is not a
randomized controlled trial and the number of subjects was small. Qureshi et al.
showed that palm vitamin E at 200 mg caused a reduction in serum total and LDL
cholesterol, apolipoprotein B, thromboxane, platelet factor 4 and glucose in subjects
during the four week-treatment [128]. A separate hypocholesterolemic group given
200 mg gamma-tocotrienol showed greater reduction in total cholesterol compared
to palm vitamin E group [128]. Daud et al. demonstrated that supplementation of
tocotrienol for 16 weeks (180 mg tocotrienols with 40 mg tocopherols) decreased
the normalized plasma TG and increased HDL in patients undergoing chronic
hemodialysis [36]. These changes might be associated with higher plasma
apolipoprotein and lower cholesteryl-ester transfer protein activity [36]. It should be
noted that the results of this study was not adjusted for medication used by the
subjects. Chin et al. showed that when elderly (>50 years) and young (<50 years)
subjects were supplemented with tocotrienol-rich fraction (160 mg/day, containing
74 % tocotrienols and 26 % tocopherols) for 6 months, the elderly subjects
responded better by showing an increase in HDL cholesterol compared to placebo
group [29]. The products of oxidation, such as protein carbonyl and
advance-glycation end products, were also reduced only in the elderly subjects [29].
Baliarsingh et al. supplemented 19 type 2 diabetic subjects with hyperlipidemia
with tocotrienol-rich fraction (3 mg/kg body weight) for 60 days and total lipids,
total and LDL cholesterol were reduced with treatment [11]. In the study by Qureshi
et al., hypercholesterolemic subjects on American Heart Association step 1 diet
were supplemented with rice bran tocotrienol-rich fraction at different doses (25—
200 mg/kg) [132]. They observed that 100 mg/kg tocotrienol-rich fraction pro-
duced maximum decrease in total and LDL cholesterol, apolipoprotein B and TG
compared to baseline [132]. In another study, Qureshi demonstrated that hyperc-
holesterolemic subjects on American Heart Society step 1 diet supplemented with
rice bran tocotrienol-rich fraction and lovastatin in combination for 25 weeks
showed more significant reduction than individual treatments [131]. The combi-
nation of alpha-tocopherol and lovastatin did not produce similar changes [131].
Tomeo et al. supplemented subjects presented with hyperlipidemia, cere-
brovascular disease and carotid stenosis with 300 mg palm vitamin E (16 mg
alpha-tocopherol and 40 mg tocotrienols in 240 mg palm olein) for 18 months
[169]. Apparent carotid atherosclerotic regression was found in supplemented
subjects while some controls showed progression [169]. Malondialdehyde was
decreased in the treatment group but was increased in the placebo group [169].
However, no changes in total and LDL cholesterol, TG and HDL were found in
both groups [169]. In men with mildly elevated serum lipid level, supplementation
of tocotrienol (4 capsules daily for 6 weeks, each containing 35 mg tocotrienols
and 20 mg alpha-tocopherol) produced no significant effects on serum LDL and
HDL cholesterol, TG, lipoprotein a, lipid peroxide, platelet aggregation velocity
and maximum aggregation, and thromboxane B2 formation compared to men
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receiving 20 mg alpha-tocopherol only [90]. In the study of O’Byrne et al., subjects
followed a low-fat diet for 4 weeks, then were randomized into treatment groups
receiving placebo, alpha-, gamma-, delta-tocotrienol acetate supplements
(250 mg/d) for 8 weeks while were still maintained on the low-fat diet [120]. It was
found that alpha-tocotrienol increased the in vitro LDL oxidation resistance and
decreased its rate of oxidation [120]. However, tocotrienol treatments did not affect
total and LDL cholesterol, and apolipoprotein B level [120]. In another study,
hypercholesterolemic men and women were randomized to receive three different
brands of tocotrienol from palm or rice bran, or the placebo. The subjects were put
on the American Heart Association Step 1 diet, 21 days before and throughout the
trial period [101]. There were no significant changes in lipid profile between pla-
cebo and treatment after 28 days [101]. Rasool et al. observed that in healthy male
subjects taking placebo or tocotrienol-rich vitamin E at 80, 160 and 320 mg/day for
2 months, arterial compliance, plasma total antioxidant status, serum total and LDL
cholesterol were not different among the groups [136].

5.5 Tocotrienol as Antidiabetic Agent

Diabetes mellitus represents a group of chronic metabolic conditions characterized
by increased blood glucose. Type 1 diabetes results from the destruction of
beta-cell in the pancreas due to autoimmunity, thus causing cessation in insulin
production. Type 2 diabetes is caused by abnormal resistance of the body to the
action of insulin, and the insufficiency of insulin production to overcome this
resistance. It is estimated that 5-10 % of the total diabetes cases belong to type 1
and 90-95 % belong to type 2. Diabetes can affect many organ systems and lead to
serious complications such as damage to the nervous, renal, cardiovascular system
and the eyes [38]. Oxidative stress and inflammation are involved in the devel-
opment and exacerbation of diabetic complications [39].

The antidiabetic effects of tocotrienol have been explored mainly in animal
studies. Diabetes is mostly induced by streptozotocin (STZ), a chemical that can
cause cellular ATP reduction, inhibition of insulin production, DNA alkylation and
death of pancreatic beta cells [75]. Tocotrienol has been shown to improve the
glycemic status and diabetic complications in many instances. Wan Nazaimoon
et al. showed that a diet enriched with tocotrienol-rich fraction (1 g/kg diet) sig-
nificantly reduced the blood glucose level and glycated haemoglobin of
STZ-induced diabetic male rats [176]. However, serum-advanced glycation end
product and malondialdehyde were not affected [176]. Matough et al. showed that
supplementation of tocotrienol-rich fraction at 200 mg/kg body weight for 4 weeks
in STZ-induced diabetic rats reduced the plasma glucose level [85]. The supple-
mentation also increased the erythrocytic superoxide dismutase and glutathione
levels but decreased the level of reduced glutathione and malondialdehyde [85].
Comet assays revealed reduced DNA damage in the supplemented group [85].
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Tocotrienol was shown to prevent diabetic nephropathy in several animal
models. Kuhad and Chopra showed that tocotrienol mixture at 25, 50 and
100 mg/kg for 8 weeks dose-dependently reduced diabetic proteinuria, polyuria
and increased serum creatinine and blood urea nitrogen levels and their clearance
[77]. The improvement in renal profile was accompanied by a dose-dependent
decrease in lipid peroxidation product and an increase in non-protein thiol, super-
oxide dismutase and catalase activity in the kidney [77]. Nitrosative stress in the
kidney was also decreased with tocotrienol supplementation as evidenced by a
lower nitric oxide level [77]. Tocotrienol was shown to reduce the level of tumor
necrosis factor-alpha associated with renal hypertrophy and hyperfunction, trans-
forming growth factor-beta associated with renal fibrosis and the expression of
nuclear factor kappa-b p65 subunit indicative of inflammation in the nuclear frac-
tion and apoptosis in the kidney [77]. Siddiqui et al. compared the hypoglycemic
effects of tocotrienol-rich fraction derived from palm oil and rice bran oil in two
separate experiments [151]. Diabetic male rats were treated with either 200 mg/kg
body weight palm oil tocotrienol or rice bran tocotrienol [151]. Both treatments
were found to reduce the fasting blood glucose and percentage of glycosylated
haemoglobin [151]. Improvements in renal profile, indicated by reductions in serum
creatinine and urine protein level, were also seen in both treatment groups [151].
Histopathological examination revealed that both tocotrienol-rich mixtures pre-
vented glomerular hypertrophy, mesangial expansion, tubular atrophy, tubular
basement membrane thickening and proteinaceous cast formation in the lumen
[151]. The improvement could be attributed to the antioxidative properties of
tocotrienol, as evidenced by the decrease in lipid peroxidation products and the
increase in superoxide dismutase and catalase activity in the kidney with tocotrienol
treatment [151]. Overall, efficacy of tocotrienol from palm was higher compared to
rice bran [151]. In the second experiment, Siddiqui et al. fed male Wistar rats with
high fat diet for 5 weeks, then switched them to standard diet and induced diabetes
in them with STZ at the same time [150]. The hypoglycemic effects between
16-week supplementation with palm tocotrienol at 200 mg/kg body weight and rice
bran tocotrienol 400 mg/kg body weight were compared [150]. In agreement with
their previous findings, palm and rice bran tocotrienol prevented the rise of blood
glucose level as early as week 6 [150]. Percentage of glycosylated hemoglobin was
also reduced by both treatments [150]. They also suppressed the increase in TG,
total, LDL and VLDL cholesterol and elevated the HDL cholesterol level [150].
Improvement in renal profile, indicated by decreased urinary creatinine and blood
urea nitrogen and increased creatinine clearance, was seen with both treatments
[150]. These positive changes might be related to improved oxidative status in the
kidney (reduced malondialdehyde level, increased superoxide dismutase, catalase,
glutathione peroxidase and reductase activities) [150]. In addition, the protein
expression of collagen type IV, transforming growth factor-beta and fibronectin
related to renal fibrosis were reduced significantly by palm tocotrienol [150]. This
was accompanied by an improvement in renal histopathology in both treatment
groups [150]. Palm tocotrienol, even though at a lower dosage, exhibited higher
efficacy in preventing diabetic nephropathy than rice bran tocotrienol [150].
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The presence of cardiovascular risk factors, such as hypertension and hyperc-
holesterolemia, in diabetic patients lead to poorer outcomes compared to those
without [38]. In fact, the risk for cardiovascular death is nearly doubled in diabetic
patients compared with the non-diabetic [21]. As described in the earlier section,
tocotrienol is an effective hypocholesterolemic agent and its effectiveness has been
proven in chemical and diet-induced hypercholesterolemic models. Several animal
studies also demonstrated that the hypocholesterolemic effect of tocotrienol per-
sisted in diabetic model, accompanied by other cardio and vascular protective
effects. Budin et al. fed STZ-induced diabetic rats with palm tocotrienol-rich
fraction 200 mg/kg body weight for 8 weeks and observed positive changes in risk
factors for cardiovascular disease [16]. Adverse changes in fasting blood glucose,
HbAlc and lipid profile were attenuated in the tocotrienol-treated group [16].
Besides, malondialdehyde-4-hydroxynonenal in aorta and plasma, and DNA
damage in lymphocytes were reduced and plasma superoxide dismutase activity
was increased with tocotrienol treatment [16]. Tocotrienol also reduced the
degenerative changes in aortic wall by reducing the proliferation and degeneration
of vascular smooth muscle cells and defects in the aortic walls [16]. Using a
diet-induced diabetic rat model, Patel et al. showed that co-supplementation of
alpha-lipoic acid (1.6 g/kg diet) and palm tocotrienol-rich fraction (0.84 g/kg diet)
for 8 weeks could prevent and reverse the increase in plasma glucose, systolic
blood pressure, interstitial collagen deposition in the left ventricle, diastolic stiffness
and plasma malondialdehyde [123].

Tocotrienol was able to prevent diabetic-associated neuropathy. Kuhad and
Chopra et al. showed that tocotrienol mixture at 25, 50 and 100 mg/kg for 10 weeks
could prevent the increase in plasma glucose in STZ-induced diabetic rats [76].
Transfer latency and percentage of time spend in the target quadrant in a water
maze were decreased in all tocotrienol treated groups compared to the control,
indicating better memory and learning performance [76]. This was attributed to
decreased oxidative stress, indicated by a reduction in lipid peroxide level and an
increase in non-protein thiols, superoxide dismutase and catalase activity, and
decreased nitrosative stress indicated by reduced nitric oxide level in the cerebral
cortex and hippocampus [76]. Inflammation was also prevented by tocotrienol
supplementation, as evidenced by decreased protein expression of interleukin-1b
and p65 subunit of nuclear factor kappa-B in the brain [76]. The reduction in both
oxidative stress and inflammation led to reduced apoptosis of the neurons [76]. In
the subsequent experiment, Kuhad and Chopra supplemented STZ-induced diabetic
rats with 25, 50 and 100 mg/kg tocotrienol mixture and assessed the effects on
hyperalgesia [78]. Tocotrienol mixture prevented the reduction in nociceptive
threshold in the diabetic rats, indicated by increased tolerance for thermal and
mechanical stimuli, and tactile allodynia [78]. They also found that lipid peroxide
and total nitric oxide levels were reduced; while non-protein thiol levels and
activities of superoxide dismutase and catalase were increased in the sciatic nerve
with tocotrienol treatment [78]. Inflammation was also reduced with tocotrienol
treatment, indicated by a reduction in tumor necrosis factor-alpha, transforming
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growth factor-1 beta and interleukin-1 beta in the sciatic nerve [78]. Apoptosis
indicated by caspase 3 expression was also decreased in the sciatic nerve [78].

There are limited studies attempted to validate the hypoglycemic effects of
tocotrienol in humans and the results are heterogenous. In a longitudinal study
(median follow-up period 10.2 years) assessing the intake of antioxidants and the
risk of type 2 diabetes in 29,133 Finnish male smokers aged 50-69 years,
Kataja-Tuomola et al. found that all tocotrienol isomers were not associated with
the risk of the disease after multiple adjustment. This could be contributed to the
low levels of tocotrienols in the subjects [71]. In the study of Baliarsingh et al., type
2 diabetic subjects supplemented with tocotrienol-rich fraction (3 mg/kg body
weight) for 60 days showed no changes in fasting and postprandial plasma sugar,
HbAlc and serum creatinine [11]. This could be due to the limited number of
subjects in this study (n = 19) and the low dose of tocotrienol. In a study by
Haghighat et al., type 2 diabetic subjects taking non-insulin medication were ran-
domized to take 15 mg/day tocotrienol mixture or blank canola oil with meals for
4 weeks [47]. It was observed that urinary microalbumin and serum high-sensitivity
C-reactive protein were significantly lowered in the tocotrienol group compared to
the placebo, indicating a better renal profile and a reduced risk for cardiovascular
disease [47].

5.6 Tocotrienol as Antiosteporotic Agent

Osteoporosis is a metabolic bone disease characterized by low bone mass and
deterioration of bone microarchitecture, which subsequently leads to fragility
fracture [68]. Despite the high prevalence in women, osteoporosis affects men as
well, with female to male ratio of 6:1 [64]. Osteoporosis is a result of the imbal-
anced bone remodelling process consisting of bone resorption regulated by osteo-
clast and bone formation regulation by osteoblast. Sex hormone deficiency is the
predominant condition underlying the imbalance in bone remodelling, although
recent studies have switched the focus to the role of oxidative stress and inflam-
mation [2, 84]. Oxidative stress and inflammation inhibit differentiation of osteo-
blast  (osteoblastogenesis), but promote differentiation of osteoclast
(osteoclastogenesis) [2, 10, 171]. Hence, an antioxidant and anti-inflammatory
agent like tocotrienol putatively has beneficial effects in preventing bone loss.
The effects of tocotrienol in promoting differentiation of osteoblast and sup-
pressing the differentiation of osteoclast have been demonstrated in cell culture
studies. Ha et al. demonstrated that alpha-tocotrienol but not alpha-tocopherol could
suppress osteoclastogenesis in an osteoblast-bone marrow co-culture [46]. This was
brought about by an inhibition of receptor activator of nuclear factor kappa-b
(RANKL) expression in osteoblasts [46]. In osteoclasts, alpha-tocotrienol sup-
pressed the RANKL-mediated differentiation process by inhibiting c-Fos expres-
sion via suppression of extracellular signal-regulated kinases and nuclear factor
kappa-b activation [46]. Alpha-tocotrienol also prevented the bone resorption
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activity of mature osteoclasts [46]. Brook et al. compared the suppressive effects of
different tocotrienol isomers (alpha, gamma and delta) on human-derived CD14+
cells [15]. It was found that gamma and delta-tocotrienol were effective in sup-
pressing the formation of osteoclast-like cells and the resorbing activity of these
cells was significantly inhibited. Gamma-tocotrienol was found to be with less toxic
to CD14+ cells, indicating that it is safer compared to delta-tocotrienol [15].

The effectiveness of tocotrienol in preventing bone loss has been demonstrated
in several animal models of osteoporosis. The methods of assessing bone health in
the animals included densitometry which measures bone mineral density; histo-
morphometry which measures bone structure, cells and mineralization activity;
biomechanical test which measures the stiffness and strength of the bone; bone
mineral concentration and serum bone remodelling markers which measure the
bone formation and resorption activity (reviewed in [24, 27]).

Norazlina supplemented ovariectomized rats with palm vitamin E, which was
rich in tocotrienol at either 30 or 60 mg/kg body weight for 8 months and measured
the femoral and vertebral bone mineral density [118]. It was found palm vitamin E
prevented the decline of bone mineral density in both supplemented groups [118].
Muhammad et al. observed that palm tocotrienol at 60 mg/kg body weight for
8 weeks could improve bone structural indices (increased bone volume and tra-
becular number, and decreased trabecular separation) in an oestrogen-deficient
model of osteoporosis induced by ovariectomy [96]. A decrease in osteoclast
number was found in the tocotrienol supplemented group [96]. The effects of
alpha-tocopherol at 60 mg/kg body weight were found to be comparable with palm
tocotrienol [96]. In a subsequent experiment, Muhammed et al. supplemented the
ovariectomized rats with tocotrienol-rich fraction (60 mg/kg for 8 weeks) and
found that it improved bone structural indices (increased bone volume and tra-
becular thickness, and decreased trabecular separation) [97]. Its effects were com-
parable to calcium (15 mg/kg) and oestrogen treatment (64.5 pg/kg) [97].
Aktifanus et al. demonstrated that tocotrienol-rich fraction at 60 mg/kg body weight
for 8 weeks improved bone dynamic indices (decreased single-labelled surface,
increased double-labelled surface, mineral apposition rate and bone formation rate)
in ovariectomized rats [8]. The effects of tocotrienol were better than oestrogen
replacement (64.5 pg/kg body weight) [8]. Using palm tocotrienol at 60 mg/kg
body weight for 8§ weeks, Soelaiman et al. demonstrated similar findings and its
effects were superior to calcium supplementation (1 % calcium in drinking water
ad libitum) [154]. Abdul-Majeed et al. supplemented ovariectomized rats with
annatto tocotrienol (60 mg/kg body weight for 8 weeks) or in combination with
lovastatin (11 mg/kg body weight for 8 weeks) [3, 4]. Annatto tocotrienol alone
was found to improve bone structural (increased bone volume, trabecular number
and trabecular thickness, decreased trabecular separation) and cellular indices (in-
creased osteoblast number, osteoid surface and osteoid volume, and decreased
osteoclast number and eroded surface), bone biomechanical strength (increased
load, strain, stress and Young’s modulus) and bone remodelling markers (increased
osteocalcin, a bone formation marker and decreased type-1 C-terminal telopeptide
crosslink, a bone resorption marker) [3, 4]. The combination of annatto tocotrienol
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and lovastatin further improved these variables, suggesting an additive or syner-
gistic effect between the two compounds [3, 4]. Deng et al. supplemented
ovariectomized mice with 100 mg/kg emulsified gamma-tocotrienol subcuta-
neously. The supplemented mice showed significant improvements in femoral bone
mineral density, bone structural (increased bone volume, trabecular number, tra-
becular thickness and decreased trabecular separation), dynamic (increased mineral
apposition rate and bone formation rate) and cellular indices (increased osteoblast
number and decreased osteoclast number) [37]. Elevated gene expression of tran-
scription factors runt-2 and osterix in the bone of supplemented groups suggested
increased osteoblast differentiation [37]. This was coupled with increased gene
expression of osteoprotegerin and decreased gene expression of RANKL, indicating
an inhibition of osteoclast formation [37]. Feeding mevalonate (25 mg/kg body
weight) to the supplemented group abolished all the beneficial effects of tocotrienol
treatment, suggesting the involvement of mevalonate pathway in the protective
action of tocotrienol on bone [37].

Using an orchidectomy-induced testosterone deficient model of osteoporosis,
Ima-Nirwana et al. showed that supplementation of palm vitamin E at 30 mg/kg for
8 months prevented the deterioration of femoral and vertebral bone mineral density
and calcium level [58]. Other studies also showed that annatto tocotrienol at
60 mg/kg could prevent deterioration of bone cancellous microarchitecture assessed
with X-ray microtomography (decreased trabecular separation), bone structural
(increased bone volume and trabecular number, decreased trabecular separation),
dynamic (decreased single-labelled surface, increased double-labelled surface) and
cellular (increased osteoblast number, osteoid surface and osteoid volume,
decreased osteoclast number and eroded surface) indices [25, 28]. This was brought
about by increased gene expression of alkaline phosphatase, beta-catenin, collagen
type 1 alpha 1 and osteopontin, indicating increased osteoblast activity [28].
However, no significant changes in bone resorption genes were observed [28].
Annatto tocotrienol was less efficacious compared to supraphysiological testos-
terone enanthate injection (7 mg/kg weekly) in the same experiment [28].

Smoking is a non-modifiable risk factor for osteoporosis. In a model of osteo-
porosis induced by nicotine, Hermizi et al. showed that supplementation of either
tocotrienol-rich fraction or gamma-tocotrienol at 60 mg/kg body weight improved
bone structural (increased bone volume and trabecular thickness), dynamic (re-
duced single-labelled surface and increased mineral apposition rate and bone for-
mation rate) and cellular indices (reduced osteoclast and eroded surface) [51].
Abukhadir et al. indicated that these positive changes were brought about by the
ability of tocotrienol to reverse nicotine-induced suppression of runt-2, osterix and
bone morphogenetic protein-2 [5]. Tocotrienol also inhibited nicotine-induced
elevation of interleukin-1 and interleukin-6 [117, 119]. Nazrun et al. demonstrated
that palm tocotrienol at 100 mg/kg was able to increase trabecular thickness, bone
formation rate, osteoblast number and decrease eroded surface in the osteoporotic
animal [7, 105]. This effect was also brought about by the suppression of
interleukin-1 and interleukin-6 by tootrienol [7]. The effects of tocotrienol in pre-
venting bone loss due to glucocorticoid treatment were also studied. Ima-Nirwana
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and Fakhrurazi supplemented palm vitamin E in dexamethasone-treated
adrenalectomized male rats and observed no significant changes on bone mineral
density and bone calcium level [56]. In a subsequent attempt, supplementation of
gamma-tocotrienol at 60 mg/kg body weight for 8 weeks increased the fourth
lumbar vertebra bone calcium content in dexamethasone-treated adrenalectomized
male rats [59]. Alpha-tocopherol at the same dose did not exert a similar effect [59].

The beneficial effects of tocotrienol were also shown in healthy male rats sup-
plemented with alpha-tocopherol, delta-tocotrienol or gamma-tocotrienol at
60 mg/kg for 8 weeks [89, 149]. Gamma-tocotrienol supplementation improved all
bone structural, dynamic and cellular indices and biomechanical strength while
alpha-tocopherol and delta-tocotrienol only improved some of the indices, indi-
cating a superior bone-anabolic effect of gamma-tocotrienol over the other vitamin
E isomers [89, 149]. Maniam et al. showed that palm tocotrienol at 100 mg/kg for
4 months reduced malondialdehyde and increased glutathione peroxidase activity
in the bone of healthy male rats. Alpha-tocopherol at the same dose did not exert
similar effects on bone [83].

Despite there are many observational studies on the association between vitamin
E and bone health, most studies measured the intake and blood level of
alpha-tocopherol. Vitamin E (alpha-tocopherol) was associated with increased bone
mineral density or a reduced fracture risk in most studies [26]. However, there has
been no report on the effects of tocotrienol on bone health in humans to date. The
suggested mechanism of tocotrienol in preventing bone loss is summarized in
Fig. 5.3.
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Fig. 5.3 The antiosteoporotic mechanism of tocotrienol
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5.7 Anticancer Activity

Anticancer activity of vitamin E was discovered and studied extensively since the
first experimental evidence of inhibition of tumorigenesis by vitamin E rich palm
oil [164]. Anticancer property of tocotrienol was found to be independent of its
antioxidant property [32, 162]. Tocotrienol isomer with lower antioxidant proper-
ties like delta- and gamma-tocotrienol usually showed greater potency in killing
cancerous cells. Based on quantitative structure—activity relationship studies,
chromanol structure and phytyl carbon tail were shown to be essential in apoptosis
induction [13]. Decreasing methyl groups on the chromanol head increased
anti-proliferative potency of tocotrienol (delta-tocotrienol > gamma-tocotrienol >
beta-tocotrienol > alpha-tocotrienol) [162]. Shortening the unsaturated phytyl tail
of gamma-tocotrienol by one isoprenyl unit also resulted in greater apoptotic
activity [13]. In silico analysis suggested that esterification of lysine with
gamma-tocotrienol could enhanced its anticancer activity [114]. Tocotrienol
metabolites such as carboxyethyl-hydroxychromans were found to be a less
effective anti-proliferative agent [34].

Besides that, tumor cell uptake and intracellular accumulation of tocotrienol also
determine its anticancer activity. Due to the lipophilic nature of tocotrienols, they
are readily transferred between the membranes and accumulated in cells in a time
and concentration-dependent manner [187]. Studies have shown that serum
physiological tocotrienol level was usually low or absent due to slow absorption,
rapid metabolism and lack of a specific carrier protein [164]. Besides that, toco-
trienol is highly tissue-dependent and it is only found in a few tissues/organs like
the liver and pancreas [52, 55]. Interestingly, in animal models, gamma-tocotrienol
and delta-tocotrienol were found to accumulate in tumors [52, 55]. Different
tocotrienol isomers possess different cellular accumulation tendency, i.e.
delta > gamma > alpha-tocotrienol [52, 87, 88, 116, 141, 144]. This might explain
the poor anticancer activity of alpha-tocotrienol.

Tocotrienol and tocotrienol-rich fraction were demonstrated to induce
anti-proliferation and apoptosis selectively in several cancerous cell lines origi-
nating from the mammary gland [32, 41, 44, 87, 109, 146, 173-175, 189], lung
[70, 86, 184], liver [49, 52, 140, 141, 172], prostate [33, 86, 158], melanoma
[22, 86], colon [40, 182] and leukemic cells [100]. The inhibitory potency of
tocotrienol-rich fraction, tocotrienol isoforms or their succinate synthetic deriva-
tives in different cancerous cells generally follows the order of delta- >gamma- and
beta- >alpha-tocotrienol [22, 33, 40, 52, 140, 172]. Studies also demonstrated that
tocotrienol possessed little or no adverse effect on normal cell viability or growth in
in vitro [49, 70, 87, 88, 141, 158, 184] or animal models [112, 135, 137]. In animal
studies, tocotrienols and tocotrienol-rich fraction were also demonstrated to reduce
tumor load. Oral administration of 0.05 % tocotrienol-rich vitamin E mixture sig-
nificantly reduced liver and lung carcinogenesis in C3H/He mice and 4NQO-treated
ddY mice model [172]. Gamma-tocotrienol or delta-tocotrienol diet (0.1 %) sig-
nificantly delayed tumor growth in C3H/HeN mice inoculated subcutaneously with
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murine hepatoma MH134 cells [52]. There was no apparent adverse effect and
insignificant body and tissue weight changes in animals fed with 0.1 % of
gamma-tocotrienol or delta-tocotrienol diet [52].

Studies also demonstrated that tocotrienol as a farnesol-mimetic molecule and
HMGR inhibitor possessed great potential to produce synergistic anticancer activity
with other chemotherapeutic agents [86]. Combination of low concentration of
gamma-tocotrienol with several individual statins synergistically inhibited HMGR
activity and RaplA & Rab6 prenylation [174]. Besides that, combination of
tocotrienol with flavonoids such as genistein, naringenin, hesperetin, tangeretin,
nobiletin, quercetin, apigenin, epigallocatechin gallate or resveratrol demonstrated
synergistic activity in inhibiting human breast cancer MCF7 or/and MDA-MB-435
cells proliferation, which was enhanced further with the addition of tamoxifen [45,
54]. The combination of tocotrienol with docetaxel also resulted in higher pro-
portion of apoptotic cells [22]. Combination of tocotrienols with tamoxifen
increased the arrest of DNA synthesis and triggered an endoplasmic reticulum
(ER)-independent anti-proliferation event in the breast cancer cells [44, 189].
Combination of tocotrienol isomers (delta-tocotrienol and gamma-tocotrienol) was
also found to induce cell death synergistically in DU145 and PC3 [33]. In animal
studies, gamma-tocotrienol also acted synergistically with lovastatin to reduce
tumor load in C57BL/6 mice inoculated with B16 cells [86].

There are limited clinical trials on tocotrienol and cancer conducted to date.
Malaysian Palm Oil Board had conducted two clinical trials on the efficacy of
tocotrienol in breast cancer patients [107]. The first study was conducted to identify
tocopherol and tocotrienol concentrations in malignant and benign adipose tissues
of breast cancer patients after a palm oil diet. The results revealed a higher con-
centration of tocotrienols (alpha-, delta- and gamma-isomers), in the adipose tissues
of patients with benign breast lumps compared with that of patients with malignant
tumors [107]. The second study was a 5-year double-blind, placebo-controlled pilot
trial conducted to compare tamoxifen with or without tocotrienol-rich fraction on
early breast cancer [108]. The risk of dying due to breast cancer decreased by 70 %
and risk of recurrence decreased by 20 % in patients taking the adjuvant tocotrienol
and tamoxifen compared with the patients receiving only tamoxifen [107].
However, there was no significant association between adjuvant tocotrienol therapy
with breast cancer survival rate [108].

5.7.1 Tocotrienol-Induced Caspase Activation and Mode
of Cell Death

Caspases are constitutively present in cells in an inactive precursor form, the pro-
caspases [164]. In receptor-mediated apoptosis, there is early activation of death
receptors (Fas, TNF or TRAIL) which lead to caspase-8 activation. In
mitochondria-mediated apoptosis, there are apoptotic signals from damaged DNA
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or loss of mitochondrial membrane potential, which will lead to activation of
caspase-9. Initiator caspases (caspase-8 and -9) activate effector caspases
(caspase-3, -6, and -7) which will then execute the cells by cleaving DNA, PARP
and other structural proteins [164]. Both death receptor- [33, 140, 141] and
mitochondria-mediated [22, 33, 103, 139, 160, 165, 182, 184] pathway of apoptosis
induced by tocotrienol-rich fraction, tocotrienol isomers, ether or succinate syn-
thetic derivatives were reported. Tocotrienol-rich fraction and tocotrienol
isomer-induced apoptosis are selective and greatly dependent on cell types and
treatment conditions. It might involve the upregulation of Bax and tBid protein with
the increased of Bax/Bcl-2 ratio [140].

Besides that, gamma-tocotrienol was also found to induce caspase-12 activation
in +SA cellular apoptosis [173]. Caspase-12 activation is closely associated with
endoplasmic reticulum ER stress-mediated cell death. Further experiments identified
an early involvement of PERK/elF2a/ATF4 phosphorylation and CHOP-dependent
TRB3-mediated ER stress response pathway in gamma-tocotrienol-induced +SA
cellular apoptosis [173]. Furthermore, gamma-tocotrienol, delta-tocotrienol,
gamma-tocotrienol succinate and delta-tocotrienol succinate were also found to
trigger caspase-independent cell death in DU145, PC3 and LNCap cells whereby the
event of apoptosis could not be abrogated by general caspase inhibitors [33].

5.7.2 Tocotrienol-Induced Upstream Apoptotic Pathway
Modulation

The inhibition of HMGR by tocotrienol not only suppresses cholesterol synthesis but
also inhibits cell proliferation via prenylation of Ras, RhoA or RaplA signalling
molecules through generation of prenyl intermediates [184]. Farnesyl side chain of
tocotrienol is essential for the post-transcriptional suppression of HMGR.
Gamma-tocotrienol was shown to downregulate HMGR levels in +SA cells via
post-translational ~ protein  degradation [173]. However, the gamma-
tocotrienol-induced downregulation of HMGR was not able to block RaplA &
Rab6 prenylation and trigger +SA cell death [174]. Delta-tocotrienol-induced growth
arrest might be due to HMGR inhibition, causing marked decrease of cyclin
D1/cyclin-dependent kinase CDK4 complex but not cyclin E/CDK2 complex, which
subsequently reduced the phosphorylation of retinoblastoma RB protein and E2F1
expression [41, 103].

6-0O-carboxypropyl-alpha-tocotrienol (alpha-T3E) was more potent compared to
alpha-tocotrienol in inducing apoptosis in A549 cells and H28 cells [70, 184]. 6-O-
carboxypropyl-alpha-tocotrienol also harbours the similar farnesyl side chain and
might possess HMG-CoA reductase inhibitory activity. 6-O-carboxypropyl-
alpha-tocotrienol can inhibit RhoA geranyl-geranylation and Ras molecules farne-
sylation, subsequently blocking MEK, ERK and p38 phosphorylation and lead to
cyclin D and Bcl-xL downregulation during G1 arrest and apoptosis [160, 174, 184].
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Besides that, 6-O-carboxypropyl-alpha-tocotrienol also inactivated Src kinase via
phosphorylation at Tyr527 site and dephosphorylation at Tyr416 site, which
decreased the phosphorylated form of EGFR and its activity [70]. Another study
revealed that gamma-tocotrienol inhibited PI3k/PDK-1/Akt pathway via suppres-
sion of EGFR (ErbB3)-receptor tyrosine phosphorylation [143]. 6-O-
carboxypropyl-alpha-tocotrienol also inhibited Stat-3 activation which might be due
to Src kinase inactivation [70]. 6-O-carboxypropyl-alpha-tocotrienol was shown to
partially inhibit Src kinase. However, this was inadequate to trigger cell death on
A549 cells under hypoxia [69]. Survival and invasion capacity of A549 cells under
hypoxia were suppressed by 6-O-carboxypropyl-alpha-tocotrienol via inhibition of
the Src/HIF-2alpha/PAI-1 and PI3k/PDK-1/Akt signalling pathways [69].
Gamma-tocotrienol was also demonstrated to inhibit PI3k/PDK-1/Akt pathway and
subsequently suppressed the FLIP level [163]. Gamma-tocotrienol also induced +SA
cells apoptosis via TRB3-mediated ER stress [173]. TRB3 inhibited Akt signalling
pathway and this also contributed to the decrease of Akt activity [173].

Combination of gamma-tocotrienol with several individual statins also syner-
gistically induced +SA cells growth arrest and apoptosis which was associated with
inactivation of ERK, p38, JNK MAP kinases and Akt kinases [174, 175].
Downstream Stat-3 inactivation leads to similar downregulation of cyclin D1 and
Bcl-xL [69]. Therefore, HMG-CoA reductase might be involved in upstream reg-
ulation of RhoA/Ras, Src/HIF-2alpha/PAI-1 and PI3k/Akt pathway.

Previous studies demonstrated that tocotrienol-rich fraction, alpha-, gamma- and
delta-tocotrienol inhibited proliferation and induced apoptosis in human breast
cancer MCF-7, MDA-MB-435 and MDA-MB-231 cells, regardless of their
oestrogen receptor status [32, 41, 44, 109, 189]. Delta-tocotrienol was showed to
downregulate cyclin B1 and CDK1 expression in MDA-MB-231 cellular growth
arrest [41]. Combination of gamma-tocotrienol with either epigallocatechin gallate
or resveratrol suppressed MCF-7 cell proliferation via downregulation of cell cycle
regulatory proteins E2F, CDK4 and cyclin D1 [54]. In vitro and in silico studies
revealed that gamma- and delta-tocotrienol specifically bound and activated estrogen
receptor B signalling molecule [32]. Activated estrogen receptor B served as an
upstream signal of apoptosis and suppressed ER alpha-mediated cell survival and
proliferation [32]. Estrogen receptor § upregulated MIC-1, cathepsin D and EGR-1
mRNAs expression which triggered subsequent caspase-regulated cell death [32].

Epidermal growth factor (EGF)-dependent mitogenesis is associated with the
activation of phospholipid-dependent protein kinase C (PKC) and cyclic AMP
(cAMP)-dependent proteins [88]. Tocotrienol-rich fraction, alpha-, gamma-, and
delta-tocotrienol induced apoptosis and inhibit the proliferation of EGF-induced
preneoplastic mammary epithelial CL-S1 cells, neoplastic mammary epithelial-SA
cells and +SA cells [87, 146, 174, 175]. Tocotrienol-rich fraction also reduced
EGFR-independent and cAMP-dependent EGF-induced G-protein mitogenic
signalling in CL-S1 cells [162]. Combination of tocotrienol-rich fraction with
G-protein stimulants (cholera and pertussis toxin) or cAMP agonists (forskolin and
8-Br-cAMP) completely reversed anti-proliferative effects of tocotrienol-rich frac-
tion on CL-S1 cells [162]. Besides that, tocotrienol was shown to inhibit PKC,
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adenylate cyclase and cyclic AMP-dependent protein activation which might be
related to its anti-proliferative effects [23, 88, 94]. Delta- and beta-tocotrienol could
inhibit PKC activity leading to transcriptional inhibition of c-myc and hTERT, thus
reducing telomerase activity [40]. In addition, gamma-tocotrienol also induced
downregulation of Id family proteins and EGFR protein with concomitant
activation of JINK MAP kinase pathway [22]. Alpha-tocotrienol but not its acetate
analogue was able to inhibit intrinsic cellular 20S proteasome activity which might
contribute to THP-1 anti-proliferation activity [100]. Tocotrienol-rich fraction,
alpha-, gamma- and delta-tocotrienol might serve as potent DNA synthesis
inhibitors with the rank order of gamma-tocotrienol > delta-tocotrienol >
alpha-tocotrienol [189].

5.7.3 Tocotrienol-Induced Anti-angiogenesis
and Anti-invasion

Anti-angiogenic therapy has recently emerged as a strategy for cancer therapy. As
oxidative stress is an important factor in angiogenesis, it is possible that established
antioxidants such as tocotrienol may minimize the formation of new blood vessels
[60]. An in vitro study revealed that tocotrienol significantly inhibited the prolif-
eration and tube formation of BAEC as well as FGF- or VEGF-induced HUVEC
cells in the order of delta- >beta- >gamma- >alpha-tocotrienol [60, 93-95, 103,
180]. Tocotrienol also suppressed VEGF secretion in colon carcinoma cells DLD-1
and HepG2 cells under normoxic and hypoxic conditions in the order of delta-
>beta- >gamma- >alpha-tocotrienol [148]. In vivo studies revealed that
tocotrienol-rich oil was able to inhibit DLD-1 cells-induced angiogenesis via mouse
dorsal air sac (DAS) assay [93, 103]. Tocotrienol-rich fraction and delta-tocotrienol
were also demonstrated in vivo to possess anti-angiogenic effects as assessed by
chick embryo chorioallantoic membrane (CAM) assay [94, 103, 180].
Tocotrienol-rich fraction supplementation also suppressed serum VEGF level in
BALB/c mice inoculated with mouse mammary cancer 4T1 cells which indicated
its potential anti-angiogenic activity [180].

Western blotting analysis identified that anti-angiogenic activity of
delta-tocotrienol was mediated via apoptosis induction and inactivation of
PI3K/PDK/Akt pathway [93]. The inactivation of PI3K/PDK/Akt pathway then
suppressed the phosphorylation of ERK1/2, eNOS, and GSK3 alpha/beta and
increased the phosphorylated ASK-1 and p38 and p21 which were associated with
apoptosis [103]. Besides that, DNA microarray analysis revealed that delta-
tocotrienol also downregulated VEGF receptor expression and subsequently
blocked intracellular VEGF signalling (phospholipase C-gamma and PKC) in
HUVEC cells [94]. Delta-tocotrienol also managed to suppress IL-8 and angiogenic
factor secretion and downregulate HIF-1 alpha and IL-8 mRNA in hypoxic
conditions [148]. The downregulation of hypoxia-induced HIF-1 alpha expression
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then inhibited VGEF transcriptional activation [148]. Furthermore, tocotrienol was
demonstrated to inhibit human and mice DNA polymerase A activity in the order of
delta- >beta- >gamma- >alpha-tocotrienol [95]. Tocotrienol-induced DNA poly-
merase A inhibition required direct binding of tocotrienol to N-terminal region of
polymerase [95]. Inhibition of DNA polymerase A might be closely related to
anti-angiogenic activity of tocotrienol.

Tocotrienol-rich fraction and tocotrienols also possessed anti-migration and
anti-invasion properties. Delta-tocotrienol inhibited HUVEC and BAEC cells
migration as shown in scratch assay test [92, 180]. Delta-tocotrienol also demon-
strated profound inhibitory effect on human monocyte U937 cells adhesion to
HAECs via blockage of HAECs surface VCAM-1 mRNA and expression [102].
Both alpha-tocotrienol and gamma-tocotrienol suppressed VCAM-1 expression,
which inhibited human monocyte THP-1 cells adhesion to endothelial HUVEC
cells with the order of alpha-tocotrienol > gamma-tocotrienol [116]. Gamma-
tocotrienol also inhibited melanoma cells invasion via restoration of E-cadherin and
gamma-catenin expression, together with downregulation of Snail, alpha-SMA,
vimentin and twist expression [22].

The anticancer mechanism of tocotrienol is summarized in Fig. 5.4.
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5.8 Safety of Tocotrienol

A toxicity study conducted by Ima-Nirwana et al. in the mice revealed that palm
tocotrienol at the doses of 500 and 1000 mg/kg body weight (oral) for 14 days
(subacute) and 42 days (subchronic) increased the bleeding the clotting time [57].
After conversion based on body surface area [138], this is equivalent to 40.54 and
81.08 mg/kg in humans. Nakamura et al. observed changes in haematology, blood
serum enzyme levels and organ histology in rats fed with palm tocotrienol
(0.75-3 % weight of diet) for 13 weeks [104]. The no-observed-adverse-effect level
derived from this study was 120 mg/kg body weight for male rats and 130 mg/kg
body weight for female rats [104]. This is equivalent to 19.46 mg/kg in men and
21.08 mg/kg in women. In view of these studies, it is recommended that patients
who are taking anticoagulants such as warfarin, heparin and aspirin to refrain from
using tocotrienol because it may increase haemorrhagic risk. Prolonged use of
tocotrienol at high dose should also be avoided because it may exert adverse effects
on the liver. Taking these into consideration, the use of tocotrienol is relatively safe.
The highest dose used in human recorded in this review is 400 mg [47], equivalent
to 5.71 mg/kg for a 70 kg adults, which is far below the toxic doses.

5.9 Conclusion

The two groups of vitamin E, the tocotrienols and the tocopherols possess distinct
similarities and differences. These differences may be seen even between isomers
within the same group. Extensive in vivo and in vitro studies on vitamin E mixtures
from various natural sources, as well as the pure isomers, have been done. Most of
these studies have shown beneficial effects of the tocotrienol and tocopherol iso-
mers in varying degrees. The source of the naturally occurring vitamin E mixtures
are from palm oil, rice bran or annatto oil. However, in the reported literature, the
vitamin E mixtures differ in composition, some consisting of mixtures of toco-
pherols and tocotrienols, while some are mixtures of tocotrienol isomers only. The
doses used also differ between studies. Even experiments using individual toco-
trienol or tocopherol isomers differ in their effective doses. Thus, it is not easy to
summarize the results, but in general the preclinical literature shows that toco-
trienols are beneficial in metabolic disease conditions associated with elevated free
radicals and inflammatory cytokines, such as dyslipidaemia, diabetes mellitus and
osteoporosis. Some clinical trials on tocotrienols and dyslipidaemia have been
reported, while none on diabetes mellitus or osteoporosis are available so far. Data
from the available clinical trials are inconclusive, and generally the beneficial
effects are slight and not as significantly obvious as the effects seen in the in vivo
and in vitro studies. This begs the question as to whether dose of the tocotrienols
used in the human studies were too low, or the duration of treatment insufficient, or
even whether the sampling methods were adequate. Another cause for the
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discrepancy could be that the distribution and metabolism of the tocotrienols differ
between humans and the rodent models used. It will be interesting to see whether
the same sort of observations will be seen in clinical trials on the effects of
tocotrienols in diabetics or in osteoporotic patients.

Many well-reported studies on the anticancer effects of tocotrienol were found in
the literature. Most of these studies are in vitro studies using cancer cell lines. Most
of the studies are on breast cancer cells, while some studies are on liver, colon, lung
and leukaemic cell lines. The mechanisms have been elucidated as being apoptotic
and anti-angiogenetic. The anticancer effects of tocotrienol are thought to be sep-
arate from the antioxidant and anti-inflammatory effects. Limited animal studies
have been done using genetically modified mice, and only two reported clinical
trials on the effects of tocotrienols on breast cancer are found in literature. Again the
data from the human studies are scant and inconclusive.

From the above review, tocotrienol presents an exciting possibility as an alter-
native or adjuvant therapy for diseases associated with increased oxidative stress
and inflammation, such as dyslipidaemia and diabetes. Its application in preventing
osteoporosis in humans still awaits results from clinical trial. More coordinated,
well-designed clinical trials are needed to determine the effects on humans, how-
ever, the consistently beneficial effects in in vivo studies indicate that the potential
for human therapeutic use is real. As for the anticancer properties, the potential for
use presents a real challenge to researchers. The apoptotic and anti-angiogenetic
properties seen in the cell culture studies appears very promising and can be the
alternative to the stressful chemotherapy, or at least as an adjuvant to reduce the
side-effects of chemotherapy.
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Chapter 6
Indole-3-Carbinol and Its Role
in Chronic Diseases

Barbara Licznerska and Wanda Baer-Dubowska

Abstract Indole-3-carbinol (I3C), a common phytochemical in cruciferous veg-
etables, and its condensation product, 3,3’-diindolylmethane (DIM) exert several
biological activities on cellular and molecular levels, which contribute to their
well-recognized chemoprevention potential. Initially, these compounds were clas-
sified as blocking agents that increase drug-metabolizing enzyme activity. Now it is
widely accepted that I3C and DIM affect multiple signaling pathways and target
molecules controlling cell division, apoptosis, or angiogenesis deregulated in cancer
cells. Although most of the current data support the role of I3C and DIM in
prevention of hormone-dependent cancers, it seems that their application in pre-
vention of the other cancer as well as cardiovascular disease, obesity, and diabetes
reduction is also possible. This chapter summarizes the current experimental data
on the I3C and DIM activity and the results of clinical studies indicating their role
in prevention of chronic diseases.

Keywords Indole-3-carbinol - DIM - Signaling pathways - Chronic diseases -
Animal models - Dietary intervention trials

6.1 Introduction

The plant family Cruciferae, particularly members of the genus Brassica, like
cabbage, broccoli, caulifiower, Brussels sprouts, kale, bok choy are rich sources of
sulfur-containing glucosinolates. These secondary products of plant metabolism
include, among others, glucobrassicin and neoglucobrassicin. When plant tissue is
disrupted, an endogenous thioglucosidase (myrosinase) is activated and converts

B. Licznerska - W. Baer-Dubowska (D<)

Department of Pharmaceutical Biochemistry, Poznan University of Medical Sciences,
Poznan, Poland

e-mail: baerw @ump.edu.pl

B. Licznerska
e-mail: barlicz@ump.edu.pl

© Springer International Publishing Switzerland 2016 131
S.C. Gupta et al. (eds.), Anti-inflammatory Nutraceuticals and Chronic Diseases,

Advances in Experimental Medicine and Biology 928,

DOI 10.1007/978-3-319-41334-1_6



132 B. Licznerska and W. Baer-Dubowska

glucobrassicin and other indolylic glucosinolates to indoles, principally to
indole-3-carbinol (I3C) [120].

Since the first reports on possible anti-carcinogenic activity of I3C [122]
numerous preclinical studies have confirmed the chemopreventive properties of this
compound by preventing, inhibiting, and reversing the progression of cancer.
Moreover, preliminary clinical trials have shown that I3C is a promising agent
protecting against hormone-dependent as well as hormone-independent human
cancers [47].

Thus, it is not surprising that there are many marked diet supplements containing
I3C. Several mechanistic studies have been performed in order to elucidate the
mechanism of pleiotropic activity of 13C.

This chapter summarizes the current knowledge on the possible interference of
I3C with signaling pathways in vitro and in animal models, as well as its application
in prevention of chronic diseases.

6.2 Physicochemical Properties and Pharmacokinetics
of Indole-3-Carbinol

Among the indoles, generated upon ingestion of cruciferous vegetables, only
I3C (JIUPAC: 1H-indol-3-ylmethanol) is commercially available as an off-white
solid. Basic physical and chemical properties of I3C are summarized in Table 6.1.

I3C is chemically unstable in acidic conditions, in vitro in cell cultures and
in vivo in the stomach environment. In such conditions, I3C may rapidly condense
into a series of oligomeric products, of which a dimer, 3,3,-diindolylmethane
(DIM), is considered the most bioactive product (Fig. 6.1) [2, 115]. Several phar-
macokinetics studies, performed mostly in animal models, have been conducted for
13C and its condensation products [5, 6, 34, 39, 105]. When rainbow trout has been
administered with radiolabeled [5-3 H]J-indole-3-carbinol, 40 % of total radioactivity
was found in the liver extracts as DIM [34]. Upon oral administration of 250 mg/kg
to mice, the I3C was rapidly absorbed and distributed into variety of tissues and
body fluids (e.g., liver, kidney, lung, heart, brain, and plasma) with highest con-
centrations in liver and kidney, but with rapid clearance (concentrations below the
limit of detection within 1 hour after administration). In the same experiment, DIM
was detected in plasma at 15 min and was still quantifiable after 6 h with a peak at
2 h after I3C dosing [5, 6]. DIM was also found in stomach tissue and contents,

Table 6.1 Physical and Stability

- 3 Off-white powder
chemical properties of I3C

(ALOGPS, www.pubchem. Molejcular weight 147.17386 g/mol
com; accessed Dec 26, 2015) ~_Melting range 96-99 °C
Storage temperature 2-8 °C
Stability 2-80 °C, considered stable

Water solubility 3.75 mg/ml, mixes with water
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Fig. 6.1 Molecular structure and formation of I3C and DIM

intestines, and liver after 1 h following oral administration of I3C to rats [39]. In
human volunteers intervention trial DIM was detected in plasma within 8 h fol-
lowing of 400 mg I3C oral dose [9]. In a phase I clinical trial in women, no I3C was
found in the plasma after administration of a single dose of up to 1200 mg or
multiple-doses at 400 mg provided twice daily for 4 weeks, and DIM was the only
detectable 13C-derived compound in plasma [105]. Fujioka et al. [47] have found
that urinary DIM level after uptake of I3C from Brussels sprouts or cabbage is a
biomarker of glucobrassicin exposure in humans. All these results support the
suggestion that I3C serves as the prodrug rather than the therapeutic agent itself. In
this regard, purified I3C as treatment agent used in in vitro models seems to be
somewhat contradictory, because there is no certainty that any metabolism of DIM
in cells occur. Thus, in this chapter the biological activity and the role in chronic
diseases will refer not only to I3C but also to DIM, its major condensation product
in humans.

6.3 Modulation of Cell Signaling Pathways
by Indole-3-Carbinol

I3C affects multiple signaling pathways and target molecules controlling cell
division, apoptosis or angiogenesis deregulated in cancer cells. Figure 6.2 presents
the overview of the signaling pathways and possible crosstalks influenced by I3C or
DIM. One of the major pathways targeted by I3C is phosphoinositide 3-kinase
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(PI3K)—vprotein kinase B (Akt)—mammalian target of rapamycin (mTOR) sig-
naling pathway. This pathway is a cascade of events that plays a key role in the
broad variety of physiological and pathological processes. PI3K/Akt/mTOR sig-
naling pathway is one of the most frequently affected target in all sporadic human
cancers, and it has been estimated that mutations in the individual component of
this pathway account for as much as 30 % of all known human cancers [83, 112].

Akt is a serine/threonine protein kinase functioning downstream of PI3K in
response to mitogen or growth factor stimulation. The inhibition of phosphorylation
and subsequent activation of Akt kinase by I3C or DIM was described in prostate
and breast cancer cells. In addition, I3C abrogated epidermal growth factor (EGF)-
induced activation of Akt in prostate cancer cells. Furthermore, the known down-
stream modulators of the Akt/PI3K cell survival pathway, Bcl-x(L), and BAD
proteins showed decreased expression after I3C treatment [24, 49]. Several genes
that mediate processes involved in carcinogenesis are regulated by transcription
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factor NF-kB. It plays a central role in general inflammation as well as immune
responses, although recent evidences suggest that its role in these processes is more
complex [73]. The enhanced activation and expression of NF-xB is linked to
development and progression of human cancers as well as in the acquisition of
drug-resistant phenotype in highly aggressive malignancies [3, 109].

Activation through Akt is important for many tumorigenic functions of NF-kB.
Several studies showed that both indoles inhibited PI3K/Akt/mTOR/NF-kB sig-
naling (reviewed in [4]).

It was also known that there is a crosstalk between Akt and Wnt signaling
pathways through the signal communication between glycogen synthase kinase 3
(GSK-3p) and B-catenin, two of the important molecules in Akt and Wnt pathways,
respectively [109]. It was found that DIM significantly increased the phosphory-
lation of B-catenin, and inhibited B-catenin nuclear translocation [77] suggesting
that DIM could also downregulate the activation of Wnt signaling.

Mitogen-activated protein kinases (MAPK) are involved in cellular response to a
diverse array of stimuli and regulate several cell functions including differentiation,
mitosis, cell survival, and apoptosis [100]. Downregulation of the expression of
MAP2K3, MAP2K4, MAP4K3, and MAPK3 by I3C and DIM was described
suggesting their inhibitory effects on MAPK pathway [76]. It was also reported that
the effects of DIM were mediated by crosstalk between protein kinase A and
MAPK signaling pathways [75].

Gap junctional intracellular communication (GJIC) also involved in regulating
cell proliferation, differentiation and apoptosis is modulated by gap junction
channels via broad variety of endogenous and exogenous agents [90]. I3C was
reported to prevent H,O,-induced inhibition of GJIC by the inactivation of Akt in
rat liver epithelial cells [57].

Several studies have focused on the potential effects of I3C and DIM on the
proliferation and induction of apoptosis in human prostate or breast cancer cell
lines. Cell G, cycle arrest of breast cancer cells by I3C was related to inhibition of
the expression of cyclin-dependent kinase-6 (CDK6) independently of estrogen
receptor signaling [30]. Moreover, the inhibition of CDK6 expression in human
MCF?7 breast cancer cells was further explained by disrupting Spl transcription
factor interaction with CDK6 gene promoter [32].

In prostate cancer cell lines, the induction of apoptosis by I3C was
p53-independent [94]. The induction of p21™AF! expression by DIM was also
independent of p53 status [55]. Pro-apoptotic effect of DIM in HER2/Neu over-
expressing breast cancer cells was connected to inhibition of HER2/Neu activity
[87]. We have also found a decreased expression of HER2/Neu in estrogen inde-
pendent MDA-MB-231 breast cancer cells treated with either I3C or DIM
(Licznerska et al. unpublished data).

I3C has been known to be a negative regulator of estrogens, while DIM a
negative regulator of androgens. I3C inhibited the transcriptional activity of ERa,
the estradiol-activated ERa signaling, and the expression of the estrogen-responsive
genes [89]. Since I3C and DIM could also inhibit the proliferation of ER-negative
breast cancer cells, it is suggested that antitumor activities of indoles could be ER
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independent. DIM was found to be an antagonist of AR, inhibiting
androgen-induced AR translocation to the nucleus [74]. DIM also enhanced
expression of aldo-keto reductase 1C3 (AKRI1C3), an enzyme responsible for
inactivation of 5a-dihydrotestosterone and decreasing estrogen levels in mammary
gland and eliminating active androgens from the prostate [92, 101].

Several lines of evidence indicate possible crosstalk between ERo and AhR
signaling pathways [96]. It was shown that I3C triggers AhR-dependent
ERa protein degradation in MCF7 breast cancer cell line disrupting an
ERo-GATAS3 transcription factor cross-regulatory loop. This lead to ablation of
ERo expression and loss of ERa-responsive proliferation [86].

Our studies showed that both indoles upregulated AhR and downregulated ERa
expression in non-tumorigenic MCF10A and tumorigenic MCF7 breast epithelial
cells [114]. Upregulation of AhR was also observed in ER-negative MDA-MB-231
cells. This observation is important since increased expression and activation of
AhR result in induction of CYPs involved in estrogen metabolism [113].

Both I3C and DIM elicited an inhibition of cell adhesion, migration and invasion
in the breast cell lines of different ER status [89]. This appeared to be due, in part, to
I3C-induced upregulation of the tumor suppressor gene BRCAI and other proteins
involved in DNA repair, like RADS51 [105].

Recent studies show that AhR and ERa interact with and modulate the activity
of Nrf2 [52]. This transcription factor plays an essential role in cellular protection
against electrophiles and oxidative stress by upregulating expression of phase II
detoxifying enzymes, including glutathione-S-transferases (GST) and NAD(P)H:
quinone oxidoreductases (NQO) [81]. Significant increase of the Nrf2 transcript
level in MCF7 and MDA-MB-231 breast cancer cell lines was observed after
treatment with I3C. Moreover, increase of Nrf2 expression was correlated with
enhanced expression of NQO1 or GSTP in MCF7 cells and MDA-MB-231 cells
respectively [114].

Recently, a plethora of evidence has demonstrated that epigenetic alterations,
such as DNA methylation, histone modifications, and non-coding miRNAs, con-
sistently contribute to carcinogenesis, and dietary phytochemicals, including glu-
cosinolate derivatives, have the potential to alter a number of these epigenetic
events [46, 119].

In this regard, DIM was reported to decrease promoter methylation of Nrf2
in vitro in TRAMP C1 mouse prostate cell line and in vivo in TRAMP mice
prostate tumors. This effect was at least in part related to decreased expression and
activity of DNA methyltransferases [130]. Moreover, genome-wide promoter
methylation in normal and cancer prostate cells showed broad and complex effects
on DNA methylation profiles reversing many of the cancer associated methylation
alterations, including aberrantly methylated genes that are dysregulated or are
highly involved in cancer progression [129].

Histone modifications by DIM were found in several studies. Decreased histone
deacetylases (HDACS) protein expression were observed in human colon, breast,
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and prostate cancer cell lines, human colon cancer xenografts in nude mice and in
mouse prostate cells, influencing apoptotic proteins, like p21, p27, and involved in
inflammation COX-2 [46].

I3C and DIM were found to downregulate miR-21 and miRNA-146, respec-
tively, in Panc-1 pancreatic cancer cells, which was related to induction of
chemosensitivity to gemcitabine in these cells [78, 98]. In another study, 13C
reversed the upregulation of miR-21 caused by lung carcinogen—vinyl carbamate
in mice [88]. DIM upregulated miR-21 in breast cancer MCF7 cells resulting in
reduced proliferation [62], and the let-7 family miRNA leading to inhibition of
self-renewal and clonogenic capacity of prostate cancer cells [69, 70].

To sum up, both I3C and its dimer demonstrate pleiotropic effects on cell sig-
naling and subsequently gene expression regulation. Some of these activities are
summarized in Table 6.2.

Table 6.2 Summary of the major biological effects of indole-3-carbinol (I3C) and its
condensation product—3,3’-diindolylmethane (DIM)

Effect” Target molecules 13C DIM

In In In In

vitro |vivo |vitro | vivo
Induction of phase I CYP1A1, CYPIA2, + + +
enzymes CYPI1B1
Induction of phase II GST, NQO + + + +
enzymes
Inhibition of DNA CYPIB1 +
adducts formation
Anti-estrogenic activity ER, AhR + + +
Anti-androgenic activity AR + +
Cell cycle arrest p21, p27, CDK6 + +
Pro-apoptotic Akt, NFkB, GSK3p, JNK + +
Anti-angiogenic activity E-cadherin, o-, B-, and + + +

y-catenins, MMP9

Anti-proliferative activity ERfB/ERa + + +
DNA repair BRCAI, RAD51 + + +
Reversal of MDR P-glycoprotein
Epigenetic modifications DNMTs, HDACs, miRNAs + +
Anti-inflammatory NF«B, COX-2 + + +
activity

AhR aryl hydrocarbon receptor, Akt protein kinase B, AR androgen receptor, BRCA breast cancer
tumor suppressor gene, CDK cyclin-dependent kinase, DNMT DNA methyltransferase,
ER-estrogen receptor, GSK glycogen synthase kinase, GST glutathione-S-transferases, HDAC
histone deacetylases, JNK c-Jun N-terminal kinase, MDR multidrug resistance, MMP matrix
metalloproteinase, NFikB nuclear factor kappa-light-chain-enhancer of activated B cells, NQO
NAD(P)H:quinone oxidoreductases

“References in the text
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6.4 Role of Indole-3-Carbinol in Chronic Diseases

The term “chronic diseases” appear under different names in different contexts.
According to WHO this term suggests the following shared features:

e The chronic disease epidemics take decades to become fully established—they
have their origins at young age;

e Given their long duration, there are many opportunities for prevention;

e They require a long-term and systematic approach to treatment (WHO Report
2015).

In this context, cardiovascular diseases, chronic respiratory diseases, diabetes
along with cancer are mentioned. However, chronic character of cancer is not so
obvious as in the case of the other illnesses. The idea of considering cancer as
chronic disease emerged recently when it was noted that many cancers, while still
very serious could be manageable chronic diseases with ongoing surveillance
and/or treatment. While this vision has not yet become a reality for most forms of
cancer, the past 10-20 years have brought about a marked acceleration in advance
toward this goal. In this regard some types of metastatic breast cancer have become
manageable over the long term, perhaps most famously with tamoxifen, which can
slow or stop malignant cell growth in many women with estrogen-dependent cancer
by blocking hormone receptors on tumor cells. Moreover, a new class of aromatase
(CYP19) inhibitors that target estrogen production was developed, which seem to
provide better results than tamoxifen [127]. I3C can also inhibit the expression of
aromatase as well as CYP isoforms involved in estrogen metabolism. Therefore,
I3C, as well as its condensation product DIM, appear to be a promising agent for
the prevention or recurrence of human tumors, particularly hormone-dependent
cancers. There are also data suggesting that I3C or DIM might also be useful for
prevention or recurrence of cardiovascular diseases, diabetes, or recurrent respira-
tory papillomatosis, as well as obesity.

6.4.1 The Role of I3C in Cancer Controlling

It is almost 40 years after Lee Wattenberg and William Loub [122] for the first time
reported that I3C inhibited chemically induced breast and forestomach neoplasia in
rodents. Since then the antitumor activity of dietary I3C has been widely studied
and the inhibition of the development of other cancer types, including liver [95],
lung [63], and prostate [110] have been demonstrated.

Breast cancer is the most common and the leading cause of cancer mortality
among women worldwide. The preventive efficacy of I3C on mammary carcinoma
first observed in animal models, was confirmed in many mechanistic studies in cell
cultures and was supported by epidemiological studies with cruciferous vegetables
and their extracts or juices [117, 120].
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One of the most important risk factor of breast tumors are estrogens, which are
classified as carcinogenic in humans [58]. These steroid hormones may contribute
to breast cancer development in two ways: (i) acting as promoters by stimulating
cell proliferation, (ii) inducing genotoxicity through the reaction of their active
metabolites with DNA thus acting as tumor initiators.

Experimental studies in vitro in breast epithelial cell lines showed that I3C, DIM,
and cabbage juices induce CYP450 genes CYPIAI, 1A2, 1BI encoding the key
enzymes of estrogen catabolism. The profile of metabolites was in favor to
2-hydroxyestrogens being noncarcinogenic in comparison to estradiol and
4-hydroxy derivatives [80, 114]. This anti-estrogenic activity of I3C could be
explained by the induction of AhR receptor showed in other studies [114].

Moreover, 13C, DIM, and cabbage juices are capable of upregulating phase II
detoxifying enzymes, including GST and NQO in breast cancer cell lines [114,
120]. Upregulation of GSTs and NQO1 by I3C was correlated with increased levels
of Nrf2, in benign MCF7 and aggressive MDA-MB-231 breast cancer cell lines.
Thus, it may be assumed that I3C protects against estrogen-associated carcino-
genesis by removal of the genotoxic metabolites of estrogens.

Simultaneously, I3C and DIM influenced in situ production of estrogens in
breast epithelial MCF7 cancer cells by reducing the expression of aromatase
(CYP19), the enzyme that synthesizes estrogens by converting C19 androgens into
aromatic C18 estrogenic steroids [80]. Several studies have shown that there is an
overexpression of aromatase gene in breast cancer tissue [82]. Interestingly, the
potential of I3C to reduce estrogenic activity in the breast cancer cells was con-
firmed by other mechanisms, particularly via decreasing the AKR1C3 expression
mentioned in the previous section. In the mammary gland where enzyme converts
androstenedione to testosterone—one of the aromatase substrates [92, 101].

Besides the interference with estrogens metabolism pathways, I3C also affects
DNA repair, the cell cycle progression and apoptosis in breast cancer cell lines. In
this regard it was shown that I3C induces BRCA1 expression and that both I3C and
BRCAL inhibited estrogen (E2)-stimulated ERa activity in human breast cancer
cells [44]. BRCALI is DNA repair factor involved in repair of DNA double-strand
breaks. BRCAIgene expression is reduced or completely silenced in a significant
proportion of sporadic breast cancer because of hypermethylation of the gene
promoter [106, 126]. Thus, 13C-induced BRCA1 expression and inhibition of
estrogen-stimulated ERa activity by I3C and BRCA1 showed by some studies
could be one of the antitumor activity of the indole [44].

Several lines of evidence suggest I3C ability to arrest cell cycle in breast cancer
cells. In this regard I3C was reported to inhibit CDK2 activity in breast cancer
MCFT7 cell line [48]. Moreover, both I3C and DIM upregulated CDK inhibitors p21
and p27, although in a very high concentration of 200 pM. Activity of this protein
is especially critical during the G, to S phase transition. Consequently, the ability to
arrest G| phase by I3C was shown [30]. Other studies suggest the p53 phospho-
rylation by I3C leading to release p53 and inducing the p21 CDK inhibition and G,
cell cycle arrest [18, 86]. Importantly, treatment with I3C and tamoxifen ablated
expression of the phosphorylated retinoblastoma protein (Rb), an endogenous
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substrate for the G; CDKs, whereas either agent alone only partially inhibited
endogenous Rb phosphorylation [31]. Several studies showed that I3C and its
derivatives are potent inducers of apoptosis in both ER-positive and ER-negative
breast cancer cells[30-32, 50, 80, 103]. Estrogens, particularly estradiol have been
also implicated as a cofactors in human papillomavirus (HPV)-mediated cervical
cancer, both in animal models and in women using oral contraceptives [72].
Interestingly, it was found that estradiol protects cervical cancer cells treated with
DNA-damaging agents such as UVB, mitomycin-C, and cisplatin, from apoptotic
death. I3C was able to overcome the anti-apoptotic effect of estradiol but only in
higher concentrations. Treatment with I3C resulted in loss of the survival protein
Bcl-2. However, the amount of apoptosis versus survival and the level of Bcl-2
depended on the I3C/estradiol ratio [22]. In HPV 16-transgenic mice, which develop
cervical cancer after chronic estradiol exposure, apoptotic cells were detected in
cervical epitheliumonly in mice exposed to estradiol and fed on I3C [20].

Experiments in which cervical cancer HeLa and SiHa cell lines were used,
demonstrated that DIM also exerts antitumor effects on these cells through its
anti-proliferative and pro-apoptotic roles, especially for SiHa cells. The molecular
mechanism for these effects may be related to its regulatory effects on MAPK and
PI3K pathway and apoptosis proteins. Thus, DIM may be considered a preventive
and therapeutic agent against cervical cancer [135]. The ability of inhibiting
spontaneous occurrence of endometrial adenocarcinoma and preneoplastic lesions
by I3C was also demonstrated in female Donryu rats. It was suggested that this
effect was due to induction by I3C estradiol 2-hydroxylation [68]. On the other
hand, promotion of endometrial adenocarcinoma in same strains of rats initiated
with N-ethyl-N’-nitro-N-nitrosoguanidine by I3C was described [133]. DIM was
also found to have a potent cytostatic effect in cultured human Ishikawa endome-
trial cancer cells. This effect was related to the stimulation of TGF-a expression and
activation of TGF-a signal transduction pathway [75].

Another hormone-dependent cancer, which might be affected by I3C, is prostate
cancer, one the most prevalent malignancy in men worldwide and the second
leading cause of male death in Western countries [16]. Androgens play a critical
role in prostate cancer cells growth and survival. Androgens bind to the androgen
receptor (AR), a steroid nuclear receptor, which is translocated into the nucleus and
binds to AREs in the promoter regions of target genes to induce cell proliferation
and apoptosis. Approximately 80-90 % of prostate cancers are dependent on
androgen at initial diagnosis, and endocrine therapy of prostate cancer is directed
toward the reduction of plasma androgens and inhibition of AR [37, 54]. It was
demonstrated that both I3C and DIM are able to downregulate AR signaling [74],
but only DIM was shown to be a strong antagonist of AR and inhibitor of its
translocation to the nucleus [30, 74].

Similarly as in the case of breast cancer cells, I3C and its derivatives also affect
cell cycle progression and induce apoptosis. In this regard, cell cycle arrest at G,
checkpoint in different human prostate carcinoma cell lines by I3C and DIM was
described [2]. In LNCaP prostate cancer cells I3C selectively inhibited the
expression of CDK6 protein and transcripts and stimulated the production of the
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pl6 CDK inhibitor. In vitro protein kinase assays revealed inhibition by I3C CDK2
enzymatic activity and the relatively minor downregulation of CDK4 enzymatic
activity [134].

In PC-3 cell line induction of G; cell cycle arrest by I3C due to the upregulation
of p21(WAF1) and p27(Kipl) CDK inhibitors, followed by their association with
cyclin D1 and E and downregulation of CDK6 protein kinase levels and activity
was suggested. In addition, I3C inhibited the hyperphosphorylation of the
retinoblastoma (Rb) protein in PC-3 cells. Induction of apoptosis was also observed
in this cell line when treated with I3C. Thus, it was suggested that I3C inhibits the
growth of PC-3 prostate cancer cells by inducing G, cell cycle arrest leading to
apoptosis, and regulates the expression of apoptosis-related genes [23]. Further
studies showed that I3C-induced apoptosis is partly mediated by the inhibition of
Akt activation, resulting in the alterations in the downstream regulatory molecules
of Akt activation in PC-3 cells [24]. In the case of DIM an inhibition of a crosstalk
between Akt and NF-xB [12], leading to cell cycle arrest and induction of apoptosis
was also described. DIM significantly decreased cellular histone deacetylase
HDAC?2 protein level in androgen sensitive LNCaP and androgen insensitive PC-3
cell lines [10]. In all these studies a formulated DIM (BR-DIM) with higher
bioavailability was used and was able to induce apoptosis and inhibit cell growth,
angiogenesis, and invasion of prostate cancer cells [21].

The potential protective activity of I3C and DIM against prostate cancer was
confirmed by microarray analysis, which showed the modulation of the expression
of many genes related to the control of carcinogenesis and cell survival as effect of
indoles treatment of PC-3 cells [76]. It was also demonstrated by several groups that
I3C and DIM may improve the therapeutic effect of conventional chemotherapy of
prostate cancer [44, 71].

Besides the hormone-dependent cancers, both indoles can affect the develop-
ment of some other cancers. In this regard, it was shown that I3C and DIM induced
apoptosis in colorectal cancer cell lines [13, 67, 84]. Interestingly, an effective
inhibition of Akt and inactivation of mTOR was observed as a result of combined
treatment with I3C and genisteinin HT29 colon cancer cells, leading to induction of
apoptosis and autophagy [93].

Anti-carcinogenic activity of I3C was demonstrated in carcinogen-induced lung
cancer in mice [63, 64]. Anti-proliferative effects of I3C and DIM in human
bronchial epithelial cells (HBEC) and A549 adenocarcinomic human alveolar basal
epithelial cells related to marked reductions in the activation of Akt, extracellular
signal-regulated kinase and NF-xB were also described [65].

Moreover, upregulation of several miRNAs induced by chemical carcinogen was
reversed by I3C in mice and rats lung tumors [46, 59].

The signal transducer and activator of transcription 3 (STAT3) is a latent tran-
scription factor required in proliferation and differentiation. The constitutive acti-
vation of STAT3 in human pancreatic carcinoma specimens but not in normal
tissues was shown. Activation of STAT3 was also found in pancreatic tumor cell
lines and was inhibited by I3C although in relatively high concentration (10 pM)
along with induction of apoptosis [79]. Apoptosis in pancreatic cancer cells was
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also induced by DIM as a result of endoplasmic reticulum stress-dependent
upregulation of death receptor 5 [1]. More recent studies showed downregulation of
miRNA-21 and miRNA-221 as a result of I3C or DIM treatment of pancreatic
cancer cells. As upregulation of these miRNAs is characteristic for more aggressive
pancreas cancer, it was suggested that combination of I3C or DIM with conven-
tional chemotherapeutics may increase the chemosensitivity to certain drugs in
resistant pancreatic cancer cells [98, 111].

There are also reports showing the anti-proliferative effect, G1 cell cycle and
induction of apoptosis in thyroid cancer cells by I3C and DIM [116]. However,
earlier reports indicated the enhancement of thyroid gland neoplastic development
by I3C in rat medium-term multi-organ carcinogenesis model [66]. UVB-induced
mouse skin tumors were reduced in mice fed on I3C [29].

Importantly it was also shown that I3C may overcome multiple drug resistance
by downregulation of MDR1-expression in murine melanoma cells and leukemia
cells [7, 8, 28].

These observations further support the possible application of I3C or DIM as
potential adjuvant therapeutics in conventional chemotherapy of several cancers.

Finally, it must be pointed out that although I3C was shown to have
anti-carcinogenic activity in various animal models, at the same time animals
studies have also shown a tumor-promoting activity, when animals were exposed to
I3C after exposure to carcinogens [131, 133]. This aspect has to be clarified in
long-term studies.

6.4.2 Cardiovascular Diseases

Cardiovascular diseases still remain the primary cause of death worldwide. One of
the proposed approaches to reduce the high global incidence is the consumption of
vegetables and fruits containing biologically active components or phytochemical
supplements. Although the most attention was paid to resveratrol, components of
cruciferous vegetables, particularly Brassica oleracea, were also considered a
potential dietary phytochemicals reducing risk of CVDs [97].

In this regard hypocholesterolemic properties of I3C were reported in mice
provided with cholesterol-supplemented diet to which I3C were added. Since
in vitro experiments revealed that I3C and its condensation products effectively
inhibited the enzyme acyl-CoA:cholesterol acyltransferase (ACAT), which is
responsible for the conversion of free cholesterol to the cholesteryl ester, the
hypocholesterolemic effect of I3C in mice was likely mediated by the inhibition of
ACAT [42]. Such mechanism was further confirmed in HepG2 cells. As a result of
treatment with I3C the decreased cholesteryl ester synthesis was associated with
significantly decreased ACAT gene expression and activity [85].

Moreover, antiplatelet and antithrombotic activity of I3C was shown in in vitro
and in vivo studies. I3C significantly inhibited collagen-induced platelet aggrega-
tion in human platelet-rich plasma and suppressed the death of mice with
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pulmonary thrombosis induced by intravenous injection of collagen and epi-
nephrine [99].

The protective activity of I3C in heart failure and vascular proliferative disease
was also reported. In this regard, it was shown that I3C can suppress the prolif-
eration of cultured vascular smooth muscle cells and neointima formation in a
carotid injury model via the Akt/GSK3[ pathway [51]. Vascular smooth muscle
cells are the principal cell types involved in the pathogenesis of atheriosclerosis and
restenosis after percutaneous coronary intervention [43]. Thus, it was suggested that
I3C may be a part of new therapeutic strategy for vascular proliferative diseases as
well as heart failure. The latter suggestion was supported by the results of the
studies using aortic banding (AB) mouse model, which showed that I3C prevented
and reversed cardiac remodeling induced by AB. This effect was mediated by
AMPK-a and extracelular signal-regulated kinases 1/2 (ERK1/2) [36].
Since AMPK acts as important energy sensor, attenuation of cardiac remodeling in
mice was associated with improved myocardial energy metabolism [36].

6.4.3 Obesity and Diabetes

Chronic inflammatory disease initiated in adipose tissue might lead to
obesity-related insulin resistance and may contribute to an increased risk of diabetes
[132]. It might be assumed that anti-inflammatory phytochemicals may protect
against both diseases. Thus, I3C was also proposed as a potential preventive agent
against obesity and metabolic disorders. In this regard, I3C treatment in
diet-induced obesity (DIO) mice model decreased body weight and fat accumula-
tion and infiltrated macrophages in epididymal adipose tissue. These effects were
associated with improved glucose tolerance and with modulated expression of
adipokines and lipogenic-associated gene products, including acetyl coenzyme A
carboxylase and peroxisome proliferator-activated receptor-y (PPARYy) [19]. The
reduced level of inflammatory biomarkers was also confirmed in co-culture of
adipocytes with macrophages treated with I13C [19].

I3C was also capable to normalize tissue expression of genes related to ther-
mogenesis upregulated by high-fat diet, namely uncoupling proteins 1 and 3,
PPARa, PPARY coactivator lo [26]. The observed improvement of adipogenesis
by I3C could be due to activation of sirtuine SIRT1 [27]. These findings suggest
that I3C has a potential benefit in preventing obesity and metabolic disorders, and
the action for I3C in vivo may involve multiple mechanisms including decreased
adipogenesis and inflammation, along with activated thermogenesis.

Little is known about the possible modulation of different types of diabetes by
I3C. Nevertheless, in recent studies with the genetically modified mice (C57BL/6J]
mice) that closely simulated the metabolic abnormalities of the human disease after
the administration of high-fat diet, both I3C and DIM showed a positive modulation
of glucose, insulin, hemoglobin and glycated hemoglobin levels. In the same time a
decreased levels of different mediators of oxidative stress were noticed, including
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thiobarbituric acid reactive substances (TBARS), lipid hydroperoxides (LOOH) and
conjugated dienes. Simultaneously, in this diabetic mouse model increased levels of
antioxidant enzymes and small molecules (SOD, CAT, GPx, vitamin C, vitamin E,
GSH) were demonstrated. Interestingly, the antioxidant action was comparable to
that of metformin, a standard drug in diabetes 2 treatment [60].

6.5 Biological Activities of Indole-3-Carbinol in Animal
Models

Animal models played a crucial role in discovering the cancer chemopreventive
activity of cruciferous plants. Initially rodent chemical carcinogenesis models were
used to assess anti-carcinogenic activity of minor dietary components, including
I3C. Currently genetically modified animals, mentioned in the previous sections,
allow to assess detailed mechanisms of their biological activity.

In the very first experiments of Wattenberg and his co-workers, benzo[a]pyrene
induced model of lung and forestomach cancer in mice and dimethylbenz[a]an-
thracene induced breast neoplasia in rats were used. In these models I3C when
given prior to carcinogen inhibited the formation of tumors [122]. This effect was
linked to modulation of phase I enzymatic systems, namely cytochrome P450
dependent monooxygenases, involved in carcinogens activation [123, 124]. Later,
several studies using animals carcinogenesis model of liver, colon, and tongue
confirmed the anti-initiating activity of I3C. However, these studies have also
provided evidence for promotional activity of I3C. For example, whereas 13C
pretreatment and co-treatment with liver carcinogen aflatoxin B, (AFB,) strongly
inhibited AFB initiated hepatocarcinogenesis, posttreatment with I3C was strongly
promotional [35].

The modulation of cytochromes P450 is also linked with potential protection
against breast cancer. On the other hand, the same mechanism is probably
responsible for uterine-induced cancer via upregulation of CYP1B1 and increased
precancerous 4-hydroxyestrogen concentration [133]. The increase of carcinogenic
4-hydroxyestrogen following oral administration of I3C were documented also by
the other studies [56]; reviewed in [15]. These observations led to conclusion that
DIM showing higher bioavailability and reducing 4-hydroxyestrogen production
should be recommended as an alternative to I3C in potential chemopreventive
supplementation [15]. More recent studies have confirmed this suggestion that DIM
was more effective in prevention prostate cancer in the transgenic adenocarcinoma
mouse prostate (TRAMP) mice model then I3C [25].

Nevertheless, the more recent studies using “traditional” mouse models or
transgenic animals documented that I3C has been responsible for a decrease of
incidences of carcinogen-induced lung cancer [64, 88, 102], cervical cancer in HPV
gene transgenic mice [61], and UV-induced skin cancer [29].
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Moreover, it was shown that in rats bearing the 13762 mammary carcinoma,
addition of I3C to the diet for 6 days prior to antitumor drug ET-743 (trabectidin)
administration almost completely abolished manifestations of hepatotoxicity [41].
These observation further supports the concept that I3C or DIM protecting against
specific cancer may be used in adjuvant therapy to overcome side-effects of con-
ventional therapy.

Specific rodent models like mouse carotid artery injury were developed and used
to assess I3C or DIM protection against cardiovascular diseases, obesity, or dia-
betes. As it was described in previous section, generally the results of these studies
suggest that I3C has a potential benefit in preventing obesity and metabolic dis-
orders, and the action of I3C in vivo may involve multiple mechanisms including
decreased adipogenesis and inflammation, along with activated thermogenesis.

6.6 Biological Activities of Indole-3-Carbinol in Humans

Promising results of the most studies obtained in human cancer cell lines and in
animal models prompted the clinical trials dietary intervention studies to evaluate
the effect of I3C or DIM in risk group of patients or/and volunteers. A major focus
of these trials has been on modulation of hormones metabolism. The urinary
estrogen metabolite ratio of 2-hydroxyesterone to 16a-hydroxyestrone was used in
most of the trials as the surrogate endpoint biomarker.

The validity of this endpoint biomarker was confirmed in the early randomized
clinical trials [14] in which 20 healthy subjects received 400 mg/day of I3C for
3 months. In most of the enrolled subjects I3C increased the 2-hydroxyestrone to
estriol (a precursor of 16a-hydroxyestrone) ratio in sustained manner without
detectible side-effects, although some individuals were resistant to such change. In
another trial women at increased risk for breast cancer were administered with
different doses (range 50-400 mg/day) of I3C for 4 weeks. The results of this study
suggested that the minimum effective dose schedule of 300 mg/day is optimal for
breast cancer prevention, although should be confirmed by long-term breast cancer
prevention trial [128].

In subsequent studies by Bradlow group [91] urine samples were collected from
healthy subjects before and after oral ingestion of 6—7 mg/kg per day for 1 week (7
men) or 2 months (10 women). Analysis of 13 estrogen profiles supported the
hypothesis that I3C induces estrogen 2-hydroxylation resulting in decreased con-
centrations of metabolites known to activate the estrogen receptor and suggested
that I3C may have chemopreventive activity against breast cancer in humans. Later,
phase I trial with women with a high-risk breast cancer were enrolled, subjects
ingested 400 mg I3C daily for 4 weeks followed by a 4 week period of 800 mg I3C
daily [105]. The maximal ratio increase of the urinary 2-hydroxyestrone to
160-hydroxyestrone was observed with the 400 mg daily dose of I3C, with no
further increase found at 800 mg daily. Beside confirmation of the optimal dose of
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I3C, these studies showed the induction of CYP1A2 which was mirrored by
increase of 2-hydroxyestrone to 16a-hydroxyestrone ratio, and GST.

Cumulative evidence on conversion of I3C to DIM in cell culture, peritoneal and
oral use as well as substantial direct activity seen with DIM led to conclusion that
there is no longer the case for considering I3C to be directly active, and rather DIM
should be considered as a chemopreventive compound of choice [15]. A pilot study
on the effect of BR-DIM on urinary hormone metabolites in postmenopausal
women with a history of early-stage breast cancer showed a significant increase in
levels of 2-hydroxyestrone as result of treatment with only 108 mg DIM/day for
30 days, however, nonsignificant increase (1.46-2.14) of 2-hydroxyestrone to 160 -
hydroxyestrone was noted [33]. In another study cohorts of 3-6 patients
castrate-resistant, non-metastatic prostate cancer received escalating oral doses
twice daily of BR-DIM 75 mg, then 150, 225, and 300 mg. Based on the results of
this trial 225 mg BR-DIM dose twice daily was recommended for phase II trial.
However, modest efficacy of DIM was demonstrated [53].

Cervical intraepithelial neoplasia (CIN) is a precancerous lesion of cervix. When
patients with biopsy proven CIN grade II or III were treated orally with 200, or
400 mg/day of I3C for 12 weeks 50 % of them had complete regression based on
their 12-week biopsy. Moreover, 2-hydroxyestrone to 16a-hydroxyestrone ratio
have changed in a dose-dependent manner [11]. The significant improvement in
confirmed CIN I or II grade was also observed as a result of oral treatment with
2 mg/kg/day of DIM for 12 weeks. Moreover, at median follow-up of 6 months
there was no statistically significant difference in any of the measured outcome
between the DIM and placebo group [40].

Since the incidence of thyroid cancer is 4-5 times higher in women than in men,
estrogens were suggested to contribute the pathogenesis of thyroid proliferative
disease (TPD). In limited (7 patients) phase I clinical trial patients with TPD were
administered with 300 mg of DIM per day for 14 days. DIM was detectable in
thyroid tissue, and the ratio of 2-hydroxyestrone to 16o-hydroxyestrone was
increased. These results suggested that DIM can manifest the anti-estrogenic
activity in situ to modulate TPD [104].

Although major focus of cancer prevention clinical trials of I3C or DIM has been
concentrated on chemoprevention of hormone-dependent cancers, there were also
clinical trials performed in order to evaluate indoles effect on pulmonary cancers. In
this regard in phase I clinical trial patients with recurrent respiratory papillomatosis
(RRP) were treated orally with I3C and had minimum follow-up of 8 months.
Thirty-three percent of the study patients had a cession of their papilloma growth
and had not required surgery since the start of the study [107]. Subsequent
long-term clinical trial performed by the same research group confirmed the pre-
liminary observation indicating that I3C may be a treatment option for RRP [108].
The case of successful use of intralesional and intravenous cidofovir in association
with I3C in 8-year-old girl with pulmonary papillomatosis was also reported [38].

As it was mentioned in the previous sections of this chapter, recently a large
amount of evidence has demonstrated that epigenetic alterations, such as DNA
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methylation, histone modifications, and non-coding miRNAs consistently con-
tribute to carcinogenesis, and constituents in the diet, including dietary glucosi-
nolate derivatives, have the potential to alter a number of these epigenetic events
[46]. Different studies on cancer also have shown that miRNAs interact with genes
in many different cellular pathways, displaying a differential gene expression profile
between normal and tumor tissues and between tumor types [17]. Interestingly,
interventions including BR-DIM in prostate cancer patients prior to radical
prostatectomy showed re-expression of miR-34a, which was consistent with
decreased expression of androgen receptor, prostate specific antigen (PSA), and
Notch-1 in tissue specimens [70]. These results suggest that BR-DIM could be
useful for the inactivation of androgen receptor, critically important during the
development and progression of prostate cancer and thus its treatment.

Thus far, seven clinical studies have been registered using I3C and twelve using
DIM (www.clinicaltrials.gov; accessed Dec 26, 2015). Four studies registered for
I3C treatment have been completed for patients with prostate and breast cancers and
one dietary intervention for healthy participants targeting unspecified adult solid
tumors. One trial aiming at I3C effects on estrogen metabolism in obese volunteers
had to be terminated because of slow accrual in the high BMI group. Among twelve
studies registered for DIM, six have been completed for patients with prostate,
breast, and cervical cancers as well as healthy volunteers. Trial aiming at new
therapy of laryngeal papilloma in children was terminated because of lack of suf-
ficient enrollment. Although the results of these trials have not been published yet,
they assure the further extensive prospective studies on chemopreventive and/or
chemotherapeutic potential of I3C and its condensation product.

6.7 Summary and Conclusions

It is well known that in populations which consume higher amounts of cruciferous
vegetables lower incidence rate of cancer occurs or improved biochemical
parameters, such as decreased oxidative stress are noticed [46, 117, 118, 121].
These effects are in part due to the biological activity of I3C and its condensation
products, particularly DIM.

A wide range of cellular pathways are regulated by both indoles. Thus, many
additional targets for indoles could be identified in the future using in vitro cell
cultures and in vivo transgenic animal models and explain a unique
anti-inflammatory and endocrine modulating activity of I3C. Although most of
current data support the role of I3C and DIM in prevention of hormone-dependent
cancers, it seems that their application in prevention of the other cancer as well as
cardiovascular diseases, obesity, and diabetes reduction is also possible.

Experimental in vitro and in vivo studies and clinical trials performed so far,
showed that I3C is a rather safe dietary supplement. However, since the long-term
effects of I3C supplementation in humans are still not clear and due to some
contradictory effects of I3C in animal models, the general use of I3C and DIM
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supplements should be restricted until potential risks and benefits are better char-
acterized. Taking into consideration higher activity of DIM, particularly in BR
form, in comparison with I3C in term of potency and time required to obtain
the effect, this I3C dimer might be a better alternative as chemopreventive sup-
plement. Important aspect of possible clinical application of both indoles is their
drug and radio-sensitization. Emerging new technologies allowing deeper inside in
the mechanism of these glucosinolate derivatives activity should help to better
explore this aspect.
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Chapter 7
Sanguinarine and Its Role in Chronic
Diseases

Pritha Basu and Gopinatha Suresh Kumar

Abstract The use of natural products derived from plants as medicines precedes
even the recorded human history. In the past few years there were renewed interests
in developing natural compounds and understanding their target specificity for drug
development for many devastating human diseases. This has been possible due to
remarkable advancements in the development of sensitive chemistry and biology
tools. Sanguinarine is a benzophenanthridine alkaloid derived from rhizomes of the
plant species Sanguinaria canadensis. The alkaloid can exist in the cationic imi-
nium and neutral alkanolamine forms. Sanguinarine is an excellent DNA and RNA
intercalator where only the iminium ion binds. Both forms of the alkaloid, however,
shows binding to functional proteins like serum albumins, lysozyme and hemo-
globin. The molecule is endowed with remarkable biological activities and large
number of studies on its various activities has been published potentiating its
development as a therapeutic agent particularly for chronic human diseases like
cancer, asthma, etc. In this article, we review the properties of this natural alkaloid,
and its diverse medicinal applications in relation to how it modulates cell death
signaling pathways and induce apoptosis through different ways, its utility as a
therapeutic agent for chronic diseases and its biological effects in animal and human
models. These data may be useful to understand the therapeutic potential of this
important and highly abundant alkaloid that may aid in the development of
sanguinarine-based therapeutic agents with high efficacy and specificity.
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Fig. 7.1 Molecular structure
of sanguinarine

7.1 Introduction

Sanguinarine[13-methyl[1,3]benzodioxolo[5,6-c]-1,3-dioxolo[4,5-i]phenanthridinium]
(Fig. 7.1) is the well-known member of the relatively small group of quaternary benzo
[cIphenanthridine [QBA] alkaloids. Sanguinaria canadensis, also known as bloodroot,
is a perennial herbaceous flowering plant of the papaveriaceae family. Bloodroot pro-
duces primarily the toxic alkaloid sanguinarine that is largely stored in the rhizome of
the plant. From a medicinal perspective, QBAs in general and sanguinarine in particular,
have many important properties. They display antimicrobial, antifungal and
anti-inflammatory effects in addition to their putative anticancer activity that is widely
studied. The molecular action of sanguinarine in expressing its biological activity has
been a subject of intense debate; it has been shown to interact with many targets, like
nucleic acids, proteins and microtubules, and modify the activities of a wide variety of
enzymes. This review summarizes the current state of knowledge on the properties
of sanguinarine that are important for their potential use in chronic diseases.

7.2 Physicochemical Properties of Sanguinarine

Sanguinarine occurs either as chloride or sulfate crystalline salts and both are
orange-red colored. It is sparingly soluble in aqueous conditions but highly soluble
in many organic solvents. Some of the physical properties of sanguinarine are
summarized in Table 7.1.

One of the remarkable properties of sanguinarine and other QBAs is their ability
to exhibit a pH dependent structural equilibrium between the quaternary iminium
form and the 6-hydroxydihydro derivative or the alkanolamine form (Scheme 7.1).
The reversible, pH dependent equilibrium between the charged iminium (SGI) and
the neutral alkanolamine (SGA) forms in aqueous solution may be represented as
follows [76]

SG* +0OH™ < SGOH
The acid-base structural equilibrium of sanguinarine was characterized first by

Maiti and colleagues primarily by spectroscopy techniques [56] and confirmed
subsequently by others, and was characterized by a pKa value around 8.06 [1, 33,
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Table 7.1 Physiochemical properties of sanguinarine

Empirical formula

CaoH1404N*

Chemical name

13-Methyl-[1,3]-benzodioxolol[5,6-c]-
1,3-dioxolo[4,5-i]phenanthridin-13-ium

Molecular weight (ion)

332.33

Polar surface area

40.8 R

Crystal color

Orange-red

Solubility

Water: slightly soluble <0.3 mg mL™"

Melting point (°C)

278-279 °C

Optical rotation [a]p (solvent)

0 °C (H,O)

Peak position of absorption spectrum (nm)
(In aqueous buffer of pH 6.0)

273, 327, 400, and 470 nm

Molar absorption coefficient (&) (M71 cm 1)

30,700 at 327 nm

Peak position in fluorescence spectrum

Strong, at 570 nm

(nm) (In aqueous buffer of pH 6.0)

8.06
19.4 mg kg 1 of body weight

OO0

pKa

1C5¢ or LDsq value (in mice)

L
x (0]

® ——
— N H+ O
0 "'CH; pKa=8.06 O “CHy
-0 \-0 OH
Iminium (SGl) Alkanolamine (SGA)

Scheme 7.1 pH dependent structural changes of SGI and SGA forms

36, 39, 42]. These two forms have characteristic absorbance and fluorescence
spectra which are presented in Fig. 7.2a, b. Thus, in aqueous solution at physio-
logical pH both forms of the alkaloid are present. The SGI is unsaturated and
planar; the SGA has a tilted structure and is essentially nonplanar. The aqueous
solubility of the SGI is much higher than that of the SGA. The latter (SGA) form
can penetrate the cell membrane increasing its cellular availability. Inside the cell it
may be converted partially to the SGI form influenced by pH and other factors. Due
to the conjugated aromatic nature of its chromophore sanguinarine has strong
spectral bands in the UV-vis region and also exhibits intense fluorescence
(Fig. 7.2b). The molecule is, therefore, sensitive to light and can cause adverse
phototoxic reactions in the presence of light. The SGA form is known to undergo
photo oxidation at the C6 carbon atom to oxysanguinarine in alkaline solutions
(Scheme 7.2) [75]. The photo oxidation of sanguinarine was found to be acceler-
ated in the presence of Rose Bengal suggesting the role of singlet molecular oxygen
in the reaction mechanism [28].
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Fig. 7.2 Characteristic (a) 0.3
absorption (panel A) and
fluorescence (panel B) spectra
of SGI and SGA forms
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The toxicity of sanguinarine has been suggested to be due to its DNA interca-
lation, inhibition of ion pumps and several thiol dependent proteins, and interaction
with cyto skeletal components [24, 86]. Sanguinarine can kill animal cells through a
variety of mechanisms. Epidemic dropsy is a form of edema of extremities that
results from ingesting argemone oil that contains sanguinarine [73]. Application of
sanguinarine to skin may result in tissue damage because of escharotic effect.
Phototoxic effect of sanguinarine against mosquito larvae has also been reported
[67]. Production of singlet oxygen by sanguinarine is known [6, 54]. Phototoxic
action of sanguinarine has also been suggested to be due to the production of H,O,
[6, 78]. Reactive oxygen species (ROS) such as superoxide anions (O, ) or
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Scheme 7.2 Generation of oxysanguinarine from SGA form in the presence of oxygen by
photochemical process. Reprinted from Suresh Kumar et al. 1997 [75] with permission. Copyright
Elsevier Science S. A

hydrogen peroxide (H,O,) have also been found to be generated in
sanguinarine-treated cells [12, 21, 37, 59]. Recent studies have also suggested that
sanguinarine inhibited the growth cancer cells and induced their apoptosis through
the generation of free radicals [29, 30].

Sanguinarine binds to DNA and RNA in vitro and forms strong intercalation
complexes [15, 33, 34, 36, 57, 61, 71, 76]. It has also been proposed that the SGI
form intercalates to DNA and RNA. The SGA form does not bind to DNA or RNA
but in the presence of large concentration of DNA or RNA the SGA form gets
converted to SGI resulting in the binding of the latter [33, 36, 55]. The crystal
structure of sanguinarine-DNA oligomer complex has been solved recently [25]
(Fig. 7.3) confirming the intercalation model first proposed by Maiti’s group [57].
Interestingly both SGI and SGA forms bind to functional proteins like serum
albumins, hemoglobin and lysozyme [31, 33, 35, 36, 40]. Kundu and coworkers
showed that sanguinarine binds with core histones and induces chromatin aggre-
gation and inhibits important chromatin modifications like acetylation and methy-
lation [70].
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Fig. 7.3 Sanguinarine molecule intercalated at the interface of two “two molecules” DNA units.
DNA chains color scheme: A = orange, B = yellow, C = green, D = blue. Reprinted from [25]
with permission. Copyright The Royal Society of Chemistry 2011

7.3 Modulation of Cell Signaling Pathways
by Sanguinarine

Sanguinarine has been reported to induce cell cycle arrest and apoptosis in distinct
cancer cells [3, 4, 20, 32, 45, 72, 85]. It modulates multiple signaling pathways
causing inhibition of the initiation of cancer, inducing cell cycle arrest, apoptosis,
and inhibiting metastasis and angiogenesis in a variety of cancer cells [9, 82]
(Fig. 7.4).

One of the first systematic study showing the anticancer effect of sanguinarine
was that of Ahmad et al. [4] who showed that sanguinarine treatment resulted in an
apoptotic death of human epidermoid carcinoma A431 carcinoma cells and the loss
of viability that occurred at much less losses in comparison to normal human
epidermal keratinocytes (NHEKs). The DNA cell cycle analysis revealed that
sanguinarine treatment did not significantly affect the distribution of cells among
the different phases of the cell cycle in A431 cells. It was suggested that the
involvement of the NFxB pathway may be a mechanism of sanguinarine-mediated
apoptosis [4]. A study by Ding et al. [20] reported that sanguinarine-induced
concentration dependent apoptosis with caspase-3 activation and BCD/oncosis
without caspase-3 activation suggesting two cell death mechanisms. This suggests
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Fig. 7.4 Schematic diagram showing the multiple cell signaling pathway of action of
sanguinarine in modulating anticancer activity

the effectiveness of sanguinarine against multidrug resistance being a major
obstacle in chemotherapy [20].

Sanguinarine treatment of HaCaT cells was found to inhibit in a dose-dependent
manner the cell proliferation and induce apoptosis; significant cleavage of poly
(ADP-ribose) polymerase occurred in HaCaT cells. A dose-dependent increase in
the level of Bax with a concomitant decrease in Bcl-2 levels and increase in
Bax/Bcl-2 ratio was found. A significant increase in the pro-apoptotic members of
Bcl-2 family proteins, i.e., B, and B;y was also observed. This was accompanied
by increase in (a) protein expression of cytochrome c¢ and apoptotic
protease-activating factor-1 and (b) activity and protein expression of caspase-3,
caspase-7, caspase-8, and caspase-9. These results showed the involvement of
mitochondrial pathway and Bcl-2 family proteins in sanguinarine-mediated apop-
tosis of immortalized keratiocytes signifying its use in hyper proliferative skin
disorders, including skin cancer [2]. Subsequently, the authors showed that san-
guinarine imparts anti proliferative effects against androgen-responsive (LNCaP)
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and androgen-unresponsive (DU145) human prostate cancer cells and that this
effect was mediated through deregulation of cell cycle and induction of apoptosis.
The involvement of cyclin kinase inhibitors (cki) and cyclin-dependent kinases
(cdk), i.e., the cki—cyclin—cdk machinery, during cell cycle arrest and apoptosis of
prostate cancer cells by sanguinarine has been suggested [3].

Sanguinarine was found not increase Bax levels in K1735-M2 melanoma cells.
A similar result was obtained in human CEM T-leukemia cells [43]. The interesting
result was that the absence of Bax over-expression occurred with an increase of p53
protein. Matkar et al. [59] demonstrated that sanguinarine-induced death in human
colon cancer cells was p53-independent, although DNA damage was detected in
K1735-M2 cells. The results suggested that mitochondrial depolarization induced
by sanguinarine is associated with nuclear DNA damage, although it may not
exclusively result from pathways activated by the latter event [72].

In vascular smooth muscle cells significant growth inhibition was induced by
sanguinarine as a result of Gl-phase cell cycle arrest mediated by induction of
p27KIP1 expression, and resulted in a down-regulation of the expression of cyclins
and cdks. Moreover, sanguinarine-induced inhibition of cell growth appeared to be
linked to activation of Ras/ERK through p27KIP1-mediated G1-phase cell cycle
arrest. Overall, the unexpected effects of sanguinarine treatment in VSMC provided
a theoretical basis for clinical use of therapeutic agents in the treatment of
atherosclerosis [49].

Some researches ascribe the pro-apoptotic properties of sanguinarine to pro-
duction of ROS [29, 30, 43] while others have demonstrated that the effects of
sanguinarine are not accompanied by ROS production [19, 60, 81]. Kim et al. [46]
reported that the mechanism of sanguinarine-induced apoptosis in human breast
cancer MDA-231 cells was due to the generation of ROS. Its ability to directly
interact with glutathione (GSH) was thought to lead to depletion of cellular GSH
and induction of ROS generation [12, 19, 38, 46]. It was found that the quenching
of ROS generation by N-acetyl-L-cysteine (NAC), a scavenger of ROS, reversed
sanguinarine-induced apoptosis effects. It was also found that sanguinarine-induced
rat hepatic stellate T6 cells (HSC-T6 cells) apoptosis was correlated with the
generation of increased ROS, leading to decrease in the mitochondrial membrane
potential (MMP) and the down-regulation of anti-apoptotic protein Bcl-2 [88].

Sanguinarine is a selective inhibitor of mitogen-activated protein kinase phos-
phatase 1 (MKP-1), which is over expressed in many tumor cells [79]. The dis-
ruption of microtubule assembly dynamics [51], the nucleocytoplasmic trafficking
of cyclin D1 and Topisomerase II [32] and the induction of DNA damage [18]
allosteric activator of AMP-activated protein kinase [14] also contributed, at least in
part to the anticancer effects of sanguinarine [52].

Sanguinarine induces a rapid caspase-dependent cell death in human melanoma
cells; partially involving endoplasmic reticulum and mitochondria mediated
responses. This cell death is dependent on the generation of reactive oxygen spe-
cies, and is not prevented by Bcl-XL over expression. The fact that sanguinarine
induces a very rapid cell death with apoptotic features in melanoma cells, together
with the lack of inhibition by over expressing Bcl-XL, highlight the potent
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anti-melanoma activity of this isoquinoline alkaloid and suggest its potential in the
treatment of skin cancer [9]. Recently Singh et al. [74] identified a number of
differentially expressed proteins which are important in the signaling pathways
modulated by sanguinarine in its action against pancreatic cancer.

7.4 Role of Sanguinarine in Chronic Diseases

Chronic diseases, like heart disease, COPD, stroke, cancer, respiratory diseases like
asthma and metabolic diseases like diabetes are the leading cause of human mor-
tality. Many natural products in general and sanguinarine in particular possess
potent activities that have been useful in the treatment of these chronic ailments,
and these have also been documented in many studies. Anti proliferative activities
have been demonstrated in cells derived from various human carcinomas as
reviewed in the previous section. Various mechanisms by which sanguinarine
induce apoptosis in cancer cells through various pathways have been described. The
therapeutic potential of sanguinarine in cardiovascular disease related to platelet
aggregation has been reported by Jeng et al. [41, 53]. Sanguinarine has promising
antihypertensive and potent antiplatelet effects; it interferes with renin-angiotensin
system and possibly other blood pressure regulating pathways, and also induces
calcium mobilization, thromboxane and cAMP production (Scheme 7.3). Many
studies on in vitro models are reported to this effect and a recent review summarizes
the antihypertensive activity and cardiovascular properties, including hypotensive,
antiplatelet, and positive inotropic effects of sanguinarine [53]. Computational
bioinformatics analysis has identified sanguinarine as a potential candidate drugs
for the treatment of type 2 diabetes [83] but clinical studies are not yet available on
this aspect.

Cardiovascular Diseases Hypertension

NS

Asthma —~egf——o Sanguinarine ) ———pm Cancer

Type 2 Diabetes Blood Pressure

Scheme 7.3 Schematic diagram showing the role of sanguinarine in different chronic diseases
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7.5 Biological Activities of Sanguinarine in Animal Models

In the previous sections, we reviewed the effect of sanguinarine in exerting cyto-
toxic effects or inhibiting cell proliferation in several normal and cancer cell lines,
including human gingival fibroblasts [58], rat hepatocytes [16], human promyelo-
cytic leukemia HL-60 cells [80], and human osteosarcoma cells [64]. A number of
studies on the effect of sanguinarine have been performed in animal models and the
results suggested a complex scenario; both adverse as well as beneficial effects of
this alkaloid are reported. Niu et al. [62] examined the anti-inflammatory function
of sanguinarine in animal models of acute and chronic inflammation using
lipopolysaccharide (LPS)-induced murine peritoneal macrophages. Sanguinarine
was found to display significant anti-inflammatory effects both in vitro and in vivo.
It was demonstrated that sanguinarine potently inhibited the expression of
inflammatory mediators and inflammation in general. Furthermore, it was shown
that sanguinarine inhibited the activation of mitogen-activated protein kinase
(MAPK), which altered inflammatory mediator synthesis and release in vitro.
Anti-inflammatory effects through inhibition of LPS-induced tumor necrosis
factor-alpha level, interleukin 6 level, and nitric oxide production in serum was
demonstrated for sanguinarine solid lipid nanoparticles in mice endotoxin shock
model induced by lipopolysaccharide [50].

Epidemiological studies have suggested that the use of sanguinarine as an oral
rinse and in toothpaste effectively suppressed dental plaque formation and reduced
gingival inflammation [27, 48, 66] possibly due to its antioxidant, antimicrobial,
and anti-inflammatory effects [26]. However, long-term use of oral products con-
taining sanguinarine has also been reported to lead to an increased incidence of
leukoplakia of the maxillary vestibule [23]. Sanguinarine has been shown to
enhance the skin tumor promoting activity in mouse skin which may have relevance
to its carcinogenic potential [5].

Chan et al. had showed that sanguinarine triggers apoptotic processes in mouse
blastocysts and impairs early post implantation development in vitro and in vivo
[10]. The effect of sanguinarine on early-stage embryo maturation revealed that
short-term exposure to sanguinarine at the oocyte stage causes a long-term dele-
terious impact on subsequent embryonic development leading to retardation of the
oocyte maturation, and deleterious effects on IVF and subsequent embryonic
development [11].

Chelidonium majus extract in general and sanguinarine in particular were
reported to have hERG potassium channel blocking effect. Therefore, in some
situations where cardiac repolarization reserve is weak it may increase the risk of
potentially fatal ventricular arrhythmias in canines [63].

Sanguinarine has been found to modulate the expression of immune related
genes in goldfish and this to some extent was suggested to affect their ability to
resist bacterial pathogens [69].

Sanguinarine was demonstrated to markedly induce the expression of HO-1
which leads to a neuro protective response in mouse hippocampus-derived neuronal
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HT?22 cells from apoptotic cell death induced by glutamate. Sanguinarine signifi-
cantly attenuated the loss of mitochondrial function and membrane integrity asso-
ciated with glutamate-induced neurotoxicity. Sanguinarine protected against
glutamate-induced neurotoxicity through inhibition of HT22 cell apoptosis. JC-1
staining, a well-established measure of mitochondrial damage, which decreased
after treatment with sanguinarine in glutamate-challenged HT22 cells. In addition,
sanguinarine diminished the intracellular accumulation of ROS and Ca®".

Non-cytotoxic concentration of sanguinarine led to a marked protection against
glutamate-induced oxidative toxicity in mice through activation of the Nrf2-HO-1
pathway. The antioxidant effect of HO-1 was mainly due to reduction in ROS
production and recovery of mitochondrial decay that promoted a decrease in
glutamate-trigged apoptosis in HT22 cells [65].

An antidepressant-like effect of sanguinarine in rats was reported through
inhibition of mitogen-activated protein kinase phosphatase-1 in rates that enable the
use of sanguinarine as anti depressant drug [13]. Radiation protective efficacy of
sanguinarine in mice models have also been reported [87].

Recently, sanguinarine treatment was shown to result in reduction of cell
migration, a dose-dependent inhibition of cell viability and the induction of cell
death by apoptosis in both human (MDA-MB-231 cells) and mouse (Al7 cells)
in vitro models of basal-like breast cancer (BLBC). Oral administration of san-
guinarine reduced the development and growth of Al7 transplantable tumors in
FVB syngeneic mice. The suppression was correlated with a concurrent up regu-
lation of p27 and down-regulation of cyclin D1 and with the inhibition of STAT3
activation.

The adverse effect, viz., the epidemic dropsy syndrome, is a well-known toxic
effect on human health linked to development of glaucoma due to consumption of
edible oil adulterated with argemone oil that principally contained sanguinarine.
This involves initiation of oxidative stress (ROS formation leading to lipid per-
oxidation, depletion of GSH and decrease of total antioxidant capacity) and death of
red cells via formation of methemoglobin [7, 8, 17]. The detoxification pathway of
sanguinarine in animals and in man may be by conversion to dihydrosanguinarine
which has been reported in rats [22]. On the other hand, in several European Union
nations QBAs and principally sanguinarine are used as feed additives for Pigs.
Sangrovit®, a phytogenic feed additive derived from the rhizomes of Sanguinaria
canadensis, contains high amounts of sanguinarine. This has been shown to
increase feed intake and feed conversion in growing pigs, which results in improved
growth performance and stimulates anti-inflammatory activity [44]. A study to
detect sanguinarine-induced DNA damage has indicated the absence of any DNA
adducts in pigs fed with sanguinarine. The observation that the animals remained
healthy contradicted the cause of epidemic dropsy syndrome to sanguinarine [47].
Also broilers treated with drinking water containing sanguinarine showed reduced
Salmonella Enteritidis count [68].
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7.6 Biological Activities of Sanguinarine in Humans

Not many studies have been performed in humans on the effect of sanguinarine as
such, but herbal preparations containing sanguinarine have been used in folk
medicines in small doses for the treatment of many disorders like bronchial prob-
lems, asthma, cough and cold remedies, severe throat infections and heart diseases
[26]. Benefits have also been reported for leprosy and tuberculosis treatment,
antimicrobial treatment for the gastrointestinal system, etc. Sanguinarine, as
described in the above section, is traditionally used in tooth pastes and antiseptic
mouth rinses due to its ability to suppress dental plaque gingival inflammation and
periodontal disease through antimicrobial action and ability to inhibit bacterial
adherences [27, 48, 66]. The potential use of sanguinarine in clinical treatment of
allergic asthma has also been suggested from an analysis of gene expression profile
of asthma patients [84]. Sanguinarine is reported to have hERG potassium channel
blocking effect. Therefore, in some situations where cardiac repolarization reserve
is weak, it may increase the risk of potentially fatal ventricular arrhythmias in
canines [63]. The cardiovascular properties of sanguinarine including hypotensive,
antiplatelet and positive inotropic effects have also been described [53]. In a number
of human tumor cells sanguinarine treatment resulted in boosting of intra cellular
ROS, elevation of mitogen-activated protein kinase p38, triggering caspase 3/7
activation, inhibition of mitogen-activated protein kinase phosphatase 1 (MKP-1),
depletion of glutathione and a host of other activities occurred.

7.7 Adverse Effects of Sanguinarine

There are concerns that the use of sanguinarine may cause leukoplakia in the mouth
and oral dysplastic lesions. The use of sanguinarine and blood root for periodontal
disease abacterially elicited inflammation of the gingival and periodontal tissue is
also not based on adequate scientific support. There are unconfirmed reports that
suggested that sanguinarine may cause sedation, faintness, vertigo, and possibly
impair decision-making and increase response time. Bloodroot was reported to be
used to stimulate menstruation and hence it was not advised to be used during
pregnancy [77].

7.8 Conclusions

Plants containing sanguinarine were used extensively in traditional medicine in
many parts of the world since centuries. Subsequent studies by researchers have
found that this molecule has remarkable medicinal relevance. The high medicinal
potency of sanguinarine is reported to cover wide spectrum of ailments. Its ability to
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inhibit bacterial adherence due to its antimicrobic properties potentiates its clinical
use in periodontitis treatment and mouth washes. Sanguinarine is used as a dietary
supplementation in animal feeds to reduce amino acid degradation, increase feed
intake, and promote growth. Sanguinarine is a putative anticancer agent that is
reported to arrest the cell cycle and induce apoptosis through various mechanisms
that may include binding to DNA and tubilin and inhibiting many enzymes.
Specifically, results from several studies reviewed above have indicated that san-
guinarine inhibits the proliferation of cancer cells of different origins and apoptosis
induction in different malignant cell lines takes place through the activation of cell
surface receptors, intrinsic cytochrome c release from mitochondria pathways, etc.
In spite of a number of studies the precise mechanisms and the diverse pathways by
which the anticancer effect of this compound is manifested are still not fully
understood. The information reviewed and summarized in this chapter reveals that
sanguinarine is a potential cancer drug candidate and detailed studies including
further vivo experiments are indispensable to elucidate whether administration of
sanguinarine as therapeutics would be safe and effective for the treatment of human
diseases.
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Chapter 8
Piperine and Its Role in Chronic Diseases

Giuseppe Derosa, Pamela Maffioli and Amirhossein Sahebkar

Abstract Alkaloids include a family of naturally occurring chemical compounds
containing mostly basic nitrogen atoms. Piperine is an alkaloid present in black
pepper (Piper nigrum), one of the most widely used spices, in long pepper (Piper
longum), and other Piper species fruits belonging to the family of Piperaceae.
Piperine is responsible for the black pepper distinct biting quality. Piperine has
many pharmacological effects and several health benefits, especially against chronic
diseases, such as reduction of insulin-resistance, anti-inflammatory effects, and
improvement of hepatic steatosis. The aim of this chapter is to summarize the
effects of piperine, alone or in combination with other drugs and phytochemicals, in
chronic diseases.
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8.1 Introduction

Alkaloids include a family of naturally occurring chemical compounds containing
mostly basic nitrogen atoms. In addition to carbon, hydrogen, and nitrogen, alka-
loids may also contain oxygen, sulfur, or, rarely, other elements including chlorine,
bromine, and phosphorus [1]. Alkaloids also include some related compounds with
neutral, or even weakly acidic properties.

In the recent decades, some alkaloids have been introduced for use in clinical
practice: berberine, for example, has been used for long in oriental medicine to treat
gastrointestinal infections and diarrhea, but also for its beneficial effects on car-
diovascular system. Lately also piperine, formally known as (2E,4E)-5-
(1,3-benzodioxol-5-yl)-1-(1-piperidinyl)-2,4-pentadien-1-one with the following
formula C7H;oNO;5 (Fig. 8.1), became very used in clinical practice due to its
beneficial properties. Piperine is an alkaloid present in black pepper (Piper nigrum),
one of the most widely used spices, in long pepper (Piper longum), and other Piper
species fruits belonging to the family o Piperaceae. Piperine is responsible of black
pepper distinct biting quality. Black pepper is used not only in human dietaries, but
also for many other purposes such as medicinal, as a preservative, and in
perfumery.

8.1.1 Pharmacological Properties of Piperine

Current literature reveals a wide spectrum of biological activities of piperine as it
stimulates the digestive enzymes of pancreas, helps in inhibiting oxidation reactions
caused by free radicals and enhances the bioavailability of a number of therapeutic
drugs. Moreover, piperine proved to have anti-inflammatory activities in models of

Fig. 8.1 piperine structure
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many inflammatory autoimmune diseases, such as inflammatory bowel disease,
arthritis, type 1 diabetes as well as cancer [2]. Piperine activates transient receptor
potential vanilloid type 1 receptor, and modulates GABAA receptors [3, 4]. At
similar levels, piperine inhibits both monoamine oxidases (MAOs), for MAO-A and
MAO-B, respectively [5]. Like other natural compounds containing methylene-
dioxyphenyl substituents, piperine affects cytochrome P450 (CYP) isoforms,
inhibiting CYP3A species, and increasing expression of CYP1A and CYP2B in liver
[6]. It also has a biphasic effect on P-glycoprotein activity [7]. Piperine is also
reported to modulate cell signaling pathways such as NF-kB pathway [8].

Piperine is able to modify supplement and drug metabolism, and it also inhibits
drug detoxifying enzymes. This typically increases bioavailability of any compound
which would normally be attacked by these enzymes. This can be good to favor
positive effects of some compound such as curcumin or resveratrol, or it can be bad
by stopping a protective measure against toxic xenobiotics. In fact, piperine inhibits
glucuronidation, a process happening in the liver which attaches a molecule (glu-
curonide) to drugs to signal for their urinary excretion. This process prevents
excessive levels of drugs and supplements in the body, but sometimes inhibits all
uptake and renders some supplements useless. In the scenario of piperine ingestion,
excretion of supplements is hindered and certain drugs and supplements can bypass
this regulatory stage (as not all are subject to it). This is good in some cases, as
piperine is required to give curcumin to the extremities rather than it getting con-
sumed by glucuronidation in the liver. However, in some other cases, it can lead to
elevated levels of certain drugs in the blood. Again, elevated could be good or bad
depending on context; regardless, caution should be taken when approaching this
compound.

Piperine has many potential benefits in clinical practice; a lot of studies were
reported in literature about piperine effects in chronic disease, especially in animals.
In vitro studies showed piperine protective effects against oxidative damage by
inhibiting or quenching free radicals and reactive oxygen species. Piperine treat-
ment also reduced lipid peroxidation in vivo, and beneficially influenced
anti-oxidant molecules and anti-oxidant enzymes in a number of experimental
situations of oxidative stress [9]. The aim of this chapter will be to analyze the
effects of piperine, alone or in combination, in chronic diseases.

8.2 Role of Piperine in Chronic Diseases

8.2.1 Piperine and Oxidative Stress

Piperine suppresses the accumulation of lipid peroxidation products, enhances the
activity of anti-oxidant enzymes and eliminates the accumulation and activation of
polymorphonuclear cell. This was showed by Umar et al. [10] that administered
piperine at a dose of 100 mg/kg and indomethacin at 1 mg/kg body weight once
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daily for 21 days in male Wistar rats affected by collagen-induced arthritis (CIA).
Piperine was effective in bringing significant changes on all the biochemical and
inflammatory and parameters studies, in particular piperine significantly reduced the
levels of pro-inflammatory mediators [interleukin-1§ (IL-1B), tumor necrosis
factor-a (TNF-a), and prostaglandin-2 (PGE2)] and increased level of
interleukin-10 (IL-10). The protective effects of piperine against arthritis were also
evident from the decrease in arthritis scoring and bone histology. These results
clearly indicate that the protective role of piperine was mediated via its anti-oxidant
effect through the suppression of lipid peroxidation and boosting the anti-oxidant
defense system. Piperine seems to shift the balance of cytokines toward a bone
protecting pattern that acts to both lower levels of TNF-a, IL-1f, and raise the levels
of IL-10. Part of the beneficial anti-inflammatory and cartilage/bone protective
effects of piperine may be mediated through the inhibition of pro-inflammatory
cytokines.

8.2.2 Piperine and Inflammation

Piperine proved to have anti-inflammatory effects on Helicobacter pylori-induced
gastritis in gerbils, through the suppression of inflammatory factors, such as TNF-q,
independent of direct anti-bacterial activities, and may have potential for use in the
chemoprevention of Helicobacted pylori-associated gastric carcinogenesis [11]. In
vitro studies showed that piperine can induce apoptosis and inhibits the expression
of inflammatory cytokines in human cell lines [12, 13].

Piperine also inhibited polyclonal and antigen-specific proliferation of mouse T
lymphocytes, as well as cytokine synthesis and the induction of cytotoxic effector
cells as reported by Doucette et al. [14]. These actions on T lymphocytes were
associated with hypophosphorylation of Akt, extracellular signal-regulated kinase
(ERK), and NF-kB components, in particular IkBa, but not ZAP-70, all molecules
involved in T lymphocyte activation.

8.2.3 Piperine Effects on Hepatic Steatosis
and Insulin-Resistance

Hepatic steatosis is due to an excess of plasma fatty acids, even if de novo lipoge-
nesis is also considered an important contributing factor. Previously published
studies showed that AMP-activated protein kinase (AMPK) is thought to regulate
hepatic lipogenic gene expression by inhibiting transcription factors [15]. The
inhibition of AMPK activates liver X receptor a (LXRa), a major regulator of
lipogenesis. In animal models with high-fat diet (HFD)-induced fatty liver, LXRa is
transcriptionally upregulated and consequently activates lipogenic target genes, thus
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exacerbating hepatic steatosis [16]. Piperine plays a role in the transcriptional reg-
ulation of LXRa; in particular it antagonized LXRa transcriptional activity by
abolishing the interaction of ligand-bound LXRa with the co-activator
CREB-binding protein. The effects of piperine on hepatic lipid accumulation were
likely regulated via alterations in LXRa-mediated lipogenesis in mice fed a high-fat
diet. Piperine positive effects on insulin-resistance and hepatic steatosis were
reported by Choi et al. [17]. In this study, Authors examined the effect of piperine on
hepatic steatosis and insulin-resistance induced in mice by feeding a high-fat diet
(HFD) for 13 weeks. Administration of piperine (50 mg/kg body weight) to mice
with HFD-induced hepatic steatosis resulted in a significant increase in plasma
adiponectin levels. Also, elevated plasma concentrations of insulin and glucose and
hepatic lipid levels induced by feeding a HFD were reversed in mice when they were
administered piperine. Piperine reversed HFD-induced downregulation of
adiponecitn-AMPK signaling molecules which play an important role in mediating
lipogenesis, fatty acid oxidation, and insulin signaling in the livers of mice. Piperine
significantly decreased the phosphorylation of insulin receptor substrate-1 (IRS-1)
compared with the HFD-fed mice. The positive effects of piperine were confirmed
by Rondanelli et al. [18] in humans. They administered a combination of bioactive
food ingredients (epigallocatechin gallate, capsaicins, piperine, and L-carnitine)
versus placebo, in a randomized, double-blind, 8 weeks trial, involving 86 over-
weight subjects. Consumption of the dietary supplement was associated with a
significantly greater decrease in insulin-resistance, assessed by homeostasis model
assessment, leptin/adiponectin ratio, respiratory quotient, LDL-cholesterol. Leptin,
ghrelin, C-reactive protein decreased, and resting energy expenditure increased
significantly in the supplemented group compared to placebo. These results suggest
that piperine, in combination with epigallocatechin gallate, capsaicins, and
L-carnitine, could be useful for the treatment of obesity-related inflammatory
metabolic dysfunctions.

8.2.4 Piperine and Anti-depressant Effects

Piperine proved to have anti-depressant effects as published by Li et al. [19]: these
Authors investigated the anti-depressant-like effect of piperine in mice exposed to
chronic mild stress (CMS) procedure, administering piperine for 14 days at the
doses of 2.5, 5, and 10 mg/kg. Piperine reversed the CMS-induced changes in
sucrose consumption, plasma corticosterone level and open field activity.
Furthermore, the decreased proliferation of hippocampal progenitor cells was
ameliorated and the level of brain-derived neurotrophic factor (BDNF) in hip-
pocampus of CMS stressed mice was upregulated by piperine treatment in the same
time course.

This was further confirmed by Mao et al. [20] who examined the behavioral and
biochemical effects of piperine in rats exposed to chronic unpredictable mild stress.
The results showed that chronic unpredictable mild stress caused depression-like
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behavior in rats, as indicated by the significant decrease in sucrose consumption and
increase in immobility time in the forced swim test. In addition, it was found that
serotonin (5-HT) and BDNF contents in the hippocampus and frontal cortex were
significantly decreased in chronic unpredictable mild stress-treated rats. Treating
the animals with piperine significantly suppressed behavioral and biochemical
changes induced by chronic unpredictable mild stress.

The anti-depressant effects of piperine can be explained throughout upregulation
of the progenitor cell proliferation of hippocampus and cytoprotective activity,
which may be closely related to the elevation of hippocampal BDNF level. The
results indicated that the anti-depressant effects of piperine might be partly related
to its modulating in hypothalamic-pituitary-adrenal activity and thereby the
resulting neurogenesis. Piperine is a monoamine oxidase inhibitor, and thus can
increase the levels of brain monoamines, such as 5-HT or norepinephrine (NE),
involved in upregulation of neurogenesis. Also BDNF plays an important role in
adult neurogenesis: BDNF can promote cell survival in the subventricular zone in
both young and senescent rats [21]. Increase of the 5-HT, NE, and downstream of
BDNF level is, at least part, of the mechanism enhancing neurogenesis,
cytoprotectivity, and anti-depressant effect of piperine, besides its effects on
hypothalamic-pituitary-adrenal axis.

8.2.5 Piperine Analgesic and Anti-pyretic Effects

In literature there are studies about the possible analgesic, and anti-pyretic effects of
piperine as reported by Evan Prince et al. [22]. Authors treated mice with piperine
(20 and 30 mg/kg) intraperitoneally; hot plate reaction test and acetic acid test were
used to determine the analgesic activity of piperine in mice. It was found that
piperine has significant analgesic and anti-pyretic activities without ulcerogenic
effects. The results were comparable with indomethacin which was used as standard
drug for reference. Despite that, further studies are required to elucidate the
mechanism of piperine to confirm these activities.

8.2.6 Piperine as a Bioavailability Enhancer

Because of its properties, piperine increases bioavailability of different agents, listed
in Table 8.1. Mechanism throughout piperine acts as bioavailability enhancer
include: inhibition of a number of enzymes responsible for metabolizing drugs and
nutritional substances; stimulation of the activity of amino acid transporters in the
intestinal lining, inhibition of P-glycoprotein, the protein that removes substances
from cells, decreasing the intestinal production of glucuronic acid, thereby per-
mitting more of the substances to enter the body in active form.
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Table 8.1 Compounds with

’ S Substances
documented bioavailability -
S Barbiturates Resveratrol

enhancement upon piperine

co-administration Pyrazinamide Thiophylline
Beta-carotene Propranolol
Rifampicin Vitamin B-6
Coenzyme Q10 Nalorphine
Selenium Phyllanthin
Curcumin

Among agents whose bioavailability is enhanced by piperine is curcumin.
Curcumin has been extensively studied for its therapeutic properties, such as
anti-oxidant, anti-inflammatory, metabolic, anti-depressant, and neuroprotective
activities [23-32]. However, low oral bioavailability of curcumin has been pro-
posed to limit its approval as a therapeutic agent. Studies have reported that cur-
cumin gets reduced through alcohol dehydrogenase, followed by conjugations like
sulfation and glucuronidation in liver and intestine [24]. Piperine proved to enhance
the bioavailability of curcumin and to potentiate its protective effects against
chronic unpredictable stress-induced cognitive impairment and associated oxidative
damage in mice [33]. Chronic treatment with curcumin (200 and 400 mg/kg, p.o.)
significantly improved behavioral and biochemical alterations induced by chronic
unpredictable stress, restored mitochondrial enzyme complex activities, and atten-
uated increased acetylcholinesterase and serum corticosterone levels. In addition,
co-administration of piperine (20 mg/kg; p.o.) with curcumin (100 and 200 mg/kg,
p-o.) significantly elevated the protective effect as compared to their effects alone.

This was further demonstrated by Banji et al. [34] that treated Wistar rats with
piperine (12 mg/kg) alone, curcumin (40 mg/kg) alone or in combination for a
period of 49 days by the oral route with treatment being initiated a week prior to
D-galactose (60 mg/kg, i.p.). A control group, D-galactose alone and naturally aged
control were also evaluated. The results suggested a superior response to combi-
nation therapy compared to monotherapy as evidenced by improved spatial mem-
ory, reduced oxidative burden, reduced accumulation of lipofuscin, improvement in
signaling, increase in hippocampal volume and protection of hippocampal neurons.
The powerful anti-oxidant nature of both, augmented response of curcumin in the
presence of piperine and enhanced serotoninergic signaling was responsible for
improved cognition and prevention in senescence.

Piperine combined with curcumin also proved to have a better anti-genotoxic
effect compared to single treatment against benzo(a)pyrene (BaP)-induced DNA
damage in lungs and livers of mice [35]. Authors administered curcumin
(100 mg/kg body weight) and piperine (20 mg/kg body weight) separately as well
as in combination orally in corn oil to swiss albino mice for 7 days as pretreatments
and subsequently, 2 h after, BaP was administered orally in corn oil (125 mg/kg
body weight). Pretreatments of curcumin and curcumin plus piperine before
administration of single dose of BaP significantly decreased the levels of 8-oxo0-dG
content and percentage of DNA in the comet tail in both the tissues. Moreover, the
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genoprotective potential of curcumin plus piperine was significantly higher as
compared to curcumin alone against BaP-induced DNA damage.

The anti-cancer property of curcumin is attributed to its anti-oxidant properties
that inhibit free radicals from mediating peroxidation of membrane lipids or
oxidative DNA damage as both are important initiators of cancer development. The
enhanced anti-genotoxic potential of curcumin plus piperine may be due to increase
bioavailability of curcumin thanks to piperine.

The synergic effect of piperine in combination with curcuminoid was confirmed
also in humans by a meta-analysis conducted by Panahi et al. [36]: in this
meta-analysis Authors evaluated the effectiveness of supplementation with a
bioavailable curcuminoid preparation on measures of oxidative stress and inflam-
mation in patients with metabolic syndrome. Authors concluded that short-term
supplementation with curcuminoid-piperine combination significantly improves
oxidative and inflammatory status in patients with metabolic syndrome. Also in this
case piperine has been shown to overcome several pharmacokinetic drawbacks of
curcuminoids, reducing the activity of glucuronidase enzymes both at the site of
intestinal brush border and liver, resulting in improved absorption of curcuminoids.
Increased intestinal perfusion and enterocyte permeability are additional mecha-
nisms whereby piperine improves the bioavailability of curcuminoids [37].

The same authors also conducted a randomized controlled trial on the effects of a
combination of piperine with curcuminoids on lipid profile, showing that
curcuminoids-piperine combination is an efficacious adjunctive therapy in patients
with metabolic syndrome and can modify serum lipid concentrations beyond what
is achieved with standard of care [38].

This was also reported by Neyrinck et al. [39]: they fed mice with either a
control diet, a high-fat diet or a high-fat diet containing Curcuma longa extract
(0.1 % of curcumin in the high-fat diet) associated with white pepper (0.01 %)
which contains piperine for 4 weeks. The co-supplementation in Curcuma extract
and white pepper decreased high-fat-induced pro-inflammatory cytokines
expression in the subcutaneous adipose tissue, an effect independent of adiposity,
immune cells recruitment, angiogenesis, or modulation of gut bacteria controlling
inflammation.

Piperine also acts as enhancer of quercitin, this was reported by Rinwa et al.
[40]. They evaluated the efficacy of a combination of quercitin with piperine against
chronic unpredictable stress-induced behavioral and biochemical alterations. They
administered quercitin (20, 40, and 80 mg/kg, p.o.), piperine (20 mg/kg, p.o.) and
their combinations daily 30 min before chronic unpredictable stress procedure to
Laca mice for a period of 28 days. Chronic unpredictable stress increased brain
oxidative stress markers and neuro-inflammation (TNF-a) in placebo groups treated
with piracetam (100 mg/kg, i.p.). This was coupled with marked rise in acetyl-
cholinesterase and serum corticosterone levels. Co-administration of piperine with
quercitin significantly elevated their potential to restore these behavioral, bio-
chemical, and molecular changes associated with mouse model of chronic unpre-
dictable stress. Co-administration of quercitin (20 mg/kg) with piperine (20 mg/kg)
significantly lowered TNF-a level which was significant as compared to their
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effects alone. These results suggest that piperine enhances the neuroprotective
effects of quercitin against chronic unpredictable stress-induced oxidative stress,
neuro-inflammation and memory deficits.

Piperine also enhanced phyllanthin bioavailability as published by Sethiya et al.
[41]. These Authors evaluated the hepato-protective effects of phyllanthin along
with piperine in a mixed micellar lipid formulation (MMLF). Authors compared
phyllanthin (30 mg/kg p.o.), a complex phosphatidylcholine formulation of phyl-
lanthin (CP-PC) (30 mg/kg p.o.), phyllanthin + piperine (CP-P-PC) (30 mg/kg p.
0.), and the reference drug silymarin (100 mg/kg, p.o.) administered daily to rats for
10 days, followed by liver damage by administering a 1:1 (v/v) mixture of CCl4
and olive oil (1 ml/kg, i.p.) for 7 days from day 4 to day 10. The degree of
protection was evaluated by determining the level of marker enzymes (SGOT and
SGPT), bilirubin, and total proteins.

CP-P-PC (30 mg/kg p.o.) showed significant hepato-protective effect by
reducing the levels of serum marker enzymes (SGOT, SGPT, and bilirubin),
whereas, elevated the levels of depleted total protein, lipid peroxidation and
anti-oxidant marker enzyme activities such as, glutathione, superoxide dismutase,
catalase, glutathione peroxidase, and glutathione reductase. The complex MMLF
normalized adverse conditions of rat livers more efficiently than the non-formulated
phyllanthin, confirming, again, the effects of piperine in enhancing low bioavail-
ability of phyllanthin.

Piperine can be used also in combination with resveratrol to enhance its
bioavailability [42]: in this study Authors evaluated if co-supplementation of
piperine with resveratrol affects the bioavailability and efficacy of resveratrol with
regard to cognition and cerebral blood flow. In this randomized, double-blind,
placebo-controlled, within-subjects study, 23 adults were given placebo,
trans-resveratrol (250 mg) and trans-resveratrol with 20 mg piperine on separate
days at least a week apart. The results indicated that when co-supplemented,
piperine, and resveratrol significantly augmented cerebral blood flow during task
performance in comparison with placebo and resveratrol alone. Cognitive function,
mood, and blood pressure were not affected.

8.3 Conclusions

In conclusion, piperine has several important roles that can be useful in clinical
practice, in particular for reduction of insulin-resistance, inflammation, and hepatic
steatosis. However, the most far-reaching attribute of piperine is its inhibitory effect
on enzymatic drug biotransformation reactions in the liver. Piperine strongly
inhibits hepatic and intestinal aryl hydrocarbon hydroxylase and UDP-glucuronyl
transferase, thus enhancing the bioavailability of a number of therapeutic drugs as
well as phytochemicals. Piperine’s bioavailability-enhancing property is also partly
attributed to increased absorption as a result of its effect on the ultrastructure of
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intestinal brush border. This promising effect of piperine has been extensively
employed to increase the bioavailability and pharmacological effects of several
drugs and phytopharmaceuticals.
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Chapter 9
Therapeutic Potential and Molecular
Targets of Piceatannol in Chronic Diseases

Young-Joon Surh and Hye-Kyung Na

Abstract Piceatannol (3,3',4,5'-tetrahydroxy-trans-stilbene; PIC) is a naturally
occurring stilbene present in diverse plant sources. PIC is a hydroxylated analog of
resveratrol and produced from resveratrol by microsomal cytochrome P450 1A11/2
and 1B1 activities. Like resveratrol, PIC has a broad spectrum of heal