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Abstract

Introduction: Increasing evidence has expanded the role of green tea from a traditional beverage
to a source of pharmacologically active molecules with diverse health benefits. However,
conclusive clinical results are needed to better elucidate the cancer-preventive and therapeutic
effects of green tea polyphenols (GTPs).

Areas covered: The authors describe GTPs’ chemical compositions and metabolic
biotransformations, and their recent developments in drug discovery, focusing on their cancer
chemopreventive and therapeutic effects. They then review the recent development of GTP-loaded
nanoparticles and GTP prodrugs.

Expert opinion: GTPs possess potent anticarcinogenic activities through interfering with the
initiation, development and progression phases of cancer. There are several challenges (e.g., poor
bioavailability) in developing GTPs as therapeutic agents. Use of nanoparticle-based delivery
systems has provided unique advantages over purified GTPs. However, there is still a need to
determine the actual magnitude and pharmacological mechanisms of GTPs encapsulated in

" Contact Feng Li at lifeng0605@hotmail.com, Key Laboratory of Food Processing Technology and Quality Control in Shandong
Province, College of Food Science and Engineering, Shandong Agricultural University, Taian 271018, People’s Republic of China; or
Q. Ping Dou at doup@karmanos.org, Barbara Ann Karmanos Cancer Institute, Departments of Oncology, Pharmacology and
Pathology, School of Medicine Wayne State University, 4100 John R Road Detroit, M1 48201, USA.

Declaration of interest

QP Dou and TH Chan are inventors of the issued patent claiming the use of pro-EGCG for proteasome inhibition and the treatment of
cancer. TH Chan is also the co-inventor of the patent for use of Pro-EGCG in the treatment of endometriosis (US9,713,603). The
authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed. Peer reviewers on this
manuscript have no relevant financial or other relationships to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Keywords

1

Page 2

nanoparticles, in order to address newly emerging safety issues associated with the potential “local
overdose” effect. The use of Pro- epigallocatechin gallate (Pro-EGCG) as a prodrug appears to
offer improved /n vitro stability as well as better /n vivo bioavailability and efficacies in a number
of animal studies, suggesting its potential as a therapeutic agent for further study and development.

Bioavailability; biotransformation; cancer; catechin; epigenetic target; EGCG; nanoparticles;
pharmacology; pro-EGCG,; target delivery

Introduction

Tea, made from the leaves of the Camellia senenisis plant in the family Theaceae, is now the
second most consumed beverage worldwide after water, with more than two-thirds of the
world population being consuming this beverage. Consumption of tea is believed to date
back to ancient China and India, where it was mostly used as a medicinal plant to help rid
the body of excess fluid, control bleeding, heal wounds, and improve heart health. In past
decades, interest in tea consumption is growing due to accumulating evidence from cellular,
animal, and epidemiological studies that have linked tea consumption to various health
benefits, such as chemoprevention of various cancers (prostate, breast, lung, skin, pancreatic,
colon and head and neck cancers), chronic inflammation, heart disease, diabetes, and
neurodegenerative diseases [1-7]. Although all these health benefits have not been
consistently achieved in reported intervention trials, positive results from clinical trials have
provided direct evidence supporting the protective effect of tea against human cancer [8,9].
In addition, multiple mechanisms of action have been discovered that could explain how the
green tea polyphenols (GTPs) exert their chemopreventive effects [10, 11]. Recently, we did
a literature search in PubMed database with the keywords “tea polyphenol and cancer”, and
obtained 1272 publications (1976-2018), suggesting that tea polyphenol has been a
promising candidate for chemoprevention and therapeutic application of human cancers.

In this review article, after a brief description of GTPs, we will focus on their recent
developments in drug discovery, with a special emphasis on potential molecular mechanisms
involved in therapeutic implication of GTPs in various cancers and other diseases.

2 Chemical compositions and structures of GTPs

To date, more than three hundred varieties of tea are produced by different manufacturing
processes, of which green, black, oolong, white, yellow and post fermented teas are six
major commercial forms depending on the extent of fermentation. Green tea (unfermented,
20% of total tea consumption) is produced by steaming and drying the fresh tea leaves to
prevent fermentation via inactivating the polyphenol oxidase activity. Black tea (fermented)
is the most consumed type in Europe and United States, accounting for 78% of global tea
production and consumption according to a recent estimation of the United Nations [12]. It
is produced by allowing the oxidation and polymerization of tea catechins by polyphenol
oxidases during fermentation to form oligomeric polyphenols (theaflavins) and polymeric
derivatives (thearubigins), which contribute to the characteristic aroma and color of black
tea. Oolong tea (semi-fermented, 2% of total tea consumption) is especially popular in south
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China and Southeast Asia, and it is produced through a process including withering the plant
under strong sun and oxidation before curling and twisting. White tea and yellow tea are
considered as semi-fermented tea. White tea is produced similarly to oolong tea, but minor
differences between them are that white tea does not require bruising, oxidation, and curing
steps, while yellow tea’s production is very close to that of green tea but needs an extra
yellowing process.

In general, tea polyphenols are the major component of these teas, accounting for up to 30%
of the dry weight of tea leaves. These polyphenols are composed of flavanols, flavandiols
and phenolic acids. The major monomeric flavanols are referred to as catechins, including:
(+)-catechin (C), (-)-catechin gallate (CG), (-)-epicatechin (EC), (-)-epicatechin gallate
(ECG), (-)-epigallocatechin (EGC), (-)-gallocatechin (GC), (-)-gallocatechin gallate
(GCG) and (-)-epigallocatechin gallate (EGCG). Their chemical structures are illustrated in
Figure 1. These catechins contain the same basic structural features, which are two aromatic
rings (rings A and B) joined by three carbons and an oxygen forming a cyclic pyran ring
(ring C). The catechins differ in the number and distribution of hydroxyl groups on the B-
ring, the type of configuration (c/s- or trans-isomers), and the presence or absence of a
galloyl moiety (ring D). EGCG is the most abundant in these catechins, representing
50~80% of total catechins in green tea and about 16.5% wt in the water extraction fraction
of green tea. It is also considered to be the major contributor to the various health benefits of
green tea in cell culture and animal studies, as well as in clinical studies [13-16].
Commercial products derived from green tea are mainly in a powdered form (pill or
capsule). In general, these green tea extract supplements contain about 90% total
polyphenols with EGCG as primary active ingredient, which provide more catechins than
the daily intake from a typical green tea beverage in order to achieve the proclaimed health
benefits. Besides these, green tea contains some other constituents including gallic acid,
chlorogenic acid, caffeic acid and flavonols such as kaempferol, myricetin and quercetin.

3 Metabolism, biotransformation, bioavailability and toxicology of GTPs

Encouraging data from epidemiological, cellular, animal and clinical studies support
numerous health benefits of GTPs and green tea major active ingredient EGCG. However,
intervention trials have generally not yet achieved a consistent conclusion in terms of the
efficiency and the dose for all the illnesses and diseases of interest [17]. For example, reports
from U.S. Food and Drug Administration (FDA) revealed that “there is no credible evidence
to support qualified health claims for green tea or green tea extract reducing the risk of heart
disease,” and “it is highly unlikely that green tea reduces the risk of breast cancer or prostate
cancer.” [18, 19]. This discrepancy might be attributed to a variety of factors, such as the
composition of tea extract, treatment dose and times, individual and local variables,
environmental conditions, and even lifestyles of the patients. Especially, metabolic
biotransformation of GTPs under physiological conditions is a critical factor influencing
their bioavailability and therapeutic application /n vivo [20].

The metabolic biotransformation of green tea catechins affects their absorption, distribution,
metabolism, excretion, and toxicity, as well as overall efficiency in disease prevention and
therapy. Metabolic fate of green tea catechins has been extensively investigated in /in vitro
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systems (including human liver microsomes, human placental cytosol, human jejunal
cytosol, human Caco-2 cytosol and human saliva), animals (mice, rats and rabbits), and
some human models [21-23], and their metabolic pathways including methylation,
glucuronidation, sulfation and ring-fission in the liver, kidney and gastrointestinal tract [24,
25] have been reported (Figure 2). Moreover, it is evident that these biotransformation
reactions are species- or tissue-dependent, and the type of finished metabolic products vary
depending on the types of parental catechins and the tissues where metabolic transformation
takes place. For instance, the glucuronidation of EGCG was much greater than that of EGC.
The greatest catalytic efficiency for glucuronidation is observed in mouse small intestinal
microsomes, followed by mouse liver, human liver, rat liver, and rat small intestine for
EGCG-4"-O-glucuronide. In the case of EGC-3’-O-glucuronide, the catalytic efficiency in
microsomes was decreased in the order of: mouse liver > human liver > rat liver > rat or
mouse small intestine [26]. EGCG is also sulfated depending on time and concentration in
human, mouse, and rat liver cytosol, with the rat having the strongest catalytic activity. The
concentration of the parental catechins also affects the type of the metabolic products. A
good example is the methylation of EGCG by rat liver cytosol: the demethylated form is
predominate at low EGCG concentrations (< 1.0 uM) while the monomethylated species
could prevail at high EGCG concentrations (> 3.0 pM) [27].

To better understand the mechanism of actions behind various pharmacological activities of
GTPs, bioactivities of some tea polyphenol metabolites have been examined. In general,
these metabolites formed by the glucuronidation, methylation, and sulfation of green tea
polyphenols exhibited decreased bioactivities (i.e. antioxidant, anti-inflammatory and
cancer-preventive activities) [28]. Studies on structure-activity relationship of some analogs
of green tea catechins suggest that the addition of a methyl group on the B- or D-ring of (-)-
EGCG or (-)-ECG led to decreased proteasome-inhibitory activity and, as the number of
methyl groups increased, the inhibitory potencies further decreased [29]. Taken together,
these results imply that the metabolic transformation of GTPs is an important issue leading
to a poor bioavailability and restricting their clinical applications as therapeutic agents.

The oxidation of EGCG is another important aspect associated to pharmacological activities
of GTPs. The chemical structures of EGCG endows it highly reactive property, making them
very susceptible to oxidation in air under neutral or alkaline conditions [30]. EGCG
oxidation involves many pathways including auto-oxidation, transition metal ion or oxidant-
promoted oxidation and enzyme-catalyzed oxidation [31]. The auto-oxidation of EGCG
occurs not only in cell culture conditions, but also in different tissues and circulating bloods.
However, compared with /n vitro conditions, the auto-oxidation degree of EGCG in vivois
believed lower due to more complicated environmental conditions [32], such as the lower
oxygen partial pressure (< normal oxygen partial pressure of 160 mmHg), and the presence
of antioxidant enzymes in tissues. However, studies showed that some /n vivo factors
promoted the EGCG oxidation degree, including cytochrome P450 peroxidase,
myeloperoxidase and tyrosinase, oxidants released from neutrophils and endogenous copper
[33, 34]. It is evident that the pro-oxidant effects of EGCG or its oxidation was affected by
the dose levels and the environment. Numerous EGCG oxidation products have been
characterized and their biological activities have been evaluated using /7 vitroand in vivo
models. Compared to the parental catechin, some enzyme-catalyzed catechin polymers
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exhibited higher antioxidant and xanthine oxidase-inhibitory activity and anti-hyperglycemic
effect [35, 36]. Interestingly, some EGCG auto-oxidation products have equivalent cytotoxic
activities to EGCG, but enhanced capacity for cysteine depletion, suggesting that anti-cancer
activity of EGCG involves a joint contribution of EGCG and vast numbers of bioactive
EGCG oxidation products formed extracellularly [31]. The generation of ROS as a result of
the auto-oxidation of EGCG is shown to induce ERK1/2 activation in Jurkat cells [37].
Although the in vitro mechanisms report cannot explain the effect of EGCG /n vivo, the bio-
activity of EGCG is likely independent of its oxidation.

It is noteworthy that studies from experimental animals and epidemiological surveys have
shown that GTPs have a dose-dependent toxicology [38]. When the mice were administrated
with diets containing 0.01% and 0.1% GTPs, a hepato-protective activity was observed. By
contrast, the treatment with a high dose of GTPs (1%) exhibited symptoms of
nephrotoxicity, such as the increased serum creatinine level. Moreover, this treatment
deteriorated oxidative damage and decreased the expression of antioxidant enzymes and heat
shock proteins (HSPs) in colitis and normal mice. Some case reports also indicated that
excessive intake of tea extracts induce liver toxicity [39], which is probably due to the pro-
oxidant property of tea polyphenols [40]. It is proposed that low and moderate doses of tea
polyphenols produced lower levels of ROS which activate Nrf2 to attenuate oxidative stress
whilst high dose of tea polyphenols produced high levels of ROS to induce toxicity [1].
These findings suggest that dose-dependent functionality and toxicology of GTPs should be
considered when GTPs or related supplements are used to obtain beneficial effects.

4 GTPs and cancer prevention and therapy

4.1. GTPs and prostate cancer

Prostate cancer (PC) appears to be a suitable model for chemoprevention by means of diet
intervention, considering that there is a relatively longer intervention period before the
symptoms accompanied with prostate cancer arise and a diagnosis is finally established [41].
It is evident that the redox homeostasis imbalance resulting from reactive oxygen species
(ROS) and cellular antioxidant defense is one of the important mechanisms in initiation and
progression of PC, and interactions between multiple genetic and ambient factors are
significant determinants in PC development [42].

GTPs and EGCG have shown chemopreventive and anti-carcinogenic effects on prostate
cells, as supported by the data from cellular, animal experiments, and human clinical trials.
For example, the relationship between the prostate cancer risk and habitual green tea intake
among Chinese men was investigated in Hong Kong, and results showed an inverse
correlation between PC risk and green tea consumption and EGCG intake [43]. The typical
chemical characteristics of tea polyphenols allow them to affect cellular redox homeostasis
by exerting antioxidant or pro-oxidant activity. The antioxidant/pro-oxidant behavior of
green tea polyphenols varies with different experimental conditions, such as concentration,
temperature, pH, presence of metal ions, and differences in culture medium composition.
For example, the influences of EGCG concentrations and pH on the net anti-oxidant and
pro-oxidant activity of EGCG in flaxseed oil-in-water (o/w) emulsions are examined [44]. In
low pH (pH 2-4) emulsions, EGCG (1-100 uM) was observed to yield pro-oxidant effects.
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However, with the increase of EGCG concentration (500 uM), a competition between
antioxidant and pro-oxidant activities of EGCG was observed, leading to lower TBARS
concentrations than those observed at 100 uM EGCG. In high pH (pH 5-7) emulsions, high
EGCG concentrations showed the best antioxidant effects with 500 uM EGCG resulting in
the lowest TBARS concentrations in emulsions. The presence of oxygen and temperature
significantly affected the stability [32]. In addition, the presence of some transition metals
Cu(ll) plays important roles in affecting antioxidant or pro-oxidant activity of EGCG. Co-
treatment of HL-60 human leukemia cells with tea catechins and Cu(ll) led to the formation
of 8-oxo-guanosine [45]. But co-treated with tea catechins and the catalase or the copper
chelator, bathocuproine, catechin-mediated oxidative damage was decreased.

GTPs have shown the effects on intracellular ROS production and antioxidant enzymes
activity [46]. Besides the anti-oxidant and pro-oxidant activity, some other specific
mechanisms are involved in the chemopreventive actions of GTPs, including regulation of
the activities of cell surface receptors and their signaling pathways [/.e. Receptor tyrosine
kinases (RTKs), insulin-like growth factor receptor 1 (IGF-R1)], modulation of gene
expression through either direct effect on transcription factors (such as Sp1, NF-kB, AP-1,
STAT1, STAT3 and Nrf2) [47, 48], or indirect epigenetic mechanisms [DNA methylation,
histone modifications, and expression of noncoding regulatory micro RNA (miRNAs)] [49].
In addition, GTPs are found to interfere with intracellular proteostasis at various levels, such
as to target HSPs and proteasome functions, and to interfere with the autophagic flux [50,
51]. Moreover, some EGCG analogues have been identified as novel heat shock protein 90
(Hsp90) inhibitors [52]. Table 1 summarizes the reported effects of GTPs against prostate
cancer in experimental systems.

4.2. GTPs and lung cancer

Lung cancer is the leading cause of cancer-related deaths worldwide in both men and
women, which could be categorized into two histological groups: small cell lung carcinoma
(SCLC) and non-small cell lung carcinoma (NSCLC). NSCLCs include adenocarcinoma,
squamous cell carcinoma (SqCC), and large cell carcinoma [70]. SCLC accounts for
approximately 15% of all lung cancers and has a poor prognosis, with the 5-year survival at
diagnosis rarely exceeding 15%. EGCG shows similar inhibitory effects on drug-sensitive
(H69) and drug-resistant (H69VP) SCLC cells, which is attributed to their abilities in
reducing telomerase, inducing caspases 3/9 activities and blocking the cell-cycle in S phase
[71]. NSCLC represents 85% of lung cancers, and patients of stage 111B & IV disease have
the five-year survival less than 10%. Treatment with 10-50 uM of EGCG for 3 days led to
promoter demethylation and restoration of WIF-1, an antagonist of Wnt proto-oncogene in
NSCLC cells (H460 and A549) [72]. EGCG is a potent inhibitor of cell proliferation,
independent of EGRF inhibition, in several NSCLC cell lines including those resistant to
EGFR kinase inhibitors and those overexpressing c-Met (H2122, H358, H460, H1975 and
H1993 cells). EGCG is able to completely inhibit ligand-induced c-Met phosphorylation and
partially inhibit EGFR phosphorylation. When EGCG is used in combination with erlotinib,
a synergistic inhibition of cell proliferation and colony formation was observed [73]. Co-
treatment of NSCLC cells (7.e. PC-9, A549 and ChaGo K-1 cells) with EGCG and celecoxib
also shows synergistic induction of apoptosis by upregulation of GADD153 genes, which
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might be attributed to the activation of the mitogen-activated protein kinases (MAPKS), such
as ERK1/2 and p38 MAPK pathways [74]. EGCG is also effective in attenuating
cardiopulmonary bypass-related lung injury by reducing lung edema, pulmonary neutrophil
infiltration, and presumably initiating poly (ADP-ribose) polymerase (PARP) dependent cell
death signaling [75].

Studies on lung cancer-related micro RNA (miRNA) is a research focus recently due to the
potential roles of mMiRNAs in lung tumorgenesis. The identified miRNAs include miR34-c,
miR145, miR142-5p and miR210. EGCG upregulates the expression of microRNA (/.e.
miR-210) by binding HIF-1a in mouse (CL13) and human NSCLC cells (H1299, H460 and
Ab549), resulting in reduced cell proliferation and anchorage-independent growth [76]. The
overall miRNA levels in the oncogenic K-ras-induced mouse lung cancer is decreased [77],
which is consistent with the findings that that lung-specific knockout of Dicer results in the
abnormality of lung development and function [78]. Furthermore, the genomic and
bioinformatics approaches were employed to analyze the role of microRNA in the EGCG
inhibition of tobacco carcinogen-induced lung tumors in A/J mice [79]. Results showed that
the expression levels of 21 miRNAs had modest changes and 26 potential targeted genes of
the 21 microRNAs were identified by the computation method. Further pathway analysis
revealed that the most impacted pathways of EGCG treatment are the regulatory networks
associated to AKT, NF-xB, MAPKSs, and cell cycle, and the identified miRNA targets are
involved in the networks of AKT, MAPKs and cell cycle regulation.

4.3. GTPs and breast cancer

Breast cancer is the leading cause of cancer death among females worldwide, with an
estimated 14 million new cases and roughly 8 million deaths each year [70]. Breast cancer is
categorized into three main subtypes according to their molecular profiles: hormone
receptor-positive (Estrogen receptor-positive/ ER+ve), HER2-positive (ErbB2-positive, a
member of EGFR family) and triple-negative tumors. The heterogeneity of breast cancer,
with the distinct morphological and phenotypic profiles through gene expression,
proliferation, and metastatic potential, make it difficult to treat with chemotherapy.

It is found that GTPs, particularly EGCG, inhibit proliferation, migration, angiogenesis, and
tumor growth in breast cancer, as well as inducing apoptosis and cell cycle arrest in the
cancerous cells [80]. EGCG has been shown to interfere with estrogen receptor function,
inhibit estrogen-induced breast cancer cell proliferation, and sensitize hormone responsive
tumors to drugs that target steroid receptors (e.g. tamoxifen) [81]. For example, treatment
with 10 /M EGCG for 72 h led to reactivation of estrogen receptor (ER)-a expression in low
basal ER-a MDA-MB-231 breast cancer cells. Moreover, this effect is enhanced when
combined with a histone deacetylase (HDAC) inhibitor [82]. The combination of EGCG and
curcumin was efficacious in both /n vitro and /n vivo models of ER-a-positive breast cancer.
EGCG possesses potent anti-invasive activity by activating the FOXO3a/ERa/MTA3/E-
cadherin pathway and overcomes trastuzumab drug resistance of HER2 positive breast
cancer cells [83]. In addition, EGCG treatment reduced cell proliferation, ATP production,
and Akt activity, and a concomitant elevated level of nuclear FOXO3a and p27KiP! Jevels in
trastuzumab-resistant breast cancer cells, suggesting that the combination of EGCG with
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trastuzumab may be an effective approach to treat HER2-overexpressing breast cancers [84].
Moreover, GTPs are able to target breast cancer stem cells (CSCs) and their signaling
pathways, by blocking Wnt signaling through a transcriptional repressor. Considering that
CSCs are responsible for the initiation of tumor growth, cancer recurrence, anticancer drug
resistance, and metastasis, they are believed to be promising therapeutic targets for breast
cancer in the future [85].

GTPs and EGCG are able to modulate epigenetic events to breast cancer prevention and
therapy, and are thus used as epi-drugs for prevention, prognosis, and perhaps treatment,
which might aid in overcoming the drawback of standard therapy for estrogen-dependent
breast cancer by using the selective ER modulators [86]. EGCG reduced DNA
methyltransferase 1 (DNMTL1) activity by either reducing S-adenosyl-L-methionine (SAM)
and increasing S-adenosyl homocysteine (SAH), or blocking the entry of the key nucleotide
cytosine into its active site by hydrogen bonding [87, 88]. Also, EGCG specifically inhibited
histone acetyl transferase (HAT) but not histone deacetylases (HDAC) in B lymphocytes
[89]. When used in combination with trichostatin A, EGCG reactivated ERa expression via
remodeling of the chromatin structure of the ERa promoter by altering the status of histone
acetylation and methylation [82]. In addition, EGCG affected miRNAs to cause subtle
changes in multiple molecular targets and pathways. For example, treatment with EGCG led
to upregulation of MiR-16 in tumor cells, which down-regulates 1«B kinase a and
subsequently induces kB accumulation in tumor-associated macrophages and inhibits M2
polarization [90].

Taken together, there are several proposed mechanisms of action of green tea polyphenols
against breast cancer, including anti-angiogenesis, interaction with target proteins [PI3K, 67-
kDa laminin receptor, Ras-GTPase activating protein (GAP) SH3 domain-binding protein 1
(G3BP1), Bcl-xL and Bcl-2, vimentin, Fyn, GRP78, and insulin like growth factor 1
receptor (IGF-1R)], inhibition of cell signaling pathways [EGFR, Wnt, hepatocyte growth
factor signaling pathway, Met phosphorylation and ERK-1/2, as well as Akt/protein kinase B
(PKB)], inhibition of enzyme activities (CDK 2/CDK4, proteasomes), induction of cell cycle
arrest and apoptosis, and effects on microRNAs [80].

4.4. GTPs and neurodegenerative diseases

Excessive ROS production causes oxidative damages to normal neuronal biomolecules and
leads to accumulation of iron in specific brain area, which is believed to contribute to the
major pathological aspects of Parkinson’s disease (PD) and Alzheimer’s disease (AD) [91].
Green tea extract and EGCG are found to exert neuroprotective/neurorescue activities in a
wide array of cellular and animal models of neurological disorders.

Accumulation of phosphorylated tau protein (P-tau) aggregates and the 42 amino acid form
of p-amyloid (AB4») is a pathological hallmark of AD. EGCG has been implicated as a drug
candidate that is able to modulate aggregation of proteins, such as Huntingtin, p-amyloid
and a-synuclein in neurodegenerative diseases [92]. For instance, treatment with 10 uM
EGCG provides a protective effect on cultured rat primary prefrontal cortical neurons
against iAB-induced cytotoxicity via the activation of the AKT pathway [93] or by
increasing the levels of acetylcholine [94]. Moreover, EGCG is effective in suppressing Al-
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induced ABg4; fibrillation by preventing further conversion of AB42 monomers into a folded
conformation [95]. EGCG also inhibits the aggregation of tau protein into toxic oligomers at
ten- to hundred-fold substoichiometric concentrations to rescue neuronal cells from tau-
induced neurotoxicity [96]. Results from Chesser ef al. (2016) revealed that EGCG treatment
enhances the clearance of three AD-relevant phosphorylated tau epitopes in primary neurons
[97]. These clearance are likely through increasing adaptor protein expression in a highly
specific manner, which differs from the previously reported mechanisms such as those
independent of both Nrf2 activation and enhanced autophagy [98].

PD is neuropathologically characterized by the misfolding and aggregation of a-synuclein
protein, damage and loss of dopamine (DA) neurons in the substantia nigra pars compacta
(SN), and mitochondrial dysfunction caused by oxidative stress [99]. EGCG treatment
inhibits the a-synuclein protein aggregation in a time- and concentration-dependent manner
with the EDs of 250 nM [100]. Similar results were obtained in /n vivo human brain tissues.
It is suggested that the inhibitory effect of EGCG on a-synuclein aggregation is attributed to
intermolecular hydrophobic interactions. Studies on animal experiments show that oral
administration of EGCG is able to significantly reduce dopamine neuron loss in the
substantia nigra pars compacta and can also prevent striatal dopamine and tyrosine
hydroxylase protein level depletion [101]. Some proposed molecular mechanisms behind
therapeutic actions of catechins includes scavenging of ROS and iron chelating, inhibition of
lipid peroxidation, induction of endogenous detoxifying enzymes, modulation of cell
signaling pathways (activation of PKC and PI3K/Akt signaling pathways and inhibition of
MAPK signaling pathway), and regulation of cell survival and apoptotic gene expression
[102, 103]. By interaction with these signaling cascade, EGCG further strengthens the
response of the cell to environment or the stressor, ultimately leading to responses such as
cell proliferation, apoptosis, synthesis of inflammatory mediators, and neurite growth.

GTPs and diabetes

According to the WHO report, about 347 million people worldwide have diabetes mellitus
(DM), from which total deaths are projected to rise by more than 50% in the next 10 years.
Type 2 DM (T2DM) accounts for approximately 90% of all diabetes in almost all countries
[104]. There are some discrepancies regarding the effect of tea consumption on diabetes
based on human epidemiological studies. Results from some cohort studies in Taiwan and
Japan show that the consumption of green tea is effective against type 2 diabetes [105, 106].
However, some randomized trials showed contrary results that daily consumption of green
tea by patients with diabetes for several months failed to ameliorate diabetes-related
parameters [107].

Some mechanisms of actions of GTPs against diabetes have been proposed. First, oxidative
stress has been implicated in the progression of diabetic complications. The health beneficial
effects of tea polyphenols on type 2 diabetes are partly attributed to their antioxidant activity,
as well as their modulatory action towards some oxidative stress-related signals [108].
Secondly, EGCG is capable of inhibiting cellular glucose uptake either by blockade of
insulin signaling or by direct competition with glucose for GLUTSs. Thirdly, tea catechins
also affect the insulin pathway either by inhibiting the carbohydrate digestive enzymes a.-
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amylase, a-glucosidase, and intestinal sucrase in the intestine of the rats, or by enhancing
the insulin sensitivity and insulinotropic activity [109]. In addition, GTPs are also effective
in improving endothelial dysfunction and modulation of inflammation (cytokine expression).

4.6. GTPs and endometriosis

Endometriosis is a disorder due to the implantation of endometrial glands and stroma outside
the uterine cavity. It is generally accepted that endometriosis is an angiogenesis-dependent
disorder [110]. New blood vessel formation to deliver the oxygen and nutrient supply is
essential to the development and progression of endometriosis [111]. Animal models have
confirmed that angiogenesis occurs in endometriosis [112,113]. Anti-angiogenesis therapy
therefore offers an opportunity for the treatment of endometriosis [114]. The anti-angiogenic
activity of EGCG has been previously demonstrated /n vitroand /n vivo [115]. Furthermore,
EGCG suppressed the angiogenesis signaling pathway and inhibited the growth of
experimental endometriosis in mice [113,116]. According to one study, EGCG inhibited the
E2-stimulated activation, proliferation and VEGF expression of endometrial cells in vitro
[117]. EGCG also selectively suppressed angiogenesis and blood perfusion of endometriotic
lesions /n vivo.

4.7. GTPs and angiogenesis

Accumulating data based on /n vitro and in vivo tumor models has confirmed the
antiangiogenic properties of GTPs. Various molecular mechanisms have been proposed,
such as the suppression of cell proliferation, induction of apoptosis, inhibition the expression
of angiogenic factors, suppression the phosphorylation of receptors and inhibition of binding
of VEGF to its receptor. For example, green tea extract significantly reduced the expression
of Flt-1 and KDR/FIk-1 in HUVEC, suggesting that they may have preventive effects on
tumor angiogenesis and metastasis through reduction of expression of VEGF receptors
[118]. EGCG is recognized as the only catechin that inhibits VEGF binding to its receptor. It
was able to reduce the expression of VEGF and therefore regulates VEGF expression
through blocking ERK and Akt phosphorylation [109]. In addition, EGCG significantly
decreased the expression of HIF-1a, a strong activator of VEGF expression [120]. It also
was able to block the signal transduction events of VEGF, such as phosphorylation of
ERK1/2, autophosphorylation of VEGF-R1 and VEGF-R2 and the expression of early
growth response-1 (Egr-1) transcription factor in human umbilical arterial endothelial cells
[121]. Recently, GTPs, especially EGCG, exhibited influence on some miRNAs and
activation/inhibition of various cellular/molecular pathways which are involved in
angiogenesis in various cancer types [122]. For example, the incubation of MCF-7 cells with
low concentration of Polyphenon-60 (green tea extract) for 48 h lead to significant changes
of 23 miRNAs [123]. With more and more studies being carried forward in the future, some
new miRNAs and novel roles of miRNAs involved in anti-angiogenesis effect of GTPs may
be discovered. Figure 3 summarizes the biological activities and physiological mechanisms
of green tea catechins as reviewed above. Please also see Section 7 for anti-angiogenesis
effects of pro-EGCG.
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5 Challenges for use of GTPs as therapeutic agents

Diverse health-promoting activities of green tea and its major constituent EGCG have been
supported by the evidence from cellular, animal and clinical studies. Case-control and cohort
studies have reported beneficial effects of green tea on patients with various cancers, such as
breast, colon and rectum, pancreas, stomach, ovary, and lung, as well as prevention of
recurrence in Stage I-11 breast cancer patients. However, some studies did not show an
association between the intake of tea and/or polyphenols and the decreased risk of human
cancers. For instance, a phase Il clinical trial was conducted in Italy to investigate the effect
of green tea catechins in patients with high-grade prostatic intraepithelial neoplasia (HG-
PIN). After sixty volunteers with HG-PIN took daily 600 mg of green tea catechins (Categ
Plus®) for 6 and 12 months, no any statistical difference in PCa incidence was observed
between the experimental groups through prostatic biopsy and measurements of prostate-
specific antigen (PSA) [124]. Results from a meta-analysis of prospective cohort studies in
Asian populations revealed that cumulative tea consumption in the highest consumption
range (> 5 cups per day) led to a 22% reduction of the relative risk of liver cancer, but
significantly only for women, not in men [125]. This limited effect in a subpopulation of
Asian women does not endow a general recommendation for green tea as a preventive agent
of hepatocellular carcinoma. Furthermore, meta-analysis including two studies and breast
cancer recurrence and seven studies of breast cancer incidence did not find a significant
effect of green tea on breast cancer prevention [80]. Many published reviews have discussed
the possible reasons between the in vitroand in vivo studies as wells as between the
epidemiological and clinical trials [1,10,126,127]. Taken together, the offered explanations
include: a) higher quantities of GTPs used in /n vitroand in animal studies as compared to
the doses used for human clinical trials. The concentrations of GTPs used for /n vitro studies
usually range from 20 pM to 100 UM or even higher. By contrast, these levels cannot be
achieved /n vivo, especially inside or surrounding cancer cells [10]. Even after 7 to 9 cups of
tea, the physiological level of tea in blood is less than 1 uM. Furthermore, the concentration
of catechins in the tissues is affected by the duration of tea intake; b) Experimental systems
are generally simple and homogenous in terms of genetic, host and lifestyle factors, and
experimental conditions are easily controlled. However, clinical trials faced more
complicated experimental conditions, such as the additional variables of host and lifestyle
factors, exposure complexity and metabolic competence; ¢) Time of exposure to green tea
might be different. For example, for the chemopreventive effect of GTPs, exposure is
normally before, during and after carcinogen treatment in experimental models when cells/
tissue/processes are norm while the administration of green tea in clinical trials is after
damage/disease, high-risk individuals/cancer patients. These inconsistent results suggest that
there is still a long way to go before the clinical use of GTPs as therapeutic agents.

The low bioavailability of GTPs is still a major hurdle that hinders their clinical application
as therapeutic agents. The rates of absorption and bioavailability are extremely low in orally
administered EGCG (perhaps < 3.5% of the dose) [128]. Many EGCG bioactivities observed
in vitro are not reproduced /n vivo, suggesting that the irrelevance of in vitro results
associated with tea polyphenols. Molecular and cellular mechanisms associated with low
bioavailability of GTPs have been proposed [20], including loss or inactivation owing to
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metabolic transformation or degradation, low cellular uptake due to poor hydrophobicity to
cross the cell membrane, and active efflux of many polyphenolic compounds by the
multidrug resistance-associated protein 2.

Many strategies aiming improving bioavailability and therapeutic efficiency of GTPs have
been put into practice. First, it might be applicable to synthesize more GTPs-based analogs
or prodrugs to find more potent, stable and specific active agents. Second, design and
development of effective delivery systems, such as nanoparticles and liposome, might assist
in improving the bioavailability of GTPs. Various nanoparticles are believed to be promising
candidates for the encapsulation of chemically labile bioactive substances since they
manifested some unique advantages over enhancing performance of the loaded drugs,
including higher stability and bioavailability, improved water solubility, sustainable and
controlled release, and higher absorption property [129]. Encapsulation of catechins in
carbohydrate nanoparticles and liposomes significantly improved their therapeutic efficacy
[130]. Third, the combined use of GTPs with other drugs and inhibitors as therapeutic agents
might be a promising approach. This combination generates more effective therapeutic
activity, such as a synergistic effect, than that of individual drug alone. For example,
combination of EGCG and NS-398 significantly resulted in enhanced cell growth inhibition,
apoptosis induction, proapoptotic proteins expression, as well as inhibition of nuclear factor-
kB compared to the additive effects of the two agents alone [66]. The combination of EGCG
and erlotinib induces apoptosis of SCCHN cells by regulating Bim and Bcl-2 at the
posttranscriptional level [131]. Some combinations of EGCG and anticancer compounds
induced similar synergistic anticancer effects for both /n vitro and /n vivo experiments, with
an average reduction in tumor volume reaching by 70.3% in xenograft mouse models [132].

6 Development of nanoparticle-based delivery system of GTPs

6.1.

Various attempts have been made in the past decades to overcome the above-mentioned
limitations of GTPs, among which, nanoparticle-based delivery system appears to be a
promising alternative for improving the bioavailability of GTPs due to their unique
advantages over traditional delivery methods, including improved stability, enhanced
anticancer performance, higher bioavailability, and sustainable and controlled release and
targeted delivery to the site of action. A summary of the listed references on the
development of nanoparticle-based delivery systems of GTPs is shown in Table 2.

Protecting GTPs against harsh conditions

GTPs are very unstable and reactive owing to their chemical structure, and thus highly
susceptible to chemical, physical and biological stress factors such as light, oxygen, thermal
processing, pH changes, metal ions, and other harsh conditions. Nanoparticle-based delivery
systems are considered as plausible options to overcome these limitations. For example,
encapsulation in chitosan-tripolyphosphate nanoparticles is effective in stabilizing tea
catechins in alkaline solution [157]. It took 8 and 24 hours for the non-encapsulated and
encapsulated (+)-catechin, respectively, to be degraded to 50% of their initial levels, and the
corresponding values for the nonencapsulated and encapsulated EGCG were 10 and 40
minutes, respectively. Shpigelman et a/. (2010) used thermally modified B-lactoglobulin to

Expert Opin Drug Discov. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 13

form co-assembled nanovehicles for delivery of EGCG, and found that these complexes
conferred considerable protection to EGCG against oxidative degradation. A 33-fold lower
initial degradation rate and a 3.2-fold slower degradation over 8 days were observed for
nano-entrapped compared to unprotected EGCG [158].

6.2. Sustainable and control release of GTPs

6.3.

The half-life for EGCG is about 5 hours, and for EGC and EC the half-lives vary between
2.4 and 3.4 hours [159]. Such a short half-life greatly hinders its clinical development.
Extensive studies have been conducted on the sustainable release of GTPs by various
nanoparticle delivery systems. Colloidal complexes from association of methylcellulose and
EGCG presented a sustained EGCG release from the complex with around 60% release in
intestinal pH at the end of 2 hours [160]. Electrospray-aided nanoencapsulation process
improved the release and permeability properties of catechins, especially at lower core-to-
wall ratios (1:50 or 1:10) compared to higher core-to-wall ratio (1:05) or as catechins in free
form [161]. In addition, some pH-responsive and magnetic-responsive nanoparticle systems
have been developed by incorporating pH/magnetic-responsive polymers in nanoparticles
[162]. Self-assembled nanoparticles composed of chitosan (CS) and an edible polypeptide,
poly(y-glutamic acid) (y-PGA) for the delivery of tea catechins, were pH-responsive and
demonstrated different tea catechin release profiles in simulated gastrointestinal tract (Gl
tract) media [147].

In vitrorelease studies show that the release of GTPs from nanoparticles is affected by pH
values, temperature of the release medium, and structure of the nanoparticles, whilst the
loading concentrations of drugs seem to be independent to the cumulative percentage of the
drug release [163]. In GTPs-loaded liposomal nanoparticles, when the pH value of release
medium changed from 3.0 to 9.0, the cumulative release percentages of GTPs in 48 h were
about 50% and 74%, respectively. The cumulative release ratio of the drug increased with
the temperature. Under the same conditions, about 53%, 60% and 79% of GTPs were
released within 48 h at room temperature, 37°C and 45°C, respectively. These differences
might be explained that the pH and temperature were able to affect the structure of the
liposomal nanoparticles or the binding between liposomes and GTPs. Release kinetics
analysis shows that the drug release for nanoparticulate dosage forms or sustained release
formulations fitted with Zero order kinetics with anomalous mode of transport. In chitosan-
based nanoparticles, GTPs release /n vitro was divided into two phases: a very rapid initial
burst (about 6 h) and a slow release (up to 48 h). The composition and structure of chitosan
nanoparticles play important roles in the release behavior of GTPs from chitosan-based
nanoparticles delivery system [150].

Improved bioavailability of GTPs

Results from the study on EGCG-loaded solid lipid nanoparticles (EGCG-SLN) showed that
the lipid core of nanoparticles not only provides an additional structural reinforcement to the
nanoparticle assembly, but also makes it biologically compatible. The cytotoxicity of
EGCG-SLN was found to be 8.1 times higher against MDA-MB 231 human breast cancer
cells and 3.8 times higher against DU-145 human prostate cancer cells than that of the pure
EGCG [164]. Compared with free EGCG, EGCG encapsulated in polylactic acid-
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polyethylene glycol nanoparticles retained its biological effectiveness with over 10-fold dose
advantage for exerting its proapoptotic and angiogenesis inhibitory effects in cell assays, and
also showed anti-tumor effect in a tumor xenograft mouse model [165]. Similarly improved
bioavailability of EGCG was also observed by Hu et al., who synthesized a novel type of
nanochemoprevention by encapsulation of EGCG with caseinophosphopeptides and chitosan
nanoparticles, and found an enhanced penetration of EGCG through Caco-2 cell monolayers
[166].

6.4. Targeted delivery of GTPs

7.

Targeted treatments are aimed at blocking specific biologic transduction pathways or cancer
proteins that are involved in tumor growth and progression, 7.e. molecular targets (receptors,
growth factors, kinase cascades or molecules related with apoptosis and angiogenesis) that
are present in normal tissues, but are found overexpressed or mutated in cancer.
Modification of the surface of the coating material not only provides active targeting
characteristics to the particles, but also improves therapeutic efficacy of encapsulated drugs
and overcomes the multidrug resistance (MDR) [167]. Various ligands are extensively used
to functionalize the surface of nanoparticles for encapsulation of EGCG, such as albumin,
hyaluronic acid, biotin, folate, transferrin, and monoclonal antibodies [168]. In order to
selectively deliver EGCG to cancer cells, EGCG-loaded nanoparticles consisting of PLGA-
PEG functionalized with small molecules like the prostate specific membrane antigen
(PSMA) were found to exhibit a selective /n vitro efficacy against PSMA-expressing
prostate cancer cells [156].

Pro-drug of GTPs

Our laboratory successfully introduced chemical modifications to GTPs to form prodrugs
and synthesized a series of analogs based on structure-activity relationship [169, 170]. Pro-
EGCG (Figure 1), the octaacetate of EGCG, was found to be 6 times more stable than (-)-
EGCG in a culture medium (RMPI) which mimics the body fluid with a pH value around 8.
Therefore, peracetate protection of the phenol groups of (-)-EGCG aids in stabilizing in
culture (presumably physiological) conditions [169]. When pro-EGCG was incubated with
an extract of leukemia Jurkat T cells, it was degraded with the formation of EGCG,
suggesting that pro-EGCG can be hydrolyzed presumably by cellular esterases to give
EGCG. (-)-EGCG has been found to potently inhibit the chymotrypsin-like activity of
proteasomes /n vitroand in vivo [171]. In contrast, Pro-EGCG, of itself, was completely
inactive in inhibiting the chymotrypsin-like activity of the purified 20S of proteasome. On
the other hand, Pro-EGCG is equally potent to, if not more potent than, (-)-EGCG in
inhibiting the proteasomal activity in intact Jurket cells, suggesting again that Pro-EGCG
can be converted to EGCG inside the cells [169].

The Jin vivo activity of Pro-EGCG has also been examined in animal models. Intragastric
administration of Pro-EGCG to CF-1 mice resulted in higher bioavailability of EGCG in
plasma compared with administration of equimolar doses of EGCG [172]. To investigate the
potential efficacy of Pro-EGCG /n vivo, breast cancer MDA-MB-231 tumors were induced
in nude mice, followed by treatment with Pro-EGCG or (-)-EGCG for 31 days. Results
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showed a significant inhibition of breast tumor growth by Pro-EGCG, compared with (-)-
EGCG [173]. Superior efficacy of Pro-EGCG as compared to EGCG was also observed on
their inhibitory effect on androgen-independent prostate cancer, CWR22R, xenograft model
in nude mice [174]. In mouse models of xenograft of human endometrial cancer, Pro-EGCG
inhibited tumor angiogenesis through down-regulation of vascular endothelial growth factor
A (VEGFA) and hypoxia inducible factor 1 alpha (HIF1a) in tumor cells and chemokine (C-
X-C motif) ligand 12 (CXCL12) in host stroma [175]. To evaluate the potential of cancer
preventive effects, dietary administration of Pro-EGCG and EGCG in dextran sulfate sodium
(DSS)-induced colitis in mice was studied. The results indicated that Pro-EGCG
administration was more effective than EGCG in preventing the shortening of colon length,
the formation of aberrant crypt foci (ACF) and lymphoid nodules (LN) in mouse colon
stimulated by DSS [176]. In a mouse model of endometriosis, both EGCG and pro-EGCG
significantly decreased the growth of endometrial implants and reduced the lesion size and
weight, as well as inhibited functional and structural microvessels in the lesions. However,
the inhibition by pro-EGCG in all the angiogenesis parameters was significantly better than
that by EGCG [177].

8. Conclusion

9.

Accumulating evidence has supported the potential roles of GTPs and its major constituent
EGCG in chemopreventive and therapy of various cancers and other diseases. Unfortunately,
intervention studies have not yet confirmed these health benefits of GTPs. Nanoparticle-
based delivery techniques hold great promise for addressing issues related to poor stability,
solubility and bioavailability encountered in medical applications of GTPs. However, there
is still much more to study in terms of optimizing the performance of nanoparticle-based
delivery systems for GTPs in the future. Using the pro-drug approach, Pro-EGCG, the
octaacetate of EGCG, has been found to have superior stability /n vitro and better activities
and efficacy than EGCG in a number of animal models /n vivo. It offers the potential to be
further developed into a therapeutic agent.

Expert opinion

The key findings in the green tea field so far include that GTPs possess potent
anticarcinogenic activities by interfering with the initiation, development, and progression of
cancer; EGCG suppresses the angiogenesis signaling pathway and inhibits
neovascularization, which can contribute to not only its anticancer activities, but also the
growth inhibition of experimental endometriosis in mice [113, 116]. Another key finding in
this field is that GTPs have numerous conformations due to the presence of the galloyl
group, enabling them to interact with various types of molecules, such as nucleic acids and
proteins. For instance, EGCG is capable of entering into nucleus and binding to both DNA
and RNA in CpG-rich regions [178]. Although the exact mechanism by which the EGCG
accumulates in nucleus remains unclear, these interactions might play an important role in
regulating gene functions. EGCG is also found to bind with a variety of proteins, such as
histidine-rich glycoproteins, kinases, anti- and pro-apoptotic proteins, insulin-like growth
factor receptor, proteasomes, and so on. The interactions between EGCG and these targets
may play regulatory roles in multiple signaling events. Moreover, EGCG has cell type-and
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environment-specific responses. Therefore, it is important in the future to identify more
molecular targets or biomarkers that respond to physiologically effective concentrations of
EGCG. Such future studies will contribute an in-depth understanding of the
chemopreventive and therapeutic mechanism of GTPs towards various cancers, as well as
will provide a better guidance for the targeted therapy of cancers with GTPs as clinical
therapeutic agents in the future.

There are some weaknesses or challenges related to GTPs that have to be overcome before
their clinical use for human health benefits. The poor bioavailability is still a major
challenge for the development of GTPs as a therapeutic agent for clinical application. In
order to maximize chemopreventive and therapeutic efficiency of GTPs (mainly EGCG) as
those observed in various /n vitro cellular assays, continuous efforts aiming at improving
their bioavailability should be made in the future. The use of pro-drug such as Pro-EGCG
may help in resolving the poor bioavailability issue even though further studies are clearly
required. In addition, by using various polymeric carrier systems, /.e. nanoparticles,
liposomes, solid liposome nanoparticle and micelles, some advancement has been achieved
in enhancing bioavailability and stability of GTPs. Nanoparticles-based molecular targeted
cancer therapy is a promising strategy to overcome the lack of specificity of conventional
chemotherapeutic agents. It should provide more specific targeting to tumor tissues via
improved pharmacokinetics and pharmacodynamics and active intracellular uptake [179].
Ultimately, active targeting via the inclusion of a specific ligand on the nanoparticles is
envisioned to provide the most effective therapy, and some ligand-targeted nanotherapeutics
are either approved or under clinical evaluation [180]. As far as the biological targets are
concerned, tumor-associated antigens appeared to be suitable biological targets for
therapeutic intervention. The translation of these bioconjugates into clinical practice is
expected soon, even though there is continuing interest in developing a localized therapeutic
option for treatment of various cancers [156].

Although these drug carrier systems provide us with more options for targeted anticancer
therapies, a big challenge associated with it is to understand the intrinsic characteristics of
these carriers that determine their interactive actions with target organs/cells or various
biological systems. The knowledge is needed in the field is determination of
pharmacokinetic and therapeutic effectives of the loaded drugs as well as their disease-
targeting selectivity. Therefore, in the coming years researchers should put more effort on
developing novel GTPs (e.g., EGCG)-loaded carriers that are able to target disease tissues
selectively and specifically. In addition, one would expect to see the progress in
determination of the actual magnitude and pharmacological mechanisms of GTPs
encapsulated in nanoparticles, as compared to those free, in order to address newly emerging
safely issues associated with the potential “local overdose” effect for nanotechnology-
enabled encapsulation system.

Another big challenge in cancer chemotherapy field is time-dependent multidrug resistance
to chemotherapy and radiotherapy, along with treatment discontinuation caused by various
side effects. One future strategy to overcome this shortcoming is to develop novel
combination treatments of chemotherapy and bioactive dietary compounds. Multidrug
chemotherapy has become a research focus in the recent years because of better therapeutic
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efficiency and lower adverse effects compared to the conventional monotherapy. More future
attention should be paid to the combinations of GTPs or EGCG as adjuvant with
chemotherapy or radiotherapy. It should be noted that antagonistic effects could be generated
when GTPs are combined with other therapeutic drugs in some cases. However, in most of
cases additive or synergistic interaction between EGCG and conventional anticancer agents
could be generated that should enhance the therapeutic efficiency and reduce adverse side
effects of conventional anticancer drugs. For example, combinations of green tea extract or
EGCG with some conventional anticancer drugs, such as cisplatin, tamoxifen, efc., have
exhibited some encouraging preclinical data, suggesting that the combinations are more
effective than monotherapy [181]. However, there are only few clinical studies on such
combinations. More efforts are needed in the future to search for promising combinations of
EGCG with other anticancer agents preclinically and in clinical studies to validate such
combinations for cancer therapy. In addition, the inconsistent results of the cellular assays,
animal experiments and human intervention trials imply that it may be unwise to extrapolate
the results of /in vitro studies to /in vivo situation. Taken into accounting the confounding and
modulating factors that affect the /n vivo anti-cancer performance of GTPs (e.g. quantities of
tea polyphenol, duration time of tea intake, varied aetiology in different populations and
population heterogeneity, and so on), well-designed cohort studies and human intervention
trials to minimize the undesired influence of these factors are meaningful and needed.
Studies on the selection of approximate dosages and biomarkers for clinical trials treated
with GTPs are needed in the future.
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Article highlights

Accumulating evidence from cellular, animal and epidemiological studies has
supported the diverse health benefits of green tea polyphenols and its major
constituent EGCG.

The beneficial effects of green tea polyphenols are limited by their poor
stability, absorption and bioavailability.

The metabolic biotransformation of green tea catechins affects their
absorption, distribution, metabolism, excretion and toxicity, as well as overall
efficiency in disease prevention and therapy.

Effects of EGCG are dependent on cell types and environments.

Nanoparticle-based delivery techniques could improve stability, solubility and
bioavailability of green tea polyphenols.

The use of Pro-EGCG as a prodrug of EGCG offers improved stability,
bioavailability and efficacy in animal models.

Expert Opin Drug Discov. Author manuscript; available in PMC 2019 July 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

HO Q . L

OH
CH

(+)-catechin

{(+)-cpicatechin

OH

HO

oM

OH

{-)-gallocatechin

OH

OH

(-)-catechin gallate

Figure 1.

Page 28

OH OH
OH OH
HO O,
& OH

OH "‘f;o

OH OH
o}
OH OH
HO O & OH
* CH
o
OH

(-}-epicatechin

HO

"on

(-)-catcchin

{-)-epigallocatechin gallate

OH

OH

{-)-gallocatechin gallate
(-)-epigallocatechin

OAc
OH iIOAC
AcC O N
HO O & OAc 0
o oH A ~ ?4
v,
" d CHs
OAC
OH OH o
o]

O
OAc
QAc
OH
OAc

OH

{(-)-cpicatechin gallate the petaacetate of (-)-epigallocatechin gallate (Pro-FEGCG)

Chemical structures of major tea catechins and the octaacetate of (—)-epigallocatechin
gallate (Pro-EGCG).

Expert Opin Drug Discov. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal. Page 29

Methvlation 4' ()Y =& Methylation

Glucuronidation * HO OGN : 3:()11-1- Vcthylation

Y

HO

Methylation
-, Methylation
WUH Glueuromdation

o1l OH

Gilucuronidation /

(-)-epicatechin-3-gallate (ECG)
(-}-epicatechin (EC) EC/ECG-sulfate

Glucwronidation

x|

Methylation
OH g Methylation
Glucuronidation Ol Cilucuronidation
41 ) f Methylation
OH
HO_ 7 O & SO Glucuronidation /
- Glucuronidation *
5 ¢ ¥ = Ho., 0
o171 3 OH
0 ;
K
O™ Methylation s OLl
Ly -~ A, OH
OH Glucuromdation N,

(-)-epigallocatechin (EGC)
{-)-cpigallocatechin-3-gallate (EGCG)

EGCG/EGC-sulfate

Figure 2.
Structure sites for methylation, glucuronidation and sulfation of major tea catechins by

human and rodent enzymes.

Expert Opin Drug Discov. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 30

Antioxidation

Lung cancer

Induction of phase 2 enzymes

Tnhihition of TNT-o. synthesis and release
Induction of apoptosis and cell cycle arrest
Inhibition of protein kinase activities
Modulation of signal transduction pathways

-

.

Anti-angiogensis of foct

Tnteraction with farget proteins

Inhibition of cell signaling pathways
[nhibition of cnzvime activitics

Induction of cell cycle arrest and apoptosis
Modulation ol epigenetic events

Breast cancer

D

Tea polyphenols
(mainly EGCG)

Diabetes
Antioxidant activity
Modulation of some oxidative siress-related signals
[nhibition ol cellular glucose uptake
affect the insulin pathway
improving cndothelial dysfunction
maodulation of inflammation {cvtokine ¢xpression)

Angiogensis

Induction of cell cyele arrest and apoptosis

Inhibition of vascular endothelial

Induction of miRNAs

/ growth factor (VEGF) VEGF receptor
Inhibition of phosphorylation of VEGTR

”y

Figure 3.

Neurodegenerative diseases

Antioxidative and chelating activity

Activation ol antioxidant enzymes activily
Attenuation of the aggregation of proteins
Inhibition ol amyloid-[} protein precursor translation
Modulation of several signal transduction pathways

A

Biological activities and physiological mechanisms of green tea catechins.

Expert Opin Drug Discov. Author manuscript; available in PMC 2019 July 01.



Page 31

Lietal.

'sisoydode Jo

uoIINPUI pue 3J9A [139 Ul
uonenbaiap Aq pareipaw
S1193)J3 SIU} pue ‘s||a9
VOd Uewny aAisuasul
-uaboupue pue aAIISUSS
-usBoupue yoq 1surebe

"TZA/T4VM JouqIyur aseury
u11942 J0 UoANPUI JO S|89
deDNT ul £6d Jo asealoul
uapuadap-asop e ‘sisoydode

1019
ulalsapn ‘sisAjeue 810k
1199 ‘sisAjeur AnawoiAo

Mo} ‘sisAjeur Adoasooiw

[ss] S10849 aAleIBYI|0IdNUY ‘Jsa.e 919Ad |90 pasne)  [ed0yu0d ‘Aesse Jappe| VNG w/Bw 08-0T 9093 deONT S¥TNA
‘sydiiosuely
UOISN} 8y} 0} 82UBIBYBI YIM
9SeasIp 8y} JO Uoneglagexa  "doueseadde 1dLosuRL) UOISNY
ayr Bunebiw ut 9993 8yl 4 ‘ANANDE pue uolssaldxa
[26] 40 10343 dnnadesay L IN.LY pareniidessy 1010 UIBISIN A 00T 9093 $O31d dBON
'sa)is Buipulg Tds yim
uonerdosse zAdN + ‘vH
pue gH auoisly paje|Aiade ‘Aesse d1yD
| ‘2dD8IN pue yagin ‘Ansiwaydoifoounwiwi
‘TAdIN J0 sjans] utsloud 90U82S3J0N|} 10| UIBISOM
pue WYNYW 8y} 4 'Sals ‘Burouanbas alInsiq
Buipuiq J039e} uonduosues o1wouab ‘40d dy19ads
a1 01 [e1sip suoifal pue -JAylaW pue JuawWIeal) 23.d
Buljapow unewolyd Jar0wo4d Td1SO rewixold ayInsiqg ‘Aesse AjAnoe syINa
pue uonelAyloW YNQ Ja)e 3y} Ul uonelAylswap ‘Td 1S9O OVaH ‘Aesse Auniioe edd
[95] 01 [enuajod [enp sey 419 10 uolissaldxs-al pasned aselajsuenjAysw wNG qu/br 0T-1 9093 sjousydAjod ea) deoN
uoI39313p
sisoydode pue sisAjeue
‘uoleAnoe g-asedsed 81942 199 ‘Aesse dI1yD
‘uonejAioydsoyd qav4 1010 UIRISaM ‘Aesse L1eap
'snyels g6d | ‘aseury [eutwts)-N-unf-o 1189 ‘Aesse uolrejuawbely
10 ssa|p.Jebal swisiueyosw 10 uoIreAnde ybnoiyr S4 | VNQ ‘uoneaiyuenb pue
10UnSIP OM] Ag Yreap [132 ‘snyess £6d Jo ssajp.tehal Buiurels an|q auajAyaw
[5s] Ja2ued a1eIsold paonpu| sisoydode pajowoid ‘esse uonelajijold Jw/bw 08-02 sjouaydAjod ea| deoN1
'9093 4o uonejAyrow 81189 BN Ul AnAioe
Buisealoap pue axeidn annjelayjodiue Jabuons
Je[n1a2 ay1 Buisealoul eIA ‘S]199 £-0d U1 sisoydode sisAJeue Anawoiko Tl
9097 40 198448 JadurIIUE pue 1sa.le 81942 []92 paonpul Moy ‘Aesse | | IN ‘sIsAjeue 0z unaalanb deON1
[vs] 3} paguByUa UNBAIBNY ‘uoiresayljold |32 panqiyul uondiosqe rejn|je0 W oy 9093 unadenb + 9993 €-0d
sisAjeue ¥Od-1Y
pue [e21WaY20ISIYoUNLIWL
‘0€E-VNYIW | ‘TZ-VNYIW 1 ‘Resse
‘uoissaldxa urgrold J3jsuely ABIaus aoueUOSa)
pue UOIIeIO[SURI} Jeajonu  3duddsalon|y ‘Aesse Jariodal 2 0)
YV ‘uonreAnde jeuondiosues pue UOIIB)SUEI] JUBISURL} TAYZ2
paleIpaw-(yv) usboipue ‘Resse | 1IN IAD
[es] uonoe ojuabospuenuy ‘ymouB 1199 pangiyul ‘Butjspow oayfis uf AT 09-0 9093 deON1
ERIETETEN | uoisnjouo) synsay SPOYISIN  UOIIeIIUSIU0D pasn spunodwio) S|9pOIN

Author Manuscript

"SWI9ISAS [eruswILIadXa Ul 13ourd a1e1soud isurebe sjousydAjod ea) uaalb Jo S1984ya Jaouedllue a8yl uo Arewwng

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Expert Opin Drug Discov. Author manuscript; available in PMC 2019 July 01.



Page 32

Lietal.

Ajrensed s1 Aemyred
Buijeubis Juspuadap
-Me€ld uspuadapul-MIN

Remuyed (z/TH43) aseun
pare|nbal-eubis Jejnjjadelixa
3y} JO UoneAnoe ‘uolielaijold

o939

[vol B BIA UOIeANJR 2/THYT 1132 €-0d panqiyut 101qounwi| ‘Aesse SLIA I 05-0 RIRE| €-0d 'T-IdMY
9093 Aq sAemyed
Z/TXI3 pue Mv/XEld 'S|199 JeDNT pue
JO uoreAnde SAIIMINSUOY  GPTNA Yiog ul g/T33 | 'PV
[e9] au Jo uonenpolN  -oydsoyd pue MEld 4O s|ana|} Bumojq wiaissp Jw/Bw 0p—0T 9093 deONT SvINa
"xa]dwod
apeased Buifeubis Buionpul
-yreap pare|nbai ‘suiaoid
'sRemyied onodode 10 Ajiwrey z1og anododenue ‘Resse
2ISULIIX3 pue dISULUI pue -oid Jo uole|NpoW Buireay punopn ‘Aesse
10 uonenpow ybnoayy pue abeAes|d asesswAjod uoisenul ‘AydelbowAz
sisoydode pajeipaw-TIvyL (ssoqu-daw)Ajod | uneab ‘bumojqg uisIsepn
01 51199 deDNT JUBISISal 'S]199 deDNT Ul ‘sisAeue Adoasouorw
[ca] -7IvY L s8ziisuss 9093 Ananoe onoydode paaueyug 8ougosalonyy ‘Aesse | LN AN 07—02 9093 deON
‘g pue 6 sasedsed
J107en1Ul JO UOKEBAIDR
ay) patabbi siaquisw
'sisoydode Jo Joney Ajlwrey z-19g Jo uoissaidxa
u1 suigio.d anoydodenue palayfe siyL ‘xeg pue T4
pue -oid usamiaq /T2d s1864e] Weansumop sy sAesse
aoueleq ay3 Buiyiys Aq ‘Auanoe feuonduosuel) su | Jayodal ‘Aesse asegA3d
[tal sisoydode seonpul 9993 ‘€Gd 40 uonezi|igels paonpuj ‘vSI13 ‘Aesse 1INNL wrl 08-0z 9093 deoNT
“21P9 pJemol 3 uljakd
Jo Buipuig ay ‘22d/TdIM
pue TZd/T4VM premol T
u1joAd o Burpuig ayy | "9¥pd
‘yreap 192 onoydode  pue ‘pXpI ‘Zpd ‘J ulpkd ‘1
0] Buipes] Ajarewnn - u1joAd Jo uoissaidxa utsjosd 4
$s9204d 3]qISIana.IL ‘gTd/9pMNI pue ‘9Td/erMNI ‘sisAeue [eaifojoydiow
ue aq Aew yoiym ‘1saire ‘12d/TdId ‘T2d/TAvM ‘sisAeue sisoydode [analel
[¥] 81942 |]90 pasnes H)93 10 uoissaidxa utejoud | ‘sisJeue 81942 |90 quwybr op-5 9993 deoN
'S|ana| abessaw pue uisjoid
3y} Je xeq pue TyemyTed
J0 uolssaldxa | ‘urewoiyd sisAjeue
“uoniqIyul OVaH Je|n||8d [e10} Ul H 8UOISIY sisojdode ‘Aesse d1yo
0} ‘Wed ur ‘anp aq Aew  pare|Aeoe | ‘ANAnoe swAzus 1019 WIS ‘¥Dd-1d dedN1
[09]  d19 josways ssouedonuy OVQH | Sse|d pauqiyul ‘Aunioe swAzus OvVaH w/Bw 08-0T sjousydAjod eaL €-0d
'sauab
paoua|is-uonejAyaw
3OS pajeAloeay
*T anbojowoy 7w uewny 1019 WIS ‘YD d-1Y
'S]199 pue ‘asesajsuel|ALpaw ‘d42d d119ads-uonejAylew
1eoueo uy  duiuenBiAylsw-oo ‘g J0ydaoal pUe UOITEDIIpOW
sauab paouajis-uonejAyiaw P12 210UNBI ‘ppyp, 970 auynsIg ‘saipnls Buljapouw
paleAlloRal pue 10 uonejAyrawiadAy Je|nd3jow 09//IS uf ‘Resse
[6s] Anninoe LIANG paugiyul 10 [eslanal e pasne)d asesdjstelAylaw VNG I 05-G 9093 €0d 62-LH 3SAM
RERIETETEN | uoisn|ouo) s} nsay SPOYISIN  UOIIBJIUSIU0D pasn spunodwo) S|IapOIN

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Expert Opin Drug Discov. Author manuscript; available in PMC 2019 July 01.



Page 33

Lietal.

*9seasIp

aseupy
pare|nfai-jeuBis Jejnjjaoesxa
parejAioydsoyd

pue ‘Pyd ‘aseuny

‘sisAjeue
[ea1Wwayd0IsIyounwWi

auy Jo abess Buiouenpe -¢ [ousouljApireydsoyd pue ABojoisiy ‘sisAjeue 201w
UM S8588109p 19 J0  Buipnjoul syefie) weasisumop 10]gounwwl ‘suy vS113 dINVHL
[69] lenualod annuanaidowsy) SH pue |-49] panqiyu| ‘Buibew punosen|n %T0 sjouaydAjod eal 9/149.5D
"aseyiuAs ON a|qionpul
pue z-aseusbAxoo[aAkd
‘Z pue T saseury
pare|nfai-jeubis Jejnjjaoesxa
-oydsoyd ‘101daoal
1-491 (T-491) T-10308}
yiolb axij-uinsui ‘101daoas
usBoupuer ‘sisoydode vsSI13
paonpul ‘uolyesaytjoid ‘sasA[eue Jojgounwiwi
*A1191X0} INOYUM 190URD 1122 paonpal ‘eDd abels ‘Ansiwayoolsiyounwiwi 201w
[so]  ewessoud passaiddns 9093 aje| Jou Ing Apres papqiyul 1sA[eue sisojdody %90°0 9093 dNVYEL
‘ae3soud ayp ui usbnue
Jesjonu |1ad Bunesayijold
10 uoissaidxa urejouds
‘sjana] g-utsjoad Buipuiq ‘uonoalap sisoydode
10108} YIMoIB ax1j-utjnsul pue Bumojgounwiwi
paleI0lSal pue |-10108) YIMoIh ‘Aesse g-uigyoid
I|-UINSUl WinJas panigiyuj Buipuiqg 101984 ymoih a1
"0IW dINVHL ‘uaping Jowny pue aduapIdul  -UINSUI pue |-10)9.) Yimoih 201w
ul ge) jo uoissaiboud pue Jowny Arewnd pakejag aI|-ulnsuj ‘Buibew dAVYL
[29] yamouB ayy panqiyul 419 Juswdojansp ded pangiyul 30UBUOS3J 13Ul %10 sjousydAjod eaL 9/19.80
'sisojdode ‘unnuodoa)so
JO UOIdNPUI 0} BINQLIUOY  10)Ik) UONALIdSUEI] JO S|9AS]4 ERIN]
Aew Buireubis gx-4N pue "€-1VLS PUe MIN MNVY sisA[eue o113aWo}IsUSP dANVYL
[2v] unuodos)so 4o uomigiyul ‘M1 DM ‘GX-dNT ‘sisAfeue jojgounwiw] %T0 sjousydAjod eaL 149,50
‘S|ong] |-10198}
UImoJB axIj-ulnsul ‘sjans|
‘O/IA Ul pue uabnue ayy19ads-aesoads
O} Ul Y30q S|]89 Jadued ‘uomgIyul ymolb Jowny |
areisoud uewny Jo yimolh ‘A 10)da231 pareAoe VS RE!
3y} paugIyul sionqiyut Jojesayijoid swosixosad 4 ‘BuImo|q us1Sa ‘sisAfeue d19 %T0 201w
2-95euabAx00]9Ad aA1d8]eS ‘sisoydode paanpul Adodsouo1w aauadsalonyy ‘INT sjouaydAjod ea) TAYZZIMD £-0d
[99]  pue sjouaydAjod es) usaio pue ymoJB (132 parqiyul ‘Anligein pue ymoiB 1130 0¥—0T) 9093 9093 deON1
‘T-MT3 pue ‘g41Vv ‘T-dV
"a1e1soad ayy ‘Z4IN J0 suoibai sarowoud
u1 skemyred T-dv pue ZHN 3} Ul palyuapI aJam sisAJeue ejep Aelieoidiw
0 UoIIe|NPOW PalIddU0d salnyeubis Sg-41 paniasuo) ‘sisAeue Jajowoud ‘sAesse abeneb |elo
BIA pajelpaw ‘sauab Juspuadep-zHNT HDd-1Y ‘sAesse Aujigein Aq Bx/6w 00T
[g9] SeM S103)Ja Jaouedfue ay L ‘UOITeAINOE T-dY Palenusiy 1199 ‘sAesse auaf Japoday ‘INW 00T 40 02 9093  62TAS/19.GD €-0d  Suswadxa [ewiuy
‘9093
JISRETTEENNIET [
RERIETETEN | uoisn|ouo) s} nsay SPOYISIN  UOIIBJIUSIU0D pasn spunodwo) S|IapOIN

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 July 01.

Expert Opin Drug Discov. Author manuscript



Page 34

Lietal.

‘aInyeu Juelll
-uou pue Ajajes ‘a4a ay Jo Juswbas
Jongisod pue JolsIue Yiog yaeas

auljoyajApneydsoyd
ueagAos ‘00T@UeSIoS

[rv1] 0} Alllige ‘sseajas 9093 pabuojoid anbjuyas} uojsnwa-s|gnoq ‘pidi o1uoneD ‘|0180AID 9293
‘K1an1jap auljoyajApneydsoyd
Bnip rejn20 9993 10} swialsAs paseq ueagAos ‘00T@UeSIoS
[evT] -pidiy Jo Aujigissod sy pawyuod anbiuyos) uoisinwa sjdnniAl ‘prdif o1uo1zed ‘|010A1D 9093 a|anedoueu pidin
'suIyoa1ed Ba) Uaalb Jo Alljiqeswlad pue
[ev1] AN1gissadoeolq ‘Aljigers ayy panoidwi| 110 ‘uisioud Aos suIyoRIR)
‘ONIA Ul S198449 D1WBJ0J81Sa|0yd0dAY JalIS|NWa auLIdoA|b ‘areydsoyd 14189
[tvT] pue Aljige|eAROIg Pasealou| aunssaid-ybiy e ybnoayy pakeids ‘£-408199 ‘|041s03Ayd ‘|0J81s3]0yD 10RIIX0 B3|
[ov1] "AIIAIOR JadURdIUR 041/ LI padueyul uoneziuabowoy ainssaid-ybiH uingojGoioe|-g ‘ueussberie) 9093 uoIS|NWiaoueN
'U0112199S UIa104d pue S|ans)
VNYW T-dDW abeydosoew paseslosp
pue ‘Juslu0d 993 abeydosoew
paseasoul ‘sabeydosoew Aq axeidn
pue 01 Ajuige Buipuig ybiy ‘asesjal a1e190® |0J3ydod0)-o
[eeT] paureisns ‘Aujiqels 9393 pasealou] ‘STSH Joydijj0x ‘autjoyd|Apieydsoyd 9093
"B1IB)0RY /02 5 Isurele Juatolyge Ajybiy autjoydlApireydsoyd ‘894/3d
[8eT] ‘A1Anoe uepixonue ybiH anbiuydal uoieziuabowoy Jeays ybiy o1u0.1aduAs ‘08/0z Usam] 10RJ1X0 ©3) Ul sajoiedoueu pidi) pijos
"uonn|os aulfexe
ur jouaydAjod ea) o Aujigels ayl uonezipinjjoloiw ainssaid -ybiy
panoidwi ‘Auiadoud aseajas paureisns olWeuAp 08 UdaM | ‘|04a1S3]04
[2€1] ‘SAIIIAIIOR JUBPIXOIIUR Paulelay yum poyiaw uonaafur joueyiy ‘pidijoydsoyd JouaydAjod ea)
‘PINK feunssiul
pale|nwis ul 9993 Jo uonepelisp ]0J91s3|0Y9
3y} Pamols ‘aseajal pauleIsns ‘9pIOJY2 Wnjuowwe|Aylawip
[9eT] ‘Anligers uonssbip o)A Ul pooS 1Koapexay ‘uesonyd |AyewAxoged 9093
‘92973 40 SelIAloR
JUBPIXONUE 0.}/ Uf JO Suofjelauabap
aU1 Pamos ‘pIn|} [eulisajul pajejnuils 08
[seT] ur Aujiqels panoidwi ‘esesal paureisng usaml_ ‘|oJalsaloyd ‘G/s pidijoydsoyd 9093
‘uonresayijoid
pauqiyui ‘sisoydode paonpui ‘s|a9
/4DIN Ul JUBIU0J Jejnjjadeliul pasealoul
[veT] ‘asea|al paureIsns ‘Aljigels paoueyug 10J81S3]0Y92 ‘UIyna| A0S ‘UesonyD 9093 awosodijoueN
‘JouaydAjod
B3} 9814 Uey) S[189 2-4DIA Isurebe
A191x010149 19buo.ns 10 ajqesedwio)
03N
[eeT] ur 1ouaydAjod ea) Jo aseajal pauleIsns uidiuab ‘uexap ‘uneje sjouaydAjod ea| |1891WoueN
RERIVESETEN| sabejuenpy SpoyIsIN slerisrew Huneod sbnug swiglsAs A1anleg

‘sjouaydAjod ea1 uaaib Jo swalsAs Aianljap paseq-ajdiiedoueu Jo Juawdojansp 3yl UO S3dUaIakal Palsl| 3yl Jo Arewwns

Author Manuscript

¢ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 July 01.

Expert Opin Drug Discov. Author manuscript



Page 35

Lietal.

'S|189 BDd Buissaidxe-vINSd

apndadip onswiwopnasd
‘“JawAjod 934 ‘p1oe 2110946

[9sT] Isurefie Aoedlys 0914 Ul 9AD3IBS -00-3p1e|-1-Ajod 9093
‘leAIAINS
pue siselselaw Jowny ‘sisauabolfue
01 pae|al sauah Asy ay1 pajenbaiumop
‘uoneAnde gx-4N paNqIyul
‘sisojdode paonpui ‘Xid 01 S]199
TEZ-AN-VAIN UelsISal Xid paziisuss
‘A11ge|eAe paoueyUs ‘UoIRINIIID
pabuojoud ‘ewserd ui sbnip ayr yoq u1ased ‘pioe 21102416
[saT'vaT] 10 asea|aJ [enuanbas pue paurelsns poyiaw uolrendioaid-uois|nw3 -02-apnoe|-1-Ajod |axen|oed ‘9093 sajoredoueu dLBWA|0d
“JaNI| Yel s1sodquy oreday ayp ul
7120 Aq pasned uabe||0d Jejn|jadesxa
3y} panowal
[esT] ‘s|192 z9daH u1 aeldn pasueyug uone|ab o1uo| areydsoydAjodii wnipos ‘uesonyd 10B1IX B3) UsdI9)
31942 areipAyexay areydsoydAjodii
[zaT] 1192 panquyur ‘sisoidode uonanpul uoneah o1uo| wniposeuad ‘uesolyo 9093
'slowny eDd
1sutebe 14ausq annadelayy panosdwi
‘pINJ4 [RUNSAIUI PaYe|NWIS Ul 3sealal aelpAyexay areydsoydAjodiiy
[tsT] Jaise) pue Hd o1p1oe Ul asesjal MO|S e uoneab o1uo| wniposeyuad ‘uesony) 9093
'S]199 Jaoued z9daH spiemoy aplojy20.pAy
[osT] S3IIAIIOR JoWwn)iIUe ‘asesjal pauleIsng uoreab o1uo| uesolIyd ‘uesoNyd |AYIBWAxXoqIe) sjouaydAjod ea|
areydsoydAjodiiy wnipos
[6v1] 'SUIYD91eD B3} JO 3Sed|al Pajjoluod uonejab o1uo| ‘uesonyo SUIYoaJed B3| sajoiedoueu [aBoIpAH
'SIS0J9]9S043Y7e 11qgel 1surebe 9997 Jo p1oe o1edseAjod
[8¥T] $S8UAAI0BYS panosdull ‘anlsuodsal-Hd  poyew Ajquiasse-}as 814]0.1109]9A|0d ‘uesolyd 9093
‘Jodsueny
Je[njjaoeJed ay) pasealoul ‘sulydsled esy (proe o1wein)Bb-A)Ajod
[1v1] 10 A)1Anoe ay) paulelal ‘anisuodsal-Hd  poyew Ajquiasse-}as 814]0119919A|0d ‘uesolyd SuIyoaIed ea |
'S[199 TEC-AN-VAIN Ul
Burjeubis sejnjjaoenul psonpul-(49H)
[ovT] 10398} ymouh a1ha0reday pasoolg poyIaW UOIeA|0Sap da)S-0M] apAyapjeteln|b ‘unejen 9093
"S10ay8 Alo)qiyul
sisauabolbue pue onoydodeold
s1 Buiaxa Joy abejueape asop pjoy
[oeT] -0T Jano yum ssausnioays [ealbojorg 109416 auajAyreA|od ‘pioe anaejAjod 9093  ss|d1edoueu xajdwod 81A]01193]9A|0d
‘Aniqssaodeolq
1o Aijigess s, punodwiod
13318 UO S$108)J9 SIBAPE 3ABY JOU PIP uirelab ‘sreajourdniAjod
[syT] U1yd31ed pue uIWwnaIng jo buipeol-0d) poyiaw uoneayis|nwa dals-om| 10482A16A10d ‘|10 SAI]O  UIWINJIND ‘UlydsIeD uois|nwa adnnip
Rl ETEN | sabeuenpy SpoyIsIN sersayew buireod sbnag swialsAs Auanijag

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 July 01.

Expert Opin Drug Discov. Author manuscript



	Abstract
	Introduction
	Chemical compositions and structures of GTPs
	Metabolism, biotransformation, bioavailability and toxicology of GTPs
	GTPs and cancer prevention and therapy
	GTPs and prostate cancer
	GTPs and lung cancer
	GTPs and breast cancer
	GTPs and neurodegenerative diseases
	GTPs and diabetes
	GTPs and endometriosis
	GTPs and angiogenesis

	Challenges for use of GTPs as therapeutic agents
	Development of nanoparticle-based delivery system of GTPs
	Protecting GTPs against harsh conditions
	Sustainable and control release of GTPs
	Improved bioavailability of GTPs
	Targeted delivery of GTPs

	Pro-drug of GTPs
	Conclusion
	Expert opinion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2

