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DOI: 10.1039/x0xx00000x Cancer is the second leading cause of death wodielwThere is always a huge demand fo
novel anticancer drug and scientists explore varimatural and artificial compounds to
overcome this. Gallic acid (GA) is one of the phiémacids found in many dietary substances
and herbs used in ancient medicine. It possess@sflammatory, antioxidant, antiviral and
antibacterial properties. The present review sunmearthe anticancer activity of gallic acid
and its derivatives. Variouis vitro andin vivo experiments of GA against a variety of cance:
cell lines were reported. The previous studies stivat the anticancer activity of GA is relatea
to the induction of apoptosis through different mmagisms like generation of reactive oxyge::
species (ROS), regulation of apoptotic and antipaptic proteins, suppression and promotion
of oncogenes, inhibition of matrix metalloproteipagMMPs) and cell cycle arrest dependinc
upon the type of cancer investigated. Conclusiv€ and its derivatives may be considerecd
as a potent drug for cancer treatment in alone el as in combination with other anticancer
drugs to increase the efficiency of chemotherapgpwelver, there is still a need for more
experimentation in knock-out animal models and horshnical trials to promote and place
GA and its derivatives in the commercial market.

www.rsc.org/

1. Introduction completely when detected at latter stages. Henkeretis a
prolonged search for novel anticancer drugs. Iditach to the
synthetic drugs, scientists also explore the natogmpounds from

Cancer is the second major cause of death worldwideich is a .
our diets.

class of diseases characterized by uncontrollddpogliferation. In
the year 2014 alone, it is estimated that about72®bAmericans ) ) ] ) ] ) )
will die from cancer, corresponding to about 1,8@@ths per day. Gallic acid (GA) is a phenolic acid found in manyetdry
According to the survey of world health organizatiglobal cancer Substances. It is natural compound found in gadinstimac, witch
rates could increase by 50% in the year 2020, whish hazel Hamamelis virginiana), clove Gyzygium aromaticum),

approximately to 15 million. Cancers of the lung ammnchus, tealeaves, oak bark, sundew and other plants. éxiike

prostate, and colorectal continue to be the mostnoon causes of blackberry, hot chocolate, common walnut, Indianosgberry,
cancer deatf. vinegar, wine, white tea contain GA. Some of tharses of GA

have been pictured in the figure 1. GA has alsenbeported to

There are countless choices of treatments for candth the prime inhibit several cancer ceII_ lines thr_ough multitudiemechanisms.
ones including surgery, chemotherapy and radiogytaThe However therg IS no smgle_ review encompassing “"?'era”
selection of treatment depends upon the type, itmtand stage of molecular actions thl’OUgI’WhIF)h gallic aC|d. exert antlcancel
the cancer as well as the person's health and svislteemotherapy phenpmenon. The c.urrent review shepl the light an ahticancer
is one of the standardized treatments that empieynotherapeutic act|V|ty.ant.j mechanlsm of ce]l death mduped by &kl thereby
agents to kill cells that divide rapidlyChemotherapeutic drugsPromoting itas a plausible anticancer drug inrtear future.

induce apoptosis, which is a programmed cell ddatiolving

biochemical events leading to morphological andemalar changes

leading to death, in the cancer cells. Epirubiciisplatin, 5-

fluorouracil, doxorubicin and cyclophosphamide a@me of the

anticancer drugs available in the markédthough there are plenty

of drugs which can retard the cancer, it cannote cuancer

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 00, 1-11 | 1



RSC Advances Page 2 of 14

makes the drugs more permeable, thereby renddrengancer cells
more prone to the alkyl estefs.
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2. Sour ce and chemistry of Gallic acid v

GA is a trihydroxybenzoic acid, a type of organdida also known Figure 2: Structure of GA and its ester derivatives
as 3, 4, 5-trihydroxybenzoic acid. The chemical nfola is

CeH,o(OH);COOH. It is white, yellowish-white, or pale fawn-ooéd 3, Biological properties of Gallic acid
crystals soluble in alcohol, ether, glycerol anctane. It is an

organic acid found in a variety of foods and hessich are well ¢ jnitial medicinal property reported was theiraatarial activity
known as powerful antioxidants. Many of the foodstaining GA ¢t A2 | ater on. the antifungal activity of GA was demisaged.
have been used for years as natural remedies. Bfietiefor |, jhe'same year, antibacterial activity of syrithderivatives of GA
example, were used by native Americans and they american  5qqinst Bacilius subtilis, Staphylococcus aureus and Escherichia
settlers to make aromatic tea that was used asamarg during )i as studied* The antiviral activity of GA was demonstrated by
childbirth and also as a good tonic for purifyiing blood. The hazel y,q i viyo and in vitro experiments on the mortality of monkeys
balm and tea rich in GA were applied to cuts andwds to prevent exposed to influenzBAll these important findings allowed

infﬁjction,dang th.?l tea éalogfe washussdl_to treat dmﬁﬂsprot}lems, stablishment of diverse and important activitiésGaA thereby
colds and other illnessé<hinese herbalists used galinuts from Oa%pening a new scenario for this important natusahgound.

and sumac to treat intestinal disorders, bleediegpatochezia and
hyperhidrosis. Thirty Ayurvedic herbs and formulations have bee
screened for the presence of GA, which is alreadyuse in
treatments of different diseases over yéars.

Ballic acid possesses good antioxidant activityjctvhis exerted
through increase in the DNA damage and releasgto€lerome c. It
also decreased the glutathione and mitochondrianpiat of the
cells!® It also has a dose dependent antifungal propéttyis used
to treat albuminuria, diabetes and as a remoténgsefit in cases of
internal haemorrhage. GA was found to show cytaitxiagainst
cancer cells, without inhibiting the healthy céfisMany alkyl
derivatives of GA also possess anticancer progemiewhich lauryl
gallate, propyl gallate, epigallocatechin gallateGCG) and

. ) o OB theaflavin-3-gallate are notabligIn this scenario, this paper focuses
drugs like trimethoprim in the pharmaceutical intdyisin the food ., the anticancer property of GA and its derivatiagainst a range

industry GA is used as substrate for the chemigalhesis of food ot cancer cell lines. GA also has good anti-inflaatony property. It
preservatives such as pyrogallol and gallatéthe ester derivatives .s peen reported that GA inhibited the activatizfin NF-«B-

of GA are frequently identified as gallates in maplgnts and also yependent p65 acetylation and production of inflatury markers.
investigated for their biological property. Strueiwf some of the 1o |ow acetylation rate of p65 resulted in a cctelloss of

ester derivatives are given in the figureRsearches related to thg,nction of NFxB promoting GA as a new anti-inflamatory difg
anticancer property of the alkyl esters have bemponted. These '

studies indicated that gallates induced apoptosigarious cancer . e .. . .

cell linesS®*7518™1t was found that the alkyl esters were mor@- Bioavailability and toxicity of Gallic Acid

effective in inhibiting the cancer cell lines comgé to GA. For

example, lauryl gallate was found to be 40 timesenmotent than Prior to introducing an anticancer drug in chemmibg, the effects

GA when experimented with mouse B cell lymphoma W23id2° of drug apart from its anticancer property shoulbebe studied.

This effect may be attributed to the hydrophobideties present in Bioavailability and toxicity are major factors amotigm. The term

the gallates. Availability of more than eight cambgpresent in the bioavailability refers to the investigation of themount of a

alkyl ester increase the affinity to the cancel cetmbrane and particular compound that is absorbed and availtaslphysiological
function, mostly inin vivo condition. This investigation also helps in

GA can be produced by hydrolysis of tannic acichvéitid or alkali
or microbial tannase. GA is easily freed from galfmins by
oxidation. The most expedient method is to preaipitit from an
aqueous solution using concentrated sulfuric agiglower means
of obtaining the GA is to allow atmospheric oxygen oxidize
passively in water. It is mainly used for the swsis of antibacterial
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finding the metabolites of the compound after apon. The study
of bioavailability and toxicity of the compound atlee key factor
before standardizing a chemotherapeutic dtugjioavailability of
GA has been investigated in both animal models tandan trails.
The O-Methylation resulting in the formation of 4rkthyl gallic
acid (40OMGA) accounts for the major metabolitetia tirine of rats
or rabbits ingesting gallic acid, propyl gallatautyl gallate, or

RSC Advances

was observed at 5000 mg/kg feed of propyl galleteontrast, the
octyl gallate or dodecyl gallate showed affecta a@losage of 3000
mg/kg feed or higher levels. In summary, the FAOMV/Hoint
Expert Committee on Food Additives (JECFA) accepté@dOl
mg/kg feed as no-effect level and 0.2 mg/kg bodighte(as a sum
of propyl, octyl and dodecyl gallates) as an acalpt daily intake
(ADI) for men?®

tannic acic?® The intestinal absorption of GA in rats by oral

administration was investigated by Konshial.?® The rats were
given 100umol/L body weight of GA. GA was slowlysaibbed and
0.71umol/L of GA and it's metabolite 4OMGA was falim serum.
Shahrzad et al determined GA and its metabolitdauman plasma
and urine by oral consumption of 50 mg of aciduigan tablets.

The experimental results showed that only 4O0MGAnglawith

unchanged GA in the biological fluids like plasnredaurine®® This

was followed by another study to evaluate the GArptacokinetics
and bioavailability in healthy humans. The indiédki were given
acidumgallicum tablets (10% GA and 90% glucoseplack brew
tea (0.3mmol GA). After the consumption of aciduralligum

tablets,about 36.4+4.5%unchanged GA and its mdatab&éODMGA

in urine was found whereas it was 39.6+5.1% forckléea. The
bioavailability of GA from tea was estimated as 6t0.26

comparing both tablet and tea consumption, depjctimat the
bioavailability of GA was independent of matrix distribution®

This report suggests that GA may be administeratlyon the form

of tablet or free from during chemotherapy. Theabalability and

efficacy of antioxidants like GA, quercetin, epigahtechingallate
(EGCG) and n-propyl gallate in human corneal limegithelial

(HCLE) cells were measured to verify whether antlaxits might be
beneficial constituents of lubricant eye drops. R@S generation
was reduced significantly when an antioxidant wessent both in
the medium with the xanthine oxidase and within tedls. This
indicated that they are bioavailable and might lifecéve in

protecting the corneal epithelium from oxidativercae®

Toxicity refers to the effect of a compound on thieole organism,
another important factor to be remembered befonswmption of a
drug. The toxicity of GA has been investigated iouse model and
the no observed- adverse-effect level

5 Anticancer activity of Gallic acid and its

derivatives

GA and its derivatives were found to be potentcamcer agent.
There have been many literatures explaining thamter activity
of GA and some of its derivatives against prostzaecer, oral
cancer, melanoma, leukemia, lymphoma, colon caaocer breast
cancer cells. The prominent molecular actionsatetl by GA and
its derivatives against the above mentioned carmedis were
enumerated in successive subtitles.

5.1 Anticancer activity on lung cancer cells

Ohnoet al investigated the apoptosis-inducing effect ofigaltid in
four human lung cancer cell lines, small cell caoona (SBC-3),
squamous cell carcinoma (EBC-1), adenocarcinomad9pmand
cisplatin-resistant sub-clone of SBC®3GA had a dose dependent
effect on the cancer cells. There was change ihnsetphology,
DNA fragmentation and loss of viability after GAe#tment
(IC50:10, 20, 60 pg/ml correspondingly for the digles). This was
continued by the study ofn vivo anti-tumor effects of orally
administered gallic acid on C57 black mice with g@lanted LL-2
cells3! The cells were treated with GA and /or cisplalihe tumor
weight of the mice treated with the combinatiorcisplatin and GA
(IC50:200 pM) was reduced compared to cisplatin alonkis T
recommends the combination of GA with an anti-camitag, as an
effective protocol for lung cancer therapy. GA indd apoptosis in
a dose-dependent manner with DNA fragmentation drahges in
cell morphology. The apoptotic process also showedlvement of

(NOAEL) walso a caspase activation and oxidative processes. Thesénds also

determined. Rajalakshnet al, experimented the administration ofsuggest the possibility of GA in lung cancer thgragspecially to
various doses in the mice model. The highest dés000 mg/kg circumvent resistance to anti-cancer drugs. GA &acdnti-cancer
administered orally did not show any significantacbes in the effect on Calu-6 and A549 lung cancer cells in refato reactive
hematological parameters and said to be the NOZBubchronic oxygen species (ROS) and glutathione (GSH). Thé grelwth

toxicity of GA was inspected in F344 rats by feeddtiet containing decreased in a dose-dependents;{I0-50 puM &100-200 pM
0, 0.2, 0.6, 1.7 and 5% GA for 13 weeks. Toxicatagiparameters respectively) way accompanied by the loss of mibocimial

such as clinical signs, body weight, food consuampthematology, membrane potential. GA-induced lung cancer celtlievas related

blood biochemistry, organ weights and histopathickigassessment to GSH depletion as well as ROS level changes.

were made. There was gain in the body weight withGA-treated
animals of both sexes from week 1 to the end ofekgeriment.
Toxic effects following administration of 0.6% omone in males and
5% in females resulted in reduction of hemoglobimaentration,
hematocrit and red blood cell counts and increaseeticulocytes.
Histopathological observation showed developmenthemolytic

anemia. In addition, centrilobular liver cell hygrephy, reflected in
increase in liver weight, was observed from 1.7%sed8aon these
toxicology data, 0.2% was determined to be a NOAfktats. This

level was translated into 119 and 128 mg/kg/dagpeetively for

male and female rafé.

Similarly, the toxicity of propyl, octyl and doddcgsters of GA
have been examined widely in animal models invgviaral
administration. This study showed that the biokasetof propyl
gallate was different from octyl and dodecyl galathich was due
to the degree of absorption and hydrolysis. Livezryene induction

This journal is © The Royal Society of Chemistry 2015

GA was found to induce a reactive oxygen speciesgked c-Jun
nh2-terminal kinase-dependent apoptosis in lunmfitasts cell$®
There was activation of c-Jun NH2-terminal kinagblK) in the
mouse lung fibroblast cells treated with GA {{C50 g/mL). The
initiator of JNK signaling pathways was found to & mediated
hydrogen peroxide formation, followed by the adiiva of p53
pathway leading to apoptosis. Maurglaal studied the anticancer
property of GA in human lung adenocarcinoma cek IA459 and
possible mechanisms related to GA indu¥edsA stimulated
morphological changes like cell shrinkage and raugydip of the
cells. The GA treatment also decreased mitochondnmbrane
potential and increased intracellular reactive @xygspecies
activating the caspase-3. In contrast, the caspagas not activated
indicating the involvement of intrinsic pathway oéll apoptosis.
The apoptosis induced by GA was in dose- and tiepeddent
manner.

RSC Adv., 2015,00, 5-11] 3
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the antitumor activity of procyanidin B2 and B3 gtdlalerivatives
on PC3 cell lines. The derivatives 3-O-gallate, -8Bgallate, and
5.2 Anticancer activity on prostate cancer cells 3,300-di-O-gallate were synthesized and testedHeir anticancer
property. After the treatment of these derivativabe cell
GA, the major anticancer compound suppressed tioevtigr of proliferation vyas_rela}ively reduced which confilndhe cytotoxity
DU145 prostate cancer cells. The reduction in i dability of Of the GA derivatives’
DU145 cells involves generation of ROS and mitochimachediated
apoptosis. GA caused the cell cycle arrest at @dIGhases by the 5.3 Anticancer activity on hepatic cancer cells
activation of Chk1 and Chk2 and inactivation of Cdc2zs@ Cdc2.
Moreover, GA was found to have synergistic effethwloxorubicin Hanet al did experiment on GA induced human hepatoma SMMC-
in suppressing the proliferation of DU145 céfisThe autoxidation 7721 cells apoptosis and its mechanfdriThe in vitro study on
of GA killed the malignant prostrate cells effeefiy. This SMMC-7721 cells treated with GA (kg 50 uM/L) showed notable
autoxidation also produced notable increase of RW&.I There was inhibition of cell proliferation and induced apopt® in a dose-
loss of mitochondrial potential along with the ede of cytochrome dependent manner with nuclear condensation anchéatation. The
¢ leading to the activation of caspases 3, 8 ar@@®induced a dose mechanism underlying the apoptosis of hepatomas celbs
dependent apoptosis in prostate cancer célls. associated with improvement of tumor suppressoreg@b3
expression. GA was found to have selective cytettkiin rat
Liu et al tested the anticancer property of GA on PC3 prestancer hepatoma dRLh-84 celf§. Moreover, they also experimented the
cells®” The percentage of viable cells after the treatroéi®A was €effect of GA on normal cells like hepatocytes, noptrages,
found to reduce in a time and dose- dependent @@®00 pM) fibroblasts and endothelial cells after 6 h. Ratatema cells dRLh-
manner. GA not only induced DNA damage but alscipited the 84 were entirely killed in 6 h whereas it has nie@fin hepatocytes
DNA repair by altering the DNA repair genes. Thiangiectasia and macrophages. Even, thed@r fibroblast and endothelial cells
mutated, ataxia-telangiectasia and Rad3-relatéem@hylguanine- Wwere almost three times as dRLh-84. TheyBncentration of GA
DNA methyltransferase, DNA-dependent serine/threenprotein tested is about 4.8-13.2 pg/ml. The selective oyioity of GA was
kinase, and p53 mRNA expressions were varied in @atéed PC3 mainly considered to have structural relationsfitpe three phenolic
cells. This was followed by the investigation opptession effect of hydroxyl group of GA played the major role in indug cell death
GA on migration and invasion of PC-3 human prostesecer DYy causing cell cycle arrest. The hydroxyl divisibalped in the
cells®® The obtained results specified a dose dependkiftiion of implication of differentiating the normal cells fro cancer cells.
invasion and migration of PC-3 cells. There wasckilog of p38, Ohnoet al investigated cytotoxic activity of GA against liver815
JNK, PKC and phosphatidylinositol 3-kinase (P13K)MKignaling mastocytoma cells. P815 cells are known to metastaarticularly
pathways of GA treated PC3 cells. This consequdetlyto the to the liver. The DBA/2 mice were injected with B8dells followed
inhibition of MMP-2 and -9 of the PC3 cells. by the treatment of GA (l§g 6.5 pg/ml). There was a decrease in
the number of nodules in the liver and serum glitamxaloacetic

Agarwal et al identified GA as one of the phenolic compound witfansaminase (GOT) and glutamic pyruvic transaneingSPT),
anticancer property. GA had a very strong dose-tane-dependent which usually_ progresses during liver metastasig tBeatment
growth inhibition on DU145 cells. The GA derivativavere also €Xtended the life span of the DBA/2 mite.
found to cause apoptosis of DU145 célls\fter this the efficacy
and mechanism of GA against DU145 was stufflg@lA (0.3% wiv) 5.4 Anticancer activity on melanoma cells
caused cell cycle arrest and apoptosis of DU14E @eltime and
dose dependent manner. The ATM pathway played armaje in The natural antioxidant GA showed a significantiliitton of cell
causing cell cycle arrest. Increase in cdc25A/€2cd proliferation and induction
phosphorylation was eminent in GA treated cells.xtN¢éhe of apoptosis in A375S2 human melanoma ¢&li§he percentage of
procyanidin B2-3,3'-di-O-gallate was identified asmajor active viable cells after the treatment of GA decreased itose- and time-
compound causing growth inhibition and apoptotiatdeof DU145 dependent manner. The molecular mechanism of apigpt
human prostate carcinoma céftsThe 3,3-di-O-gallate ester ofobserved included up-regulation of the proapoptB&r proteins but
procyanidin dimer B2 (Epi-Epi) exhibited dose-depamdeffect on down-regulation of anti-apoptotic Bcl-2 proteins. @écreased the
DU145 cells. Structural studies the importance loké hydroxyl level of mitochondrial membrane potential in a time
groups of GA for the antitumor property. Taken thge, these data dependent manner and triggered cytosolic releasgitothrome c,
identify procyanidin B2-3,3'-di-O-gallate as a nowuablogically promoting the activation of caspase-9 and caspaseiBnately
active agent against PCA. In continuation, the chmaeentive leading to apoptotic cell death. In addition, GAmoted release of
effects of oral GA feeding on tumor growth and peszion in apoptosis-inducing factor (AIF) and endonuclease(Eado G).
adenocarcinoma of the mouse prostate model TRAME: miere Thus, apoptosis was induced through a caspa“e:
examined? The in vivo experiment showed a decrease imdependent pathway. Le al examined the influence of GA on the
proliferative index with an increase in the apoigtaells in GA fed protein levels and gene expression of matrix nmmpatiteinases
TRAMP mice. Doses of GA completely diminished thgression (MMPs) and in vitro migration and invasiveness of human
of Cdc2 in the prostatic tissue with strong decréashe expression melanoma cell8® GA treatment decreased the MMPs associai 2
of Cdk2, Cdk4, and Cdk6 and the protein levels ofinyBll and E.  signal pathway protein and MMPs mRNA levels in A3Z5&lls.
This supported that GA has antimetastatic poter¥alreover, this
GA exhibited anti-tumorigenic effects against papstcarcinoma Wwas involved in the Ras, p-ERK signaling pathwaysewawolved
xenograft growth in nude mi¢&.GA decreased cell viability andleading to the inhibition of MMP-2 in A375S2 humanmelanoma
induced apoptosis in a dose-dependent manner i bot45 and cells.
22Rv1 cells. There was also significant inhibitioh tumor cell
proliferation, induction and reduction of microvekgdensity in The topical application of GA on Swiss albino migi¢h skin cancer
tumor xenografts of 0.3% w/v of GA-fed mice. Sualal reported induced by the Dimethylbenz[a]anthracene (DMBA)/Crotdl was

4 | RSC Adv., 2015, 00, 6-11 This journal is © The Royal Society of Chemistry 2015
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investigated. The volume of the tumor decreasedinduthe ester derivatives. There was DNA fragmentatiorhi which is one
experimental period. GA co-treatment with crotohadso exhibited of the classical biochemical changes during apéptdshere were
a significant protection by reversal of the altetedels of LDH- also other morphological changes like cell shrikaghromatin
isoenzymes, antioxidants, collagen and MMP-2/MMRedivities. condensation and presence of apoptotic bodiesngadicell death.
This study indicates that topical application of Gahibits skin On the other hand, the blood lymphocytes were giaddter the
cancer by modulating the antioxidants and MMPs (®D)&in the treatment of GA and its derivatives.

mouse skiri® Locatelli et al reported the antitumoral properties of

GA ester derivatives in melanoma céfisThe octyl, decyl, dodecyl This was continued with the study on mechanistigeats of the
and tetradecyl gallates induced cell death throagbptosis on induction of apoptosis by lauryl gallate, one o tiikyl ester of GA
B16F10 cells. All compounds induced cytotoxic effeend the 16 in the murine B-cell lymphoma line Wehi 2%L.This compound
values obtained were between 7 puM and 17 pM af@lr df jnhibited the protein tyrosine kinases (PTKs) inalehcells. Long-
incubation. The gallate treatment caused the ptamucof free term treatment showed the changes in the functdmsitochondria
radicals, depletion of both glutathione (GSH) antPAactivation of in relation with release of cytochrome ¢ and insesaof
NF-kappaB and inhibiton of cell adhesion. The gammaitochondrial transmembrane potential. This ledatdivation of
glutamylcysteine synthase activity played a vitalerin GSH caspases with breakdown of DNA. The study alsoaledethat the
depletion. The growth suppression was due to cwesem of proapoptotic effect of lauryl gallate is not depend on over
oxidative stress, resulting in different mechanis@ther important expression of Bcl-2.

effects related to the octyl, dodecyl and tetratigajlates is related

to cell migration and adhesion, by inhibiting thepeession of g7 anticancer activity on leukemia

ICAM-1 and VCAM-1 adhesion proteins. Yet another gtuaf
anticancer activity of GA derivative lauryl gallateG) towards
chemically induced skin tumours in IRC mice was ddni this
study, the application of LG not only selectivelgstroyed the
chemically induced tumours but prevented the foionatlso. LG
inhibited the proto-oncogene tyrosine-protein keng&rc (PTK-c-
Src) in the tumor induced by 12-dimethylbenz[a]aatene
(DMBA) and phorbol-12-myristate-13-acetate (PMA) tlre mice.
The selective toxicity of LG was also confirmedhagh doses of
100ug and 250ug and for longer period.

Madleneret al recentlystudied the cytotoxic and biochemical effects
of GA on human HL 60 promyelocytic leukemia celhdr®
Apoptosis of leukemia cells was evident after tteatiment of GA
(ICs0: 80 uM), which was accompanied with the cell cyateest at
the GO/G1 phase. GA also caused the inhibitionilwdnucleotide
reductase. Similarly, Yehet al reported that GA had an
antiproliferative activity on HL 60 celf®. The GA caused the DNA
damage and fragmentation on cancer cells, time- dode
dependently. The apoptosis induced was in relatiaith
. . mitochondrial pathway by promoting the release ytbchrome c,
5.5 Anticancer activity on colon cancer cells apoptosis-inducing factor (AIF) and endonucleastEGdo G), up-
regulation Bcl-2 protein activating caspase-4, cesgthand caspase-
Yoshiokaet al studied the antitumor effect of GA on human colog.In addition, the death receptors also participate GA induced
adenocarcinoma COLO 205 celfsAfter GA treatment caused theapoptosis.
fragmentation of DNA to oligonucleosomal fragments.

Morphological chaqges include appearance of apinpﬁJOQies The role of ROS generation in apoptosis induced by @
showed that GA induced apoptosis. GA had a consBomr ,.,myelocytic leukemia HL-60RG cells was repoftedThe
dependent and time dependent effect on the COLOc20S. GA generation of ROS in the GA treated HL 60 cells vduse
was found to exﬁ'b't anticancer property againstTHG human genendent. The intracellular peroxide level was eeirelated with
colon cancer cellg! It reduced the cell viability of the colon cancethe potency to induce apoptosis after the GA treatmiThe role of

cells in dose dependent manner. Cell shrinkage,dingnof cells  ros generation causing apoptosis was prominentttteaactivity of
and detachment from the substratum were the promut@nges in jnyacellular peroxide level.GA had an anti-leukeron the human

GA treated cells. The I concentrationof GA experimented iS |g,kemia K562 cell& The cell viability of GA treated K562 cells
96ug/ml. Khaleckt al reported the antioxidant and cytotoxic effeclqre in dose —and time-dependent manner. GA witicaatration of
of GA-based indole derivatives at concentrationl8f2 uM. The 4 UM (ICs) caused the GO/G1 phase arrest by inhibiting ffuirc
cytotoxic activity of the compounds was evaluatgdiast HCT-116  5nq cyclin E levels. There was leakage of cytonte ¢ and PRAP
human colon cancer cell line. There was decreatieeigell viability cleavage along with DNA fragmentation. The caspaseas up
after the GA derivatives treatment. It was foundtthntioxidant regulated in the cells. GA also inhibited BCR/ABL tyires kinase
property _ansd structure of GA derivates displayedsiailar 5nq NFxB. Thus, the cell death due to GA treatment inveldeath
relationship’ receptor and mitochondrial-mediated pathways by ibitihg

BCR/ABL kinase, NFeB activity and COX-2.
5.6 Anticancer activity on lymphoma cells

The ester derivatives of GA had the ability to io€uapoptosis
GA was found to inhibit the cell viability of theuman monocytic through the DNA ladder fragmentation pattern on ineir
lymphoma cell line U937 The in vitro experiments showed thatiymphoblastic L1210 leukemia cefi$There was also mitochondrial
GA induced apoptosis in the lymphoma cell line idose dependent and cytoplasmic GSH depletion and NF-kappaB activatiThis
manner. After the treatment of GA, upregulationN&-«B protein study also reflected relationship between cytotoefect and a
and down-regulation of the proliferating cell nwerleantigen and [imited degree of lipophilicity. The octyl- and Il gallates had
IkappaB kinase (kB) protein. These results demonstrate that GA &fgh potent to induce apoptosis on HL 60 cells carag to ethyl-,
a potential chemotherapeutic agent for lymphomaraBie et al propyl- and butylgallate¥. Octylgallate markedly inactivated
studied the effect of GA and its alkyl esters (rgktpropyl, octyl, aconitase and generated ROS leading to apoptofidieath. The
and lauryl at 1Gy: 40, 35, 12, 1.5, 1uM respectively Jon mouse Ballate treatment caused generation of reactivegexyspecies
cell lymphoma Wehi 231 cell line and blood lymphtesy’ The through the redox cycling in cells, resulting iretinduction of
Wehi231 cell lysis was observed after the treatnuér®A and its apoptosis. The other GA derivatives such as 3,4-

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015,00, 5-11| 5



RSC Advances

methylenedioxyphenyl 3,4,5-trihydroxybenzoate (GDatd S-(3,4-
methylenedioxyphenyl) 3,4,5-trihydroxythiobenzodteD-3) with

concentration of 14.5 and 3.9uM respectively; alsduced cell
death of promyelocytic leukemia HL-60RG céflsAfter treatment
poly (ADP-ribose) polymerase (PARP), a substratecagpase-3,
was cleaved with increasing incubation time. The @givatives
activated caspase-3 following intracellular ,Ca elevation
independent of reactive oxygen species cumulatilegying to cell
death.

The (-)-epigallocatechin-3-gallate (EGCG), was ddstfor their
antitumor property with K562 leukemia cells. It wimind to be

You et al evaluated the effects of GA on Hela cervical caretis
and human umbilical vein endothelial cells (HUVE@)relation to
cell growth inhibition and death. GA was found tauce cell lysis
in both the cell typeThis cell death was accompanied by the loss of
mitochondrial membrane potential in the cervicalas cells. There
was also increase in the ROS generation and GSHtiteplin the
Hela cells treated with GA. HelLa cell growth wamihished with
an 1G;, of approximately 80 uM GA at 24 h whereas ag, & GA
in HUVEC cells was approximately 400 uM showing sle¢ectivity.
2 This was closely followed by the study on the etffeof mitogen-
activated protein kinase (MAPK) inhibitors or smatiterfering
RNAs (siRNA) on GA of same concentration induced Heed

Page 6 of 14

DNA topoisomerase poison and it may be categorzednticancer death in relation to reactive oxygen species (R&®) glutathione
drug. High levels of topo I- and topo II-DNA compés were (GSH).73 GA inhibited the growth of HeLa cells in a dosgeedent
observed in K562 leukaemia cells exposed to EGG1@s& changes fashion with the loss of mitochondrial membraneepttl, increase
caused by EGCG were in a time dependent manneseledtively the ROS level including O(2)(-) and significant i&8epletion. GA
killed tumor cells® The ester derivative lauryl gallate inhibited théeduced the activity of ERK and increased the dgtivf JNK at the
cell proliferation of HL60 and KG-1 cells. The gatt had a time same time. Additionally, p38 siRNA administration geented
and dose dependent effect on the cancer cellsndticed the growth inhibitions in GA-treated Hela cells. In dner independent
activation of both extrinsic and intrinsic apoptotpathways, Study by Zhacet al, GA was reported to reduce the cell viability,
involving dissipation of mitochondrial membrane emtial, down Pproliferation, invasion and angiogenesis in humarvical cancer

regulation of anti-apoptotic proteins (Bcl-2, Mcldnd Bcl-xL), up
regulation of pro-apoptotic proteins (Bak, PUMA, DRéd DR5),
and increased caspase-2, -3, -8, and -9 activitioncontrast, the
other derivative propyl gallate (PG) induced apsjsto which
involved the regulation of ROS signaling. PG {¢&Z75uM) reduced

cell viability in HL-60 leukemia cells by activatincaspases 3, 8,

and 9 and increased the levels of p53, Bax, andi§asd. There
was also an early event of PG-induced apoptosisichwlis
MAPKs/Nrf-2-mediated GSH depletion in the gallateated cell§®

5.8 Anticancer activity on esophageal cancer cells

Fariedet @ studied the anticancer activity of GA on esophageds the formation of new blood vessels, which issidered a critical

cancer cells TE-2° GA demonstrated a significant antiproliferatio
in TE-2 cells except CHEK-1 cells (noncancerous)e Timlecular
mechanism observed in GA induced apoptosis wasgplkation of
the pro-apoptosis Bax protein activity in cancetsceéDn the other
hand, GA down-regulated anti-apoptosis proteind sagcBcl-2 and
Xiap along with the survival Akt/mTOR pathway. Inntmast, the
expression of pro-apoptosis related proteins wdaydd in non-
cancerous cells. There were also noticeable moogieal changes
in the TE-2 cells after 12h of treatment, which waissing in the
normal CHEK-1 cells. The effects of the combinatioh GA
derivatives epigallocatechin-3-gallate (EGCG) oedathavin-3-3'-
digallate (TF3) with Ascorbic acid (Vc) on esophalgearcinoma

cells. Treatment of HeLa human cancer cells with @8z
10upg/ml) decreased cell viability in a dose-depenhdsanner. It was
also observed that GA decreased the Hela cell feration. In
comparison with the cytotoxic effect on the Helad aATB-35
cervical cancer cells, gallic acid exhibited leg®toxicity in normal
HUVECs. GA reduced cell viability to ~92, 84 and 6686 the
control in the HelLa cells and to ~94, 88 and 64%hef control in
the HTB-35 cells at concentrations of 5, 10 and ddgml,
respectively. However, at the same concentrati@Asgdecreased the
cell viability to ~120, 111 and 75% of the contraéspectively, in
the HUVEC cells. The prevention of cell invasion was considere.
due to suppression of ADAM17 and the down regutatidf the
gpFR, Akt/p-Akt and Erk/p-Erk signaling pathways. ghmgenesis

step for the growth of solid tumors. Due to thevasgular nature of
cervical cancer, the ability of GA in relation widmgiogenesis was
studied. To investigate this, the effects of GAinbibit the tube
formation in HUVECs were performed. The results shdw
significant inhibition of the elongation of the ®b at all
concentrations, and also the tube length per assadecreased by
GA treatment?

The GA derivatives (-) epigallocateocatechin-3-aall(EGCG) and
theaflavins (TF) was tested for its anticancer propagainst human
cervical cancer cells HelLa and SiHaCells were treated with

Eca-109 cells was reportéd.The results showed that Vc couldEGCC or TF (IGg: 25 & 30 pg/ml respectively) and cisplatin

enhance the EGCG and TF3 induced apoptosis in &gacélls.
This effect concerned the activation of caspaseeB% EGCG, TF3
and Vc could activated MAPK pathways and each camgo
activated diverse MAPK subfamilies in the cellseThechanism of
action of (-)-epigallocatechin-3-gallate (EGCG)gmowth inhibition
in human esophageal squamous cell carcinoma KY SEcélis was

(CDDP) alone and with their combinations. The corabitreatment
of EGCG or TF with CDDP elicited cell death by apigi$ in both
the cell types. The apoptosis involved the inhabitof Akt and NF-
kB through blocking phosphorylation of inhibitor kapBo with

increase in ROS level, release of cytochrome-c aectedse in
cellular glutathione contents and Bcl-2 expressiewentually

noted by Houet al.”* The findings suggest that in cell culturd€sulting in the activation of caspases, poly(Alli)se polymerase

conditions, the autoxidation of EGCG (20 uM/L) leads to
epidermal growth factor receptor (EGFR) inactivatidmut the
inhibition of cell growth is due to other mechansmEGCG
treatment caused decrease of HER-2/neu signateniains to be
determined whether the presently observed autagidaif EGCG
also occuiin vivo conditions.

5.9 Anticancer activity on cervical cancer cells

6 | RSC Adv., 2015, 00, 6-11

cleavage and apoptosis of cancer cells. The GAvalare propyl

gallate (PG) was found to inhibit the growth of Hetervical cancer
cells’® The cell growth inhibition and apoptosis of PGatesl cells
was in a dose dependent manner. There was a chantjee

intracellular ROS levels including O(2)(-) were ohsel in PG-
treated Hela cells depending on the incubation tame doses.
There was also involvement of glutathione (GSH) chhiwas

dominant than the changes of ROS level. In addit®@, induced
cell cycle arrest in G1 phase of HelLa cells.

This journal is © The Royal Society of Chemistry 2015
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5.10 Anticancer activity on oral carcinoma cells

GA, the plant polyphenol was said to have cytotoxod
proapoptotic activities on human oral cancer HSEsEs”” Human
oral carcinoma HSC-2 cells were more sensitive Aotlgan normal
human gingival fibroblasts. The cytotoxicity wassebved at 8@uM

for the HSC-2 cells and 17pM for HF-1 fibroblasts with 24h
exposure. The GA decreased intercellular glutathiarmused lipid
peroxidation and increased the level of intracallubactive oxygen
species. The apoptosis in the HSC-2 cells was imcextration-
dependent manner. Overall, the cytotoxcity was tdueduction of
oxidative stress leading to apoptosis of cells.sThihia et al

examined the anti-neoplastic effects of GA on osguamous

RSC Advances

was a slowdown of cell proliferation and up regioiatof p21Cipl
and reduced cyclin D1 levels in all three-breasicea cell lines. The
induction of apoptosis involved PARP cleavage antbchiondrial
membrane depolarization and morphological altematiter lauryl
gallate treatment. Over expression of Bcl-2 in MCHIRAcells was
also observed.

Kanget al studied the effect of GA on PC12 rat pheochromauogto
cell® GA reduced the cell viability dose dependently ¢G50
UM/L). It caused the cleavage of poly (ADP-ribopelymerase. The
GA treatment also caused phosphorylation of c-JuterhMinal
protein kinase (JNK) and the down regulation of Bar PC12
cells. Thus, GA induced apoptosis in the PC12 c@&ki.exhibited

carcinoma HOSCC celf$. The viability of the HOSCC cells wasanti-metastasis effect on gastric adenocarcinom&GS)A cell

reduced after the treatment. There was up regulatipro-apoptotic

metastasi&® GA induced some level of cell toxicity with inhilgin

genes like TNFt, TP53BP2, and GADDA45A along with the dowrof MMP 2/9 expression. Multiple proteins involved metastasis

regulation of the anti-apoptotic gene Survivin acdP1. This
showed that GA induced apoptosis cell death in HOS€IS.

The information regarding the effect of GA on celigration and
invasion of human oral squamous carcinoma SCC-4s ostis

and the cytoskeletal reorganization signal pathviagluding Ras,
Cdc42, Racl, RhoA, RhoB, PI3K and p38MAPK, were alsn
inhibited by GA (1G:0.01 mM).

Ou et al tested the effect of GA on human bladder transitio

reported by Kucet al .”° GA reduced the migration and invasion otarcinoma cells. GA (I&: 40 pM) regulated the cell cycle of the

SCC4 cells by reducing the translocation of dB~and RhoA from
the cytosol to the nucleus. There was also inloibitof matrix
metalloproteinase (MMP)-2 and MMP-9 activity. Ttssipported
GA as a therapeutic agent for oral cancer.

5.11 Anticancer activity on other cancer cells

Liang et al conducted bothin vivo and in vitro studies on the
antiproliferative effect of GA against U-20S osa®ma cell§?
GA inhibits the proliferation of human osteosarcoredls in a time-
and dose-dependent manner through apoptosis.eVaks lof p-JNK
and p-ERK1/2 kinase decreased while the level o3®-kinase
increased after the treatment with GA. This indidathat GA
induced apoptosis of osteosarcoma cells throughntaivation of
JNK and ERK1/2 kinase pathways and the activatiop3& kinase
pathway. In thein vivo condition, GA treatment inhibited
MNNG/HOS tumor xenograft growth in a time-dependshion.
The GA prohibited the tumor growth by decreasing pholiferation,
inhibiting angiogenesis, and promoting apoptostse Thechanisms
of GA in opposition to migration and invasion of rhan
osteosarcoma U-2 OS cells recently reported. ThelCR3tumor
angiogenesis marker was significantly less showthg anti-
angiogenesis effect of GA in U-20S céllsGA decreased the
protein of GRB2, PI3K, AKT/PKB, PKC, p38, ERK1/2, JNKFN
kB p65 and inhibited the activities of AKT, IKK anKR in the
osteosarcoma cells. In addition, there was decread#VP-2 and
MMp-9 proteins leading to mitogen-activated protekinase
(MPAK).

GA, the natural polyphenolic acid, possessed antitueffects of

carcinoma cell& There was significant increase in G2/M phase
cells, accompanied by decrease in GO/G1l phase a@ibs GA
treatment. GA caused the decrease of cyclin-depenkimases
(Cdk1), Cyclin B1 and Cdc25C, but increase of p-cdc2-@B) and
Cipl/p21 and phosphoeylation of Cdc25C at Ser-216 dsed
dependent manner. This consequently leads toaitsitycation from
nucleus to cytoplasm. GA exhibited selective awofifarative effect
of GA on human pancreatic cancer cell lines CFPAG
MiaPaCa-2 in comparison to the normal hepatocytest A2 cells.
GA inhibited the proliferation of CFPAC-1 and MiaPaZaells in a
time- and dose-dependent manner, with,IGf 102.3 + 2.4 and
135.2 + 0.6 pM. GA treatment activated caspasea8pase-9, and
ROS, elevated Bax expression and reduced mitochomagimbrane
potential of the cancer cells compared to the leyaes®” The rat
multi-organ carcinogenesis model was treated wittpy gallate,
another GA derivative and the observations wererneg. Intra-
gastric administration of propyl gallate was efifeetin reducing the
multiplicity of kidney atypical tubule®

6. Conclusion

Cancer is a generic term for a large group of desé#sat can affect
any part of the body. It is one of the leading esusf death
worldwide! A significant proportion of cancers can be curad b
surgery, chemotherapy or radiotherapy. Chemotheisapycategory
of cancer treatment that uses chemical substaespgcially anti-
cancer drug§. It is employed before and after surgery and in
combination with radiotherapy. This technique hamge of side
effects and also it cannot cure cancer when deteitéatter stages
which leads to continuous development of anticamregs. More

GA on MCF-7 breast cancer c&liThe GA treatment lessened thémportance is being given to natural compounds wathicancer

cell growth of MCF-7 cells in a dose-dependentlysgi@0 pg/ml).
The levels of cyclin A, CDK2, cyclin B1 and cdc2/CDKftere
diminished while the levels of the negative requiap27(Kipl) and
p21(Cipl) were increased by GA treatment. Theseltessto the
accumulation of cells in G2/M phase arrest in MCEIllsc The ester
derivative of GA, lauryl gallate was tested for #stiproliferative
effect on estrogen-dependent MCF7 cells and estrogkrpendent
MDA-MB-231 and MCF7 ADR cell&® The lauryl gallate (IG; 0.5-
10uM) altered the proliferation and cell cyle dftake three types of
breast cancer cells. Cell cycle arrest in the Gasphof gallate
treated MCF 7 cells along with increase of p53 esgion. There

This journal is © The Royal Society of Chemistry 2015

property. In this review, GA and its derivativeg @roposed as one
of the prominent candidates for treating cancer.

The GA and its derivatives are found to be actigairsst lung
cancer, colon cancer, breast cancer, prostate ;arsephageal
cancer, hepatoma, lymphoma, leukemia, osteosarccamad
melanoma cells. They induce programmed cell deaththe
malignant cells either dose dependently or timeeddpntly. The
notable changes seen after the treatment are gemeat ROS,
regulation of apoptotic and anti-apoptotic proteisigppression and

RSC Adv., 2015,00, 5-11| 7
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promotion of oncogenes, inhibition of matrix medgifoteinase GA is found to have anti-angiogenesis property @vical
(MMPs), activation of caspase-3, caspase-8, cashasg3, and c- cancer and osteosarcoma celfs®! Their results did not depict
Jun N-terminal kinases (JNK) signaling pathways aetl cycle much about the mechanism involved. In comparisdie GA
arrest in the GO/G1/M phase of cell cycle. GA asdlerivatives are present in the extract of Rubus leaf extract aooha sinensis
found to inhibit invasion and metastasis. Metastisthe spread of a leaf extracts were reported to inhibit vascular athdlial
cancer from one organ or part to another part gamrthat is not growth factor (VEGF), related to angiogene$is®* Hence,
directly connected to it, while invasion of canspecifies the spread more studies to understand the mechanism of agibganesis
or advent of cancer from its point of origin interunding tissues. property of GA should be performed. MB-is a protein that is
Invasion and metastasis can be facilitated by pretewhich important in providing immune response to variousalv
stimulate tumor cell attachment to host cellular extracellular infection and inflammation. NkB moves from the cytoplasm
matrix determinants and tumor cell proteolysis othbarriers. The into the nucleus and promotes cancer cell profifena
matrix metalloproteinases (MMPs) plays an importaié of cell angiogenesis, and metastasis. It is fascinatinget® how the
invasion capable of degrading a range of extralellumatrix GA interacts with NFReB. From this review, it has been inferred
proteins allowing cancer cells to migrate and ifdIt was that GA could both inhibit and activate NF-kB. Tensmarize,
reported that inhibition of MMP-2 and MMP-9 are atved with the GA inhibited the NFR<B of lymphoma (K562), osteosarcoma
non-metastatic potential of GA in hepatic and gastancer cell and cervical cancer cell® "> ® and induced apoptosis by
lines*® ® along with anti-invasion of GA in prostrate, cealiand through mitochondrial mediated pathway involving e th
oral cancer cell lines” ® 7 "8G A also down regulates ICAM-1 andmodulation of Bcl/Bax ratio and activation of caspase 3
VCAM-1 adhesion proteins responsible for migratiord anvasion Contrastingly, in some studies GA found to activthe NF-kB
mechanisms that occur in the metastatic tumor ef felanoma in the lymphoma (U937) and oral carcinoma c&l<in this
cells.® These were accompanied with regulation of theskgtetal case, this is followed by the activation of caspdsand Fas
reorganization pathways including Ras, p38MPAK at8Kalong mediated apoptosis. This paradoxical behavior of 1Bdy be
with the signaling pathways such as Akt and Erkwvasl as attributed to the type of cancer cell investigatéthwever,
modulation of metallopeptidase genes RhoA, RhoB andMD7 more experiments to delineate this effect of GA uttiobe
GA. The major observations of effects caused by &l its performed to explain the role of NB in GA-mediated cell
derivatives in each cancer type are summarized ahleT1 and death.

diagrammatically represented in Figure 3.

Table 1: Summary of notable changes due to tredtoféBA and its derivative in various cancer types

Type of Céll linestested Major alterations after treatment References
cancer
Lung SBC-3 small cell carcinoma » Dose dependent effect [30-34]

EBC-1 squamous cell carcinoma

A549 adenocarcinoma cells

LL-2 murine Lewis Lung carcinoma cells
Calu-6 Lung Carcinoma Cell cells

DNA fragmentation

ROS generation

Deceases of Glutathione

Activation of c-Jun NH2-terminal kinase (JNK)
Activation of caspase -3

Prostrate DU145 human prostate cancer cells Induction of mitochondrial mediated apoptosis [ 35 -43 ]
PC3 human prostate cancer cells Generation of ROS
22Rvlhuman prostate carcinoma epithelial Decrease of cyclin B1 and E
cells Cell cycle arrest at G2/M phase
Release of cytochrome ¢
Alteration of DNA repair gene
Blockage of phosphatidylinositol 3-kinase
(P13K)/AKT signaling pathways
Hepatic SMMC-7721 human hepatoma cells Inhibition of cell proliferation [45-47]
dRLh-84 rat hepatoma cells Decrease in liver and serum glutamic
P-815 liver mastocytoma cells oxaloacetic transaminase (GOT) and glutamic
pyruvic transaminase (GPT)
Induction of apoptosis dose dependently
Skin A375S2 human melanoma cells Up-regulation of Bax proteins [48-52]

Down-regulation of Bcl-2 proteins

Release of apoptosis-inducing factor (AIF) &
endonuclease G (Endo G)

Decrease of matrix metalloproteinases (MMPs)
related proteins

depletion of GSH

inhibition of Proto-oncogene tyrosine-protein

8 | RSC Adv., 2015, 00, 6-11
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kinase Src (PTK-c-Src)
* decrease of cell viability

Colon COLO 205 human colorectal carcinoma cellss  Cell shrinkage [53-55]
HCT 15 Human colon adenocarcinoma cells «  Appearance of apoptotic bodies
HCT 116 human colon cancer cells e Oligonucleosomal DNA fragments
« Concentration and time dependent cell death
Lymphoma U937 human monocytic lymphoma cells ¢ Up-regulated the NkB protein [56- 58]
Wehi 231 murine B-cell lymphoma cells + Down-regulated the proliferating cell nuclear

antigen and lkappaB kinasex[B) protein
¢ Chromatin condensation
« DNA fragmentation
¢ Increase of mitochondrial transmembrane

potential
Leukemia HL 60 human promyelocytic leukemia cells « Cell cycle arrest at the GO/G1 phase [ 59- 68]
HL-60RG promyelocytic leukemia cells « Inhibition of ribonucleotide reductase
K562 human leukemia cells + DNA damage and fragmentation time- and dose
L1210 murine lymphoblastic leukemia cells dependently

KG-1 human acute myeloid leukemia cells . release of cytochrome c, apoptosis-inducing

factor (AIF) & Endo G

¢ Up-regulation Bcl-2 protein

e Activation of caspase-4,-9 & -3

e prominent activity of intracellular peroxide
levels

*« PRAP cleavage

¢ Inhibition of BCR/ABL tyrosine kinase

e Activation of NF«xB

¢ GSH depletion

* Increased levels of p53, Bax & Fas ligand

Esophageal TE-2 esophageal cancer cells « Up-regulation of Bax protein activity [69-71]

Reduction of Bcl-2 and Xiap proteins activity

« Down regulation of survival Akt/mTOR

pathway
e Activation of caspase -3, -9 and MAPK
pathway
« Inactivation of epidermal growth factor receptor
(EGFR)
Cervical HeLa cervical cancer cells » Decrease in mitochondrial membrane potential[72-76]

¢ Depletion of GSH
« Down regulation of the EGFR, Akt/p-Akt and
Erk/p-Erk signaling pathways
e Activation of caspases & poly(ADP)ribose
polymerase cleavage
* Cell cycle arrest in G1 phase
Oral HSC-2 human oral carcinoma cells * Reduction of GSH [77-79]
HOSCC oral squamous carcinoma cells « Lipid peroxidation
SCC-4 human oral squamous carcinoma cells  |ncreased the level of intracellular reactive
oxygen species
« Up regulation of TNF, TP53BP2, and

GADDA45A
¢ Inhibition of matrix metalloproteinase (MMP)-2
and MMP-9
Bone U-20S oesteosarcoma cells » Decrease in levels of p-JNK and p-ERK1/2  [80, 81]
kinase

« Increase in level of p-p38 kinase
« Time- and dose- dependent apoptosis
* Decrease in MMP-2 and MMp-9 proteins

Breast MCF-7 breast cancer cells « Increase of p27(Kipl) and p21(Cipl) negative [82, 83]
MDA-MB 231 human breast regulators
adenocarcinoma cells * Increase of p53 expression
« Slowdown of cell proliferation dose
dependently

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015,00, 5-11| 9
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« Up regulation of p21Cipl
¢ Reduction in cyclin D1
< Induction of PARP cleavage

Neuro- PC12 rat pheochromocytoma cells » Cleavage of poly (ADP-ribose) polymerase  [84]
endocrine « Phosphorylation of c-Jun N-terminal protein
kinase (JNK)
« Down regulation of Bcl-2
Gastric AGS gastric adenocarcinoma cells ¢ Inhibition of proteins involved in MMP 2/9, [85]
metastasis & cytoskeletal recognition
Bladder TCC human bladder transitional carcinoma « Increase in G2/M phase cells [86]
cells « Decrease in GO/G1 phase cells Decrease of
cyclin-dependent kinases (Cdk1)
« Phosphoeylation of Cdc25C
Pancreas CFPAC-1 human Caucasian pancreatic  « Activation of caspase-3,9 [87]

adenocarcinoma cells
MiaPaCa-2 Human pancreatic carcinoma
cells

¢« ROS generation
¢ Increase in Bax expression

It also has been reported that the cell death ptesnby GA and its
derivatives, in different cell lines may be relateih glutathione
(GSH) depletion. Since the intracellular GSH hadeaisive effect
on anticancer drug-induced apoptosis, the reducifo8SH levels
by GA and its derivatives may related with the dmegistance-

accumulation of lethal lipid ROS. ROS accumulatabaims to
be an essential factor in all forms of apoptotiad amon-
apoptotic death. Ability of GA to induce ferroptescan be
elucidated by its interaction with ferroptosis ibiting
compound like ferrostatin?t, which may shed more light
about this putative role. Similarly, it will be gresting to

reversal activity. If used in combination with anéincer drugs that €xplore whether GA has any role in autophagy. Abégy is

are already in usage, it would enhance the suafettge treatment.

an intracellular degradation system that deliveytogasmic

Multidrug-resistance (MDR) is the chief limitatioa the success of constituents to the lysosome. The role of autophiagyancer

chemotherapy. According to the National Cancer tunsj
multidrug-resistance is a phenomenon where canelés adopt to
anticancer drugs in such a way that drugs becose dffective.
Cancer cells adopt several mechanisms to evade dwhibed by
anticancer agents. These cells develop resistarycandreased
expression of multidrug-resistant proteins, whidtera anti-cancer
drug transport mechanisms. Among these proteirngyddprotein
(Pgp, ABCB1) and multidrug resistance-associated pr¢dRP1,
ABCC1) are the prime ones. Thus, for proper undergignaf GA’'s
activity in drug resistance- reversal, more studiasinteraction of
GA and its derivatives with these Pgp proteinsuhbe performed.

Apart from this, the depletion of GSH and generatid ROS
by GA may also be related to other form of celltdeavhich
needs further investigation. To list, depletionG#H combined
with the deactivation of glutathione peroxidaseGP%4) and
the resulting oxidative stress have been linketetmptosis®
Ferroptosis is a newly emerged form of iron depend=ll
death that is totally different from apoptosis, msés and
autophagy, morphologically, biochemically and gesadly.
This type of cell death is characterized by thenidependent

10 | RSC Adv., 2015, 00, 8-11

cells is extensively researched, which emphasiatsphagy as
tumor suppressor as well as a factor for tumor isahd®

Hence, the relationship between GA and autophaguldhalso
be inspected to have better understanding aboutin@éced
cell deaths.

Even though, there has been sevaralitro as well as quiet fewn
vivo experiments on the anticancer property of GA andérivative
in cancer cells, more efficient information would bbtained with
the knockout mouse (genetically engineered mous&.high time
that human clinical trials on healthy subjects antjects with pre-
existing medical conditions should be done. Maduglies regarding
the absorption of GA during oral administration time form of
tablets or free form should be done. In additiotthis, investigation
on other different modes of administration may dlsocarried out.
The observations should be made, once the sulgextseated with
GA and its derivative at various phases. The fitshse may start
with 10 to 20 individuals and the final phase mayoive 1000 to
3000 individuals. This may lead to the more insgigsulting in the
development of GA and its derivatives as prominanticancer
drugs.

This journal is © The Royal Society of Chemistry 2015
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Figure 3: Molecular mechanism of GA and its derixeg in cancer cells

Acknowledgments

This work was supported partly by the Ministry afHer Education
Malaysia with the Grant Vot No:R.J130000.7809.4F4ddl also
acknowledges the support of UPMU, UTM.

Notes and references
#1IN-UTM Cardiovascular Engineering Centre, FacuifyBioscience and
Medical Engineering, Universiti Teknologi Malaysidohor Bahru 81310,

Malaysia

“Corresponding author

7

8

9
10

11

12

Dr Saravana Kumar Jaganathan, IJN-UTM Cardiovascula

Engineering Centre, Faculty of Biosciences and kdi
Engineering, University Teknologi Malaysia, JohorahBu
81310, MalaysiaEmail: jaganathaniitkgp@gmail.com; Tel

1 00607-5558548; Fax: 07-5558553

F. A. Ayaz, A.S Hayirlioglu, J. Gruz, O. Novak, 8trnad.J Agric Food

Chem,, 2005, 53(21), 8116-8122.

H. Wang, G.J Provan, K. Helliwell J Pharm Biomed Anal., 2003
33(4),539-44.

J.J Lua, Y. Weib, Q. P Yuatsep Purifi Technol. 2007; 55: 40-43.

V.U. Borde, P.P Pangrikar, S.U TekdRec Res i Tech., 2011, 3, 51-
54

G. Mukherjee, R. Banerje€Chemistry Today., 2003, 21, 59-62

C.Locatelli a,b, F.B Filippin-Monteiro, T.B Creczski-PasaEuropean
Journal of Medicinal Chemistry., 201360, 233-239.

3 P.E Thompson, A.M Moore, J.W ReinertsoAntimicrob. Agents

1 S. Bernard, P. Christopher. IARC Nonserial Pubiicat WHO press, 14
2014
2 Cancer Facts & Figures 2014. American cancer ter,ociel5

http://www.cancer.org/research/cancerfactsstasigtimcerfactsfigures20
14/ ( Accessed October 2014)

3 S. Rebecca, M. Jiemin, Z. Zhaohui, J. Ahme@ancer J Clin, 2014, 64,
9-29.

4 R. Rampling, A. James, V. PapanastassiduNeurol Neurosurg
Psychiatry, 2004, 75, 24-30.
M.J. Lind.Medicine, 2008, 36 (1), 19-23

6 H. JoensuuLancet Oncol. 2008.9 (3), 304.

This journal is © The Royal Society of Chemistry 2015

16

Chemother. 1953, 3, 399-408.

A. Mahadevan, M.K ReddWeth. J Plant Pathol., 1968,74, 87-90.

A. F Florov, E.L MishenkovaMikrabiol Zh, 1970, 32, 628-633.

L. Claudriana, B. Fabiola, M Filippin, C. Ariana. nffoxidant,
antitumoral and anti-inflammatory activities of @al acid.2013
Handbook on Gallic Acid: Natural Occurrences, Ariiiant Properties
and Health Implications, Edition: 4 th, Chaptertiéridant, Antitumoral
and Anti-Inflammatory Activities of Gallic Acid.pp-23

RSC Adv., 2015,00, 5-11] 11



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

RSC Advances

D.M Nguyen, D.J Seo, H.B Lee, I.S Kim, K.Y Kim, RRark, W.J Jung.
Microb Pathog. 2013,56,8-15.

C. A van der Heijden, P. Janssen, J.J Sktad Chem Toxicol., 1986,
24,1067-1070.

S.M. FiuzaElsevier. 2004

K.C Choi, Y.H Lee, M.G Jung, S.H Kwon, J. Kim, Wun, J. LeeMol
Cancer Res 2009, 7, 2011-21

A.C kaliora, P.T kanellos, N. kalogeropouls. Chapt@allic acid
bioavailability in humans. In:

publishers. 2013

Handbook on galliccida Nova

F. D Robbins, O. H. Emerson, F.T. Jones A. N. BobttS. Masri.J.
Biol. Chem. 1959, 234:3014-3016.

Y. Konishi, Y.Hitomi,E. YoshikaJ. of Agri. Food. Chem. 2004, 52,
2527-2532.

S. Shahrzad, |.
(1998), 87-95.
S. Shahrzad, K. Ayogi, A.Winter, A.Koyama, |. Biftsé. Nutr.2001,
131(4), 1207-1210.

A.R Stoddard, L.R Koetje, A.K Mitchell, M.P Schotem J.L Ubels.J
Ocul Pharmacol Ther. 2013,29(7), 681-687.

K. Rajalakshmi, H. Devaraj, S. Niranjali Devargpod Cheml Toxicol,
2001, 39, 919-922.

N. Niho, M. Shibutani, T. Tamura, K. Toyoda, C. Yama, N.
Takahashi, M. Hirosd=ood Chem Toxicol. 2001, 39, 1063-1070.

C. A van der Heijden, P.J Janssen, J.J Stokd Chem Toxicol. 1986,
24(10-11), 1067-1070.

BitschJournal of Chromatography B, 1998, 705

Y. Ohno, K. Fukuda, G. Takemura, M. Toyota, M. Waitae, N.
Yasuda, Q. Xinbin, R. Maruyama, S. Akao, K. Gotdu,Fujiwara, H.
Fujiwara.Anticancer Drugs. 1999,10(9), 845-851.

Y. Ohno, T. Ri, H. lkoma, T. Yuugetu, M. Asai, N.dfdnabe, S.
Yasuda, G. Akao, S. Takemura, K. Minatoguchi, HtdBpH Fujiwara,
K Fukuda, M. KawadaAnticancer Drugs., 2001, 12(10), 847-852

R.B You, H.P WooToxicology in Vitro. 2010, 24,1356-1362.

Y.C Chiu, C.C Kun, Y.Y Tsung, C.L Hsiang, L.H. iBhEvid. Based
Complement. Alternat. Med 2013

D.K Maurya, N. Nandakumar, T.P Devasagaydr@lin Biochem Nutr.
2011,48(1),85-90.

H.M Chen, Y.C Wu, Y.C Chia, F.R Chang, H.K Hsu, Yt8ieh, C.C
Chen, S.S YuarCancer Lett. 2009,28, 286(2), 161-171.

12 | RSC Adv., 2015, 00, 8-11

37

38

39

40

42

43

46

47

48

50

51

L.H Russell, E. Mazzio, R.B Badisa, Z.P Zhu, M. Aghhimi, E.T
Oriaku, C.B GoodmarAnticancer Res. 2012, 32(5), 1595-1602.

K.C Liu, H.C Ho, A.C Huang, B.C Ji, H.Y Lin, F.Sh@Geh, J.S Yang,
C.C Lu, J.H Chiang, M. Meng,
2013,28(10), 579-587.

J.G Chungenviron Toxicol.

K.C Liu, A.C Huang, P.P Wu, H.Y Lin, F.S Chuelt ¥Yang, C.C Lu
J. H Chiang, M. Meng, J.G Chun@ncol Rep. 2011,26(1), 177-184.

V. Ravikanth, P.S Rana, L. Zhengjie, A.T John, BaAval, C. Agarwal.
Carcinogenesis. 2006, 27,1445-1453.

C. Agarwal, T. Alpna, R. AgarwaMol Cancer Ther., 2006, 5(12).

C. Agarwal, R. Veluri, M. Kaur, S.C Chou, J.A Thosop, R. Agarwal.
Carcinogenesis.,, 2007,28(7), 1478-1484.

R. Komal, R. Subapriya, D. Gagan, S. Meenakshi,ABarwal, C.
Agarwal. Mol Cancer Ther, 2008,7(5).

M. Kaur, B. Velmurugan, S. Rajamanickam, R. Agarwal Agarwal.
Pharm Res., 2009,26(9),2133-2140.

S. Manato, K. Miyuki, T. Kazuya, M. Kiriko, K. Kofdro, K. Sei-ichi,
H. Yasuna. F. Hiroshi, M. HidefumBioorg Med Chem Let. 2013, 23,
4935-4939.

M.H Li, M.Y Wang, F.M Zhao, H.B Chen, H.G Zhou,@Zhao, W.T
Li, M.H Wu. Chinese Pharmacological Bulletin. 2014, (5)

I. Makoto, S. Rie, S. Nahoko, L. Zong, T. Tadah{®a,Yokui, Y.J Bao,
C. Yingji. Biol. Pharm. Bull. 1995,18 (11), 1526-1530

T. Ohno, M. Inoue, Y. OgiharaAnticancer Res. 2001, 21(6A),3875-
3880.

C. Lo, T.Y Lai, J.H Yang, J.S Yang, Y.S Ma, S.W WeN.Y Chen, J.G
Lin, J.G Chunglint J Oncol. 2010, 37(2), 377-385.

C. Lo, T.Y Lai, J.S Yang, J.H Yang, Y.S Ma, S.W Wehl.Y Lin, H.Y
Chen, J.G Lin, J.G Chunlylelanoma Res. 2011,21(4),267-273

V. Subramanian, B. Venkatesan, A. Tumala, E. VefamyFood Chem
Toxicol., 2014, 66, 44-55.

C. Locatelli, P.C Leal, R.A Yunes, R.J Nunes, T.Be&zynski-Pasa.
ChemBiol Interact. 2009 ,181(2),175-184.

This journal is © The Royal Society of Chemistry 2015

Page 12 of 14



Page 13 of 14

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

E. Ortega, M.C Sadaba, A.l Ortiz, C. Cespon, A. &ocgra, JM 67
Escolano, G. Roy, L.M Villar, P.P Gonzald. J Cancer. 2003, 88(6),

940-943.
68

K. Yoshioka, T. Kataoka, T. Hayashi, M. Hasegawa, I8hi, H.

Hibasami.Oncol Rep. 2000, 7(6), 1221-1223.
69

P.D Yumnam, U. Addepally, L.N Mangamoori, K. Chapkir I JRANSS
2014, 2(5),269-272.

70
K. Hamid, A.A Abeer, AY Wagee, M.A Hapipah, A.A Mmood, H.

Pouya.Arch. Pharm. Chem. Life Sci. 2011, 344, 703-709.
71

N.S Kim, S.I Jeong, B.S Hwang, Y.E Lee, S.H Kang; Hee, C.H Oh.

J Med Food. 2011,14(3), 240-246.
72

A. Serrano, C. Palacios, G. Roy, C. Cespon, M.llavilM. Nocito, P.P

GonzélezArch Biochem Biophys. 1998, 350(1),49-54.
73

G. Roy, M. Lombardia, C. Palacios, A. Serrano, &pon, E. Ortega, P.
Eiras, S. Lujan, Y. Revilla, P. Gonzalez-Porg&gch Biochem Biophys.
2000, 383(2), 206-214.

74

75
S. Madlener, C. llimer, Z. Horvath, P. Saiko, Askdt, |. Herbacek, M.
Grusch, H.L Elford, G, Krupitza, A. Bernhaus, MitEer-Szekeres, T.
SzekeresCancer Lett. 2007,245(1-2), 156-162.

76

7

R.D Yeh, J.C Chen, T.Y Lai, J.S Yang, C.S Yu, JiHa@g, C.C Lu, S.T
Yang, C.C Yu, S.J Chang, H.Y Lin, J.G Chuninticancer Res.

2011,31(9),2821-2832.
78

M. Inoue, N. Sakaguchi, K. Isuzugawa, H. Tani, Yjil@ra Biol Pharm

Bull. 2000, 23(10), 1153-1157.
79

T. C Reddy, D.B Reddy , A. Aparna, K.M Arunasree, Gpta, C.
Achari, G.V Reddy, V. Lakshmipathi, A. Subramanya,Reddanna.

Toxicol In Vitro. 2012, 26(3), 396-405. 80

C. Locatelli, R. Rosso, M.C Santos-Silva, C.A dm&, M.A Licinio,
P. Leal, M.L Bazzo, R.A Yune®ioorg Med Chem. 2008,16(7), 3791-

3799 81

H Hla, R. Tsubouchi, M. Haneda, K. Murakami, M. Yio®. Biomed

res. 2002, 23, 127-134 82

I. Kazuto, I. Makoto, O. YukioBiol. Pharm. Bull. 2001, 24(7), 844—

847. 83

M. Loépez-Lazaro, J.M Calder6n-Montafio, E. Burgosrdp C.A
Austin. Mutagenesis. 2011, 26(4),489-98

This journal is © The Royal Society of Chemistry 2015

RSC Advances

C.L Teng, S.M Han, W.C Wu, C.M Hsueh, J.R Tsai, Wivang, S.L
Hsu.Food Chem Toxicol. 2014,71, 197-206.

C.H Chen, W.C Lin, C.N Kuo, F.J L&ood Chem Toxicol. 2011,49(2),
494-501.

A. Faried, D. kurnia, L.S Faried, N. Usman, T. Mig&i, H. Kato, H.
Kuwano.Int. J. Oncol, 2007,30, 605-613.

Y. Gao, W. Li, L. Jia, B. Li, Y.C Chen, Y. TuBiochem Biophys Res
Commun. 2013,23, 438(2), 370-374

Z.Hou, S. Sang, H. You, M.J Lee, J. Hong, K.V CI@nS YangCancer
Res. 2005,65(17), 8049-8056.

B.R You, J.H Moon, H.Y Han, W.H Parkood Chem Toxicol, 2010, 48,
1334-1340

B.R You, W.H ParkAgric Food Chem. 2011,26, 59(2), 763-771.

Z. Bing and H.U Mengcai. Oncol Lett. Dec 2013;)6(6749-1755.

M. Singh, K. Bhui, R. Singh, Y. Shuklaife Sci. 2013, 93(1), 7-16

Y.H Han, W.H ParkFood Chem Toxicol. 2009 ,47(10), 2531-2538.

G.S Alyssa, H.W Jeffrey, E. Hannah, F.R Esther, Rylet, R.W
Jordana, L. Tova, L Z Harriet, B. Harveyxid Antioxid Med Sci. 2013,
2(4),265-274.

C.CYi, R. Ranjan, C. Colonya, H.C Robevolecules.,, 2010, 15, 8377-
8389.

C.L Kuo, K.C Lai, Y.S Ma, S.W Weng, J.P Lin, J.GuBlg. Oncol Rep.
2014,32(1), 355-361

L Cheng-zhen, Z Xin, L. Hao, T. Yi-ging, T. Li-jig, Y. Zi-ru, Z. Xiao-
peng, S. Zhong-li, T. Hui-minCancer Biother Radiopharm. 2012,
27(10), 701-710.

C.L Liao, K.C Lai, A.C Huang, J.S Yang, J.J LinHSVu, W.W Gibson,
J.G Lin, J.G Chundrood Chem Toxicol. 2012, 50(5), 1734-1740.

J.D Hsu, S.H Kao, T.T Ou, Y.J Chen, Y.J Li, C.J WahAgric Food
Chem. 2011, 59(5), 1996-2003.

C. Annarica, M. Jose’, M. Garcl'a, G. Lorena, J.@rdédes, T. Mari’a,
O Agullo” , C. Pasqualina, L.R Abelardo, A. Giusep(.P Pedro, M.P
Jorge.Carcinogenesis,2006, 27(8),1699-1712.

RSC Adv., 2015,00, 5-11] 13



84

85

86

87

88

89

90

91

92
93

94

95

RSC Advances

K.K Min, J.K Nam, J.J Young, W.L Ki, J.L Hyong, N.Xnn. Acad. ci.
2009, 1171, 514-520.

H.H Ho, C.S Chang, W.S Ho, S.Y Liao, C.H Wu, C.any. Food
Chem Toxicol. 2010, 48(8-9), 2508-2016.

T.T Ou, C.J Wang, Y.S Lee, C.H Wu, H.J Lédol Nutr Food Res.
2010,54(12),1781-1790.

Z. Liu, D. Li, L. Yu, F. Niu. Chemotherapy. 2012,58(3),185-194

M. Hirose, H. Yada, K. Hakoi, S. Takahashi, N. It@arcinogenesis.

1993, 14(11),2359-2364.

T.A. Martin, Y. Lin, A. J. Sanders, J. Lane, W.@nd. Chapter:Cancer
Invasion and Metastasis: Molecular and Cellular spective.
In:Metastatic Cancer: Clinical and Biological Persjives.

Z. Liu, J. Schwimer, D. Liu, J. Lewis, F.L Greenwdy.A York, E.A
Woltering. Phytother Res. 2006, 20(9),806-813.

C.H You, C.C Ssu, H.L Wen, Z.H Dong, K.L Ming, HXueh, T.W
Mei, J.C Hsin, L.Y HsinJ Ethnopharmacol. 2011,134(1),111-121

T.D GilmoreOncogene, 2006, 25 (51), 6680-6684

A.P.J Friedmann, M. Schneider, B. Proneth, Y.Y rinha,

V.A Tyurin,V.J Hammond, N.Herbach, M. Aichler, A.akeh, E.
Eggenhofer, D. Basavarajappa, O. Radmark, S. Kabay& Seibt, H.
Beck, F. Neff, I. Esposito, R. Wanke, H. Forster, ®efremova, M.
Heinrichmeyer, GW Bornkamm, E.K  Geissler, S.B  ThspB.R
Stockwell, V.B O'Donnell, V.E Kagan, J.A Schick, onrad.Nat Cell

Biol. 2014,16(12),1180-1191.

R. Mathew, V.Karantza-Wadsworth, E. Whitdat Rev Cancer. 2007.
7(12), 961-967.

C. Peracchio, O Alabiso, G Valente, C Isidoro, Adab Valente, Isidoro.
J Ovarian Res, 2012, 5 (1): 22

14 | RSC Adv., 2015, 00, 8-11

Page 14 of 14

This journal is © The Royal Society of Chemistry 2015



