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Abstract

Areca quid chewing is a major risk factor associated with oral submucous

fibrosis and oral cancer. Experimental evidence indicates that immune deterioration is

closely associated with the pathophysiology of areca-associated oral diseases. In

addition, the induction of oxidative stress and cell death has been shown to play a role

in the cytotoxic and genotoxic effects induced by areca nut extracts (ANE) in oral

cells and neutrophils. As T lymphocytes are one of the major immunocompetent cells

present in the lesions of both OSF and oral cancer patients, it is hypothesized that T

cell-mediated immune responses may be altered by ANE. The present studies

investigated the immunomodulatory effect of ANE on T cell reactivity and the role of

reactive oxygen species (ROS) in ANE-mediated effects in vitro. In addition, the

immunomodulatory effect of ANE and polyphenol-enriched ANE (PANE) was

examined in vivo. ANE induced a marked cytotoxic effect, and suppressed the

production of IL-2 and IFN-y by splenocytes, whereas the production of I1L-4 was

unaffected. The thiol antioxidant N-acetyl-_-cysteine (NAC) partially but significantly

attenuated ANE-mediated cytotoxicity and suppression of IL-2 and IFN-y production.

In splenic T cells, ANE increased the cellular ROS levels, which was also attenuated

by the presence of NAC. Concordantly, the cellular level of glutathione was

diminished by ANE in splenic T cells pretreated with NAC. These results
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demonstrated that ANE markedly suppressed T-cell activation and Thl cytokine

production, which was mediated, at least in part, by the induction of oxidative stress.

ANE significantly enhanced splenocyte apoptosis. The depolarization of

mitochondrial membrane potential (Aym), the release of cytochrome ¢ and the

activation of caspase-9 were induced by ANE, indicating the activation of the

mitochondrion-dependent apoptotic pathway. Moreover, an increased level in the

intracellular ROS was detected in ANE-treated splenocytes undergoing apoptosis.

NAC significantly attenuated ANE-mediated apoptosis, caspase-9 activation and ROS

production but not Ay depolarization. These results demonstrated the pro-apoptotic

effect of ANE in primary splenocytes, which was mediated by the activation of the

mitochondrion-dependent pathway and oxidative stress. In addition, PANE and its

fractionated oligomeric procyanidins from pentamers to decamers were active in

inducing apoptosis. A marked diminishment in the level of intracellular thiols was

revealed in splenocytes treated with pentamers to decamers. Pretreatment with NAC

resulted in significant attenuation of both apoptosis and thiol diminishment induced

by areca procyanidins. These results indicated that highly oligomeric procyanidins

derived from areca nut induced a chain length-dependent pro-apoptotic effect in

primary lymphocytes possibly via the diminishment of intracellular thiols.

Intraperitoneal administration of antigen-sensitized BALB/c mice with ANE or

Vi



PANE significantly increased the spleen index and the splenic cellularity of immature
myeloid CD11b* cells. The population of CD11b*Gr-1* cells in the spleen and
peripheral blood was markedly enhanced by ANE and PANE. In addition, ANE
administration significantly augmented the production of IL-10, and the mRNA
expression of iNOS and arginase | by splenocytes and splenic CD11b" cells
stimulated with lipopolysaccharide. These results suggested that ANE administration
to antigen-sensitized mice enhanced the development of CD11b*Gr-1" cells that
exhibited a functional profile of myeloid-derived suppressor cells (MDSC).

Taken together, this study demonstrated the direct immunomodulatory effect of
ANE on the down-regulation of Thl cytokines in vitro, induction of lymphocyte
apoptosis in vitro and generation of MDSC in vivo. In addition, areca-derived
procyanidins may be the potential candidates responsible for the ANE-mediated
immunomodulatory effects. These results provide evidence to show that areca
constituents may directly compromise the cell-mediated immunity which was
previously reported to be down-regulated in areca quid chewers with oral precancer
and cancer.

Keywords: areca nut extract, procyanidins, immunosuppression, cytokines, apoptosis,

myeloid-derived suppressor cells, oxidative stress
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List of Abbreviations

ANE areca nut extract

Apaf-1 apoptotic protease activating factor 1
AQ areca quid

bFGF basic fibroblast growth factor

CA chromosome aberrations

CMF-DA 5-chloromethylfluorescein diacetate
ConA concanavalin A

COX-2 cyclooxygenase-2

DC dendritic cells

DCF-DA 2, 7’-dichlorofluorescein diacetate
DD death domain

ELISA enzyme-linked immunosorbent assay
FADD Fas-associated death domain

FSC forward-angle light scatter

GSH glutathione

HNSCC head and neck squamous cell carcinomas
IFN interferon

Ig immunoglobulins

IL interleukin

iINOS inducible nitric oxide synthase

IP intraperitoneal

IP-10 including IFN-inducible protein 10
JC-1 5,6,-tetrachloro-1,3-tetraethylbenzimidazolylcarbocyanine iodide
LPS lipopolysaccharide

MCP-1 monocyte chemoattractant protein-1
MDSC myeloid-derived suppressor cells
MHC major histocompatibility complex
MTT 3-(4,5-dimethyl- -thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
NA naive

NAC N-acetyl- -cysteine

NF-«xB nuclear factor-xB

NK natural killer cells

NO nitric oxide

0SCC oral squamous cell carcinomas

OSF oral submucous fibrosis

OVA ovalbumin
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PANE
PBMC
PBST
PDGF
PGE,
PHA

Pl

ROS

RT

SCE
STAT
Tc

TCR

Th

TNF
Treg
TUNEL
uDS
VCAM-1
VH
Aym
8-OH-dG

polyphenol-enriched areca nut extract
peripheral blood mononuclear cells
phosphate-buffered saline containing 0.02% Tween 20
platelet-derived growth factor

prostaglandin E;

phytohemagglutinin

phorbol 12-myristate 13-acetate plus ionomycin
reactive oxygen species

room temperature

sister chromatid exchanges

signal transducer and activator of transcription
cytotoxic cells

T cell receptor

T helper cells

tumor necrosis factor

regulatory T cells

terminal dUTP nick-end labeling

unscheduled DNA synthesis

vascular cell adhesion molecule-1

vehicle

mitochondrial membrane potential
8-hydroxy-2-deoxyguanosine



Contents

PoR B B s ii
A 01 - Uod SRS v
LiSt OF ADDIEVIALIONS.........iieieieieieee ettt st s ne e viii
(070 01 1=] 1 £ T OSSPSR X
List Of FIgUres and TabIES .......ccueeveiiiiieecectee ettt st xiii
Chapter 1. BaCKGrOUNG.........c.ccviiiiiieieiteeieste ettt ettt ettt e a et s re s e s be s e sbeesaebesreensenns 1
1.1 Areca nut chewing related diSEASES........ccveveriieieiiiiieie ittt 1
A N = Tor W U o BT Lo =0 T=T ) TR 2
1.3 Polyphenols and proCyaniding.............cceeeeeeoiieieeiieiieee e eeecre ettt 3
1.4 T cell-mediated iMMUNE FESPONSES .....ccveiveeeeiriereereitieeesresreetestessaessesreeaessessesesseesesees 6
1.5 Myeloid-derived SUPPreSSOr CIIS.......o.iiuiiiiiiiiiniiirete st 8
1.6 Apoptogiss....s.... R.......... L. A L 8 R B 10
1.7 Immune deterioration in AQ chewing-related oral diSEases..........ccvvevvereeeerereneennnns 13
1.7-1 Down-regulation of T Cell FESPONSES ......c..ccviireriiriirierteeeeeeei et 13
1.7-2 Alteration of CytoKing Profile.........cocoveiiiiiiiiniiiieecci e 14
1.7-3 Dysfunction of humoral immunity ........c.cccoeevinieiinieeree e 16
1.7-4 Immunosuppression associated with oral diSeases..........ccevevereeeereseesiesreenenne. 17

1.8 The direct effect of AQ components on oral and immune cells..........cccovvvvveceiienennens 18
1.8-1 Mitogenic and cytotoxic effect of AQ components on oral cells........................... 18
1.8-2 Proinflammatory effect of AQ COMPONENTS ......cceeriereieierercee e 20
1.8-3 Immunomodulatory effect of AQ COMPONENTS ........ocvvvieriirieereeee e 21
Chapter 2. RAIONAIE ..ottt ettt sttt e e e e saeeneene s 23
Chapter 3. Materiasl and Methods..........ccveeeiieieieiieceseeeee e e 25
3.1 Reagents and areca NUL EXIIACE .........cccveviiieriereceere ettt ses 25
B2 ANHMAIS <.ttt b e st b e bbbt et 26



3.3 Protocol of ANE treatment and OV A SENSITIZATION. .......ceeeeiiieeeeeeeeeeeeeeeeeeeeeeeee e v 27

3.4 Cell is0lation and CUIUIE.........c.ooiiiriiieeeee e 27
3.5 SPIEEN INUEX ...ttt b e 28
3.0 IMITT @SSAY .veuveveeurenrerieniesieete st ettt sttt s bt et b e s bt e s bt et e bt e e e e sbe e b e s b e esee bt saeeeeaneeanenees 28
3.7 Enzyme-linked immunosorbent assay (ELISA) for cytokine quantification ................ 29
3.8 Cell cycle analysis of splenic lymphoCYLES ........cceciveeviiiieiececee e 30
3.9 Terminal dUTP nick-end labeling (TUNEL) @SSaY.......ccccovevverereeriesreeienieeeeseeseeene e 31
3.10 HOECNSE SLAINING ..e.veeeveiecieeieeieeteste ettt ettt s reesae s re e e besasentesreenneseas 32
3.11 Determination of mitochondria membrane potential by JC-1 staining ....................... 32
3.12 Western blotting analysis for CytoChrome C ......c.ccevveviiieeiiicieceere e 33
3.13 Detection Of Caspase aCtIVALION ...........ccueeeireriererinesei ettt 34
3.14 Measurement OF ROSHEVEL ..............oc it ettt 34
3.15 Detection of intracellular thiols using flow CYtOMEtry ..........ccceveverenirenienenieieenne 35
3.16 Cellularity of PBMC and SPIENOCYLES ....ccceuvvieiiriiniiniiieieieieieieeetseeere e eeeeneenens 35
3.17 Measurement of Gr-1 expression and morphology of splenic CD11b" cells............... 36
3.18 Detection Of arginase-1 aCHIVILY .........ccccceiriririiieieneesieie st s 36
3.19 Reverse transcriptase-polymerase chain reaction (RT-PCR) .......cccccevevievveveneennenne. 37
Chapter 4. EXPerimental RESUILS .........ccivuieieiieieieceeie ettt eeesee s aeste e ve e eaaeae s 39

4.1 ANE suppresses T-cell activation and cytokine production via the induction of

OXIUALIVE SLIESS ..euviveieienteeecete et et st s et ettt testestesbeste e e e et e st eseebessesbestensenseneeneeneenens 39
4.1-1 Cytotoxicity 0f ANE 0N SPIENOCYLES. .....ceeuiririiriiriirieieieieieeee st 39
4.1-2 Differential effects of ANE on IFN-y, IL-2 and IL-4 production by splenocytes.. 42
4.1-3 Induction of ROS and diminishment of cellular thiols by ANE in splenic T cells 47

4.2 Involvement of the mitochondrion-dependent pathway and oxidative stress in

ANE-induced SplenoCyte aPOPLOSIS. .....eeuverierreeierierieie ettt ettt st sae e ee e 51
4.2-1 Induction of apoptosis of splenocytes by ANE ........ccooceoirieieniieereceee e 51

4.2-2 Involvement of the mitochondrion-dependent pathway in ANE-mediated

SPIENOCYTE APOPLOSIS ... eeeeeeeeeeteeieeie ettt ettt ettt ettt ettt ettt estesaeetesaeeneeseseeense e 58



4.2-3 The role of ROS in ANE-mediated splenocyte apoptosis..........cceeverververveveennene 63

4.3 Areca-derived highly oligomeric procyanidins induce splenocyte apoptosis via the

depletion of intracellular thiOlS..........c.ooieeeiiiiieeeee e 68

4.3-1 Polyphenol-enriched ANE (PANE) and areca-derived highly oligomeric

procyanidins induced SplenoCyte aPOPLOSIS.......cverveieecierierrieiese ettt 68

4.3-2 Effect of areca-derived procyanidins on the level of intracellular thiols in

SPIBNOCYLES ...ttt et 77

4.4 ANE and PANE enhances the development of CD11b*Gr-1" cells with the

characteristics of myeloid-derived suppressor cells in OVA-sensitized BALB/c mice....... 83
4.4-1 Induction of CD11b"Gr-1" cells by ANE and PANE in ViVO.......cccccvvvevvvvnennnen. 83
4.4-2 Functional characteristics of ANE-induced CD11b"Gr-17 cells ..........ccccovrrvernnneee. 89

Chapter 5. DISCUSSION ......cuveiieiveeitesteeeete st et eite et estesteeaestesseesae et s essessesseessasseessessesseensesteesaesens 94

5.1 ANE suppresses T-cell activation and IFN-y production via the induction of oxidative

stress.........onsf bl A e KB 94

5.2 Involvement of the mitochondrion-dependent pathway and oxidative stress in the

apoptosis of murine splenocytes induced BY ANE ..........coooeiieieneieesn e 99

5.3 Highly oligomeric procyanidins derived from areca nuts induce lymphocyte apoptosis

via the depletion of intracellular thiolS...........ccooueeiiiiiiieic e 104
5.4 Induction of myeloid derived suppressor cells by ANE and PANE in vivo................ 109
Chapter 6. SUMMary and CONCIUSIONS ........ccveivieirerierieiie e eeeste e etesre e ste e sresteeaesreereeneeans 116
Chapter 7. FULUIE PEISPECLIVES .....ccveeeieitieeeiiestieteste st etesteeeeesteseeetesteesaestesseeseseeessessesseensenns 118
RETEIENCES ...ttt b e sttt e be st b e st et e et et neene 121

Xii



List of Figures and Tables

Figure 1. Structure of areca-derived alkaloids and polyphenols..................coiviiiiiinnn... 5
Figure 2. Structure of major flavonoids. .............coiiii i 6
Figure 3. Caspase-dependent apoptosis Pathways.........cevviveiriiiriiieiiiiiieiieeeneeeiees 12
Figure 4. The cytotoxic effects of ANE on murine splenocytes.............ooeveirineininenn.n 41
Figure 5. The effect of ANE on IFN-y production by PI-stimulated splenocytes............... 44
Figure 6. The effect of ANE on IL-2 production by Pl-stimulated splenocytes.................. 45
Figure 7. The effect of ANE on IL-4 production by Pl-stimulated splenocytes.................. 46
Figure 8. Attenuation by NAC of ANE-mediated induction of cellular ROS in...................

ConA-stimulated SPIENOCYLES. .. ....veeiet ettt 49
Figure 9. Diminishment of the level of cellular thiols in ConA-stimulated splenocytes by.......

ANE............. 880  TRJE G R ... 50
Figure 10. Enhancement of DNA hypodiploidity in splenocytes by ANE........................ 53
Figure 11. Induction of splenocyte apoptosis by ANE...........ccoooiiiiiiiiiiiiii 54
Figure 12. Nuclear condensation in ANE-treated splenoCytes..........ccovvviviiniiiiniiiinannn, 55
Figure 13. Enhancement of CD4+ and CD8+ lymphocyte apoptosis by ANE................... 56
Figure 14. Induction of caspase-dependent apoptosis in splenocytes by ANE................... 57
Figure 15. Induction of the depolarization of mitochondria membranepotential (Aym) in

splenocytes by ANE.. ... ..o i e 60
Figure 16. Induction of cytochrome c release in splenocytes by ANE..........................e. 61
Figure 17. Activation of capsase-9 in splenocytes by ANE. .........cooviiiiiiiiniiiiiiiinines, 62

Figure 18. The effect of ANE on the reactive oxygen species (ROS) production in...............
splenocytesis. k. ... . . o e e, . R 66
Figure 19. The effect of NAC on ANE-mediated ROS production, apoptosis, caspase-9.........
activation and Aym depolarization..................oeuirininiiiiiiieeeeee e 201
Figure 20. Induction of splenocyte apoptosis by catechin, epicatchin and polyphenol-enriched.

ANE (PANE). ...ttt e, 71
Figure 21. Induction of splenocyte apoptosis by PANE. ... 12
Figure 22. Induction of caspase-dependent apoptosis in splenocytes by PANE..................... 73

Figure 23. The effect of areca-derived oligomeric procyanidins on the apoptosis of...............
SPIENOCYLES. ...t 75
Figure 24. Effect of areca-derived oligomeric procyanidins on the intracellular level of total
thiOlS N SPIENOCYLES. .. .o vt e 79
Figure 25. Attenuation of procyanidins pentamers-induced apoptosis and thiol diminishment
iN SPIENOCYTES DY NAC ... ... e 80
Figure 26. Protocol for OVA sensitization and administration of ANE, PANE or arecoline to
BALB/C MICE. .ttt e e e e e e 84



Figure 27. Induction of CD11b+Gr-1+ cells in splenocytes and PBMC of mice administered

with ANE and PANE. ... e 88
Figure 28. The effect of ANE on the metabolic activity of splenic CD11b+ cells stimulated
WIth Or without LPS. .. ..o 90
Figure 29. Enhancement of IL-10 production by splenocytes and splenic CD11b+ cells
isolated from mice treated with ANE and PANE. ... 91
Figure 30. Elevation of arginase-I activity in splenic CD11b+ cells isolated from mice treated
with ANE and PANE . ... e 92
Figure 31. Induction of iNOS and arginiase-l mRNA expression by splenocytes and splenic
CD11b+ cells isolated mice treated with ANE.............coocoiiiiiiiiiiiiiinn, 93
Table 1. The 50% effective concentration of procyanidins-induced apoptosis.................. 76
Table 2. Procyanidins-mediated induction of apoptosis.........cccecevvvvieecceieienienenennnn. .81
Table 3. Procyanidins-mediated diminishment of cellular thiols................................... 83

Table 4. The change of body weight, spleen index and cellularity of splenocytes and PBMC in
ANE- and PANE-treated MiCe............ccuiiuiieriiiesiieiinet et 85

Xiv



Chapter 1. Background

1.1 Areca nut chewing related diseases

Areca quid (AQ) chewing is the fourth most addictive habit in the world. There
are more than 6 hundred million AQ chewers in the world (Gupta and
Warnakulasuriya, 2002), especially in Southeast Asia countries, India and Taiwan.
The number of AQ chewers is estimated to be more than 2 million in Taiwan (Ko et
al., 1992). Epidemiological studies indicated that AQ chewing is one of the major
independent risk factors for leukoplakia, erythroplakia, oral submucous fibrosis and
oral squamous cell carcinomas (OSCC) (Ko et al., 1995; Znaor et al., 2003). Oral
submucous fibrosis (OSF), a chronic fibrotic disease, is characterized by mucosal
rigidity due to fibro-elastic transformation of juxta-epithelial layer, burning sensation
in the oral cavity and stiffening of the oral mucosa and oropharynx leading to the
inability to open the mouth (Tilakaratne et al., 2006). OSCC of the head and neck
cancers is the sixth most common human malignancy and the fourth leading cause of
cancer death for males in Taiwan. Despite the advance in chemotherapy and surgery
for cancer treatment, the overall five-year survival rate of oral cancer is not improved
and remains as one of the lowest among common malignant tumors during the last
two decades (Chang et al., 2005). It has been shown that AQ chewing is a risk factor

of foregut cancers (Ahmed et al., 1997) and hepatocellular carcinoma (Tsai et al.,
1



2001), suggesting that AQ chewing-related injury is not restricted to the oral cavity.
In addition, AQ chewing is associated with an increased risk of cardiovascular disease,
chronic kidney diseases, metabolic syndrome and obesity (Chou et al., 2009; Lin et al.,
2008; Lin et al., 2009). Daily consumption of AQ has been reported to correlate with
the deregulation of humoral immunity in OSF patients (Chiang et al., 2002a).
Likewise, immune deterioration is closely associated with the pathogenesis of oral
cancer and precancers (Chang et al., 2005; Jeng et al., 2003; Verastegui et al., 2002).
Collectively, AQ chewing is an important health issue which deserves further studies
to elucidate the broad and complicated detrimental effect of AQ components.
1.2 Areca quid ingredients

AQ generally consists of areca nut (Areca catechu Linn), catechu (Acacia
catechu), lime (calcium oxide and calcium hydroxide), with or without betel leaf
(Piper betle). In India and Sri Lanka, most chewers of AQ add tobacco; in Taiwan, a
piece of Piper betle inflorescence, instead of tobacco, is added to improve the flavor
of AQ. Among different geographic locations, areca nuts are the main component in
the AQ and the regular AQ chewers in Taiwan take a considerable number of areca
nuts per day (Chang et al., 2005; Jeng et al., 2001; Nair et al., 2004). The areca nuts
used in Taiwan are fresh, tender with husk, while the ripe without fibrous husk nuts

are used in other countries (Chang et al., 2009). The major bioactive components of



areca nuts are polyphenols (7-55%) and alkaloids (0.1-1%) (Mathew and
Govindarajan, 1964; Ranadive et al., 1976). It has been shown that areca nut-derived
polyphenols are mostly flavanols, including 10% of (+)-catechin, 2.5% of
(-)-epicatechin, 12% of leucocyanidins and other flavonoids with various degrees of
polymerization (Fig. 1B) (Mathew and Govindarajan, 1964). A series of procyanidins
from dimers to tetramers and other oligomers have been isolated from areca nuts
(Nonaka et al., 1981). It has been further reported that areca-derived flavan-3-ols and
procyanidins are similar as those found in apple, grape seed and cocoa, except that
grape procyanidins have gallic acid groups, whereas the others do not (Wu et al.,
2007). The major alkaloids in areca nuts are arecoline, arecaidine, guvacine and
guvacoline (Fig. 1A). Arecoline, a muscarinic and nicotinic agonist with
parasympathomimetic properties, has been thought to be responsible for the warm
sensation of the body and heightened alertness after AQ chewing (IARC, 2004).

1.3 Polyphenols and procyanidins

Polyphenols, a wide variety of molecules characteristic of several hydroxyl
groups on aromatic rings, are ubiquitously distributed in daily foods, including
vegetables, fruits, cereals, beans, nuts, beverages, spices, among many others
(D'Archivio et al., 2007; Prior and Gu, 2005; Williamson and Manach, 2005). The

main groups of polyphenols are categorized into hydrolysable tannins, flavonoids,

3



stilbenes and lignans (D'Archivio et al., 2007). Flavonoids possess a 15-carbon

skeleton of diphenyl propanes, two benzene rings (ring A and B) joined by a linear

3-carbon chain. The central 3-carbon chain may form a closed pyran ring (ring C)

with different oxidation state and thereby further classified into 6 subclasses,

including flavonol, flavonoe, isoflavonoe, flavanone, anthocyanin and flavanol

(catechins and procyanidins) (Fig. 2) (D'Archivio et al., 2007). Procyanidins are

comprised of oligomeric and polymeric flavanols (flavan-3-ols) (D'Archivio et al.,

2007; Prior and Gu, 2005). Flavan-3-ol units are mainly linked by type B linkage

(C4-C8 and/or C4-C6 bonds) and can also be linked to an additional ether bond by

C2-0O-C7 or C2-O-C5 (type A linakage) (D'Archivio et al., 2007; Prior and Gu, 2005).

(+)-Catechin and (-)-epicatechin are the two main monomeric flavanols in plants,

whereas gallocatechin, epigallocatechin and epigallocatechin gallate are found in tea

(D'Archivio et al., 2007). There are various isomeric forms of procyanidins according

to the extent of polymerization, the nature of constituent units and their linkage. It has

been suggested that the degree of polymerization might be an important factor

affecting the bioactivities of procyanidins, such as the binding affinity of procyanidins

to proteins and its antioxidant activity (Cheynier, 2005; Lotito et al., 2000; Verstraeten

etal., 2003).



(A) Alkaloids in areca nut
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Figure 1. Structure of areca-derived alkaloids and polyphenols.
(A) There are four major alkaloids in areca nut, including arecoline, arecaidine,
guvacine, guvacoline. (B) The chemical structures of catechin monomers,
epigallocatechin gallate and areca-derived oligomeric procyanidins.



flavonol

OH O
anthocyanin flavanone flavanol

Figure 2. Structure of major flavonoids.

1.4 T cell-mediated immune responses

T cells play a pivotal role in the acquired immunity. They participate in a wide
range of immune responses through a complicated cytokine network and via cell-cell
interaction with other cells. T cells can be classified as CD8" cytotoxic (Tc) and CD4"
helper (Th) T cells. Tc cells are effector cells involved in cell-mediated cytotoxic
immune responses. Activated Tc cells recognize specific antigenic peptides bound to
major histocompatibility complex (MHC) class | presented on infected self cells or
transformed cells and kill these cells by releasing perforin and granzymes (Doherty,
1993). Th cells are involved in both cell-mediated and humoral immunity via

expression of cytokines. Activation of Th cells by antigen presenting cells leads to the
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expression of interleukin (IL)-2 which is a growth factor for various immune cells,

including T cells, and is responsible for the clonal expansion of T cells (Bromley et al.,

2001). Macrophages and dendritic cells (DC) are the professional antigen presenting

cells that present the processed fragments of the antigen on MHC Class Il and activate

the antigen-specific Th cells (Heath and Carbone, 2001). Subsequently, Th cells

undergo proliferation and differentiation, which is also dictated by the cytokine

environment (Dong and Flavell, 2001).

According to the profile of cytokine expression, differentiated Th cells can be

categorized into at least two subsets, Thl and Th2 (Dong and Flavell, 2001). Th1 cells

produce Thl cytokines, including interferon (IFN)-y, tumor necrosis factor (TNF)-p

and IL-2, which mediate activation of Tc cells, macrophages and natural killer (NK)

cells and thereby promote cell-mediated immune responses. IFN-y, originally called

macrophage-activating factor that was dominantly produced by NK, Th and Tc cells,

can increase the lysosome activity, the synthesis of inducible nitric oxide and antigen

presentation of macrophages. In addition, IFN-y can promote NK cell activity and

Thl differentiation and suppress Th2 activity (Billiau and Matthys, 2009). On the

other hand, Th2 cells express Th2 cytokines, including IL-4, IL-5, IL-10 and IL-13,

which promote humoral immunity via stimulating B cell proliferation and

differentiation. B cells may differentiate into long-lived plasma cells to produce



neutralizing immunoglobulins (1g) in the presence of T cell help, thereby prolonging
the humoral immune responses (O'Connor et al., 2003). Th2 cytokines trigger the
isotype switching of antibody to 19G;, 19G2, and IgE and suppress differentiation of
Thl cells. Two pivotal cytokines that control the Thl and Th2 differentiation are
IL-12 and IL-4, respectively. The balance of Th1/Th2 plays a pivotal role to maintain
immune homeostasis (Dong and Flavell, 2001). The suppression of Thl lymphocytes
and the over-activation of Th2-mediated humoral immunity have been reported in
numerous cancers, including oral cancers (Chang et al., 2005). Moreover, the
generation of regulatory T cells, including some suppressive CD8" T cells,
CD4'CD25"Foxp3" regulatory T cells and other subset of suppressive T cells by
tumor-secreted mediators may suppress the host immunity against tumor formation
(Mougiakakos et al., 2010).
1.5 Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSC), broadly defined as CD11b and Gr-1
double positive cells in mice, are an important element in the suppressive immune
network reported in cancers and other pathological conditions, including chronic
inflammation, infectious diseases, sepsis and trauma (Greifenberg et al., 2009; Marigo
et al., 2008; Ostrand-Rosenberg and Sinha, 2009). MDSC consist of precursors of

macrophages, granulocytes and DC, and accumulate in blood, spleen and lymphoid



tissues with rapid turnover and immunosuppressive capacity (Ostrand-Rosenberg and
Sinha, 2009; Youn et al., 2008). An increased number of circulating MDSC in cancer
patients has been reported with a good correlation with disease stages (Diaz-Montero
et al., 2009). Tumor-induced MDSC have been described to mediate immune
suppression in cancer, such as head and neck cancer and hepatocellular carcinomas
(Korangy et al., 2010; Pak et al.,, 1995). Tumor-secreted and host-secreted
inflammatory factors, such as IL-1pB, IFN-y, prostaglandin E, (PGE;) and SA100
proteins, have been shown to induce generation of MDSC, a critical mechanisms
contributing to inflammation-mediated tumor promotion (Dolcetti et al., 2008;
Ostrand-Rosenberg and Sinha, 2009).

Several cytokines, including IFN-y, IL-4 and IL-13, can activate the
intracellular signaling pathways, including signal transducer and activator of
transcription (STAT)-1, STAT6 and nuclear factor (NF)-xB in MDSC
(Ostrand-Rosenberg and Sinha, 2009). The accumulation of MDSC may compromise
the immune surveillance and antitumor immunity by down-regulating CD4" and
CDS8" T cell proliferation and skewing immunity toward tumor-promoting phenotype
(Gabrilovich and Nagaraj, 2009; Marigo et al., 2008; Ostrand-Rosenberg and Sinha,
2009). It has been reported that MDSC suppress T cells by increasing metabolism of

surrounding -arginine, an essential amino acid for T cell activation. Up-regulation of



enzymes, including arginase-l and inducible nitric oxide synthase (iNOS), to
metabolize | -arginine into _-ornithine and nitric oxide (NO) has been shown to be a
crucial mechanism contributing to the immunosuppressive effects of MDSC (Bronte
and Zanovello, 2005). MDSC may release abundant amount of reactive oxygen
species (ROS) and peroxynitrite to inhibit the function of Tc cells by nitration of
tyrosine residues on T cell receptor (TCR) to interrupt T cell-peptide-MHC
interactions (Nagaraj et al., 2007). MDSC also suppress the function of T cells by
down-regulating the expression of TCR-associated -chain to block further signaling
transduction (Baniyash, 2004). Production of immunosuppressive cytokines, such as
IL-10, by MDSC is responsible for the suppression of the functions of DC,
macrophages and T cells and the generation of regulatory T cells (Sinha et al., 2007).
1.6 Apoptosis

Apoptosis, a process of programmed cell death, is involved in maintaining
physiological homeostasis, such as the maintenance of balanced immunity. The
morphologic changes of apoptotic cells include blebbing, cell shrinkage, nuclear
fragmentation, chromatin condensation and DNA fragmentation (Cohen et al., 1992;
Fesus, 1992). The induction of apoptosis of immunocompetent cells may lead to the
impairment of immune competency (Hildeman et al., 2003). Numerous reports have
documented the complex molecular mechanisms that regulate apoptosis. There are
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two major apoptotic pathways, extrinsic and intrinsic pathways that are activated in

responses to various stimuli, such as death signals and oxidative stress. Caspases are

cysteine proteases involved in the intracellular signaling of apoptosis. For example,

caspase-3 is a downstream caspase of both intrinsic and extrinsic pathways and

functions as the central executioners of apoptosis (Cohen et al., 1992). Mitochondria

participate in many cellular processes, including the intrinsic apoptotic pathway.

Disruption of the integrity of mitochondrial outer membrane by death signals may

cause the release of apoptotic molecules, such as cytochrome c. The formation of

apoptosome by apoptotic protease activating factor 1 (Apaf-1), cytochrome ¢ may

further cleave the pro-caspase-9 into activated form, which subsequently induces cell

apoptosis (Knudson and Brown, 2008; Mohamad et al., 2005). Tumor necrosis factor

family members, such as Fas and TNF receptors, are involved in the extrinsic

apoptotic pathways. When specific ligands, such as FasL or TNF-a binds to the death

receptors, the conformation change of these receptors leads to interact with adaptor

proteins resulting in formation of death-inducing signaling complex, which initiates

the activation of caspase-8 and downstream caspase cascade (Fig. 3) (Boise et al.,

1995; Opferman and Korsmeyer, 2003).
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Figure 3. Caspase-dependent apoptosis pathways.

There are two major apoptosis pathways, the extrinsic and intrinsic pathways. The
extrinsic pathway: ligation of death receptors, Fas or tumor necrosis factor receptors
(TNFR), by their specific ligands induces the formation of a death-inducing signaling
complex. Fas-associated death domain (FADD) then binds to the death domain (DD)
of the receptors and further cleaves the procaspase-8 into activated caspase-8. The
intrinsic pathway: apoptosis-inducing signals, ROS or stress, activate the
pro-apoptotic members of the BCL, family, Bax or Bak, to permeabilize the
mitochondrial outer membrane, leading to the release of cytochrome c. Apoptotic
protease-activating factor-1 (Apaf-1) and cytochrome c then form an apoptosome that
induces the cleavage and activation of procaspase-9. The activated caspase-8 and 9
further activate executioner caspases, such as caspase-3 and 6. The crosstalk between
the extrinsic and intrinsic pathway mostly occurs through caspase-8 mediated
cleavage of the Bid to truncated tBid, which activates Bax to trigger intrinsic pathway.
Anti-apoptotic members such as Bcl-2 and Bcl-X. bind and neutralize Bax and/or
Bak.

12



1.7 Immune deterioration in AQ chewing-related oral diseases
1.7-1 Down-regulation of T cell responses

Immunohistochemical studies have shown that T lymphocytes were the major
immunocompetent cells in both the subepithelial and epithelium of OSF tissues, while
macrophages and B cells were the minor immunocompetent cells (Chiang et al.,
2002b). The high number of infiltrated T cells and HLA-DR-positive cells in OSF
tissues suggest a potential involvement of cellular immune responses in the OSF
development (Haque et al., 1997). The induction of infiltrated T cells with high ratio
of CD4" to CD8" cells implicates that T helper cells may play a role in the
pathogenesis of OSF and oral cancer (Chiang et al., 2002b; Haque et al., 1997; Laad
etal., 1996).

Nevertheless, it has been reported that the number of infiltrated T cells was
significantly decreased during the development of advanced OSF and oral cancers
(Chiang et al., 2002b; Pillai et al., 1987) and the frequencies of proliferating and
cytotoxic lymphocytes from peripheral blood mononuclear cells (PBMC) and tumor
tissue of oral cancer patients were markedly reduced (Laad et al., 1996). In addition,
the proliferation and CD25 expression in mitogen-stimulated PBMC were depressed
in leukoplakia and oral cancer patients (Murali et al., 1989). A diminished response to
mitogenic stimuli was found in PBMC, tumor infiltrating lymphocytes and regional
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lymph node cells of oral cancer and head and neck cancer patients (Heimdal et al.,
1998; Murali et al., 1989; Verastegui et al., 2002). It has been reported a decrease in
total number of CD8" T cells in regional and tumor-draining lymph nodes of oral
cancer patients, indicating the deficiency of functional cytotoxic effector cells may
deteriorate the antitumor immunity in oral cancers (Snyderman et al., 1991;
Verastegui et al., 2002).

The functional disturbances were found in both Tc and Th cells of patients with
oral cancer. A decrease number in total CD4" and activated CD4" cells in PBMC of
oral cancer patients was observed (Laad et al., 1996). The production of IL-2 and
IFN-y by PBMC was diminished in patients with head and neck cancer and OSCC
(Heimdal et al., 1998; Hsu et al., 2001; Murali et al., 1989). Collectively, ample
evidence suggest that the alteration of lymphocyte subsets, the decline in the total
number of T lymphocytes and the impairment of T cell functions may compromise
the host T cell-mediated immunity. However, it is currently unclear whether AQ
constituents affect the functionality of T lymphocytes.

1.7-2 Alteration of cytokine profile

Analysis of cytokine profile in OSF specimens showed an increased level of
proinflammatory cytokines, such as IL-1, IL-6, TGF-p, platelet-derived growth factor
(PDGF) and basic fibroblast growth factor (bFGF), and a decreased level of IFN-y
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(Haque et al., 1998). Furthermore, production of proinflammatory cytokines by

PBMC of OSF patients was up-regulated, whereas the production of IFN-y was

down-regulated (Haque et al., 2000). Expression of IL-2 and IFN-y by PBMC of

patients with early-stage oral cancer was higher compared to normal control subjects,

but high levels of IL-4 and IL-10 were expressed in PBMC of patients with advanced

oral cancers. It seems that the development of oral cancer may skew the expression of

cytokines from the Th1l- toward the Th2-dominant direction (Agarwal et al., 2003). It

has been reported that the production of IL-2 by phytohemagglutinin

(PHA)-stimulated PBMC of patients with leukoplakia, OSF and oral cancer was

decreased (Murali et al., 1989), whereas the secretion of IFN-y by PBMC of advanced

OSF and oral cancer patients was diminished (Hsu et al., 2001). Interestingly, the

production of IFN-y but not IL-2 by PBMC in AQ chewers without precancer lesions,

was significantly lower than normal control subjects (Hsu et al., 2001). IFN-y exhibits

anti-fibrotic activity via the inhibition of collagen synthesis (Lee et al., 1991);

intralesional injections with IFN-y may improve the mouth opening in OSF patients

(Haque et al., 2001). Together these data suggests that the down-regulation of IFN-y

may be involved in the pathophysiology of the oral diseases. However, little is known

regarding the effect of AQ constituents on the production of IFN-y by T cells.
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1.7-3 Dysfunction of humoral immunity

Epidemiological evidence revealed the augmentation of circulating immune

complexes and autoantibodies in OSF and oral cancer patients, indicating the

deregulation of humoral immunity in AQ chewers (Balaram et al., 1987; Chiang et al.,

2002a). The levels of serum IgA, IgD and IgE were elevated in OSF and oral cancer

patients (Rajendran et al., 1986). The high incidence of antinuclear, anti-smooth

muscle, anti-gastric parietal cell and anti-thyroid microsomal autoantibodies has been

documented in patients with OSF (Canniff et al., 1986). The presence of these

autoantibodies was significantly associated with daily consumption of AQ and might

be induced by altered autoantigens released from AQ components-damaged cells

(Chiang et al., 2002a). Although the total number of rosette-forming cells was

unaltered, the number of high-affinity rosette-forming cells was significantly

diminished in patients with OSF (Rajendran et al., 1986). In premalignant lesions, it

has been reported that both the population and number of B cells were significantly

increased (Pillai et al., 1987). On the contrary, a decrease in B cells was reported in

oral precancerous patients (Dammer et al., 1997). Together, the above findings

indicate a dysfunction and/or deregulation of B cell-mediated immunity in AQ-related

oral diseases. However, it is currently unclear if AQ components affect the humoral

immunity.
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1.7-4 Immunosuppression associated with oral diseases

The activity of NK cells in oral precancer and cancer patients has been shown
to be diminished with a good correlation with the progression of oral cancer (Balaram
et al., 1992; Pillai et al., 1990). A reduced activity of Imyphokine-activated killer cells
has been also reported (Tatake et al., 1989). The induction of CD4"CD25" regulatory
T cells and immunosuppressive factors, including PGE,, TGF-f and IL-10, was found
in head and neck squamous cell carcinomas (HNSCC) (Rice et al., 1992; Young et al.,
1996). These immunosuppressive cytokines secreted by tumor-infiltrating
lymphocytes or tumor cells may suppress the function of both CD4" and CD8"
lymphocytes and modulate the progression of tumor cells (Rice et al., 1992; Wustrow
and Mahnke, 1996).

Interestingly, generation of CD34" granulocyte-macrophage progenitor
inhibitory cells has been shown to decrease the function of CD4" T cells in both
primary and metastatic HNSCC (Young et al., 1996). The induction of CD11b*Gr-1*
cells, broadly defined as MDSC in mice, has been reported in mice bearing
transplants of oral carcinoma cells (Tanaka et al., 2007). The high level of FasL
expressed on the HNSCC was proposed to be associated with the induction of T cell
apoptosis in the tumor microenvironment (Gastman et al., 1999; Reichert et al., 2002).
In addition, the down-regulation of {-chain expression in peripheral blood
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lymphocytes and tumor-infiltrated lymphocytes of patients with oral cancer was found
to correlate with lymphocyte apoptosis (Reichert et al., 2002). The decrease in the
number of mature DC and the presence of CD123" plasmacytoid DC in tumor sites
were associated with a poor outcome in oral cancer patients (O'Donnell et al., 2007).
Vascular endothelial growth factor secreted by oral cancer cell lines might inhibit the
differentiation of CD1a" DC from progenitor cells and increase the number of
dysfunctional CD83" DC (Kikuchi et al., 2006). Taken together, oral cancer cells have
been shown to produce factors that suppress mitogenic capacity of NK, Th and Tc
cells, attract regulatory T cells and MDSC, induce lymphocyte apoptosis and interfere
with the function of antigen-presenting cells, to compromise host cell-mediated
immunity. To date, little is known regarding the role of AQ constituents in the
immunosuppression associated with oral diseases.
1.8 The direct effect of AQ components on oral and immune cells
1.8-1 Mitogenic and cytotoxic effect of AQ components on oral cells
Carcinogenesis, chronic inflammation and immune dysfunction are the three
major potential mechanisms responsible for the generation of areca-related oral cancer
(Chang et al., 2005; Jeng et al., 2001; Nair et al., 2004). The toxicity of AQ
components on oral cells and the underlying mechanisms has been under extensively
investigation. An ethanolic extract of areca nuts has been shown to stimulate the
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synthesis of collagen by oral mucosal fibroblasts and this effect may result from the

contents of arecoline and arecaidine in the extract (Canniff and Harvey, 1981). In

addition, arecoline and arecaidine stimulated the proliferation of fibroblasts from

normal or OSF buccal mucosa (Chen et al., 1995). The direct stimulation of fibroblast

growth and collagen synthesis by areca nut extract (ANE; 10 pug/mL) or its alkaloids

may be involved in the pathophysiology of OSF. On the contrary, high concentrations

of ANE (50-150 ug/mL) and arecoline (100 ug/mL) have been reported to suppress

the growth of fibroblasts (Jeng et al., 1994; Jeng et al., 1996). Furthermore, arecoline

inhibited the attachment, spreading and migration of fibroblasts, which was associated

with the depletion of cellular glutathione (GSH) (Jeng et al., 1996). In addition,

arecoline induced cell death and cell cycle arrest by inhibiting mitochondrial activity

and depleting intracellular thiols (Chang et al., 2001b). The cytotoxicity of ANE and

arecoline has also been demonstrated in gingival keratinocytes and oral epithelial KB

cells (Chang et al., 2004; Jeng et al., 1999; Jeng et al., 2000). The induction of

unscheduled DNA synthesis (UDS) of keratinocytes by ANE was concomitant with

the presence of intracellular vacuolization indicating the genotoxic effect of ANE

(Jeng et al., 1999); glutathione, N-acetyl-_-cysteine dramatically reversed

ANE-induced UDS in keratinocytes (Chang et al., 2002). ANE and arecoline caused

cell cycle arrest by disrupting Ay and increasing H,O, production in KB epithelial
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cells (Chang et al., 2001a). Arecoline induced cell apoptosis and interfered with the

regulation of S and/or G2/M cell cycle-related proteins in keratinocytes and KB cells

(Lee et al., 2006). Moreover, areca nut ingredients caused oxidative damage in

keratinocytes and CHO-K1 cells (Lai and Lee, 2006; Liu et al., 1996), as well as in

the oral cavity of volunteers chewing areca quid and the buccal pouch of hamsters

exposed to ANE (Chen et al., 2002; Chiang et al., 2004). The elevated expression of

heme oxygenase-1, an oxidative stress responsive protein, in oral cancer specimens

may provide a protective response for tumor cells against oxidative stress (Lee et al.,

2008). Taken together, these results suggest a role for oxidative stress in ANE-induced

cytotoxicity in oral cells. Since ANE contains a rich amount of polyphenols, the

auto-oxidation of ANE-derived polyphenols to generate radicals has been speculated

to be a contributing factor for ANE-mediated cytotoxicity and oxidative stress in oral

cells (Liu et al., 1996).

1.8-2 Proinflammatory effect of AQ components

Abundant epidemiological and experimental data show a strong correlation

between inflammation and cancer formation. The inflammation of keratinocytes has

been documented to play a critical role in the progression of oral cancer (Barker et al.,

1991). ANE induced the production of PGE, and 6-keto-PGFy, in keratinocytes;

Up-regulation of cyclooxygenase-2 (COX-2) expression leading to the production of
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prostaglandins was associated with tissue inflammation (Jeng et al., 2000). The
production of IL-6, TNF-a and PGE;, was increased after exposure to ANE in
keratinocytes (Jeng et al., 2003). The activation of NF-kB, c-Jun N-terminal kinase
and extracellular signal-regulated kinase by ANE has been demonstrated in
keratinocytes (Lin et al., 2005). Additionally, ANE enhanced the production of IL-6,
TNF-a, PGE; and PGI, by oral epithelial cells (Jeng et al., 2000; Jeng et al., 2003). It
has been reported that ANE augmented the production of IL-18, TNF-a, IL-6 and
IL-8 by human PBMC (Chang et al., 2009; Chang et al., 2006). Together, these
reports demonstrated the direct stimulatory effect of AQ components on the
production of proinflammatory cytokines by both oral cells and immune cells. The
induced inflammatory mediators may attract more immune cells infiltrating into local
lesions and prolong the inflammation that lead to further tissue damage and tumor
promotion.
1.8-3 Immunomodulatory effect of AQ components

As areca chewing is the main etiological factor for oral cancer whose
pathogenesis is associated closely with immune deterioration, it is therefore crucial to
know whether areca ingredients inhibit the functions of immune cells. ANE has been
reported to inhibit the DNA synthesis in the PHA-stimulated human lymphocytes
(Yang et al., 1979). The activation of PHA-induced CD4" and CD8" lymphocytes was
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inhibited by the conditioned medium of ANE and arecoline-treated keratinocyte

culture (Jeng et al., 2003). Arecoline markedly suppressed proliferation and IL-2

production of splenocytes. Subcutaneously injection of arecoline in mice suppressed

the delayed type hypersensitivity responses and anti-sheep red blood cell antibody

production (Selvan et al., 1991). The production of IL-2, TNF-a and TGF-p by PBMC

of healthy or OSF donors was attenuated by exposure to arecoline in vitro (Hsu et al.,

2001). Moreover, pro-apoptotic effect of arecoline has been reported in splenocytes in

vivo (Dasgupta et al., 2006). ANE, arecoline and arecaidine induced the sister

chromatid exchanges and chromosomal breaks in murine bone marrow cells

(Panigrahi and Rao, 1982, 1984, 1986). The chromosomal aberrations in PBMC of

ANE and arecoline-treated mice were associated with ROS production and cellular

GSH level (Kumpawat et al., 2003). It has been shown that the phagocytic and

bactericidal activities of neutrophils were suppressed by ANE (Hung et al., 2006).

ANE induced the apoptosis and necrosis of neutrophils, in which glycogen synthase

kinase-3a/p may be involved (Ho et al., 2010). Production of inflammatory cytokines

such as IL-1B, IL-6, IL-8 and TNF-o, by PBMC was elevated by ANE (Chang et al.,

2009; Chang et al., 2006). Together these results demonstrated that neutrophils and

lymphocytes were sensitive targets for ANE. However, little is known regarding the

direct effect of ANE on T cell function and T cell-mediated immune responses.

22



Chapter 2. Rationale

AQ chewing is one of the most popular addictive habits in the world. In Taiwan,
the number of AQ chewers has been estimated to be more than 2 million among the
23 million inhabitants. Epidemiological data suggest that AQ chewing is one of the
major risk factors for the development of OSF and OSCC. A line of evidence suggests
that the pathogenesis of AQ-related oral diseases is closely associated with immune
deterioration in the patients. Deficiencies in T cell-mediated immunity have been
reported in patients with OSF and OSCC. The impairment of T cell activation and
functions, the deregulation of T cell cytokine production, and the generation of
immunosuppressive cells have been found in oral diseases. As AQ chewing is the
main etiological factor for oral cancer whose pathogenesis is closely linked to
immune dysfunction, it is vital to study whether areca ingredients suppress the
functions of T cells and induce immunosuppressive cells.

T cells play a pivotal role in the regulation of cell-mediated immune responses
against infection and tumor formation. Clinical reports indicated that the T cells are
the major immunocompetent cells in the oral tissues of OSF patients. Moreover, the
decreased production of IFN-y was reported to be involved in the pathogenesis of OSF.
However, little is known regarding the direct effect of AQ ingredients on T cell

functions and its underlying mechanisms. Among different geographic locations,
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areca nuts are the major component of areca quid. It has been shown that the

phagocytic and bactericidal activities of neutrophils were suppressed by ANE. ANE

have been documented to be toxic to various immune cells, including bone marrow

cells, thymocytes and splenocytes. Cytotoxicity, carcinogenicity and genotoxicity of

ANE have been well documented in many oral cells. ANE is cytotoxic to epithelial

cells, fibroblasts and keratinocytes by inducing cell cycle arrest or apoptosis. In

addition, the activity of areca ingredients to induce reactive oxygen species and

diminishment of cellular thiols in oral cells and bone marrow cells has been

documented. An induction of oxidative damage in the hamster’s buccal pouch

exposed to ANE and the increased ROS level detected in the oral cavity of AQ

chewers indicate a crucial role of ROS in areca-induced cytotoxic effect. On the base

of these lines of evidence, it is hypothesized that ANE may possess direct

deteriorating effects on the activity and cytokine production by T cells. To test this

hypothesis, the direct influence of ANE on T cell viability and cytokine production

was studied in vitro. The enhancement of cell apoptosis, impairment of mitochondrial

function, induction of ROS and depletion of cellular thiols were investigated to study

the underlying mechanisms of ANE-mediated cytotoxic effects on T cells. In addition,

the in vivo effect of ANE and areca-derived procyanidins on generation of

myeloid-derived suppressor cells was investigated.
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Chapter 3. Materials and Methods

3.1 Reagents and areca nut extract

All reagents were purchased from Sigma (St. Louis, MO, USA) unless
otherwise stated. Areca nut extract (ANE) was prepared as previously described (Liu
et al., 1996). Briefly, nuts were sliced and extracted 3 times with water and filtered.
The filtrate was freeze-dried as ANE. A polyphenol-enriched areca nut extract (PANE)
was prepared as previously described (Wang and Lee, 1996). Briefly, nuts were
extracted 3 times with 80% aqueous acetone (1:10, w/v) and filtrated. The filtrate was
evaporated to remove acetone, partitioned with n-hexane and ethyl-ether to remove
lipids and then freeze-dried that consisted of 90% condensed tannins (unpublished
data). The fractionation of PANE was performed by normal-phase HPLC as
previously described (Gu et al., 2006). In brief, PANE was dissolved in 30% aqueous
methanol for application to a 250 x 4.6 mm Phenomenex Luna Silica column
(Phenomenex, Torrance, CA, USA). The mobile phase consisted of (A)
dichloromethane: methanol: 50% acetic acid = 82: 14: 4, and (B) methanol: 50%
acetic acid = 96: 4. The gradient was programmed at: 0-20 min, 14-23.6% B; 20-50
min, 23.6-35% B; 50-55 min, 35-86% B; 55-65 min, 86% B; 65-70 min, 86-14% B
with 1 mL/min flow rate and monitored at 280 nm with UV detector. The

chromatographic distribution of monomeric fraction was confirmed with authentic
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standards, catechin and epicatechin. To measure the degree of polymerization, each
fraction was thiolyzed and analyzed by reverse phase-HPLC using a LichroCART Cig
250 x 4.6 mm column (Merck & Co., Germany). The mobile phase consisted of (A)
0.1% acetic acid and (B) 0.1% acetic acid in acetonitrile. The gradient was as follows:
0-8 min, 8% B; 8-40 min, 8-24% B; 40-50 min, 24-80% B; 50-55 min, 80-8% B and
the flow rate was 1 mL/min (Monagas et al., 2003). All signals were detected at 280
nm with UV detector (Gu et al., 2006). The PANE used in this study contained dimers
(6.5%), trimers (5.2%), tetramers (5.8%), pentamers (3.8%), hexamers (3.4%),
heptamers (5.0%), octomers (3.6%), nonamers (2.9%) and decamers (3.7%). The
chromatography was repeated three times with similar results. The ANE and PANE
have been confirmed to be endotoxin free using a commercial Limulus amebocyte
lysate assay kit (Kinetic-QCL®; Lonza Walkersville, Walkersville, MD, USA)).
3.2 Animals

Male BALB/c mice, 5-6 weeks of age were purchased from the Animal
Breeding Center of the National Taiwan University Hospital (Taipei, Taiwan). On
arrival, the mice were randomized, transferred to plastic cages containing a saw-dust
bedding (five mice per cage) and quarantined at least for 1 week. The animal was
housed in a temperature (25+2°C), humidity (50+£20%), and light-controlled
environment (12 h light/dark cycle) with free access to standard laboratory food and
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water.

3.3 Protocol of ANE treatment and OVA sensitization

Male BALB/c mice (6-8 weeks old; 4-5 animals/group) were either left

untreated (naive; NA), or daily administered by intraperitoneal (IP) injection with

ANE (5, 25, 50 mg/kg; 0.1 mL/mouse), PANE (25 mg/kg; 0.1 mL/mouse) arecoline (5

mg/kg ) and/or vehicle (VH; saline) on day 1-5 and day 8-12. Except for the NA

group, mice were sensitized with OVA 6 h after the ANE administration on day 3 as

described above (Fig. 26). The mice were then sacrificed, and their blood samples and

spleens were harvested for further experimentation. The animal experiments were

approved by the Institutional Animal Care and Use Committee of the National Taiwan

University.

3.4 Cell isolation and culture

Spleens were isolated aseptically and made into single cell suspensions as

described previously (Kaminski et al., 1994). Briefly, the spleens were washed three

times with RPMI-1640 medium and made into single cell suspension by pressing

spleens with microtubes in 5 cm petri dishes in RPMI-1640 medium supplemented

with 100 U/mL penicillin, 100 pg/mL streptomycin and 5% heat inactivated FBS

(referred to as complete RPMI). Cells were transferred into a 15 mL microtube and

the tube was put on ice for 3 min to remove the debris. Splenocytes were centrifuged
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at 1200 x rpm for 7 min and the pellet was resuspended with medium after decanting
the suspension. After repeating the washing steps for three times, the erythrocytes
were lyzed by ACK buffer (0.15M NH4CI, 0.01 M KHCO3, 0.1 mM NaEDTA, pH
7.4) and washed 2 more times to get single cell suspensions. Peripheral blood
mononuclear cells (PBMC) were separated from the peripheral blood by standard
gradient centrifugation with Ficoll-Hypaque. The blood samples was centrifuged at
3000 x g for 15 min, and buffy coat were collected and the residuary erythrocytes
were lyzed by ACK buffer and wash 3 times to remove the residue erythrocytes.
Splenocytes and PBMC were cultured in complete RPMI at 37°C in 5% CO..
3.5 Spleen index

The degree of splenomegaly was expressed as the spleen index which was
calculated as the spleen weight (mg) per body weight (g). Animals were sacrificed and
their spleens were dissected out and weighed immediately. Body weight was
measured before sacrifice.
3.6 MTT assay

The metabolic activity of the cells was determined by the 3-(4,5-dimethyl-
-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay previously described
(Mosmann, 1983). Briefly, cells were cultured in triplicate (100 puL/well) in 96-well
culture plates and received ANE treatments with various concentrations (in vitro
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studies) or left untreated (ex vivo studies), followed by stimulation with phorbol
12-myristate 13-acetate plus ionomycin (PI; 80 nM/1uM) for 24 h, concanavalin A
(ConA; 5 ug/mL) for 48 h, lipopolysaccharide (LPS; 5 ug/mL) for 48 h or ovalbumin
(OVA; 50 ug/mL) for 72 h . After stimulation, a MTT stock solution (5 mg/mL in PBS)
was added to each well (10 ug/well) and incubated for 4 h. The formed formazan was
then dissolved by adding 100 uL lysis buffer (10% SDS in N,N-demethylformamine)
per well overnight in the dark. The plate was read using a microplate reader
(Dynatech Laboratories, Chantilly, VA, USA) at 570 nm using 630 nm as background
reference.
3.7 Enzyme-linked immunosorbent assay (ELISA) for cytokine
quantification

Mouse recombinant IL-2, IL-4, IFN-y and IL-10 standards, purified rat
anti-mouse IL-2, IL-4, IFN-y and IL-10 antibodies and biotinylated anti-mouse IL-2,
IL-4, IFN-y and IL-10 antibodies were purchased from BD Pharmingen (San Diego,
CA, USA). Splenocytes (5 x 10° cells/mL) were cultured in triplicate in 48-well plates
(0.25 mL/well) and treated with ANE or left untreated (in vitro studies) or left
untreated (ex vivo studies), followed by stimulation with PI (80 nM/1 uM) for 24 h,
ConA (5 pg/mL) for 48 h, LPS (5 ug/mL) for 48 h or OVA (50 ug/mL) for 72 h. The
supernatants from each well were collected and quantified for IL-2, IL-4, IFN-y and
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IL-10 by standard sandwich ELISA as previously described (Wang et al., 2007).
Briefly, ELISA plates were coated overnight at 4°C with 50 uL/well of 0.1% purified
antibody or 0.05% OVA in 0.1 M NaHCOj; buffer (pH 8.2). After washing with
phosphate-buffered saline containing 0.02% Tween 20 (PBST), wells were blocked
with 200 pL/well of 1% bovine serum albumin in PBST (blocking buffer) for 1 h at
room temperature (RT). After washing with PBST, samples at appropriate dilutions
were added into wells (50 pL/well) and incubated for 1 h at RT. Wells were again
washed three times and 50 uL/well of the paired biotinylated antibody (0.05% in
blocking buffer) was added followed by incubation for 1 h at RT. After washing, 50
uL/well of streptavidin peroxidase was added and incubated for 1 h at RT. Lastly, the
plates were washed six times and the bound peroxidase conjugate was detected by
addition of substrate solution (50 uL/well) for appropriate time. 6N H,SO, (150
uL/well) was added to terminate the reaction and optical density was measured at 450
nm using a microplate reader (Dynatech Laboratories, Chantilly, VA, USA).
3.8 Cell cycle analysis of splenic lymphocytes

Cell cycle distribution of splenocytes was determined by flow cytometry using
propidium iodide staining. Splenocytes were washed twice with PBS (pH 7.4) and
fixed with 70% ethanol at -20°C overnight, followed by incubation with RNase (0.1
mg/mL) and propidium iodide (50 pug/mL) for 30 min at 37°C in the dark. After
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staining, the cell suspensions were filtrated with mesh to remove aggregated cells and
transferred to flow tubes. The single cell fluorescence of 5,000 cells for each sample
was measured by excitation at 488 nm and detected in the FL2 channel (575 nm
emission filter) using a BD FACS Calibur flow cytometer (San Jose, CA). The list
mode data were analyzed using the software Flowjo 8.0. DNA histograms of
splenocytes display the characteristic cell-cycle distribution with the first peak
corresponding to the diploid peak (Go/G;-phase cells) and the second peak to cells
with doubled DNA content (G,/M-phase cells). S-phase cells are with an intermediate
DNA content. The apoptotic cells were defined as sub- Gy/G;-phase cells with
hypodiploid DNA content (Nicoletti et al., 1991).
3.9 Terminal dUTP nick-end labeling (TUNEL) assay

Splenocytes were washed twice with PBS (pH 7.4) and fixed with 70% ethanol
for 1 h. The DNA single strand breaks of apoptotic cells were determined by a
commercial TUNEL assay kit (Roche Diagnostics GmbH, Penzgerg, Germany).
Briefly, fixed cells were stained with terminal deoxynucleotidyl transferase and
fluorescein-labeled dUTP for 1 h at 37°C. After washing with PBS, the single cell
fluorescence of 5,000 cells for each sample was measured using a flow cytometer at

emission of 525 nm (FL1). The data were analyzed by the software Flowjo 8.0.

31



3.10 Hoechst staining

The cells (1.2 x 10°cells in 100 pL) were spun onto a glass slide by a cytospin
centrifuge at 500 x rpm for 10 min at RT. The slides were then fixed in 100% acetone
at -20°C for 10 min. The fixed cells were stained with Hoechst 33258 (1 pug/mL) for 5
min at RT in the dark, and then washed with PBS. The slides were examined and
photographed using a fluorescence microscope (Optiphoto Il, Nikon, Tokyo, Japan)
with an excitation wavelength of 330-380 nm.
3.11 Determination of mitochondria membrane potential by JC-1
staining

The mitochondria membrane potential (Aym) of splenic lymphocytes was
measured using 5,6,-tetrachloro-1,3,-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1) as described previously (Cossarizza et al., 1993). JC-1 is a cationic dye that is
accumulated in mitochondria to forms JC-1 aggregates (590 nm emission; orange
color) in proportion to Aym. When Ay, decreases, JC-1 aggregates depart from
mitochondria and change to JC-1 monomers (530 nm emission; green color).
Therefore, JC-1 has been used to detect the occurrence of Ay, depolarization in the
early stages of apoptosis (Salvioli et al., 1997). Briefly, the cells were washed and
then incubated with 500 pL JC-1 (2.5 pg/mL dissolved in RPMI-1640) for 20 min at
RT. After washing, the cells were resuspended in 200 uL PBS and transferred to flow
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tubes. The single cell fluorescence of 10,000 cells was measure using a flow
cytometer at emission of 525 and 590 nm. The data were analyzed using the software
Flowjo 8.0.
3.12 Western blotting analysis for cytochrome ¢

Splenocytes (1 x 10") were cultured in a 10 cm petri-dish (10 mL/dish) for
treatment of ANE (10-60 pg/mL) for 3 h. At the end of incubation, cells were
immediately harvested on ice and washed twice with cold PBS (pH 7.4) and then
resuspended in 50 ul lysis buffer (250 mM sucrose, 10 mM HEPES-KOH, pH 7.5, 50
mM KCI, 1.5 mM MgCl,, 1 mM DTT and protease inhibitors) on ice for 1 h.
Mitochondrial and cytosolic fractions were prepared by following the subcellular
fractionation procedure previously described (Yu, 2002; Fukumori, 2003). The lysates
were then passed through a 26-gauge syringe 15 times and centrifuged at 1,200 x g to
completely remove nuclei and cell debris. Next, the supernatant was subjected to
centrifugation at 10,000 x g to isolate mitochondria. The pellet (mitochondrial
fraction) was resuspended in hypotonic RIPA buffer (containing 50 mM Tris, pH 7.5,
150 mM NaCl, 10 mM EDTA, 1% Triton X-100, 0.1% SDS, 1 mM PMSF, 10 pg/mL
aprotinin, DTT and leupetin) and the supernatant was collected as cytosol fraction and
was further centrifuged at 13,000 x g to eliminate DNA fragment. Fractions were
boiled for 5 min at 95°C in loading buffer (62.5 uM Tris-HCI, pH 6.8, 2% SDS, 5%
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0.01% -bromophenol blue), subjected to 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a PDVF membrane (Pierce) for
western blot analysis. The membrane was incubated for cytochrome ¢ monoclonal
antibody (Biosource, Camarillo, USA). Positive bands were identified using the
enhanced chemiluminescence system (Pierce, Rockford, USA) and quantified by
software (Image quantity).
3.13 Detection of caspase activation

The activation of caspase-3, -8 and -9 was measured using cell-permeable
specific substrate of caspase-3, -8 and -9 (FAM-DEVD-FMK, FAM-IETD-FMK and
FAM-LEHD-FMK, respectively) (Chemicon, Temecula, CA). In brief, splenic
lymphocytes were treated with ANE (20 ug/mL) for 1-12 h. After washing, the cells
were incubated with different substrates of caspases for 1 h at 37°C in the dark, and
then washed again. The single cell fluorescence of 10,000 cells for each sample was
measured by a flow cytometer at emission of 525 nm. The data were analyzed using
the software Flowjo 8.0.
3.14 Measurement of ROS level

2°,7’-Dichlorofluorescein diacetate (DCF-DA), a cell-permeable probe that
emits fluorescence upon oxidization by hydrogen peroxide, was used to monitor
intracellular generation of ROS. Splenic lymphocytes were either left untreated (NA)
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or treated with ANE. After washing, the cells were resuspended in 0.5 mL PBS, and
stained with DCF-DA (20 uM) for 15 min at 37°C in the dark. After incubation, cells
was washed twice and then transferred to flow tubes. The single cell fluorescence of
10,000 cells for each sample was measured using a flow cytometer at emission of
525 nm. The data were analyzed using the software Flowjo 8.0.
3.15 Detection of intracellular thiols using flow cytometry
5-Chloromethylfluorescein diacetate (CMF-DA), a cell-permeable probe that

emits green fluorescence by reacting with cellular thiols, was used to measure
intracellular levels of thiols. After treatment, cells were stained with 25 uM of
CMF-DA for 25 min at 37°C in the dark. The single cell fluorescence of 10,000 cells
for each sample was measured using a flow cytometer at emission of 525 nm. The
data were analyzed using Flowjo 8.0.
3.16 Cellularity of PBMC and splenocytes

The expression of CD4", CD8", B220"*, Gr-1" and CD11b" by splenocytes and
PBMC was measured by flow cytometry. Briefly, splenocytes and PBMC (10° cells in
20 pL) were stained with 1 pL of rat anti-mouse CD4 and Gr-1 conjugated with FITC
and rat anti-mouse CD8, CD11lb, B220 conjugated with PE-Cy5 antibodies
(BioLegend; San Diego, CA) in staining buffer (PBS containing 2% FBS and 0.09%
sodium azide) in the dark on ice for 30 min. Appropriate rat anti-mouse antibodies
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were employed as the isotype control for evaluating non-specific binding. After
washing, the single cell fluorescence of 10,000 cells for each sample was measured by
a flow cytometer (BD FACSCalibur, San Jose, CA, USA). Date was analyzed using
Flowjo 8.0 software.
3.17 Measurement of Gr-1 expression and morphology of splenic
CD11b" cells

Splenic CD11b" cells were isolated using a commercial kit (BD IMag Cell
Separation System; BD Biosciences, San Jose, CA) according to the supplier’s
instructions. The purity of CD11b" cells was determined to be > 90% by flow
cytometry. For morphologic examination, CD11b" cells (2.5 x 10° cells) were
centrifuged onto slides by a cytospin centrifuge and fixed in 100% pre-cold acetone at
—20°C for 10 min. The cells were stained with Diff-Quick dye according to standard
protocols, examined and photographed under a microscope (Optiphoto 11, Nikon,
Tokyo, Japan). For measurement of Gr-1 expression, CD11b" cells were examined by
flow cytometry using a rat anti-mouse Gr-1 antibody conjugated with FITC.
3.18 Detection of arginase-I activity

The activity of arginase-1 was measured as described previously with minor
modification (Corraliza et al., 1994). Splenic CD11b* cells (2 x 10° cells) were
stimulated with LPS for 18 h. After washing, the cells were lyzed with 50 uL 0.4%
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Triton X-100 containing proteinase inhibitor cocktails for 30 min at 37°C. Lysates
were centrifuge at 1,200 x rpm to move cell debris. 45 pL of lysates were added to 45
pL of 25 mM Tris-HCI (pH 7.4) and 10 pL of 10 mM MnCl; and heated for 10 min at
56°C to activate arginase. Arginine hydrolysis was conducted by incubating the
lysates with 100 uL of 0.5 M -arginine (pH 9.7) at 37°C for 2 h. The reaction was
stopped with 400 pL of H,SO4-H3PO4-H,O at a ratio of 1:3:7. For colorimetric
determination of urea, 100 pL of 9% a-isonitrosopropiophenone (dissolved in ethanol )
was added to tube and heated at 100°C for 60 min. The urea concentration was
measured at 540 nm. The standard curve of urea was performed in parallel (1-100 uM
of urea).

3.19 Reverse transcriptase-polymerase chain reaction (RT-PCR)

The mRNA expression of iINOS and arginase-1 was analyzed by RT-PCR. 100 ng
total RNA of each sample was reversely transcribed into cDNA by 40 units of MMLV
reverse transcriptase using oligo-dT as the primer. The reverse transcription proceeded
as the following: 42°C for 15 min and 95°C for 5 min. The PCR mixture containing
PCR buffer, 4 mM MgCl,, 6 pmole each of forward and reverse primers, and 2.5 units
of Tag DNA polymerase was added to each cDNA sample. Samples were heated to
94°C for 3 min and cycled 24—34 times at 94°C for 15 sec, 60°C for 30 sec, and 72°C
for 30 sec followed by an additional step at 72°C for 5 min. The PCR products were
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electrophoresed in 2% agarose gels and visualized with ethidium bromide staining.
The DNA products were quantified using the alpha imager 1200 digital imaging
system (Alpha Innotech Crop, San Leandro, CA). The expression level of the
housekeeping gene B-actin was employed as the control for semi-quantification of

target genes. The sequence of primers for RT-PCR is shown below:

Primer Sequence Product  Cycle
Size (bp)
iINOS Forward CATGGCTTGCCCCTGGAAGTTTCTCTTCAAAG 828 32
Reverse = GCAGCATCCCCTCTGATGGTGCCATCG
Arginase-l Forward CAGAGTATGACGTGAGAGACCAC 491 34
Reverse =~ CAGCTTGTCTACTTCAGTCATGGAG
[B-actin Forward AGGGAAATCGTGCGTGACATAAAA 478 24

Reverse ~ ACTCATCGTACTCCTGCTTGCTGA
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Chapter 4. Experimental Results

4.1 ANE suppresses T-cell activation and cytokine production via the
induction of oxidative stress
4.1-1 Cytotoxicity of ANE on splenocytes

ANE are known to be cytotoxic to a number of oral cells. To study the
cytotoxicity of ANE on immune cells, murine splenocytes were treated with ANE
(1-60 pg/mL) for 24 h in the presence of phorbol-12-myristate-13-acetate plus
ionomycin (PI; 80 nM/1 uM). The cytotoxicity of ANE was determined by the MTT
assay that measures the metabolic activity of viable cells. The range of concentrations
between 1 and 60 pg/mL of ANE was selected according to previous reports
demonstrating that these concentrations inhibited the phagocytic activity of
neutrophils (Hung et al., 2005; Hung et al., 2006). As expected, ANE inhibited the
metabolic activity of splenocytes in a concentration-dependent manner (Fig. 4A). The
magnitude of inhibition induced by ANE 40 and 60 ug/mL was 48.1% and 70.5%,
respectively. Since ANE has been shown to induce oxidative stress in oral cells, the
thiol-antioxidant NAC was employed to further study the involvement of oxidative
stress in ANE-mediated cytotoxicity. NAC markedly attenuated ANE-mediated

cytotoxicity. In the presence of NAC the magnitude of inhibition on splenocyte
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metabolic activity by ANE 40 and 60 pg/mL was 15.6% and 34.7%, respectively (Fig.

4B).
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Figure 4. The cytotoxic effects of ANE on murine splenocytes.

Splenocytes (5 x 10° cells/mL) were either untreated (NA), or treated with ANE (1-60
ug/mL) in the absence (A) or presence (B) of pretreatment of N-acetyl- -cysteine
(NAC; 4 mM) for 30 min. Except for the NA group, cells were stimulated with
phorbol 12-myristate 13-acetate plus ionomycin (PI; 80 nM/1 uM) for 24 h. The
metabolic activity of viable cells was determined using the MTT assay. Data are
expressed as the mean + SE of triplicate cultures. Results are representative of six
independent experiments. The percentage of inhibition induced by ANE (40-60
ug/mL) was indicated in the parentheses. *p < 0.05 as compared with the PI group.
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4.1-2 Differential effects of ANE on IFN-y, IL-2 and IL-4 production by

splenocytes

Cytokines expressed by T-cells plays an essential role in various immune

reactions. To investigate the influence of ANE on functional activity of T-cells, IL-2,

IL-4 and IFN-y were selected to examine the effect of ANE on cytokine production.

Splenocytes were treated with ANE (1-60 pg/mL) for 30 min followed by stimulation

with Pl for 24 h for 48 h. The concentration of cytokines in supernatants was

quantified by ELISA. ANE markedly suppressed the production of IFN-y and IL-2,

whereas the production of IL-4 was unaffected (Fig. 5-7). The above finding showing

a partial reversal of ANE-mediated cytotoxicity by NAC, NAC was employed to

study whether ANE-mediated inhibition of IL-2 and IFN-y production was associated

with the induction of oxidative stress. In parallel to the reversal of cytotoxicity, the

presence of NAC (4 mM) dramatically reversed ANE-mediated inhibition of IFN-y

production. In the absence of NAC the magnitude of inhibition by 40 and 60 pg/mL of

ANE on IFN-y production was 49.6% and 67.9%, respectively (Fig. 5A), which was

markedly attenuated in the presence of NAC (4 mM) to 12.8% and 19.1%,

respectively (Fig. 5B). Likewise, a partial reversal of ANE-mediated inhibition of

IL-2 was observed. The magnitude of inhibition by 40 and 60 pg/mL of ANE on IL-2
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production was 50.0% and 76.2% (Fig. 6A), respectively, which was attenuated in the

presence of NAC (4 mM) to 22.4% and 51.3% (Fig. 6B), respectively.
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Figure 5. The effect of ANE on IFN-y production by Pl-stimulated splenocytes.
Splenocytes (5 x 10° cells/mL) were either untreated (NA), or treated with ANE (1-60
ug/mL) in the absence (A) or presence (B) of pretreatment of N-acetyl- -cysteine
(NAC; 4 mM) for 30 min. Except for the NA group, cells were stimulated with PI (80
nM/1 uM) for 24 h. IFN-y in the supernatants were measured by ELISA. Data are
expressed as the mean £ SE of triplicate cultures. Results are representative of six
independent experiments. The percentage of inhibition induced by ANE (40-60
ug/mL) was indicated in the parentheses. *p < 0.05 as compared with the Pl group.
ND: not detectable.
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Figure 6. The effect of ANE on IL-2 production by Pl-stimulated splenocytes.
Splenocytes (5 x 10° cells/mL) were either untreated (NA), or treated with ANE (1-60
ug/mL) in the absence (A) or presence (B) of pretreatment of N-acetyl- -cysteine
(NAC; 4 mM) for 30 min. Except for the NA group, cells were then stimulated with
Pl (80 nM/1 uM) for 24 h. IL-2 in the supernatants were measured by ELISA. Data
are expressed as the mean = SE of triplicate cultures. Results are representative of six
independent experiments. The percentage of inhibition induced by ANE (40-60
ug/mL) was indicated in the parentheses. *p < 0.05 as compared with the Pl group.
ND: not detectable.
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Figure 7. The effect of ANE on IL-4 production by Pl-stimulated splenocytes.
Splenocytes (5 x 10° cells/mL) were either untreated (NA), or treated with ANE (1-60
ug/mL). Except for the NA group, cells were then stimulated with PI (80 nM/1 uM)
for 24 h. IL-4 in the supernatants were measured by ELISA. Data are expressed as the
mean = SE of triplicate cultures. Results are representative of six independent
experiments. ND: not detectable.

46



4.1-3 Induction of ROS and diminishment of cellular thiols by ANE in splenic T

cells

The above results suggest that the induction of cytotoxicity and suppression of

cytokine production by ANE are associated with oxidative stress. Murine splenocytes

are primarily composed of T and B cells, and macrophages. The splenic T-cells are

likely the major cell type to produce IFN-y and IL-2 in splenocytes. Hence, the

influence of ANE on the cellular levels of ROS in splenic T-cells was examined.

Proliferation of naive splenic T-cells was induced by concanavalin A (ConA; 5 pg/mL)

for 48 h. The splenic T-cells were then treated with ANE (10-40 pg/mL) for 12 h. The

cellular ROS levels were quantified by flow cytometry using DCF-DA as a

fluorescent indicator for intracellular ROS. ANE (10-40 pg/mL) markedly increased

the DCF fluorescence in a concentration-dependent manner (Fig. 8) in splenic T cells.

Consistent with the reversal of ANE-mediated cytotoxicity, and inhibition of IL-2 and

IFN-y production, pretreatment of the splenic T-cells with NAC (4 mM) attenuated

ANE-induced elevated levels of the cellular ROS (Fig. 8B). In addition, the influence

of ANE on the cellular thiols level was examined. The level of cellular thiols was

measured by flow cytometry using CMF-DA as a fluorescent indicator for thiols. As

expected, the presence of NAC elevated the level of intracellular thiols. In accordance
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with the induction of cellular ROS, treatment of NAC-incubated splenic T-cells with

ANE markedly diminished the cellular level of thiols (Fig. 9).
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Figure 8. Attenuation by NAC of ANE-mediated induction of cellular ROS in
ConA-stimulated splenocytes.
Splenocytes were cultured in complete RPMI with ConA (5 pg/mL) for 48 h to
stimulated T-cell proliferation. The harvested splenic T-cells (5 x 10° cells/mL) were
untreated or treated with ANE (10-40 ug/mL) for 12 h in the absence or presence of
NAC (4 mM). After washing, the cells were incubated with DCF-DA (10 uM) for 15
min and the single cell fluorescence of 10,000 cells for each sample was measured by
flow cytometry. The data are expressed as the histograms of DCF fluorescence of
cells (A). The mean fluorescence of DCF was expressed as the mean + SE of triplicate
cultures (B). Results are representative of three independent experiments. *p < 0.05 as
compared with the control group. *p < 0.05 as compared with the matched group
without NAC pretreatment.
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Figure 9. Diminishment of the level of cellular thiols in ConA-stimulated
splenocytes by ANE.

Splenic T-cells (5 x 10° cells/mL) were untreated or treated with ANE (10-40 pug/mL)
for 12 h in the absence or presence of NAC (4 mM). After washing, the cells were
incubated with CMF-DA (25 uM) for 15 min and the single cell fluorescence of
10,000 cells for each sample was measured by flow cytometry. The data are expressed
as the histograms of CMF fluorescence of cells (B). The mean fluorescence of CMF
(B) was expressed as the mean + SE of triplicate cultures. Results are representative
of three independent experiments. *p < 0.05 as compared with the control group. "p <
0.05 as compared with the matched group without NAC pretreatment.
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4.2 Involvement of the mitochondrion-dependent pathway and
oxidative stress in ANE-induced splenocyte apoptosis
4.2-1 Induction of apoptosis of splenocytes by ANE

The effect of ANE on the apoptosis of splenocytes was estimated. Splenocytes
were left untreated (NA) or treated with ANE for 1-12 h and the cell cycle distribution
was analyzed by flow cytometry. The freshly isolated NA splenocytes underwent
spontaneous apoptosis; the apoptotic rates were approximately 3 and 19% at 1 and 12
h in culture, respectively (Fig. 10A). Treatment of splenocytes with ANE (20 ug/mL)
for 3-12 h gradually enhanced apoptosis in a time-dependent manner (Fig. 10B). The
pro-apoptotic effect by ANE (20-60 ug/mL) was concentration-dependent; the
apoptotic rate of splenocytes exposed to 60 pug/mL of ANE for 12 h reached 62% that
was 3 times greater than that of the NA group (19%; Fig. 10A ). In addition, the
results of TUNEL staining confirmed that ANE (20 pg/mL) treatment markedly
increased the proportion of splenocytes with DNA single strand breaks (Fig. 11).
ANE-mediated apoptosis was further examined by analyzing the nuclear morphology
of cells using Hoechst staining. In the control (NA) group, the nuclei of splenocytes
were round and large with regular shape and size. In contrast, ANE-treated cells
showed small nuclei with condensed chromatin that displayed brighter staining than
that in NA cells (Fig. 12). The apoptotic effect of ANE on different subset of T cells
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was further studied. Splenocytes were stained with annexin V and CD4 and CD8
antibodies. Annexin V protein has a strong and specific affinity for phosphatidylserine,
which is translocated form the inner membrane to the outer membrane in apoptotic
cells. As illustrated in Fig.13, ANE induced CD4" and CD8" lymphocyte apoptosis.
CD4" cells were more sensitive to ANE-mediated apoptosis than CD8" cells.
Caspases are a group of enzymes participated in the signaling and execution of
apoptosis. Therefore, caspase inhibitors were employed to investigate the involvement
of caspases in ANE-mediated apoptosis. All of the tested caspase inhibitors showed a
remarkable reversal of ANE-induced apoptosis, indicating the activation of
caspase-dependent apoptosis pathway by ANE (Fig. 14A). Moreover, ANE enhanced

the activation of caspase-3, -8 and -9 (Fig. 14B).
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Figure 10. Enhancement of DNA hypodiploidity in splenocytes by ANE.
Splenocytes (5 x 10° cells/mL) were left untreated (naive; NA) or treated with ANE
(1-60 pg/mL) for 1-12 h. The cells were washed and fixed with 70% ethanol at -20°
C for at least 1 h. The cells was washed with PBS and resuspended in 400 pL
propidium iodide staining buffer (50 pg/mL propidium iodide and 20 pg/mL
ribonuclease in PBS) at 37°C for 30 min. The single cell fluorescence of 10,000 cells
for each sample was measured by flow cytometry. The percentage of hypodiploid
cells at sub-Go/G; stage was expressed as the mean + SE of triplicate cultures. Results
are representative of six independent experiments. *p < 0.05 as compared with the NA
group. Representative histograms of cell cycle analysis on NA and ANE (60
ug/mL)-treated cells were shown in panel C.
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Figure 11. Induction of splenocyte apoptosis by ANE.

Splenocytes (5 x 10° cells/mL) were left untreated (naive; NA) or treated with ANE
(1-60 pg/mL) for 1-12 h. After washing, the cells were fixed with 70% ethanol at
-20°C for at least 1 h. Fixed cells were stained with terminal deoxynucleotidyl
transferase and fluorescein-labeled dUTP for 1 h at 37°C. After washing with PBS,
the single cell fluorescence of 5,000 cells for each sample was measured by flow
cytometry. The percentage of TUNEL" cells was expressed as the mean + SE of
triplicate cultures (Fig. 12A and 12B). Results are representative of three independent
experiments. *p < 0.05 as compared with the NA group. Representative histograms of
TUNEL analysis on NA and ANE (20-60 pg/mL)-treated cells were shown in panel C.
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Figure 12. Nuclear condensation in ANE-treated splenocytes.

Splenocytes (5 x 10° cells/mL) were left untreated (naive; NA) or treated with ANE
(40 pg/mL) for 6 h. The morphological features of splenocytes were determined by
Hoechst staining. Splenocytes were stained with Hoechst 33258 (1 pg/mL) and
photographed. White arrows indicate apoptotic splenocytes showing nuclear
condensation (original magnification, x 400).
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Figure 13. Enhancement of CD4" and CD8" lymphocyte apoptosis by ANE.
Splenocytes (5 x 10° cells/mL) were left untreated (nafve; NA) or treated with ANE
(1-60 pg/mL) for 6 h. After washing, the cells were stained with FITC-annexin V and
PE/Cy5 conjugated anti-mouse CD4 or CD8 antibodies at RT for 20 min. The single
cell fluorescence of 10,000 cells for each sample was measured by flow cytometry.
The percentage of annexin V*/CD4" and annexin VV*/ CD8" cells was expressed as the
mean + SE of triplicate cultures. Results are representative of three independent
experiments. *p < 0.05 as compared with the NA group.
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Figure 14. Induction of caspase-dependent apoptosis in splenocytes by ANE.
Splenocytes were left untreated (nave; NA) or treated with ANE (20 pg/mL) for 12 h
in the presence of Z-VDVAD-FMK, Z-IETD-FMK, Z-LEHD-FMK, Z-DEVD-FMK,
Z-VEID-FMK (caspase inhibitors for caspse-2, -8, -9, -3 and -6, respectively) and pan
caspase inhibitor, Z-VAD-FMK. (A) The percentage of hypodiploid cells was
quantified by cell cycle analysis and expressed as the mean + SE of triplicate cultures.
*p < 0.05 as compared with the NA group. “p < 0.05 as compared with the matched
group without caspase inhibitors. (B) The activation of caspase-8, -9 and -3 in
ANE-treated splenocytes was measured using specific cell-permeable substrate of
caspase-8, -9 and -3 (FAM-IETD-FMK, FAM-LEHD-FMK and FAM-DEVD-FMK,
respectively). The single cell fluorescence of 10,000 cells was measured by a flow
cytometer at emission of 525nm. The percentage of activated-caspase positive cells
was expressed as the mean + SE of triplicate cultures. *p < 0.05 as compared with the
NA group. Results are representative of three independent experiments.
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4.2-2 Involvement of the mitochondrion-dependent pathway in ANE-mediated

splenocyte apoptosis

In response to a variety of apoptotic stimuli, mitochondria may trigger the

intrinsic pathway signaling accompanied by mitochondrial membrane potential (A wm)

depolarization, ROS generation and the release of mitochondrion-associated

pro-apoptotic proteins, such as cytochrome ¢ (Mohamad et al., 2005). As previous

studies showed the disruption of Ay by ANE in oral cells (Chang et al., 2001), the

role of mitochondria in ANE-mediated apoptosis in splenocytes was explored. As

shown in Fig. 15C, a marked increase in the proportion of Ay, depolarized cells

(42.5%) was detected in splenocytes exposed to ANE (20 ug/mL) for 12 h, as

compared to the NA group (27.8%). ANE-induced Ay, depolarization was time- and

concentration-dependent (Fig. 15A and 15B). The induction of Ay depolarization

began at 0.5 h post ANE (20 ug/mL) treatment (Fig. 15B). According to the above

results, it is speculated that ANE might activate the mitochondrion-mediated apoptotic

signaling. The influence of ANE on the release of cytochrome ¢ was therefore

examined. Exposure of splenocytes to ANE (10-60 pg/mL) for 3 h significantly

enhanced the release of cytochrome c in a concentration-dependent manner, as

compared to the NA group (Fig. 16). Caspase-9 is the key initiator caspase in the

intrinsic pathway. Upon activation, caspase-9 induces the activation of downstream
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caspases, such as caspase-3, to execute the apoptotic program (Orrenius et al., 2007).
The effect of ANE on the activation of caspase-9 in splenocytes was examined, and
the results showed that ANE (20 pg/mL) treatment gradually induced the activation of

caspase-9 in a time- and concentration-dependent manner (Fig. 17Aand 17B ).
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Figure 15. Induction of the depolarization of mitochondria membrane potential
(Awm) in splenocytes by ANE.
Splenocytes were left untreated (nave; NA) or treated with ANE (1-60 pg/mL) from
0.25-12 h. Ay was measured by flow cytometry using JC-1 staining. The single
fluorescence of 10,000 cells was measured by flow cytometry. In proportion to Aym,
JC-1 accumulated in mitochondria to form JC-1 aggregates (590 nm emission; orange
color) whereas JC-1 aggregates depart from mitochondria and change to JC-1
monomer (530 nm emission; green color) in response to loss of Ayy,. (A and B) The
data were expressed as mean = SE of triplicate cultures. Results are representative of
six independent experiments. *p < 0.05 as compared with the NA group. (C)
Representative dot plots of JC-1 analysis on NA and ANE (20 pg/mL)-treated cells
were shown in panel C. The percentage of Ay, depolarized cells was shown in open
box area.
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Figure 16. Induction of cytochrome c release in splenocytes by ANE.

Splenocytes were left untreated (NA) or treated with ANE (1-60 pg/mL) for 3 h. Cells
were lyzed in lysis buffer and centrifuged at 1,200 x rpm to remove nuclei. The
supernatant was centrifuged again at 10,000 x g and the cytosolic extracts were
collected and electrophoresed by SDS-PAGE and transferred to a PDVF membrane.
The blots were probed with anti-mouse cytochrome c antibody. The density of actin
was determined as loading control. The density of cytochrome ¢ (cyto c¢) was
expressed as relative intensity to the NA group. The data were representative of three
independent experiments.
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Figure 17. Activation of capsase-9 in splenocytes by ANE.

Splenocytes were either left untreated (NA) or treated with ANE (1-60 pg/mL) for
0.5-12 h. The activation of caspase-9 in ANE-treated splenocytes was measured using
specific cell-permeable substrate of caspase-9 (FAM-LEHD-FMK). After washing,
splenocytes were incubated with FAM-LEHD-FMK for 1 h at 37°C in the dark. The
single cell fluorescence of 10,000 cells was measured by a flow cytometer at emission
of 525nm. The percentage of active capase-9 positive cells was expressed as the mean
+ SE of triplicate cultures. Results are representative of three independent
experiments. *p < 0.05 as compared with the NA group.
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4.2-3 The role of ROS in ANE-mediated splenocyte apoptosis

To study the role of ROS in ANE-mediated apoptosis, the generation of cellular

levels of ROS was determined by DCF-DA staining. It has been well established that

a reduction of forward-angle light scatter (FSC) is a characteristics of apoptotic cells

measured by flow cytometry (Banfalvi et al., 2007; Darzynkiewicz et al., 1992; Swat

et al., 1991; Vermes et al., 2000). In flow cytometric experiments, both NA and

ANE-treated splenocytes showed the presence of 2 main cell populations based on

their FSC signal. As shown in Fig. 18A, the low FSC population of NA and ANE (40

ug/mL)-treated splenocytes was 17.4% and 40.1%, respectively. Interestingly, the

DCF fluorescence of apoptotic cells was significantly increased by ANE treatment for

3-6 h in a concentration-dependent manner (Fig. 18C). In contrast, the DCF

fluorescence in non-apoptotic splenocytes with the high FSC signal was not altered by

ANE (Fig. 18D). These data demonstrated the increased production of ROS in

apoptotic splenocytes treated with ANE. To further investigate the involvement of

ROS in ANE-mediated apoptosis, the thiol antioxidant NAC was employed.

Splenocytes were treated with ANE (20-60 ug/mL) in the absence or presence of

NAC (4 mM), and the levels of cellular ROS, hypodiploidity, caspase-9 activation and

Aym were measured. As shown in Figs. 19A-C, the presence of NAC partially but

significantly attenuated the ROS generation, apoptosis enhancement and caspase-9
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activation induced by ANE (20-60 pg/mL). In contrast, NAC did not affect

ANE-mediated alteration in Ay, (Fig. 19D).
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(C) ROS level in apoptotic cells
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Figure 18. The effect of ANE on the reactive oxygen species (ROS) production in
splenocytes.

Splenocytes were either left untreated or treated with ANE (20-60 pg/mL) for 15 min
to 12 h. After washing, cells were stained with DCF-DA (10 uM ) for 15 min and the
single cell fluorescence of 10,000 cells was measured by a flow cytometer at emission
of 525nm. (A) Representative FSC-SSC dot plots were shown. The low FSC
population was referred to apoptotic cells. (B) Representative histograms of the DCF
fluorescence in apoptotic cells were shown. (C, D) The mean fluorescence of DCF
was expressed as the mean = SE of triplicate cultures. Results are representative of
three independent experiments. *p < 0.05 as compared with the NA group.
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Figure 19. The effect of NAC on ANE-mediated ROS production, apoptosis,
caspase-9 activation and Ay, depolarization.

Splenocytes were either untreated (NA), or treated with ANE (20-60 pg/mL) in the
absent (Control) or present of NAC (4 mM). (A) The production of ROS in NA and
ANE-treated cells were measured by DCF-DA. (B) The apoptosis of cells was
evaluated by cell cycle analysis. (C) The activation of caspase-9 was determined by
FAM-LEHD-FMK staining. (D) The depolarized cells were measured by flow
cytometry using JC-1 probe. Data are expressed as the mean + SE of triplicate

cultures. Results are representative of three independent experiments. *p < 0.05 as
compared with the matched group without NAC.
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4.3 Areca-derived highly oligomeric procyanidins induce splenocyte
apoptosis via the depletion of intracellular thiols
4.3-1 Polyphenol-enriched ANE (PANE) and areca-derived highly oligomeric
procyanidins induced splenocyte apoptosis

Because ANE contain a rich amount of polyphenols, it is speculated that areca
derived polyphenols may be the potential constituents responsible for the
pro-apoptotic effect on splenocytes. It has been shown that areca nut-derived
polyphenols are mostly flavanols, including catechin and epicatechin monomers and
procyanidins with various degrees of polymerization. At first, catechin, epicatechin,
epigallocatechin gallate and polyphenol-enriched ANE were tested for the induction
of apoptosis in splenocytes. Catechin and epicatechin slightly induced splenocyte
apoptosis (Fig. 20A and 20B). Exposure of splenocytes to catechin and epicatechin
(100-1000 uM) increased approximately 15% of apoptotic cells. In accordance with
the induction of splenocyte apoptosis by ANE, PANE induced splenocyte apoptosis in
a concentration- and time-dependent manner (Fig. 20D, 21A). The apoptotic rate in
cells treated with 100 ug/mL of PANE for 12 h reached 66% that was three times
greater than that in the VH group (Fig. 20D). The apoptotic effect of PANE was
confirmed using Hoechst staining, in which splenic lymphocytes exposed to PANE
(40 pg/mL) for 6 h demonstrated small and condensed nuclei that showed bright
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staining (Fig. 21B). To further confirm the induction of apoptotic death by PANE

treatment, cell-permeable inhibitors for caspase-6 and -3 (Z-VEID-FMK and

Z-DEVD-FMK, respectively) were applied. PANE-mediated apoptosis of splenocytes

was almost completely reversed by the presence of either inhibitor (Fig. 22). The

pro-apoptotic activity of fractionated areca procyanidins from dimers to decamers was

compared. As demonstrated in Fig. 23A, oligomers up to tetramers did not affect the

apoptosis of splenic lymphocytes, as compared to the VH group. In contrast,

pentamers to decamers significantly enhanced apoptosis in a concentration- and

time-dependent manner (Fig. 23A & 23B). The lowest effective concentrations for

pentamers, heptamers, and octamers were 40, 20, and 10 pg/mL, respectively (Fig.

23A). As 40 pg/mL is the lowest effective concentration for pentamers, and is also an

effective concentration for the other higher oligomers, this concentration was used for

time-course analysis. Cells were treated with oligomers from tetramers to decamers

(40 pug/mL) for 0.5-12 h. No alteration in apoptotic rates was found at all time points

in tetramers-treated cells, whereas the other oligomers gradually enhanced apoptosis

in a time-dependent manner (Fig. 23B). The effect of pentamers was statistically

significant beginning at 4 h post treatment, and the other higher oligomers were

effective at all time points examined. Table 1 summarized the 50% effective

concentration (ECsp) of oligomeric procyanidins-induced apoptosis, which was
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calculated using the apoptotic rate of cells treated with the highest concentration (100

ug/mL) as the maximal response. The ECs, for pentamers to decamers were from

56.27-41.80 ug/mL. Together these results demonstrated that pentamers were the

minimal degree of polymerization for the pro-apoptotic activity, and that the active

oligomers with longer chain length induced a slightly more potent and rapid

pro-apoptotic effect than shorter ones.

70



(A) Catechin (B) Epicatechin

80 | 80 |

(<2}

o
(=2}
o

Hypodiploidity (%)
3
Hypodiploidity (%)
H
o

20 20 -
0 - 0 ‘
NA VH | 1 10 100 500 1000| NA VH |1 10 100 500 1000|
Catechin (uM) Epicatechin (uM)
(C)EGCG (D) PANE
80 80 %
N —_ *
= 60 - & 60 | §
k) T
O 40 L 40 -
o 2
2 g
20 20
£ £
0 0.

NA VH |1 5 10 25 50| NA VH |1 10 20 40 60 100|
EGCG (uM) PANE (ug/mL)

Figure 20. Induction of splenocyte apoptosis by catechin, epicatchin and
polyphenol-enriched ANE (PANE).

Splenocytes were left untreated (naive; NA) or treated with catechin (1-1000 puM),
epicatechin (1-1000 uM), epigallocatechin gallate (EGCG; 1-50 uM) and PANE
(1-100 pg/mL) and /or vehicle (VH; 0.1% DMSO) for 12 h. After washing, cells were
fixed with 70% ethanol at -20°C for at least 1 h. Cells were washed with PBS and
resuspended in 400 pL propidium iodide staining buffer (50 ug/mL propidium iodide
and 20 pg/mL ribonuclease in PBS) at 37° C for 30 min. The single cell fluorescence
of 10,000 cells for each sample was measured by flow cytometry. The percentage of
hypodiploid cells at sub-Go/G; stage was expressed as the mean + SE of triplicate
cultures. Results are representative of three independent experiments. *p < 0.05 as
compared with the VH group.
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Figure 21. Induction of splenocyte apoptosis by PANE.

Splenocytes (5 x 10° cells/mL) were treated with PANE (2-60 pg/mL) and/or vehicle
(VH; 0.1% DMSO) for 0.5-12 h. Cells were washed and fixed with 70% ethanol at
-20° C for at least 1 h. Cells were stained with 400 pL propidium iodide staining
buffer (50 ug/mL propidium iodide and 20 pg/mL ribonuclease in PBS) at 37°C for 30
min. The single cell fluorescence of 10,000 cells for each sample was measured by
flow cytometry. (A) The percentage of hypodiploid cells at sub-Go/G; stage was
expressed as the mean = SE of triplicate cultures. Results are representative of three
independent experiments. *p < 0.05 as compared with the VH group. (B) The
morphological features of splenocytes were determined by Hoechst staining. White
arrows indicate apoptotic splenocytes showing nuclear condensation (original
magnification, x 200).
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Figure 22. Induction of caspase-dependent apoptosis in splenocytes by PANE.
Splenocytes were treated with PANE (20-60 pg/mL) and/or VH for 12 h in the
presence of Z-DEVD-FMK and Z-VEID-FMK (caspase inhibitors for caspse-3 -6,
respectively). The percentage of hypodiploid cells was quantified by cell cycle
analysis and expressed as the mean + SE of triplicate cultures. Results are
representative of three independent experiments. “p < 0.05 as compared with the
matched group without caspase inhibitors.
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Figure 23. The effect of areca-derived oligomeric procyanidins on the apoptosis
of splenocytes.
(A) Splenocytes (5 x 10° cells/mL) were either left untreated (NA) or treated with
oligomeric procyanidins from trimers to dacamers (1-100 pg/mL) and/or VH (0.1%
DMSO) for 12 h. (B) Splenocytes (5 x 10° cells/mL) were either left untreated (NA)
or treated with oligomeric procyanidins from tetramers to dacamers (1-100 pg/mL)
and/or VH (0.1% DMSOQ) for 0.5-12 h. Cells were washed and fixed with 70%
ethanol at -20° C for at least 1 h. Cells were stained with 400 uL propidium iodide
staining buffer (50 pg/mL propidium iodide and 20 pg/mL ribonuclease in PBS) at 37

C for 30 min. The single cell fluorescence of 10,000 cells for each sample was

measured by flow cytometry. (A) The percentage of hypodiploid cells was expressed
as the mean + SE of pooled data from three independent experiments. *p < 0.05 as
compared with the VH group.
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Table 1. The 50% effective concentration (ECsg) of procyanidins-induced
apoptosis.

Procyanidins [EC50] (ug/mL) Apoptotic rate (%) at 100 pg/mL at

12 h
Dimer N.D. 2.66+1.94
Trimer N.D. 3.74+1.68
Tetramer N.D. 1291+ 3.70
Pentamer 56.27+£1.15 43.37+1.91
Hexamer 50.03 + 3.06 57.97+3.20
Heptamer 48.27+2.80 58.73+4.40
Octamer 40.83+ 2.03 66.23 £ 1.63
Nonamer 44.67+1.81 68.41+1.99
Decamer 41.80+2.25 58.64+2.74

Data are expressed as the mean + SE of pooled data from 3 independent experiments.

N.D., not determined.
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4.3-2 Effect of areca-derived procyanidins on the level of intracellular thiols in

splenocytes

Intracellular thiols, in particular glutathione, play a critical role in maintaining

the redox balance and regulating various functions in mammalian cells. Previous

results have shown that ANE-induced suppression of lymphocyte reactivity was

attenuated in the presence of NAC and glutathione. The influence of PANE and

oligomeric procyanidins on the level of thiols in splenic lymphocytes was therefore

investigated. Cells were treated with PANE (20-60 pg/mL), or fractionated

procyanidins from dimers to decamers (40 or 60 ug/mL of each) for 12 h, and the

cellular thiols were detected by flow cytometry. In consistent with the observed

pro-apoptotic effect, PANE induced a time- and concentration-dependent

diminishment in cellular thiols (Fig. 24A). In addition, pentamers to decamers were

effective in diminishing cellular thiols, whereas dimers to tetramers were inactive (Fig.

24B). As quantified by the mean fluorescence intensity, the magnitude of thiol

diminishment was gradually increased in cells treated with 60 ug/mL of oligomeric

procyanidins from pentamers to nonamers, demonstrating a trend of chain

length-dependent effect (Fig. 24B). The role of thiol diminishment in

procyanidin-mediated lymphocyte apoptosis was further investigated. Splenic

lymphocytes were treated with pentamers (10-100 pug/mL) in the absence or presence

77



of NAC (4 mM), and apoptosis and cellular thiols were measured. Notably, pentamers

(40-100 pg/mL)-induced apoptosis was significantly attenuated in the presence of

NAC (Fig. 25A). Likewise, a partial but significant restoration of pentamers-induced

thiol diminishment was also observed (Fig. 25B). In addition, the effect of NAC (4

mM) on the apoptosis and thiol diminishment induced by highly oligomeric

procyanidins from pentamers to nonamers (40 ug/mL of each) was examined. The

results showed that the effects induced by each of the oligomers were partially but

significantly attenuated in the presence of NAC (Table 2 and 3).
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Figure 24. Effect of areca-derived oligomeric procyanidins on the intracellular
level of total thiols in splenocytes.
(A) Splenocytes were treated with PANE (20-60 pug/mL) and/or VH (0.1% DMSO)
for 0.5-12 h. (B) Splenocytes were either left untreated (NA) or treated with
oligomeric procyanidins from dimers to dacamers (60 ug/mL) and/or VH for 12 h.
Cells were incubated with CMF-DA (25 pM) for 15 min and the single cell
fluorescence of 10,000 cells was measured by flow cytometry. The mean fluorescence
of CMF was expressed as the mean + SE of triplicate cultures. Results are
representative of three independent experiments. *p < 0.05 as compared with the VH

group.
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Figure 25. Attenuation of procyanidins pentamers-induced apoptosis and thiol
diminishment in splenocytes by NAC.
(A) Splenocytes (5 x 10° cells/mL) were either left untreated (NA) or treated with
PANE-derived procyanidins pentamers (10-100 pg/mL) and/or VH (0.1% DMSO) for
12 h. in the absence (control) or presence of NAC (4 mM). (A) The apoptosis was
measured by cell cycle analysis. (B) The level of cellular thiols in splenocytes was
determined by CMF-DA staining. Cells were incubated with CMF-DA (25 uM) for 15
min and the single cell fluorescence of 10,000 cells for each sample was measured by
flow cytometry. The mean fluorescence of CMF was expressed as the mean + SE of
pooled data from six independent experiments. p < 0.05 as compared with the
matched group without NAC.
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Table 2. Procyanidins (40 pg/mL)-mediated induction of apoptosis (%0).

Antioxidants VH Pentamers Hexamers Heptamers Octamers Nonamers
Control 159+0.1 33.6+1.6 40.3+0.5 39.9+0.6 521+1.1 46.9+ 0.3
NAC 4 mM 18.0+0.4 22.8+1.1* SV I 1=0# 30.4+0.1* 35.9+£0.7* 40.4 £ 0.6*

Splenic lymphocytes were treated with 40 pg/mLof procyanidins from pentamers to nonamers and/or VH (0.1% DMSO) for 12 h in the absence
(control) or presence of NAC (4 mM). The apoptosis of cells was measured by cell cycle analysis. Data are expressed as the mean + SE of
pooled data from three independent experiments. *p < 0.05 as compared with the matched control.
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Table 3. Procyanidins (40 pg/mL)-mediated diminishment of cellular thiols (mean fluorescence intensity of CMF).

Antioxidants VH Pentamers Hexamers Heptamers Octamers Nonamers
Control 932.3+10.1 7379+ 19.2 568.1 + 36.7 525.4 £ 62.3 437.6+45 440.7+17.4
NAC 4 mM 959.4 + 18.7 818.3+ 27.0* 698.3 + 5.5* 668.9 + 10.1* 540.5 + 25.9* 657.1+5.3*

Splenic lymphocytes were treated with 40 pg/mL of procyanidins from pentamers to nonamers and/or VH (0.1% DMSO) for 12 h in the absence
(control) or presence of NAC. The level of cellular thiols was measured by flow cytometry. Data are expressed as the mean + SE of pooled data
from three independent experiments. *p < 0.05 as compared with the matched control.
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4.4 ANE and PANE enhances the development of CD11b*Gr-1" cells
with the characteristics of myeloid-derived suppressor cells in
OVA-sensitized BALB/c mice
4.4-1 Induction of CD11b*Gr-1" cells by ANE and PANE in vivo

Treatment of ovalbumin (OVA)-sensitized mice with ANE and PANE induced
splenomegaly, as evidenced by a marked increase in spleen index in ANE- and
PANE-treated groups compared to the VH control (Table 4). The population of
splenic CD4", CD8" and B220" cells was significantly decreased in ANE (50 mg/kg)
and PANE (25 mg/kg)-treated groups, whereas the population of CD11b" myeloid
cells was robustly increased in PBMC and splenocytes of ANE-treated mice in a
dose-dependent manner (Table 4). In contrast, arecoline (5 mg/kg) had no effect on
spleen index and the cellularity (Table 4). In addition, ANE and PANE dramatically
increased the population of CD11b*Gr-1" cells in splenocytes and PBMC in a
dose-dependent fashion (Fig. 27B and 27C). Greater than 90% of the splenic CD11b*
cells co-expressed Gr-1 in the ANE (50 mg/kg)-treated group (Fig. 27D).
Morphological examination revealed that the splenic CD11b" cells included both

granulocytic and monocytic cells (Fig. 27E).
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Figure 26. Protocol for OVA sensitization and administration of ANE, PANE or
arecoline to BALB/c mice.

Mice were randomly divided into the following groups: naive (NA), OVA-sensitized
(OVA), vehicle-treated and OVA-sensitized (VH), and ANE-treated and
OVA-sensitized (ANE). The mice (4-5 animals/group) were either left untreated
(nave; NA), or daily administered by intraperitoneal (IP) injection with ANE (5, 25,
50 mg/kg; 0.1 mL/mouse), PANE (25 mg/kg), arecoline (5 mg/kg) and/or vehicle (VH;
saline) on day 1-5 and day 8—12. Except for the NA group, mice were sensitized with
OVA 6 h after the ANE administration on day 3 by IP injection with 0.1 mL per
mouse of sensitization solution containing 100 pg OVA and 1 mg alum in saline. The
mice were sacrificed on day 13, and their blood samples and spleens were harvested
for further experimentation.
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Table 4. The change of body weight, spleen index and cellularity of splenocytes and PBMC in ANE- and PANE-treated mice.

NA OVA VH ANE PANE Arecoline
5 mg/kg 25 mg/kg 50 mg/kg 25 mg/kg 5 mg/kg

Body Weight (g)
Day 1 25.8+ 0.6 25.8+0.3 26.8+0.9 250+ 0.4 25.3+£0.7 25.0+£0.7 25.3+1.6 23.0+£0.6
Dayl4 278+ 0.6 26.8+0.3 25.8+£0.8 24.8 £ 0.6 24.7+£0.7 23.3+£0.3 22.3+1.0 22.3+£0.3
Spleen Weight (mg) 93.3+46 1066+50 1055+29 110.7+£5.0  121.7+3.4* 168.6+10.9* 177.2+10.9* 894128
Spleen Index 3.7+0.1 41+0.2 41+0.2 43+ P.1L 52+0.1* 7.7+0.5*% 7.5+0.5* 39+0.1
Spleen Cellularity (%0)
cbh4* 244+08 232+ 05 234+11 23 2H0.5 20.2 £ 0.4* 11.6 £ 1.5* 14.9 £ 0.4* 248+ 0.5
cDg* 108+04 107 £ 0.7 10506 108+ 0.3 9.7+0.3 6.4+ 0.1* 7.3+0.2* 109+0.3
B220* 540+ 1.1 538+ 1.1 51.8+0.7 52.7+£0.8 48,5+ 0.6* 28.2 + 3.5* 41.0 £ 0.5* 49.0+0.2
CD11b* 44 +0.5 39+03 41+03 42104 6.6 + 0.6* 155+ 1.1* 9.2+ 15* 31+04
PBMC Cellularity (%)
CD4" 38.1+17 36.7+ 3.8 36.8+ 2.7 37.6+ 3.7 323+29 21.8 £ 4.0* 25.6 £ 3.2* 33.7+0.9
CcD8* 6.5+ 0.5 74+1.2 8.6+0.7 R, 7.9+0.7 59+ 0.9* 52+ 0.2* 83107
B220" 28.6+1.0 26.5+ 0.6 29.1+21 235+1.8 221127 15.7 £ 1.5* 16.0 £ 2.8* 289120
CD11b" 126+1.3 155+4.3 141+1.2 29.2+ 17 430 + 0.8* 527+4.2* 48.3 £ 0.5* 13.5+2.0

* p < 0.05 as compared to the VH group
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Figure 27. Induction of CD11b*Gr-1" cells in splenocytes and PBMC of mice
administered with ANE and PANE.

Mice were treated with ANE, PANE (25 mg/kg) and arecoline (AL; 5 mg/kg) as
described in Fig. 26. The population of CD11b*Gr-1" cells in splenocytes and PBMC
was determined by flow cytometry. (A) Representative dot plots of CD11b*Gr-1" cells
were shown in panel A. (B) The percentage of CD11b*Gr-1" cells in splenocytes was
quantified. (C) The percentage of CD11b*Gr-1" cells in PBMC was quantified. (D)
Splenic CD11b" cells were purified by positive cell sorting using anti-CD11b
magnetic beads. The percentage of Gr-1" cells in the splenic CD11b" cells was
quantified. The data are expressed as mean + SE of triplicate samples. The Results are
representative of three independent experiments. ~, p < 0.05 as compared to the VH
group. (E) Splenic CD11b* cells isolated from the VH group and ANE (25
mg/kg)-treated mice were centrifuged onto slides, and stained with Diff-Quick. Open
arrows indicate granulocytic cells with ring-shaped nuclei. Close arrows indicate
monocytic cells.
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4.4-2 Functional characteristics of ANE-induced CD11b*Gr-1" cells

To investigate whether ANE modulate the reactivity of the CD11b" cells, the
metabolic activity of splenic CD11b" cells was determined using an MTT assay. ANE
and PANE markedly enhanced the metabolic activity of CD11b" cells with or without
lipopolysaccharide (LPS) stimulation (Fig. 28A and 28B). It has been shown that
MDSC may promote the development of regulatory T cells (Try) and down-regulate
macrophage functions by the expression of the immunosuppressive cytokine IL-10
(Young et al., 1996). In addition, enhanced expression of iINOS and arginase-I, which
deplete _-arginine, a crucial amino acid required for T cell activation was associated
with the immunosuppressive function of MDSC (Rodriguez et al., 2007). Therefore,
the production of I1L-10 by total splenocytes and splenic CD11b* cells was further
examined. ANE treatment, in a dose-dependent manner, significantly enhanced the
production of 1L-10 by splenocytes and splenic CD11b" cells stimulated with LPS (5
ug/mL) (Fig. 29). ANE treatment enhanced the activity of arginase-1 (Fig. 30) and the
expression of iNOS and arginase-l1 by splenic CD11b* cells in a dose-dependent

manner (Fig. 31).
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Figure 28. The effect of ANE on the metabolic activity of splenic CD11b" cells
stimulated with or without LPS.

Mice were treated with ANE, PANE (25 mg/kg) and arecoline (AL; 5 mg/kg) as
described in Fig. 26. CD11b" cells (2 x 10° cells/mL) were cultured without
stimulation (A) or with LPS (B) stimulation (LPS; 5 pg/mL). The metabolic activity
of viable cells was determined using an MTT assay. The data are expressed as the
mean + SE of triplicate samples per group. The results are representative of two
independent experiments. *, p < 0.05 as compared to the VVH group.
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Figure 29. Enhancement of IL-10 production by splenocytes and splenic CD11b+
cells isolated from mice treated with ANE and PANE.

Mice were treated with ANE, PANE and arecoline as described in Fig. 26. (A)
Splenocytes (5 x 10° cells/mL) and (B) splenic CD11b* cells (5 x 10° cells/mL) were
stimulated with LPS (5 png/mL) for 48 h. The level of IL-10 in the supernatants was
measured by ELISA. The data are expressed as the mean + SE of quadruplicate
samples. Results are representative of two independent experiments. ~, p < 0.05 as
compared to the VH group.
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Figure 30. Elevation of arginase-I activity in splenic CD11b" cells isolated from
mice treated with ANE and PANE.

Mice were treated as described in Fig. 26. Splenic CD11b* cells (2 x 10° cells) of
ANE and PANE-treated mice were stimulated with LPS (5 pg/mL) for 18 h. Activity
of arginase-l was determined by hydrolysis of | -arginine to urea. The urea
concentration was measured at 540 nm.

92



Splenocytes
ANE (mg/mL)

NA OVAVH |5 25 50|

iINOS
Arginase-|
B-actin
Splenic CD11b" Cells
ANE (mg/mL)
NA OVAVH [5 25 50|
B-actin e ——_ S

Figure 31. Induction of iINOS and arginiase-1 mMRNA expression by splenocytes
and splenic CD11b" cells isolated from mice treated with ANE.

Splenocytes and splenic CD11b" cells were stimulated with LPS (5 ug/mL) for 24 h.
The total RNA from the cells was extracted and the mRNA expression of iNOS,
arginiase-1 and B-actin was measured by RT-PCR. The level of housekeeping gene
[-actin was used to normalize the expression of the mRNA for semi-quantification.
Results are representative of three independent experiments.
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Chapter 5. Discussion

5.1 ANE suppresses T-cell activation and IFN-y production via the
induction of oxidative stress

Although considerable clinical evidence indicates that deterioration of
cell-mediated immunity is associated with the pathophysiology of areca-related oral
diseases, the underlying mechanism responsible for the immune aberrations remains
mostly unclear. The cytotoxic effect of areca constituents on oral epithelial cells,
mucosal fibroblasts, gingival keratinocytes, CHO-K1 cells, lymphocytes, bone
marrow cells and neutrophils has been reported (Bagchi et al., 2002; Chang et al.,
2001a; Jeng et al., 1999; Jeng et al., 2003; Liu et al., 1996). However, little is known
regarding how ANE affects the functional activities of T cells, the major
immunocompetent cells found in OSF specimens. In confirmation of the previous
report (Kumpawat et al., 2003), the present study demonstrated a significant
cytotoxicity of ANE on primary splenocytes (Fig. 4). In addition, the production of
IL-2 and IFN-y was dramatically suppressed by ANE (Fig. 5 and 6), whereas IL-4 was
unaltered (Fig. 7). These results demonstrated a differential effect of ANE on cytokine
production by Thl and Th2 cells. As Thl cytokines play a pivotal role in
cell-mediated immunity, the down-regulation of IL-2 and IFN-y by ANE substantiates

previous clinical findings demonstrating the deregulation of cell-mediated immunity
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in OSF and oral cancer patients. The direct cytotoxicity and suppression of Thl

cytokine production induced by ANE may be one of the underlying mechanisms

contributing to the observed immune deregulation.

IFN-y, a major cytokine produced by Th1l cells and other immune cells, plays a

pivotal role in both adaptive and innate immune responses. For example, IFN-y skews

the immune responses toward a Thl phenotype. IFN-y induces IL-12 production in

phagocytes, and the coordination of IFN-y and IL-12 mediates a positive feedback

loop to amplify cell-mediated immunity. Up-regulation of MHC class | by IFN-y

increased the recognition of peptides by Tc cells and promoted the induction of

cell-mediated immunity (Boehm et al., 1997). IFN-y enhances the expression of MHC

class Il and costimulatory molecules in professional antigen-presenting cells, thereby

promoting antigen-specific activation of Th cells (Mach et al., 1996). Moreover, the

killing activity of NK cells and the microbicidal ability of phagocytes are increased by

IFN-y (Billiau and Matthys, 2009). IFN-y modulates the trafficking of specific

immune cells to inflammation sites through increasing expression of adhesion

molecules and chemokines, including IFN-inducible protein 10 (IP-10), monocyte

chemoattractant protein-1 (MCP-1), and vascular cell adhesion molecule-1 (VCAM-1)

(Schroder et al., 2004). It has been suggested that IFN-y plays a key role in cancer

immunosurveillance (Ikeda et al., 2002; Shankaran et al., 2001). For example, Meth
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A-induced tumors grew more rapidly in the mice treated with a neutralizing antibody

against IFN-y (Dighe et al., 1994). Overexpression of dominant negative IFNGR1

(encoding the ligand-binding chain of the IFN-y receptor) mutants resulted in

unresponsiveness of tumor cells to IFN-y and an enhanced cell growth (Coughlin et

al.,, 1998; Dighe et al., 1994). The incidence of lymphoma is increased in

IFN-y-knockout mice (Street et al., 2001). Collectively, the downregulation of IFN-y

may compromise cell-mediate immunity and promote infection and tumor promotion.

In addition, IFN-y exhibits anti-fibrotic activity via the inhibition of collagen

synthesis (Lee et al., 1991; Nguyen et al., 1994). Down-regulation of IFN-y by

leukocytes was observed in OSF patients (Haque et al., 2000), and intralesional

injections with IFN-y improved the mouth opening in OSF patients (Haque et al.,

2001). These reports suggest that an altered expression of IFN-y may be involved in

the pathophysiology of areca-related oral diseases. Notably, the present study

demonstrated that direct treatment of splenocytes with ANE remarkably suppressed

IFN-y production (Fig. 5). In light of the anti-fibrotic and the antitumor activities of

IFN-y, it is speculated that ANE-mediated attenuation of IFN-y production may lead

to the suppression of the host mechanisms against the development of tumor and

fibrosis, contributing to the progression of the oral diseases in areca chewers.

It has been documented that oxidative stress plays a pivotal role in the
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pathogenesis of oral diseases associated with areca chewing. Several studies have
shown that ANE and lime enhance the generation of reactive oxygen species (ROS)
and cause oxidative DNA damage under alkaline conditions (pH 9.5). ROS may be
involved in the tumor initiation process via the induction of gene mutation and
genotoxicity (Nair et al., 1987; Nair et al., 1990). The induction of ROS by ANE was
enhanced by Cu2*, Fe?* and Fe*", but inhibited by Mn®* (Nair et al., 1987; Nair et al.,
1990). The generation of ROS is likely due to the autoxidation of areca polyphenols,
such as tannins and catechin, under alkaline condition, following by
quinone/semiquinone radical- and iron-catalyzed Haber-Weiss and Fenton reactions
(Nair et al., 2004). As nucleotide modification and 8-hydroxy-2-deoxyguanosine
(8-OH-dG) formation can be induced by ROS leading to the development of initiated
mutated cells, 8-OH-dG is therefore considered as a biomarker for carcinogenesis
(Marnett, 2000). Interestingly, an increased generation of ROS in the oral cavity of
volunteers chewing areca quid has been demonstrated, and ANE increases the
formation of 8-OH-dG (Liu et al., 1996; Nair et al., 1995). In addtion, ANE has been
shown to induce H,0O, formation in CHO-K1 and JB6 epithelial cells (Lin et al., 2003;
Liu et al., 1996). ANE exposure caused oxidative DNA damage in human
keratinocytes, as evidenced by the increased formation of 8-OH-dG (Lai and Lee,
2006). Long term exposure of human HaCaT epithelial cells to ANE caused oxidative
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DNA damage (Lai and Lee, 2006). Together these results indicate that exposure to
areca constituents leads to ROS generation and DNA damage, thereby contributing to
the AQ-associated oral carcinogenesis.

Results from the present study also suggest that oxidative stress is critically
involved in ANE-mediated effects on splenocytes. The presence of NAC markedly
attenuated ANE-mediated cytotoxicity and inhibition of IL-2 and IFN-y (Fig. 4-6).
NAC is an antioxidant that acts as scavenger for ROS and it is rapidly metabolized
into intracellular glutathione, which maintains the cellular redox balance. To further
investigate the role of oxidative stress in ANE effects, the direct influence of ANE on
the level of cellular ROS was determined, and the results showed that ANE (10-40
ug/mL) augmented intracellular ROS levels (Fig. 8) and induced a concomitant
decrease in the intracellular glutathione content in splenic T-cells preincubated with
NAC (Fig. 9). Collectively, these data clearly demonstrated that the cytotoxicity and
suppression of Thl cytokine production by ANE were mediated, at least in part, by
the induction of oxidative stress.

ROS play a crucial role in the regulation of T-cell activation, energy and
apoptosis. The activation of T cells through the T-cell receptor induces a low but
significant level of ROS that are involved in the signaling transduction for T-cell
proliferation (Williams and Kwon, 2004). In contrast, high levels of ROS induce T
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cell apoptosis (Tripathi and Hildeman, 2004). The balance of the redox status is
critical for T-cell reactivity. Exogenous H,O, has been shown to modulate cytokine
production and cell death of leukocytes. The suppression of IFN-y production by
H,0, was observed at concentrations slightly less than that required to induce cell
death (Malmberg et al., 2001). Interestingly, the present study also revealed a similar
pattern of concentration-dependency by ANE on cytotoxicity and IFN-y production in
splenocytes. The sub-cytotoxic concentrations of ANE (10-20 pg/mL) suppressed
IFN-y production in parallel with ROS induction (Fig. 5 and 8), whereas
concentrations of ANE > 20 ug/mL caused cytotoxicity. These results suggest a role
for ROS in ANE-mediated cytotoxicity and attenuation of IFN-y production by
splenocytes.
5.2 Involvement of the mitochondrion-dependent pathway and
oxidative stress in the apoptosis of murine splenocytes induced by
ANE

In oral cancer patients, induction of T cell apoptosis and down-expression of T
cell receptor {-chain were correlated with the high levels of FasL expressed by tumor
cells (Reichert et al., 2002). Immunosuppressive factors, such as TGF-p, PGE; and
IL-10, which may be produced by cancer cells or immune cells, attenuated the
functional activity of T cells and induced cell death (Chang et al., 2004; Reichert et al.,
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2002; Rice et al., 1992). In areca chewers and oral cancer patients, the frequency of

sister chromatid exchanges (SCE) and chromosome aberrations (CA) in peripheral

blood lymphocytes were elevated, indicating the genotoxic effect of areca constituents

on lymphocytes (Adhvaryu et al., 1991). These data provide evidence to show how

tumor cells and areca ingredients may cause T cell dysfunction. However, a potential

direct effect by areca ingredients cannot be ruled out. Administration of ANE

increased the SCE and CA in mouse bone marrow cells (Kumpawat et al., 2003). It

was reported that ANE inhibited the phagocytic activity of neutrophils (Hung et al.,

2006) and the reactivity of mast cells (Lee et al., 2004). ANE (10-80 pg/mL)

dose-dependently induced HaCaT cell apoptosis (Lai and Lee, 2006). Apoptosis is an

important mechanism to control the development and homeostasis of T cells. An

up-regulation of apoptosis in T cells may lead to immunosuppression. As previous

results have shown the cytotoxicity of ANE in splenocytes (Fig. 4), the effect of ANE

on the apoptosis of splenocytes was investigated. As expected, ANE markedly

induced splenocyte apoptosis as measured by cell cycle analysis and morphological

examination (Fig. 10-12). These data provide a potential mechanism for the above

results showing the attenuation of splenocyte reactivity by ANE.

The biochemical pathways involved in ANE-mediated lymphocyte apoptosis was

further examined. Pretreatment of splenocytes with various caspase inhibitors
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significantly reverses ANE-mediated cell apoptosis, indicating the involvement of

caspase-dependent pathways (Fig. 14). Mitochondrion is critical component of the

intrinsic apoptosis pathway. In many cells, the change in mitochondrial membrane

potential (Aym) is one of the first irreversible steps in apoptotic signaling, which

subsequently generates ROS and activates caspases (Holtzman et al., 2000). It has

been reported that the deregulation of Ay, induced by ANE treatment was associated

with ANE-mediated cytotoxicity (Chang et al., 2001a). In the present study, treatment

of splenocytes with ANE rapidly induced Ay, depolarization (Fig. 15), followed by

the cytochrome c release (Fig. 16) and caspase-9 activation (Fig. 17), indicating the

activation of mitochondrion-dependent pathway. Notably, ANE disrupted Ay, in oral

KB cells, resulting in cell cycle arrest but not apoptosis (Chang et al., 2001a).

Moreover, head and neck squamous cell carcinoma was resistant to apoptosis induced

by mitochondrial membrane-depolarizing agents (Zhao et al., 2008). The failure to

activate apoptosis after DNA injury in oral cells may be one potential mechanism

leading to carcinogenesis. It was apparent that ANE might induce a differential

cytotoxic effect between oral and immune cells. In responses to ANE, lymphocytes

might undergo apoptosis resulting in immunosuppression, whereas oral cells were

arrested, and potentially underwent transformation. This difference may be a possible

mechanism involved in the pathophysiology or areca-associated oral diseases.
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Mitochondrion participates in the synthase of ATP, cell redox status, control of

pH, osmotic pressure and calcium homeostasis to maintain normal cell function

(Wallace et al., 1997). In addition, mitochondrion is a sensitive target attacked by

oxidants, lipophilic actions and electrophiles (Wallace et al., 1997). Deregulation of

Ay has been shown to inhibit the proliferation of lymphocytes and splenocytes

(Daniele and Holian, 1976). Moreover, mitochondrion is the major source of the

endogenous cellular ROS; the rupture of mitochondrion membrane may cause the

release of ROS and intensify the oxidative damage to cells. ROS play an important

role in the pathogenesis of areca-related oral diseases as mentioned above. The

present study therefore investigated the role of ROS in ANE-mediated apoptosis. The

results showed that ANE markedly enhanced ROS production in the apoptotic

population of ANE-treated splenocytes (Fig. 18). Time-course analysis revealed that

ANE (20 pg/mL)-mediated Ay, depolarization occurred at 0.5 h post ANE treatment

(Fig. 15), which preceded the enhancement of ROS production observed at 3 h post

ANE treatment (Fig. 18). Of interest, ANE robustly induced the ROS production in

the apoptotic population of splenocytes, whereas ANE slightly induced the ROS

production in the non-apoptotic population (Fig. 18). On the base of these results, it is

speculated that the increased ROS production might be from the depolarized

mitochondrion of apoptotic splenocytes exposed to ANE. Moreover, ANE-induced
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apoptosis, ROS formation, and caspase-9 activation were partially but significantly

attenuated in the presence of N-acetyl- -cysteine (NAC), a thiol antioxidant capable

of scavenging ROS (Fig. 19), substantiating that ROS played a critical role in

ANE-mediated apoptosis of splenocytes. However, ANE-mediated Ay

depolarization was unaffected by NAC (Fig. 19D), suggesting that the Awm

depolarization was independent of the ROS production. This phenomenon is in line

with the kinetic relationship between the Ay, disruption and the ROS production

induced by ANE. It is also noticed that NAC does not completely reverse

ANE-mediated apoptosis, suggesting other unidentified mechanisms than ROS

production are involved and yet to be elucidated. In summary, the present study

demonstrated that ANE exposure resulted in enhancement of apoptosis in splenocytes,

which was associated with the activation of the intrinsic pathway and the production

of ROS. The pro-apoptotic property of ANE in primary lymphocytes may be a critical

mechanism responsible for the immune deterioration observed in AQ chewers with

oral cancer.
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5.3 Highly oligomeric procyanidins derived from areca nuts induce
lymphocyte apoptosis via the depletion of intracellular thiols

Areca nuts have been shown to be a rich source of flavan-3-ol polyphenols
containing monomers of (+)-catechin and (-)-epicatechin and their polymerized
oligomers (Huang et al., 2010; Wu et al., 2007). Areca-derived tannin has been
reported to induce SCE in bone marrow cells (Panigrahi and Rao, 1986). The
polyphenol fraction of ANE induced more oral lesions in hamster cheek pouch than
ANE did (Ranadive et al., 1979). Ripe ANE, which contains more polyphenols than
tender ANE, induced more 8-OH-dG formation in CHO-K1 cells (Liu et al., 1996). A
growing body of literature indicates that oligomeric procyanidins are immunoactive
phytochemicals affecting the functionality of immune cells, such as lymphocytes
(Akiyama et al., 2005; Kenny et al., 2007; Miyake et al., 2006; Yoshioka et al., 2008).
Therefore, areca-derived polyphenols may be the candidate responsible for the
ANE-mediated cytotoxicity in splenocytes. The present study investigated the
pro-apoptotic effect of areca-derived oligomeric procyanidins in primary splenocytes.
Although the pro-apoptotic property of procyanidins has been well documented in a
variety of transformed cells (Neuwirt et al., 2008; Ranadive et al., 1979), little is
known pertaining to their influence on the apoptosis of primary cells, in particular,
lymphocytes. Yet this issue is critical as lymphocyte-mediated immune responses
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have been reported to be modulated by procyanidins (Akiyama et al., 2005; Miyake et
al., 2006; Yoshioka et al., 2008). The present study showed that PANE (Fig. 20-21)
and highly oligomeric procyanidins (Fig. 23) markedly induced apoptosis of splenic
lymphocytes in a concentration- and time-dependent manner, whereas monomers and
oligomers smaller than tetramers were inactive (Fig. 20 and 23). These data provide
the evidence to show the pro-apoptotic property of areca-derived highly oligomeric
procyanidins in primary lymphocytes, substantiating the role of areca-derived
polyphenols in areca-mediated immunosuppression.

Accumulating evidence describes the immunomodulatory effect of procyanidins
on T cell-mediated immune reactions. The expression of cytokines including IL-2,
IL-4 and IL-5 by PHA-stimulated PBMC was suppressed by procyanidins (Mao et al.,
2002). Intake of 10% cocoa diet for 3 weeks in rats has been shown to decrease the
production of IL-4 and antibodies, including IgM, IgG and IgA, suggesting that cocoa
procyanidins may down-regulate Th2 activity and interfere with B cell functions
(Ramiro-Puig et al., 2007). Highly oligomeric procyanidins purified from Jatoba herb
have been demonstrated to ameliorate encephalomyelitis and collagen-induced
arthritis in mice via suppression of Thl cell-mediated immunity, including
suppression of IFN-y production, inhibition of macrophage maturation and a decrease
number of CD4" T cells (Miyake et al., 2008; Miyake et al., 2006). The
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anti-inflammatory and T-cell regulatory effects of procyanidins have been

demonstrated in animal models of inflammatory bowel disease and type IV

hypersensitivity (Yoshioka et al., 2008). Apple and areca polyphenols strongly

inhibited histamine release and degranulation in basophilic leukemia (RBL-2H3) cells,

demonstrating the anti-allergic potential of procyanidins (Kanda et al., 1998; Lee et

al., 2004). Unripe apple polyphenols have been shown to inhibit the development of

food allergies and to ameliorate active systemic anaphylaxis by decreasing IgE

production and histamine release (Akiyama et al., 2005). The regulation of cellular

redox status may be one of the possible mechanisms by which polyphenols modulate

cell functions. Procyanidins may confer anti-inflammatory benefits via scavenging

reactive oxygen and nitrogen species (Cos et al., 2003; Lotito et al., 2000), interfering

with hyaluronidase and cyclooxygenases activity (Huang et al., 2010; Kanda et al.,

1998; Zhang et al., 2006), preventing NF-xB activation (Erlejman et al., 2008; Park et

al., 2000), and modulating pro-inflammatory cytokine production (Mao et al., 2002;

Rahman et al., 2006; Ramiro-Puig et al., 2007). However, both antioxidant and

pro-oxidant effects of polyphenols have been demonstrated. On one hand,

polyphenols may act as antioxidant to improve cell survival (Caddeo et al., 2008;

Kenny et al., 2007); on the other hand, polyphenols may induce apoptosis and prevent

tumor growth by its pro-oxidant activities (Hadi et al., 2007; Lambert et al., 2005).
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These data are in parallel with a previous report showing the induction of

apoptosis by a single high concentration (500 pg/mL) of grape procyanidins in

primary cardiomyocytes (Shao et al., 2006). However, the effective concentrations

(=20 pg/mL) of areca procyanidins in lymphocytes was much lower than that of grape

procyanidins in cardiomyocytes. It is apparent that immune cells, such as

lymphocytes, are sensitive targets for procyanidins. The importance of oligomer chain

length in several biological effects induced by procyanidins has been previously

reported (Kenny et al., 2007; Lotito et al., 2000; Miyake et al., 2006; Pierini et al.,

2008). In particular, the activity of Jatoba-derived procyanidins to suppress

experimental autoimmune encephalomyelitis required at least five degrees of

polymerization (Miyake et al., 2006), which is consistent with my data on lymphocyte

apoptosis. Recent studies further demonstrated that the pro-apoptotic effect of apple

procyanidins in osophageal adenocarcinoma, melanoma, and mammary tumor cells

correlated positively with the degree of polymerization (Miura et al., 2008; Pierini et

al.,, 2008). Together these results indicate that the oligomer chain length of

procyanidins is a critical factor dictating the pro-apoptotic and immunomodulatory

activity of procyanidins.

Mechanistic studies revealed a marked diminishment in the cellular thiols in

lymphocytes exposed to the active oligomers (Fig. 24). The chain length-dependency
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for thiol diminishment matched with apoptosis induction, in which pentamers were
the threshold of molecular size for both effects. The involvement of thiol
diminishment in the apoptotic response was further confirmed by my results showing
the attenuation of areca procyanidins-induced apoptosis in the presence of NAC (Fig.
25, Table 2-3). The concomitant attenuation of both apoptosis and thiol diminishment
by NAC suggests an oxidative stress-dependent mechanism. Notably, both
antioxidant and pro-oxidant effects by grape procyanidins have been reported in
primary cardiomyocytes (Shao et al., 2003; Shao et al., 2006). A high concentration
(500 pug/mL) of procyanidins induced apoptosis via oxidative stress, whereas lower
concentrations (10-100 pg/mL) attenuated oxidant-mediated injury, suggesting that
the contrasting effects of procyanidins on the cellular redox status may be due to the
different concentrations. The data presented here showed that areca-derived highly
oligomeric procyanidins exerted a marked pro-apoptotic effect in primary
lymphocytes, which may be a potential mechanism contributing to the
immunosuppressive effects induced by areca-derived procyanidins. The pro-apoptotic
activity of procyanidins is dictated by the oligomer chain length with 5 degrees of
polymerization being the threshold for the effect. In addition, it is proposed an
oxidative stress-dependent mechanism for the pro-apoptotic effect, as supported by
the results that the active oligomers induced a diminishment of cellular thiols, and that
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NAC attenuated procyanidin-induced thiol diminishment and apoptosis.

5.4 Induction of myeloid derived suppressor cells by ANE and PANE
in vivo

Considerable evidence from clinical studies suggests a close association between
immune deterioration and the pathophysiology of areca-related oral diseases (Chang
et al., 2005; Haque et al., 2000). Although several reports have shown the induction of
CD34" immunoinhibitory myeloid cells in head and neck cancer patients (Pak et al.,
1995; Young et al., 1996) and CD11b*Gr-1" cells in mice implanted with oral
carcinoma cells (Tanaka et al., 2007), it is presently unclear if areca nut constituents
influence the development of MDSC. The present study investigated the effect of
ANE and polyphenols-enriched ANE (PANE) on the induction of CD11b" myeloid
cells in splenocytes and PBMC in antigen-sensitized mice (Table 4). The results
showed that ANE and PANE markedly induced splenomegaly and increased the
population of CD11b" cells in splenocytes (Table 4). Moreover, ANE and PANE
increased the population of CD11b*Gr-1" cells, commonly defined as murine MDSC
(Marigo et al., 2008; Youn et al., 2008) in both splenocytes and PBMC (Fig. 27).
MDSC are known to facilitate immunosuppression via the up-regulation of several
critical proteins, including IL-10, iNOS and arginase-I (Ostrand-Rosenberg and Sinha,

2009). To further investigate the phenotype of the CD11b*Gr-1" cells induced by ANE
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and PANE, it was firstly showed that the metabolic activity of splenic CD11b" cells
was increased in ANE- and PANE-treated groups (Fig. 28). Next, the production of
IL-10 by LPS-stimulated splenocytes and splenic CD11b* cells was significantly
enhanced by ANE and PANE treatment (Fig. 29). Furthermore, the arginase-I activity
of splenic CD11b" cells and the mRNA expression of iNOS and arginase-1 by
splenocytes and splenic CD11b" cells were markedly augmented by ANE and PANE
treatments (Fig. 30-31). Collectively, these results demonstrated that ANE and PANE
promoted the induction of immature myeloid cells with a functional profile of MDSC.
It is speculated that the development of the immature myeloid cells by areca
constituents may be one of the underlying mechanisms contributing to the immune
dysfunction reported in patients with areca-related oral diseases.

MDSC are a heterogeneous population of cells, comprising of granulocytes,
monocytes/macrophages, DC at various stages of differentiation (Gabrilovich and
Nagaraj, 2009; Ostrand-Rosenberg and Sinha, 2009; Youn et al., 2008). Murine
MDSC are characterized by the double expression of CD11lb and Gr-1 surface
markers (Ostrand-Rosenberg and Sinha, 2009; Youn et al., 2008). Normally, few
CD11b*Gr-1" cells are present in bone marrow, blood and secondary lymphoid organs,
and the cells lack immunosuppressive activity and quickly differentiate to mature
myeloid cells (Gabrilovich and Nagaraj, 2009). In pathological conditions, including

110



cancer, various infectious diseases, chronic inflammation, sepsis, trauma, bone
marrow transplantation and some autoimmune diseases, the maturation of
CD11b*Gr-1" cells was hampered, resulting in the expansion of the immature MDSC
(Gabrilovich and Nagaraj, 2009; Ostrand-Rosenberg and Sinha, 2009; Youn et al.,
2008). A significant increase in the proportion of the CD11b*Gr-1" cells from < 5% to
> 15% has been reported in many tumor models (Youn et al., 2008). In addition, a
significant correlation between circulating MDSC and clinical cancer stage has been
reported (Diaz-Montero et al., 2009). The present study showed that the population of
CD11b*Gr-1" cells in splenocytes of normal mice was approximately 2%, which was
increased to 5-17% in mice treated with ANE and PANE (Fig. 27A and 27B). Based
on the marked induction of CD11b"Gr-1" cells by ANE, it is speculated that
ANE-induced accumulation of immature myeloid cells may contribute to the
dysfunction of anti-tumor immunity in patients with areca-related oral diseases (Pak
etal., 1995; Young et al., 1996).

MDSC robustly suppresses the function of nonspecific and antigen-specific T
cells via multiple mechanisms involving the production of IL-10 and up-regulation of
arginase-1 and iNOS, the main immune-related enzymes metabolizing | -arginine to
produce urea and _-ornithine, and NO and _-citrulline, respectively (Bronte and
Zanovello, 2005; Huang et al., 2006).  -Arginine is an essential amino acid for T cells.
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The depletion of _-arginine by MDSC-derived arginase-1 induces T-cell anergy,
which is commonly found in cancer patients (Capuano et al., 2009; Ochoa et al.,
2007). The depletion of |-arginine by arginase-1 may induce T cell arrest in GO-G1
phase and interfere with the expression of CD3 {-chain, which compromises T cell
functions (Rodriguez et al., 2007; Rodriguez et al., 2004). It has been reported that
INOS expressed by MDSC is involved in the disturbance of T cell activation
pathways through the reduction of tyrosine phosphorylation of Jak3 and STAT5
mediated by NO (Bingisser et al., 1998). Interestingly, the supra-physiological
activity of arginase-lI may increase superoxide production in MDSC (Bronte et al.,
2003). The combination of superoxide and NO further forms peroxynitrites that is
able to enhance T cell apoptosis and interfere with cellular signaling (Bronte et al.,
2003; Ochoa et al., 2007; Szabo et al., 2007). In addition, IL-10 produced by MDSC
is responsible for the generation of regulatory T cells and the suppression of the
functions of DC, macrophages and T cells (Sinha et al., 2007). The production of
IL-10 by MDSC was enhanced by pro-inflammatory cytokines, such as IL-1f. 1L-10
is capable of skewing immunity toward a type 2 response and suppressing the
production of IL-12 by macrophage (Bunt et al.,, 2009; Sinha et al., 2007).
Collectively, these reports demonstrated the MDSC exhibited critical
immunosuppressive functions by generation of immunosuppressive mediators,
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including IL-10, ROS and RNS and up-regulation of arginase-l and iNOS. The
present study revealed that ANE dose-dependently induced the production of IL-10,
the activity of areginase-1 and the mRNA expression of iINOS and arginase-1 by
splenocytes and CD11b*Gr-1" cells stimulated with LPS (Fig. 29-31 ). Together with
the expression of CD11b and Gr-1, two commonly known markers for murine MDSC,
these results suggest that ANE enhanced the development of immature myeloid cells
with a functional profile of MDSC.

The induction of CD11b'Gr-1" cells may also intensify the host immune
tolerance caused by chronic inflammation or immunosuppressive mediators produced
by tumor cells. Inflammation, a part of immune defense mechanism involving in the
release of ROS, RNS and proinflammatory mediators, is thought to aggravate
carcinogenesis by causing cell and DNA damage and creating a microenvironment to
promote cell replication, angiogenesis and tissue repair (Whiteside, 2008).
Pro-inflammatory cytokines, such as IL-1B, IL-6 and PGE, have been described to
promote MDSC expansion, providing the evidence that inflammation may
down-regulate immune surveillance and antitumor immunity by induction of MDSC
(Bunt et al., 2007; Ostrand-Rosenberg and Sinha, 2009). In addition, IFN-y, IL-4 and
IL-13 activated several different signaling pathways in MDSC that involve STATL,
STAT6 and NF-xB (Gabrilovich and Nagaraj, 2009). It has been shown that high
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levels of IFN-y expressed by antigen-stimulated T cells can activate MDSC to
generate iINOS and arginase-l and maintain a prolonged activation of MDSC,
resulting in immunosuppression under certain pathological conditions (Gallina et al.,
2006; Rossner et al., 2005; Serafini et al., 2004). Furthermore, the combination of two
signals, LPS and IFN-y, boosted the generation and activation of splenic MDSC and
blocked the differentiation of immature myeloid precursors into DC (Greifenberg et
al., 2009). Taken together, the overactive antigen-specific T cells may release an
abundant amount of IFN-y to trigger the generation and activation of MDSC. Notably,
previous results from our laboratory demonstrated that ANE exacerbated
inflammatory responses in delay-type hypersensitivity and robustly enhanced the
expression of IFN-y by antigen-stimulated splenocytes in ovalbumin-sensitized mice,
demonstrating the proinflammatory property of ANE in vivo (Wang, in press).
Therefore, a potential mechanism responsible for the enhanced MDSC expansion by
ANE may be attributed to its proinflammatory effects.

In summary, the present studies demonstrated that directly exposure of
antigen-sensitized mice to ANE and areca-derived polyphenols resulted in the
induction of immature CD11b*Gr-1" myeloid cells capable of expressing the
immunosuppressive cytokine I1L-10 and the Il-arginine metabolizing enzymes
arginase-1 and iNOS. The induction of MDSC may be a critical mechanism
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contributing to the immunosuppressive effect of areca constituents and the immune

deregulation previous reported in patients with areca-related oral diseases.
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Chapter 6. Summary and conclusions

Alteration of cell-mediated immune responses has been shown to be closely
associated with the pathophysiology of areca-related oral diseases. Although the
changes of lymphocyte subsets and functional activities in patients with OSF and oral
cancer have been documented, the direct influence of areca nut constituents on the
reactivity of T cells remains a puzzle. The present study investigated the
immunomodulatory effect of areca nut extract (ANE), polyphenols-enriched ANE
(PANE) and areca-derived procyanidins on T cells in vitro, as well as the effect of
ANE and PANE on the development of myeloid-derived suppressor cells (MDSC) in
vivo. Firstly, ANE induced a marked cytotoxic effect, and suppressed the production
of IL-2 and IFN-y by splenocytes, which was mediated, at least in part, by the
induction of oxidative stress. Secondly, ANE induced the depolarization of
mitochondrial membrane potential, release of cytochrome c, activation of caspase-9
and enhancement of cellular ROS in association with ANE-mediated splenocyte
apoptosis. Thirdly, PANE and the fractionated oligomeric procyanidins from
pentamers to decamers were active in inducing splenocyte apoptosis and the
diminishment of intracellular thiols, indicating that the highly oligomeric
procyanidins derived from areca nut induced a chain length-dependent pro-apoptotic

effect in splenocytes. Lastly, ANE and PANE administration to antigen-sensitized
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mice enhanced the generation of CD11b*Gr-1" cells that exhibited a functional profile
of MDSC. Collectively, these results provide mechanistic insights to the potential

mechanisms by which areca ingredients compromise cell-mediated immunity.
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Chapter 7. Future perspectives

It is presently unclear what ingredients contained in ANE are responsible for
the reported immunomodulatory effects on lymphocytes and neutrophils. In the
results, areca alkaloids are unlikely to play a significant role, as the concentrations of
arecoline and arecaidine corresponding to the effective concentrations of ANE did not
affect splenocyte apoptosis and cytokine expression. Highly oligomeric procyanidins
derived from areca nut were effective in inducing apoptosis and causing thiol
diminishment in splenocytes, demonstrating that areca procyanidins were
immunoactive. Literature reports have demonstrated the cytotoxic and pro-oxidant
effects of plant-derived procyanidins in various cell culture systems. Hop-derived
procyanidins induced the generation of H,O, in colon cancer cells (Chung et al.,
2009). High concentrations of grape seed procyanidins induced the production of
nitric oxide and cell death in chick cardiomyocytes (Shao et al., 2006). The generation
of radicals by auto-oxidation of areca-derived procyanidins has been reported in
CHO-K1 cells (Liu et al.,, 1996). Furthermore, the free hydroxyl groups of
flavanol-3-ol (at position 3 of the C-ring and at position 7 of the A-ring) have been
suggested to be genotoxic to cells (Lozano et al., 2006), indicating the electron
transfer capacity of catechin may be a factor contributing to the pro-oxidant and

cytotoxic effect of procyanidins (Lizarraga et al., 2007; Lozano et al., 2006). Further
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studies investigating the relationship between the chain length and auto-oxidation of
areca-derived oligomeric procyanidins are required to further address this issue.
Tumor-induced MDSC have been described to mediate immune suppression in
cancer patients, such as head and neck cancer and hepatocellular carcinomas
(Korangy et al., 2010; Pak et al., 1995). To my knowledge, the relationship between
the generation of MDSC and the pathophysiology of areca-associated oral diseases
has not been reported yet. In addition to tumors, inflammation has been reported to
promote the development of MDSC (Greifenberg et al., 2009; Ostrand-Rosenberg and
Sinha, 2009). As areca components have been shown to enhance the production of
proinflammatory cytokine by keratinocytes and PBMC (Chang et al., 2009; Jeng et al.,
2003), it is speculated that ANE-mediated enhancement of MDSC development may
be resulted from the proinflammatory property of ANE. To date, it is unclear whether
the various inflammatory mediators induce the development of MDSC through
independent or overlapping pathways. In addition, little is known regarding
chemical-induced generation of MDSC. It has been reported that glucocorticoids
induce a subset of monocytes that are CD11b*Gr-1" cells, expressing IL-4Ra and
IL-10, with the characteristics of MDSC. To further investigate which
proinflammatory cytokines are involved in the generation of MDSC by ANE and the
underlying signaling transduction pathway may provide additional evidence to
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decipher how ANE regulate the development of MDSC. Although | demonstrated the
enhancement of MDSC development by ANE, the role of these cells in tumor
progression, especially for oral cancer, and the host immune competency has not been
investigated. Further studies are required to more comprehensively address how

ANE-enhanced MDSC regulate the tumor cell growth and the host immunity in vivo.
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